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Abstract
High Precision Monte Carlo Event Generation for Particle Colliders
by
Calvin James Berggren
Doctor of Philosophy in Physics
University of California, Berkeley
Dr. Christian W. Bauer, Co-Chair

Professor Lawrence J. Hall, Co-Chair

Matrix-element calculations and parton shower programs are both crucial tools in
the analysis of data at modern particle physics experiments at colliders. Finding
the most effective ways to combine these complementary, but sometimes conflicting,
approaches to simulating physical events has been the subject of much work in the
recent decade. This thesis investigates state-of-the-art ways in which the precision
of the matrix elements can be extended in combination with the parton shower. We
identify three dimensions along which precision can be improved and describe how
progress can be made along each one.

First, we present a general method to match fully differential next-to-next-to-
leading-order (NNLO) calculations to parton shower (PS) programs, which represents
an extension of the successful LO+PS (leading order) and NLO+PS (next-to-leading
order) frameworks to NNLO+PS. We discuss in detail the perturbative accuracy
criteria a complete NNLO~+PS matching has to satisfy, and we give an explicit and
general construction of the input “Monte Carlo cross sections” satisfying all required
criteria.

Next, we describe how augmenting an NLO calculation with higher-order resum-
mation of large Sudakov logarithms allows one to extend the lowest-order matching
of tree-level matrix elements with parton showers to give a complete description at
the next higher perturbative accuracy in ay, at both small and large jet resolutions.
As a byproduct, this combination naturally leads to a smooth connection of the NLO
calculations for different jet multiplicities. We focus on the general construction of
our method and present results of an implementation in the GENEVA Monte Carlo
framework. For leptonic collisions, we apply our construction to ete~ — jets and
obtain good agreement with LEP data for a variety of 2-jet observables. For hadronic
collisions, we look at Drell-Yan production.
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Chapter 1

Introduction

In order to conduct an experimental particle collider program, one must have
some way to translate both accepted and proposed theories into the backgrounds and
signals that will be measured in the detector. Doing this is an involved and many-
stage process that has evolved over decades of hard work from many communities.
The goal is forming an expectation of what a specific measurement would yield if a
certain theory were valid. This is done by simulating possible final-state events of
particles that could have appeared in the detector. Once a large set of events has
been simulated, they can be run through an analysis similar to that used for real
events, and then the results of the simulation and the data can be compared.

At the core of the simulation are calculations of matrix elements using techniques
of quantum field theory. Possible configurations of final-state hard partons are gen-
erated and weights are assigned to them based on their calculated matrix elements.
It is advantageous to calculate these matrix elements as accurately as possible, and
improving this is one way of increasing the precision of the simulation.

Calculations in quantum field theory are carried out in a perturbative fashion,
where the result is a series of increasing powers of the coupling constants. The
most important corrections to the leading order (LO) term come from the strong
coupling constant a; of quantum chromodynamics (QCD). Higher order terms in ay
come from interactions containing loops of strongly interacting particles. Organizing
a calculation around powers of «y is called a fixed-order calculation. The next-to-
leading-order term in such a calculation is designated NLO is this document, the
next-to-next-to-leading term NNLO, and so on. Leading order terms for events with
greater numbers of strongly interacting particles also yield higher powers of a.

Unfortunately, proceeding with the calculation for a real event in terms of matrix
elements becomes infeasible since real events can contain hundreds of particles and
the complexity of the calculation scales factorially with the number of particles. In
addition, nonperturbative effects also play a role, which matrix-element techniques
are ill-equipped to handle. Fortunately, the interactions in an event tend to factorize
into different scales where interactions at each scale are approximately independent



Fixed Order + Resummation

Parton Shower

Figure 1.1: Shown above are important components for a Monte Carlo event gener-
ator. The top row represents the combination of fixed-order and resummed calcula-
tions. The final calculation is then matched onto a parton shower.

from each other. The hard scale interaction typically has only a few particles, and
each of these hard particles then fragments into numerous other particles through
lower-scale interactions. This factorization in scales led to the development of the
parton shower, whose job it is to perform this fragmentation. The parton shower
is an approximation to the full calculation and assumes that successive splittings
are independent. The approximation of the parton shower tends to be reasonably
accurate for soft and collinear splittings and not very accurate for hard splittings. At
lower scales still, the partons combine into color-neutral hadrons, and this stage is
handled by phenomenological hadronization models.

A central tension throughout this thesis is the one between the field theoretic
calculation and the parton shower, as each plays an important role in the process and
each imposes constraints on the other. In a sense, one would like to progressively
replace more and more of the parton shower with a full calculation, as the parton
shower is only an approximation to the full calculation. But as we shall see, making
a partial and selective replacement is a delicate task.

Besides the difficulty of having a large multiplicity of particles, one further issue
with traditional fixed-order calculations is that the perturbative series is not well
behaved in certain regions of phase space. Regions of phase space that introduce a
scale which is far below the hard scale of the interaction become problematic due
to the appearance of large logarithmic factors in the series. For example, when two
hard partons at hard scale () become close together and are separated by a scale T,
then generically, up to two powers of log% appear for every power of oy in the series.
For small enough values of 7, the logarithm becomes numerically large. These large
logarithms appear at all orders and spoil the convergence of the fixed-order series.
Meaning can be restored to the series in these problematic regions through a technique
called resummation, where sets of these logarithms are resummed to all orders.



ddy ddn.1 ddn.2 ddn.3

LO PS PS PS

Figure 1.2: A scheme for event generation can be represented using a diagram like
the above. This diagram represents a single multiplicity given at LO and all others
filled in by the parton shower.

In total, fixed-order matrix elements, resummation, and parton showers are the
three major elements that need to be carefully combined into a Monte Carlo event
generator (see figure . The matrix elements and resummation are combined at
the level of the theory calculation, and the full calculation is then matched onto the
parton shower.

In light of this discussion, three major strategies can be seen for increasing the
precision of the event generator.

1. One can add or increase the precision of higher multiplicity matrix elements in
the calculation.

2. One can increase the fixed order to which the base-level matrix element is
available.

3. One can increase the order of the resummation.

The final crucial note is that when carrying out any combination of the three strategies
above, one must not disrupt the link to the parton shower. Each of these strategies
presents its own difficulties.

Adding matrix elements for multiple multiplicities in a set of processes, as in strat-
egy 1, requires a careful division of responsibilities between the matrix elements and
the parton shower since both sides can give rise to events at the higher multiplici-
ties. The parton shower increases the multiplicity of partons through splittings and
can potentially lead to double counting regions of phase space covered by the matrix
elements if one is not careful.

Note here that correctly combining matrix elements at multiple multiplicities re-
quires a base level of resummation in order to match onto the parton shower. This
is because the parton shower carries out a modest level of resummation itself, and
the calculation needs to do the same in order to match up to it correctly. The par-
ton shower provides resummation at the leading logarithmic (LL) level and partial
resummation at the next-to-leading logarithmic (NLL) level. See sections and
for more discussion of resummation orders.



ddy ddn. 1 ddn. 2 ddn.3
LO LO LO

PS PS PS
LL LL LL

Figure 1.3: In an event generation scheme combining multiple LO matrix elements,
each multiplicity is covered by either a matrix element calculation, a parton shower,
or a combination of both. Correctly combining matrix elements and parton showers
within a multiplicity requires the addition of LL resummation. The dashed line
represents a jet resolution variable which divides the phase space into an N-jet-like
region covered by the parton shower and an (N + 1)-jet-like region covered by the
matrix element.

ddy ddn. 1 ddn.2 ddn,3
NLO LO LO
PS PS PS
LL LL LL

Figure 1.4: This scheme builds on figure [1.3] to include the first multiplicity at higher
order.

Strategy 2 complicates things further because the presence of infrared (IR) diver-
gences arising in higher-order matrix elements requires not only the addition of certain
higher multiplicities as in strategy 1, but also its own rearrangement of phase space.
Pushing to ever higher order in strategy 2 or returning to strategy 1 to increase the
order of higher multiplicities creates an increasingly involved interplay between the
various terms at different orders and different multiplicities that must align correctly
with the base level of resummation required by the presence of the parton shower.

The third strategy above is to increase the level resummation beyond what is
required by the parton shower. This requires careful consideration because resum-
mation calculations typically are not fully differential and also because one has to
be careful not to double count the effect of the resummation between the calculation
and the parton shower.

The past decade has seen substantial improvements in the accuracy of fully exclu-
sive event generators. Using strategy 1 above, matching schemes to simultaneously
combine multiple LO matrix elements have been interfaced with parton shower (PS)
routines and implemented in many event generators [4, [5, [6] [7, &, O, 10, 1T, 12]. The
combination with the parton shower requires the inclusion of LL resummation in
the calculation. A diagrammatic representation of this scheme is shown in figure [1.3



ddy ddn. 1 ddn. 2 ddn.3
NNLO NLO LO
PS PS PS
LL LL LL

Figure 1.5: An NNLO-+LL event generator would further extend the accuracy of
certain multiplicities as shown above.

Pushing in direction 2, it has also become possible to match general NLO calculations
with a parton shower and produce physical event samples that describe sufficiently
inclusive distributions at NLO [13] 14, [15] 16, 17, [I8, 19]. These NLO+PS event
generators are now part of the standard tool set for experimental analyses and have
made significant impact on phenomenology (see figure [1.4)).

Calculations at NLO are particularly important because not only do they often
produce sizeable corrections to the LO result, but they also introduce a scale pa-
rameter into the calculation which can be varied to put a handle on the uncertainty
expected at that order. Well-behaved series will display a convergence where the
uncertainties shrink at higher orders and where each order falls approximately within
the previous order’s uncertainties. Obtaining some measure of the theoretical uncer-
tainty along with the central prediction is clearly a crucial part of understanding the
theoretical expectations.

The frontier of fixed-order precision is calculations at NNLO in QCD perturba-
tion theory. Fully differential NNLO calculations exist for several important hadron-
collider processes involving W, Z, ~, and Higgs bosons as well as top quarks [20, 21|
22, 23, 24, 25, 26l 27, 28], and the technology for these calculations is continually
being pushed toward more complex topologies [29, B0, B1]. Although experimental
analyses regularly make use of NNLO cross sections and distributions, there are many
challenges inherent in directly comparing fixed-order results with data.

As discussed above, an event generator that matches NNLO calculations with a
parton shower would be the tool needed to bridge the gap between pure fixed-order
calculations and the needs of experimentalists. It would provide hadron-level events
that can be more easily interfaced with an analysis while maintaining NNLO accuracy
for the underlying hard process, extending the power and flexibility of an NLO+PS
generator to NNLO+PS.

In chapter [2| we present a general method for combining NNLO calculations with
LL resummation to produce fully differential cross sections, and for attaching a parton
shower routine to produce complete events (see figure . We derive the conditions
that an NNLO+LL generator must satisfy and provide a construction that satisfies
these.

Another complementary strategy for increasing the precision of an event generator



is by increasing the resummation order (strategy 3 in the list above). Accurate and
reliable theoretical predictions for measurements at collider experiments require the
inclusion of QCD effects beyond the lowest perturbative accuracy in the strong cou-
pling ay, and error estimation is also an important part of having reliable predictions.
This is especially important in the complex environment of the LHC, which requires
precise predictions for a broad spectrum of observables. It is true that higher-order
corrections in «ay (strategy 2) are important to predict total cross sections and other
inclusive observables. But it is also important to realize that exclusive jet observables,
such as jet-vetoed cross sections, require the all-orders resummation of logarithmi-
cally enhanced contributions (strategy 3). In fact, for many observables, an accurate
description across phase space demands a combination of both types of corrections.
And as we have been repeating, the presence of the parton shower is crucial for
experimental analyses to benefit from these advances.

The goal of modern Monte Carlo programs is to provide a proper description of
the physics at every jet resolution scale. Returning to the LO+PS schemes described
above (see figure [1.3)), we can understand that one of their main advantages is being
able to attain the lowest perturbative order accuracy in every region of phase space.
Here, the parton shower provides the correct lowest-order description at small jet
resolution scales, where the resummation of large Sudakov logarithms is needed, while
at large jet resolution scales the exact tree-level matrix elements are needed to provide
the correct lowest-order description. Hence, the LO+4PS merging provides theoretical
predictions at the formally leading O(1) accuracy relative to the lowest meaningful
perturbative order. Once one has a consistent matching between these two limits of
phase space, the possibility to include exact tree-level matrix elements for several jet
multiplicities (strategy 1) follows almost automatically by iteration.

Given the necessity of higher-order perturbative corrections to make accurate
predictions, it is important to extend the perturbative accuracy of the Monte Carlo
description to formal O(ay) accuracy relative to the lowest order. Constructing a
framework to do this is described in detail in chapter [3, along with an implementation
of this framework in a new Monte Carlo called GENEVA.

Extending the perturbative accuracy requires including the formally next higher-
order corrections that are relevant at each scale. At small scales, i.e., small values
of the jet resolution variable, this requires improving the LL parton shower resum-
mation with higher-order logarithmic resummation (strategy 3), while at large scales
this requires including the fully differential NLO matrix elements. Assuming that we
already have the matrix elements necessary to produce inclusive observables correct
to NLO, improving the accuracy at large values of the jet resolution variable corre-
sponds to increasing the order of matrix elements at higher multiplicity as described
in strategy 1. Extending the precision of multiple multiplicities is a desirable feature
which has recently been addressed by several groups [32] 33, 34], 35l 36, 37, 138, B39].
Our approach in particular focuses on the improvement to the resummation and finds
that the extension to higher multiplicities emerges as a byproduct. We show results
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Figure 1.6: The GENEVA Monte Carlo merges two multiplicities at NLO and a third
at LO. Resummation is included beyond the leading level, specifically NNLL'. (See
sections [3.2.1.3 and 3.2.1.4] for more discussion of resummation orders.) The dashed
line in the (N + 1)-body phase space has shifted to the left compared to figure
because higher-order resummation has enabled us to use the matrix elements for a
greater portion of the (N + 1)-body phase space and the parton shower for less.

for two multiplicities merged at NLO (see figure and describe a straightforward
extension for merging an arbitrary number of multiplicities at NLO.

Having higher-order resummation allows GENEVA to push the matrix element
calculations into the resummation region. This region has typically been beyond
the reach of fixed-order calculations because the low scales encountered give rise
to logarithms which are large enough to break down the perturbative expansion.
When combined with resummation, one can extend the reach of the matrix-element
calculations to these lower scales. This also means that one maintains explicit control
of the perturbative uncertainties in this region where the parton shower was once
used. This is an important step forward because parton showers do not provide a
well-defined and reliable way to estimate uncertainties.

Chapter 3| focuses on the general construction of our method and discusses its ap-
plication to eTe™ and pp collisions. We present results of the implementation in the
GENEVA Monte Carlo framework. We employ N-jettiness [I] as the jet resolution vari-
able, combining its NNLL’ resummation with fully exclusive NLO matrix elements,
and PYTHIA 8 as the backend for further parton showering and hadronization. For
leptonic collisions, we take ete™ — jets as an example to apply our construction, and
for hadronic collisions, we take Drell-Yan production. For ete™ — jets, together with
the PyTHIA 8 hadronization model, we obtain good agreement with LEP data for a
variety of 2-jet observables.

The remainder of this introduction provides an overview of Monte Carlo event
generation and gives a general setup which is used in later chapters. The subsequent
chapters in this thesis describe important progress that has been made along the lines
of each of the three strategies outlined above. First, chapter 2| describes the extension
of the generic NLO+PS program to NNLO+PS. Next, chapter |3 describes the first
attempt to systematically include resummation into an event generator, which in turn
yields the ability to fully combine multiple multiplicities at NLO. Finally, conclusions
are presented in chapter [4]



1.1 Overview of Monte Carlo event generation

1.1.1 Monte Carlo phase space integration

Consider the cross section for some infrared-safe N-jet measurement My, which
can contain a number of cuts (f functions) as well as differential measurements (&
functions) of observables, which we collectively refer to as X. At leading order in
perturbation theory, the cross section for measuring X is given by

o O(X) = /dch Bn(®n) Mx(®y), (1.1)

where By (®y) is the tree-level (Born) squared matrix element for N emissions. In
case of hadronic collisions, we assume that the relevant parton densities (PDF) have
already been convolved with the matrix elements, and we will therefore avoid writing
them out explicitly in our formulae. The measurement function My (®y) implements
the measurement on the N-body phase space point ®y. In particular, since My is
infrared safe, it cuts off any possible IR divergences in By (®y). To obtain o(X) from
eq. , one usually performs the phase space integral over ®5 numerically. Due
to the large dimensionality of N-body phase space, the typical method of choice is
Monte Carlo integration: we generate points ® with relative weights such that they
are distributed according to By (® N)D For each generated point @5, we evaluate
Mx (®y) and record the result for X into appropriate histograms with the associated
weight of the point @y .
At next-to-leading order in perturbation theory, o(X) is given by

(X)) = /dch (By + VNn)(®n) Mx(®n) + /dq)N-H By1(Pni1) Mx (Pna) -
(1.2)

The virtual one-loop contribution Viy and the (N + 1)-parton real-emission contribu-
tion By are separately IR divergent. A convenient way to handle these divergences
is the standard subtraction method, where one writeg?]

oNO(X) = / d®y (By + Vi) (®@n) Mx (D) (1.3)

ITo be precise, if @ points are generated according to a probability distribution P(®y), each
point gets assigned the weight w(®y) = By (®n)/P(®n). The effective distribution of points is then
w(®y)P(Pyn) = Bn(Pn), as desired. The simplest would be to use a flat sampling P(®y) = 1, while
P(®y) =~ By(®x) would be statistically more efficient. While the choice for P(®y) is important
for the statistical efficiency of the Monte Carlo integration, it is not relevant for our discussion.

2 Alternatively, one can keep the ®x point fixed during the ®y; integration and evaluate the
same My (®y) for all the subtraction counterterms and different My [®7! +1(®n)] for each different
By, contribution, where ) B, = Byy1. This approach might be better for efficiency reasons
and more suitable for matching with the parton shower.



+ /d‘PNH {BN+1(‘DN+1) Mx(Pny1) — Z CNi1(Pni) MX@%(‘DNH)]} :

Here, V)& denotes the virtual contribution including the appropriate integrated sub-
traction terms to render it IR finite. The C}},; are the corresponding real-emission
subtraction terms. Written in this way, the ® and @y integrals are separately IR
finite and can each be performed numerically by Monte Carlo integration.

The ®y integral in eq. can be performed as before at LO, except that the
®y points are now distributed according to By + V¢. The ®y,, integral is more
involved now due to the presence of the subtraction terms. Their precise form is not
important for our discussion. What is relevant is that generically several subtraction
terms are needed to remove all possible IR singularities in By, and that in each
subtraction term, the measurement must be performed on a (in principle) different
projected N-body phase space point @%(@ ~N+1)- As a result, each generated point
® 41 contributes multiple times to each histogram with multiple weights distributed
according to By and Cyr,,, which are separately IR divergent. As we approach
any IR-singular region, the different X values obtained for the real emission term and
the relevant subtraction terms approach each other and eventually fall into the same
histogram bin, where the IR-divergent contributions of real emission and subtractions
cancel each other.

1.1.2 Monte Carlo event generation

The above Monte Carlo phase space integration is how essentially all (N)NLO
programs using subtractions operate. Its main feature is that it allows one to obtain
the exact result (up to limitations due to numerical precision) for arbitrary IR-safe
observables. It can be contrasted with the event generation used in (parton shower)
Monte Carlo event generators. In an event generator, the basic goal is to produce
physical events that are generated and stored once and that can be repeatedly pro-
cessed later, e.g., by performing various measurements on them.

Theoretically, performing a measurement Mx on the stored events is exactly equiv-
alent to making a theoretical prediction for o(X). To illustrate this with a trivial
example, imagine we want to compute o“°(X) in eq. by generating events. To
do so, we take

dozy LO dot
— = BN((DN> and g (X) = /d(I)N — MX((I)N) . (14)
d(I)N d(I)N

We now first generate a number of points ®y (the actual generation routine can be
the same as before), call them “N-parton events,” and store them together with their
weights. These events are distributed according to the “MC cross section” do¥;/dPy.
In the second step, we run over all stored events, evaluate the measurement Mx (®y),
and record the result for X into histograms with the associated weight of each event.
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The result for o“°(X) obtained in this way is obviously identical to that obtained
by performing the Monte Carlo integration of eq. as described there. We have
merely changed from two operations in a single loop into two separate loops with one
operation each. In practice, this separation becomes vital as soon as the additional
processing steps performed on the events become very involved (theoretically and/or
computationally intensive). This is the case when the events are run through a
parton shower and hadronization routine, which then also allows one to perform
much more detailed measurements, such as propagating them through a complete
detector simulation and using them in different experimental analyses.

Now, if we try to perform the NLO calculation in eq. with the same approach,
then for each generated and stored @, ; point with weight proportional to By, we
would also have to keep track and store the complete set of associated (correlated) ®\
events with weights —C7, ; (®n41). In principle, this is possible and would again give
the identical result for o(X) as before (some fixed-order programs can indeed be run
in this mode). However, for experimental purposes, e.g., when matching onto parton
shower routines, it is impractical to deal with such “effective” events that consist of
a number of correlated unphysical events with large and opposite weights. The point
is that By4i and C},, separately are not physical cross sections. Their individual
contributions are IR divergent, and the divergences only cancel each other to give
a physical result once they are combined into a physical measurement, i.e., a single
histogram bin.

Therefore, the goal is to generate events that are physical in the sense that the
contribution from each event should correspond to an IR-safe cross section; i.e., all IR
divergences should cancel on a per-event basis rather than between several unphysical
eventsﬂ Conceptually, this implies that each N-parton event should be considered a
“bin entry” in a partonic N-jet measurement, which is IR finite and fully differential
in the corresponding partonic N-jet phase space. In other words, the generated N-
parton events really represent points in an N-jet phase space rather than an N-parton
phase space.

The definition of an N-jet cross section requires the presence of an N-jet resolution
variable, which we call Ty. It is defined such that, in the IR-singular region, 7 — 0.
Emissions below Ty < Ti" are considered unresolved and 75" is called the N-
jet resolution scale. When generating events with N and N 4 1 partons, they are

3Note that the problem is not the use of weighted events to obtain the desired distribution, since
as long as the weighted events are statistically independent, they can be (partially) unweighted.
What is very impractical is to have unphysical events that must be treated as correlated due to their
individual weights being IR, divergent, since there is no reasonable way to unweight these. One can
also have an “intermediate” case, where the final cross section is made up of independent IR-finite
parts, some of which still require events with negative weights. This causes much less severe but
still important practical complications and so should be avoided if possible.
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distributed according to the following Monte Carlo (MC) cross sections:

MC
doyf

d®y

MC

do
® 4 events: =N (T > TR (1.5)
APy

 events: (T,

The cross section o(X) measured from these events is given by

do.l\rIC do.l\/IC
o) = [ty (TR M) + [ T Ty > T My (@),
N N+1

(1.6)
Physically, doN°/d®x(T5™) is a fully differential, exclusive, partonic, N-jet cross

section. Perturbatively, it is the cross section for the emission of /V identified partons
plus any number of unresolved emissions below the resolution scale 75", (At higher
orders, this includes the necessary virtual corrections to render it IR finite.) Hence, as
mentioned already, @ really means @J]f,t here, and when specifying the jet resolution
variable Ty, one also needs to specify how unresolved emissions with Ty < 7" are
projected onto the partonic N-jet phase space @ﬁt in which the events are distributed.
To avoid cluttering the notation, we suppress the explicit “jet” label from here out.

The cross section do¥y /APy (T > TH™) in egs. and is an inclusive
partonic (N + 1)-jet cross section. Perturbatively, it is the cross section for the
emission of N + 1 identified partons above the N-jet resolution scale T". It includes
any number of additional emissions, which are mapped onto the partonic (N + 1)-jet
phase space Py 1 = @%11 of the N + 1 identified partons (or rather partonic jets).
The jet resolution variable Ty is part of the full &5, and we use the argument
Tn > TN™ to explicitly indicate the fact that do¥{,,; only has support for 7y above
T]{:]ut.

This procedure is essentially what every generator of physical events does, either
implicitly or explicitly. For example, in a pure parton shower generator, Ty corre-
sponds to the shower evolution variable, and 75" is the parton shower cutoff. In this
case, doN®/d®y(TN™) is the no-emission probability, and do¥%., ; /d®ni1(Tn > T™)
is the probability to have at least one emission above T". This is discussed in detail
in section 2.2.2

We now want to cast the FO calculation in eq. into a form suitable for event
generation by applying the logic in egs. and (1.6 at fixed order. We start by
considering the trivial example of an LO calculation. Since at tree level there are
no additional emissions, we do not need to specify a resolution variable, the N jets
coincide with the NN tree-level partons, and measuring the N-jet phase space simply
returns the full N-parton information. Thus, at LO, the “MC measurement” function
defining the MC cross section is

MMC<(I)/N) = (5<CI)N - (I)/N) ) (17)
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i.e., the partonic phase space point ®); going into the measurement is mapped trivially
onto the partonic N-jet phase space &y = @J]f,t of the Monte Carlo events. Inserting
this into the LO calculation in eq. (|1.1]), we obtain

MC
do3fy

d®y

- / 4B, By(By) Myo(®ly) = Bu (@), (18)

which is the obvious result and corresponds to eq. .

Starting at NLO, the fully differential MC measurement becomes nontrivial. We
now need to specify how the measurement function acts on both ® and ®,; points.
At NLO, the definition of the MC cross sections given below eq. corresponds to
the fully differential MC measurements

MMC(CI)IN) = 5((I)N - (ﬂv) )
Myo(®y41) = 6[@n — Pn (Pl 1) O[T (P yy) < TR
+0(@rr = ) O[T (@) > T (1.9)

For these to be IR safe, Ty(®yy1) can be any IR-safe resolution variable, and
i)N(CI)NH) can be any IR-safe projection from ®x ;1 to ®y. In particular, Ty(Py) =
0, and Ty (Pny1) > T cuts off all IR-singular regions in @y, ;. Below the reso-
lution scale Ty, the additional emission in ®y; remains unresolved, and ®y 4 is
projected onto a corresponding ®y point via P N(®Pni1). Above T"™, the additional

emission is resolved, and we measure the full ®y,; dependence. Inserting eq. ((1.9)

into eq. (|1.2), we obtain

AN (7ew) = (By + Vir) (@)
d@N N — N N N
d(I)N-I—l cut
+ Bni1(Pns1) O Tn(Prns1) < TN,
d®
N1 (1 5 TE) = By (@) 0T (B > TR 1,10
d<I>N+1(N> N ) = By (@ni1) O[T (Pnyr) > T, (1.10)

where in the first equation, we have abbreviated

d®py4q
doy

= dD 1 6Py — Py (Prgs)] . (1.11)

Using eq. as the MC cross sections in eq. , we can generate physical NLO
events. Of course, to distribute our N-parton events, we still have to perform the NLO
calculation in doN°/d® v (T5™) (which may be nontrivial and require subtractions [see
eq. (1.3)], but which we will assume exists).
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We can ask to what extent other measurements My are reproduced at NLO when

using eq. together with eq. (L.6):
o(X) = /dq)N (By + Vn)(Pn) Mx(Pn) + /dq)N+1 Byi1(Pn41) (1.12)
DT (@) < T Mx [ (@] + T8 (@) > To"] M (@)}

Comparing to eq. (1.2)), it is clear that observables are correct to the appropriate
fixed order if and only if they are insensitive to the unresolved region of phase space
below 7" where the measurement is evaluated on the projected phase space point
(iDN((I)NH) rather than the exact ®y ;. That is,

e N-jet (integrated) observables are correct to NLOy up to power corrections
that scale as O(a, T /TE), where T is the typical resolution scale to which
the measurement is sensitive, i.e., up to which it integrates over ®n,;. In
particular, it should contain the complete unresolved region of ®y,; where
T (1) < T

e (N + 1)-jet (differential) observables are correct to LOx if they only include
contributions in the resolved region of ®x 1, i.e., if their Mx(®y1) completely
excludes the unresolved Ty (Pny1) < TE™ region.

Here, M-jet observables are those that receive their first nonzero contribution from
an M-parton final state, and N"LO,, refers to the O(aZ) correction relative to the
corresponding tree-level M-parton result.

An example of the effective resolution scale T3 is in Higgs boson production with
a veto on extra jets (requiring ]fTet < p§). If the resolution variable Ty is chosen
to be the transverse momentum of the hardest jet, then 7 = pSit. For a different
resolution variable, T corresponds to the effective scale in Ty to which the cut
on p];ft is sensitive. For example, if Ty is chosen to be the pr of the Higgs, then
T ~ peit If it is chosen to be beam thrust [40], then TET ~ my (pst /my ) V2 [41].

The presence of power corrections in T2 /T clearly highlights the formal limi-
tation fundamental to the event generation method, namely that we inevitably lose
the fully differential information below the resolution cutoff. This is the price we
have to pay for the event-by-event IR-finiteness. Fortunately, in practice, this is not
a problem, since we can always make 75" small enough such that either power cor-
rections in 75" are irrelevant or else, if we do probe scales of order 75", the FO
expansion breaks down and resummed perturbation theory is required to obtain a
stable prediction. In this case, the only observables for which we cannot obtain an
accurate FO result are those for which we would not want to use the FO calculation
in the first place.

One might think that the breakdown of the FO expansion indicates that our events

also become unphysical again. However, the important point is that the events (or
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more precisely the underlying MC cross sections) are still defined in a physical IR-safe
way. For very small 75", we are simply going into an extremely exclusive and thus
[R-sensitive region, where the FO calculation itself breaks down, irrespectively of how
it is performed. This is precisely the region where improving the FO calculation with
the parton-shower LL resummation or a higher-order resummation becomes necessary
to obtain a meaningful perturbative result. Rewriting the FO calculation in this way
forms the basis (and in fact is a necessary precondition) for combining it with a parton
shower event generator. As we will see in the next chapter, after including the LL
improvement, 73" will become equivalent to the parton shower cutoff.
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Chapter 2

Matching fully differential NNLO
calculations and parton showersH

2.1 Introduction

One important frontier in modern event generation is the combination of state-
of-the-art NNLO calculations with parton showers. Event generators at NLO+PS
are now part of the standard tool set at experiments, but these lack the highest
order theory calculations available. Experimental analyses also regularly make use
of standalone NNLO cross sections and distributions, but there are many challenges
inherent in directly comparing fixed-order results with data. An event generator that
matches NNLO calculations with a parton shower would be an ideal tool to bridge
the gap between pure fixed-order calculations and the needs of experimentalists. It
would provide hadron-level events that can be more easily interfaced with an analysis
while maintaining NNLO accuracy for the underlying hard process.

One important first step in this direction has been taken in ref. [43], where a
MINLO-improved POWHEG simulation for Higgs plus one jet [38] was used to produce
an NNLO+PS event sample for Higgs boson production by reweighting the events to
the NNLO Higgs rapidity distribution.

In this chapter, we present a general method for combining NNLO calculations
with leading-logarithmic (LL) resummation to produce fully differential cross sections
and for attaching a parton shower routine to produce complete events. We derive the
conditions that an NNLO+LL generator must satisfy and provide a construction that
satisfies these. We also comment on the approach in ref. [43] and show how it can be
derived as a special case of our results.

Theoretically, there are two conceptually very distinct aspects to interfacing a
fixed-order calculation with a parton shower event generator (see figure [I.1). The

!This chapter is a modified version of a paper originally co-written with Simone Alioli, Christian
W. Bauer, Frank J. Tackmann, Jonathan R. Walsh, and Saba Zuberi and published in [42].
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first aspect is the LL improvement of the fully differential NNLO calculation. This
corresponds to matching an LL resummed calculation with an NNLO calculation
to obtain a combined NNLO+LL calculation, and doing so at a fully differential
level. This aspect is, a priori, completely independent of any particular parton shower
algorithm or program and can be performed solely at the partonic (or matrix-element)
level. Here, the NNLO calculation first needs to be recast in a way that is suitable
for fully differential event generation. Beyond leading order, the cross section for a
fixed number of partons is infrared divergent and thus ill defined, meaning that to
generate physical events with a given number of partons, the events must correspond
to a physically well-defined and infrared-safe partonic jet cross section. In other
words, each four-vector in the event should represent a partonic jet, which includes the
contribution of an arbitrary number of unresolved emissions below some jet resolution
cutoff. The NNLO calculation written in this way is then matched to an LL resummed
calculation to obtain a combined fully differential NNLO+LL calculation.

The second aspect is to attach an exclusive parton shower Monte Carlo to this
NNLO+LL calculation. In this step, events with N, N + 1, and N 4+ 2 partons of the
NNLO+LL calculation are handed to a parton shower algorithm, which generates
additional emissions. Here, one has to take care of double counting between the
shower emissions and the partonic calculation as well as the compatibility of the LL
parton shower evolution with the partonic LL resummation.

The conceptual distinction between these two aspects has already been stressed in
refs. [44], [45] [46]. It becomes particularly important at NNLO. As we will see, the first
aspect of obtaining a consistent fully differential NNLO+LL matched calculation is
the more challenging one, which is why most of our discussion will focus on it. Once
this step has been carried out, the step of attaching a parton shower algorithm is
relatively straightforward.

This chapter is organized as follows. In section [2.2] we discuss in detail the general
framework for generating physical events at NNLO and at LL. The main outcome of
this section will be to identify the “Monte Carlo (MC) cross sections” do™°, which
are the partonic jet cross sections according to which the different event multiplicities
are distributed. In particular, we show how the fixed-order (FO) calculation is cast
into this form to make it suitable for event generation. In section we discuss
the general procedure and conditions for combining the pure FO and pure LL cal-
culations into a matched FO+LL calculation. As an instructive exercise, we review
the corresponding MC cross section for the known cases of LO+LL and NLO+LL
calculations. In section [2.4] we then discuss in detail how to construct the MC cross
sections for an NNLO+LL calculation. In section [2.5, we discuss how to interface
the NNLO+LL calculation with a parton shower, including the conditions needed
to avoid any double counting that might arise. In section [2.6] we discuss how our
method encompasses proposed and existing approaches [43] 146, 47], and in section
we give the conclusions for this chapter.
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2.2 General setup

2.2.1 Event generation at NNLO

An overview of Monte Carlo event generation was given in the introduction in
section and included specific examples for the construction of pure LO and NLO
Monte Carlos. We seek here to adapt that discussion to the case of NNLO.

To implement an NNLO calculation in the form of event generation, we first have
to extend eq. to include (NN + 2)-parton events. To do so, we split do¥%,; into
an exclusive doyf | and an inclusive do¥§, , using an additional (N +1)-jet resolution
scale Ty%,. Events with N, N +1, and N + 2 partons are then distributed according

to the following MC cross sections:

d MC
®y events: dUN (T,
® ts: do_?\lfi-l 7— Tcut cut 21
N1 events: I (Ty > s Tan) s (2.1)
N+1
do¥iis t t
® .o events: ———(Tn > TN, T > Tt -
dP o
The cross section (X ) measured from these events is given by
do-%c cut
o(X) = [y g (T3") Mx(®n)
doNn
/dch_;,_l d(I)NJ_rH (T > cut ]\c}u+t1) MX<CI)N+1)
doZi s
+ a0 TEET > T T > T Mx(@vaa) . (22)

Here, doN°(T5"™) is defined as before as an exclusive partonic N-jet cross section, i.e.,
the IR-finite cross section for N identified partons plus any number of unresolved
emissions below the resolution scale T5™. Next, doyNS (Ty > TH™; Tty ) is an ex-
clusive partonic (N + 1)-jet cross section and is also IR finite. It contains N + 1
identified partons plus any number of unresolved emissions below the resolution scale

. The argument Ty > TN" indicates that the cross section only has support
above T which acts as the condition to have one additional resolved parton. Fi-
nally, do¥%,o(Ty > T¥™, Ty > Ta') is an inclusive partonic (N + 2)-jet cross
section and is also IR finite. It contains at least N + 2 identified partons, where two
additional partons are required to be above 73" and T34, respectively, as well as
any number of additional emissions. Compared to eq. , where N + 1 was the
highest multiplicity and inclusive over additional emissions, now both N and N + 1
are exclusive multiplicities, while the highest multiplicity is N + 2 and is again inclu-
sive over additional emissions. In figure we illustrate the regions in Ty and Ty.1

contributing to each multiplicity.
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TN+1

cut
TN +1 [

Tcut TN
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Figure 2.1: Tllustration of the N-jet, (N+1)-jet, and (N +2)-jet regions in eq. for
resolution variables that satisfy Ty.1 < Ty (e.g., the pr of the leading and subleading
jet or N-jettiness [I]). The N-jet bin has Ty < Ty" and is represented by N-parton
events with 7y = Ty41 = 0 (shown by the black dot at the origin). The (N + 1)-jet
bin has Ty > 75" and Ty < T, and is represented by (N + 1)-parton events
with Ty41 = 0 (shown by the black line on the Ty axis). The inclusive (N + 2)-jet
bin has Ty > Ty" and Ty41 > Ty and is represented by (N + 2)-parton events.

At fixed NNLO, the cross section (X)) is given by
o"NLO (X)) = /ch)N (By + Viy + W) (®n) Mx (Py)
+ /dq)NJrl (Byn+1+ Vvg1) (Pns1) Mx(Pnq)
+ /d@N+2 Bnia(Pny2) Mx(Pn2), (2.3)

where Wy contains the two-loop virtual corrections for NV partons and V., the one-
loop virtual corrections for N + 1 partons. In principle, the phase space integrals
in eq. (2.3) can again be performed by Monte Carlo integration using subtractions.
Since the singularity structure of the real, virtual, and real-virtual contributions is
much more complex than at NLO, the required subtractions are far more intricate.

We now want to recast eq. in the form of eq. . At NNLO, the general
definition of the MC cross sections given below eq. corresponds to the following
MC measurement functions:

MMC((I)IN) = 5(¢N - (I)?V) )
Mye(@yy1) = 0[Py — Py (P y)] O[T (Plyyy) < T (2.4)
+0(Pyy1 — Py y) O[T (P ) > TR,
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Myye(Ply4o) = 0[Pn — (i)N((I)INJrQ)] O[Tn (Pyia) < T
0[Pt — Pyt (P O[T (Pyn) > TR™T O[T 1 (P ) < TR
+0(Pnp2 — Phyo) O[TV (Do) > TR O[T 1 (Ply i) > T

For these measurements to be IR safe, Ty and 7yy1 can be any IR-safe resolution
variables, and the various o ~(®ys) can be any IR-safe phase space projections. These
conditions are much more nontrivial at NNLO compared to NLO, since we now
need explicit projections from ®y,o down to @5, and furthermore, the condition
Tn(Pny2) > T™ must cut off all double-unresolved IR-singular regions of @y .
For example, at NLO, Ty could simply be defined as the py or virtuality of the one
additional emission (which is IR safe at NLO). However, taking 7y and Ty as the
pr or virtuality of each of the two additional emissions is not IR safe at NNLO. In-
stead, a properly IR-safe NNLO generalization for 7Ty would be to define it as the
pr of the additional jet using an explicit jet algorithm with some jet radius R. This
corresponds to using a “local” resolution variable. Another choice is to define it as
the Y  pr of all additional emissions or N-jettiness [I]. These correspond to “global”
resolution variables.

Plugging eq. back into eq. , we obtain the required MC cross sections,

do—?\dfc cut
1o (T )= (Bny+ VN +Wy)(Pn)
d(I)N+1 cut
+ dDy (Byy1 + V) (@n1) O[TN (Pry1) < TR
do
+ [ By (@) BT @) < TR,
ddy
do-%a—l cut cut
dq)N+1 (7- > N+1)
= (Bn41 + Vus1)(@ns1) O[T (Pns) > T
do
+/ M2 Bria(®y12) O]Tn (Pnia) > T 0 Taia (P ya) < Nl
APy
dag?\uﬂ
—=(Ty > TN, Ty > TN+1)
dPpy o
= Bi2(Pn2) O[T (Pnr2) > TR O[Tv1 (Povya) > TRt] (2.5)
where we have defined the generalization of eq. ,
do .
dq)M d®y 0[P — P (Par)] - (2.6)
N

Note that the implementation of the constraint Ty > Tg" in doX%, is nontrivial
now. For simplicity, we have not written any subtractions in eq. (2.5), which will
be needed in some form when evaluating the cross sections numerically to separate
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out and cancel the IR divergences in the virtual and real emission contributions.
Applying the MC measurement functions in eq. to the required subtraction terms
is straightforward. The precise form of the subtractions is, however, not important
for our discussion, and one can apply for example the NNLO subtraction techniques
in refs. [48] 49, (50, [51].

As at NLO, writing the NNLO calculation in terms of IR-finite MC cross sections,
as above, forms the basis for using it in an exclusive event generator for physical
events. Using eq. together with eq. , the cross section for some measurement
M obtained in this way is

(X)) = / By (B + Vi + Wa)(@x) My (®n)

+ /d(PN—f—l (Byt1+ V) (Pys1)
X {G[TN(@NH) < TR My [Py (Puyr)]

+ 0[Tn (Png1) > TN MX<(I)N+1)}
+ /dq)N+2 Bni2(Pn42)

x {0Ta(@x12) < T Mx [ (@v-2)]
+ O[Tn (Prta) > TR O Tvs1 (Pavra) < TRS] Mx (@1 (Do)
O[T (@) > T O[T (Oxsa) > Tt My(@x2) f . (27)

This has the same inevitable limitations that we already saw in the NLO case. Since
N-parton and (/N 4 1)-parton events correspond to partonic N-jet and (N + 1)-jet
cross sections, the measurement is evaluated on the corresponding projected phase
space points in the unresolved regions of phase space. Therefore, the cross section
o(X) is correct to the required fixed order (up to power corrections in the resolution
scales) for measurements X that are insensitive to the unresolved regions of phase
space. This means:

e N-jet observables are correct to NNLOy if they integrate over the complete
unresolved regions of &y, and Py o. [Power corrections are at most of rela-
tive O(a, T /TR) and O(a2TS%, /Tt ) where TS and TT, are the typical
resolution scales up to which the measurement integrates over ® .1 and Py o,
and generically, 79T, < 75 ]

e (N+1)-jet observables are correct to NLO v, if they only include contributions
in the resolved region of ® 5,1, while integrating over the complete unresolved
region of ®yio. [Power corrections are at most of relative O(as 7%, /Txl )
where T, < Ty is the typical resolution scale up to which the measurement
integrates over ®y 5.
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e (N + 2)-jet observables are correct to LOy5 if they only include contributions
in the resolved region of ®y.o.

As before, M-jet observables receive their tree-level contribution from an M-parton
final state, and N"LO ;s refers to the O(a¥) correction relative to that. The definition
of TET can be understood using an example similar to that used when discussing
MC cross sections at NLO. These properties are fundamental to the event generation
method and are shared by all implementations. In turn, they will also be the nec-
essary conditions on the FO accuracy that should be maintained by the NNLO+LL
calculation.

Although T¢" and Tx%, are jet resolution scales, they will typically not define jets
that are reasonable to measure experimentally. They effectively serve as IR cutoffs
below which observables should be inclusive over unresolved emissions (which in fact
means they should be smaller than the typical scales probed in the experimental
jet measurements). In practice, 75" and Ty, can again be made sufficiently small
such that FO perturbation theory is no longer appropriate to describe observables
that probe emissions at or below these scales. As at NLO, at this point, we are not
losing any relevant fixed-order information, and the parton shower or higher-order
resummation is required to provide a valid perturbative description.

To conclude this subsection, we stress that so far we have not done any showering;
we have simply rewritten the FO calculation in a form suitable to generate physical
events. This will be our starting point for obtaining a fully differential NNLO y+LL
calculation and defines the partonic jet cross sections that we will require as inputs
from the FO calculation. We assume these are available to us, and we will not discuss
the techniques used to compute them. For doy%, and do¥y,,, these are the same
inputs that are required in the corresponding NLOy,;+LL calculation. The genuine
NNLO input required is the cumulant cross section do®/d®y(T5"). We assume
that it is provided to us by the FO calculation in a form that allows us to obtain
a numerical result for any needed ®y point and 75" value. This is likely to be a
challenging part in the practical implementation, and its availability might restrict
the possible choices for the concrete definitions of Ty (®y,2) and P ~N(Pni2) that can
be used.

2.2.2 Event generation at LL

The parton shower produces events whose cross sections include resummed con-
tributions from all orders in perturbation theory. These resummed rates account for
the large cancellations between virtual and real emissions in the IR region of phase
space. The shower can therefore describe the resummation region of observables more
accurately than FO calculations as well as produce high-multiplicity final states than
can be passed through hadronization routines to produce realistic events. In this
subsection, we are interested in using the parton shower approximation to obtain a
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resummed calculation for the MC cross sections at leading-logarithmic (LL) order.
This will serve as the basis for the LL improvement of the FO cross sections to obtain
matched FO+LL calculations in sections 2.3 and 2.4, Note that here, we are not
interested in the algorithmic construction of the parton shower. Formulating the LL
calculation in a parton-shower-like fashion will facilitate attaching an actual parton
shower to the matched FO+LL calculation.

The parton shower directly works as an event generator and is fundamentally based
on evolution in a resolution variable 7, which characterizes the scale of an emission.
Subsequent emissions occur at increasingly smaller values of 7, down to a low-scale
cutoff 7 ~ 1 GeV, where the perturbative parton shower description ceases to be
valid. Below this cutoff, one enters the nonperturbative regime, where hadronization
models are used. In the leading-logarithmic limit, all emissions are strongly ordered;
i.e., each emission occurs at a much smaller value of 7 than the previous one, such
that all emissions can be considered independent. Due to this single-emission nature,
at LL, there is no distinction between global and local resolution variables that are
equivalent for a single emission. Hence, we can define the N-jet resolution variable
Txn as the emission scale T of the N + 1st emission, with the resolution scale 7"
given by the shower cutoff 7°; i.e.,

Tn=T(N—=>N+1), Tnpg=T(N+1—=N+2), T =T =T".
(2.8)
To start, we consider an N-jet process (with N partons at the Born level) and are
interested in generating events with N and /N + 1 partons as in eqgs. and (| .
The MC cross sections using the above N-jet resolution variable are then given at LL
order as

dO.MC

dcp]jv (TN") = By (Pn) An (P THY)
do_il?V-ﬁ-l cut
ADxos —(Ty >T3")

= S (@) AN[OR(Prir); TR @nvsn)] O[T (Pvs1) > TR

=D SR (@) An (@R T O(TR > TR, (2.9)

where all ingredients and the notation we have introduced are discussed in detail in
the following. To shorten the notation, we will often drop the explicit dependence on
® .1 for most objects, as in the last line of eq. , but one should keep in mind
that in general, all objects which depend on the emission label m (which is explained
below) have ® 4 as their argument.

First, An(®xn; T5") is the N-parton Sudakov factor, which effectively sums the
dominant contribution from an arbitrary number of unresolved emission below 7"



23

at LL, corresponding to the general definition of doN°/d® N (75") [cf. the discussion
below eq. (1.6))]. It can be written as

Avloxi i) = x|~ [aTPutexTyoT TR, 20)

where Py (®y,7T) is a global N — N + 1 splitting function which sums over all
possible single-parton emissions from each parton in ®y at the emission scale 7. It
arises from projecting the full emission phase space d®x1/d®y, which contains the
complete set of splitting variables, onto the resolution variable 7,

Py(®n,T) =) /dq)N-H Pr(®n 1) 6[T = T™(Pn41)] 6[@n — OF(Pysa)] . (2.11)

The m labels in egs. and run over all the possible (IR-singular) emission
channels (¢ — qg, g — g9, g — qq, etc.), including the information of which parton
in &5 was split and which two partons in ®y.; resulted from the splitting. For
each emission channel m, 7" (®y41) determines the relevant emission scale, and the
splitting function Pp/(®n41) contains all coupling and kinematic prefactors times
the usual Altarelli-Parisi splitting function. For simplicity, we keep the upper limit
T < T.m. on the emission scale 7 implicit in the definition of P ]

Finally, the projection @%(@NH) can be any IR-safe projection and as before,
specifies how the partonic @y is mapped onto the partonic N-jet phase space point
Sy = <I>J]$t, in which the N-parton events are distributed. The projection can be
different for each m. (As far as the parton shower goes, @7 is the inverse of the
momentum reshuffling performed when splitting & — ®x 1 in channel m.)

Coming to do¥%,, in eq. , the differential parton shower rate for the emission
with index m is given by its splitting function times the Born contribution,

Sp (Prr1) = By[@R(Pwi1)] P Prvsr) - (2.12)

For future use, we also define

Syvi(®v) =Y W (@vi1), (2.13)

which is the LL approximation of the full real emission contribution By,; in the
IR-singular limit. The Sudakov factor Ay (®%; 7x') appearing in do¥y,; in eq. (2.9)
is the same as in eq. (2.10) but evaluated at the emission scale T3". It effectively
resums the contributions from arbitrary additional emissions below 73" at LL.

?In general, the upper limit 7 < 7,7, (®n41) is a function of the full ® x4 and can be different
for different m. It can be determined purely by phase space limits or by an explicit upper cutoff of
some form in order to turn off the resummation above Tpax.
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The cross section for some measurement Mx obtained from the LL MC cross

sections in eq. (2.9) is
O'(X) = /dq)N BN((bN) AN(q)N;TAC/}It) MX((bN)

+ [yt 37 S () Ax(@RS TR O > TH) (@) (214)

To discuss its perturbative accuracy, we define

L=mn(Ty/Q), Lew = In(T5™/Q) (2.15)

where ) ~ T* is a typical hard scale in the process. Formally, the resumma-
tion corresponds to a reorganization of the perturbative series, which is achieved by
expanding in oy while countingﬂ

asL? ~ 1, a, L. ~1, orequivalently, L ~ Ly ~ as_lﬂ. (2.16)

The leading-logarithmic order is O(1) in this counting. For the cumulant cross section
integrated up to T, this corresponds to resumming all terms ~ a7 L2" relative to
the Born cross section, while for the cross section differential in 7y, this corresponds

to resumming all terms ~ a”L?"~! /Ty. For a general measurement, this means:

e N-jet (integrated) observables are correct to LL resumming all terms
~ o In*" (T /Q), where here, TSI is the typical resolution up to which the
measurement is integrated. (In particular, for do)X¢/d® y(TS™"), we have T =

T")

e (N + 1)-jet (differential) observables are correct to LL resumming all terms
~ o In*" T /Q) JTSE, where here, Tif is the typical resolution to which
the measurement is sensitive. (In particular, for do¥§,,,/d®x;1(7n), we have

Teﬁ = TN)

The parton shower intrinsically preserves probability, which is a consequence of
the fact that it is formulated as a Markov chain process, with the probability of each
emission given by the exact differential of the integrated probability. Taking the

special case where Mx(®ynyq1) = Mx[PR(Pni1)], we precisely reproduce the total
leading-order N-jet cross section from eq. ([2.14)),

O'(X) = /dq)]\/ {BN(CI)N) A(@N;Tﬁut) Mx(@N)
+ By(@)[1 = An(@n: T Mx (@) |

= /dq)zv Bn(Pn) Mx(Pw)- (2.17)

3We use the simple logarithmic counting for the cross section, so LL stands for LL,. Higher-order
resummation is usually performed not for the cross section but for the logarithm of the cross section
and using the stronger counting asL ~ 1.
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Here, we used the fact that the differential 7y spectrum is the exact derivative of the
integrated Ty" cumulant cross section,

3 / By ST (B 1) A (B T 0T > TE) (P — D)

_ Ba(®y) / AT Py (B, T) Ay (s T) O(T > TEM)
= By (®n)[1 = An(Pn; THM)] - (2.18)

As a result, the 75" dependence precisely cancels between the cumulant and the inte-
grated spectrum in eq. (2.17). For a general measurement My (®y41) that cannot be
written in terms of the shower projection CiD’]G, the LO cross section is reproduced up to
small power corrections ~ T /@, which introduce a small residual 75" dependence.

In the resummation counting of eq. (2.16]), the Sudakov factors in eqgs. and
are O(1), and in particular, 1 — Ax(75™) ~ O(1), despite the fact that its
FO expansion would start at oy, which is essential for eq. to work out. What
happens is that Sy,1 ~ a,L/Tx, which upon integration over Ty > TS, becomes
asL? . ~ 1. In other words, the Ty spectrum at small Ty is O(1) at LL, even though

cut
at fixed order, it only starts at as.

2.3 Combining fully differential FO calculations
with LL resummation

In this section, we discuss the general conditions to combine the fully differential
FO and LL calculations in an event generator. After the general discussion in sec-
tion we will review the LO4-LL and NLO+LL cases in the following subsections.
The NNLO-+LL case is then discussed in detail in section [2.4]

2.3.1 General discussion

The goal of combining the FO calculation with the LL resummation is to improve
the perturbative accuracy in the resummation region, where the FO expansion itself
becomes invalid, to attain at least the O(1) accuracy provided by the LL resummation
there. At the same time, the perturbative accuracy of the FO calculation must be
maintained in the FO region where the resummation is unimportant.

As a necessary precondition, the combined FO+LL calculation must be simulta-
neously correct to the desired fixed order (LO, NLO, etc.) and resummation order
(LL, NLL, etc.). Here, the fixed order is counted as usual by powers of oy, while the
resummation order is dictated by the logarithmic counting in eq. (2.16)),

OésLQ ~ 1 5 Oéngut ~1 3 or equiva’lently7 L~ Lcut ~ Oégl/z ’
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where L = In(Ty/Q) and Loy = In(T3™/Q) [see eq. (2.15)]. Therefore, the MC cross
sections of the FO+LL calculation have to satisfy the conditions

|:dO,MC:| o = dO,MC—FO ’ [daMc] L= dO,MC—LL ’ (2_19)
which require that, upon expanding/truncating the MC cross sections to either FO
or LL, denoted by [---]ro or [---]iL, the pure FO or LL results appearing on the
right-hand sides in eq. correctly reproduce the results in section 2.2, These
conditions ensure that the input MC cross sections for each event multiplicity have the
desired perturbative accuracy in both the resummation and fixed-order regions. For
example, at NLO+LL, where we need events with N and N +1 partons, the MC cross
sections doy® and do¥y; are correct to NLOy+LL and LOy+LL, respectively.
Similarly, for NNLO+LL, where we need events with N, N+1, and N+2 partons, the
corresponding doy®, doy%, and do¥§,, are correct to NNLOy+LL, NLOy1+LL,
and LOy,o+LL, respectively. -

We also have to achieve the desired perturbative accuracy at FO and LL for
general measurements My. As discussed in section when generating physical
events, o(X) is predicted at the desired accuracy only up to power corrections in the
resolution scale T, which should therefore be as small as possible. At the same
time, for integrated N-jet observables, the residual dependence on the resolution scale
TS in the pure FO and LL calculations is at most power suppressed. The important
condition is now that the same must also hold for the combined FO+LL calculation.
Therefore:

e Since Ty" must be taken as small as possible to minimize power corrections,
it is imperative that logarithms of 7" must be counted as in eq. , for
which we adopt the notation Oy, such that a?L™, ~ Ocut(a?_m/ %).

e For integrated N-jet and (N +1)-jet observables that in fixed order are predicted
at @ with corrections starting at O(a”*!), any residual logarithmic dependence
on the jet resolution scales 7™ and T34, must be Oy (=™t1), Le., only give
corrections at the level of accuracy (or higher) as expected from higher FO
corrections.

To ensure this, the conditions in eq. (2.19) alone are not sufficient. In addition, the
MC cross sections for different multiplicities must be consistent with each other and
satisfy the relation[’]

d doy® ¢ / d®ng dUg?\H—l t
cu _ 5 . d > cu
dT]\c[ut |:d(DN ( N ):| Tl\clut:TN d(I)N [TN TN( N+l)] dq)N+1 (TN > TN )

(2.20)

4In general, the projection from ® 1 to ®x and the definition of Tx(®x 1) can depend on the
MC

emission channel inside do¥%,;, which we have kept implicit in eq. (2.20). In a given implementa-
tion, this dependence is naturally accounted for, as we will see in the discussions below.
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Resummation Transition Fixed Order Resummation Transition Fixed Order
pert. accuracy pert. accuracy pert. accuracy pert. accuracy
______________________________
z — N"LO
< o
= S
S Y
3 LL LL
N"LL N"LL
N"LO £
T > TN T -

Figure 2.2: Illustration of the perturbative accuracy of the cross section in different
regions of the jet resolution variable Ty. On the left, we show the differential spectrum
in 7Ty, and on the right, we show the cumulant as a function of 74, which approaches
the total N-jet cross section (blue dashed line) for large 7. For large ’T]\(,C), the
FO contributions (blue) determine the perturbative accuracy. As T]éc) decreases into
the transition region, the resummed terms become increasingly important. At small
TJ\(,C), the resummation order determines the perturbative accuracy. The LL accuracy
(green) that determines the shape at small TJ\(,C) can be improved by higher-order
resummation (orange). In the LL cumulant, we show that two different 75" values
(dotted vertical lines) should produce the same cumulant cross section above 7",

up t0 Ocye(aZ™t1) violations for an N"LOy+LL calculation. (The missing exact
dependence on @y, below Ty will still introduce the same power corrections in
T for general measurements My as in the pure FO and LL cases.) On the right-
hand side, the fully differential ®y.; dependence is projected onto {®x,Tn}. The
condition then enforces that the resulting differential 7y spectrum is the derivative of
the cumulant with respect to Ty (for any fixed ®y), such that the 7$" dependence
between the cumulant and the spectrum cancels to the desired order. Integrating
eq. (2.20) over Ty, we obtain the equivalent condition for the cumulant being the
integral of the Ty spectrum. That is, for any 75 (and fixed ®y),

doN® doy®
ddy (Th) = ddy

® doe
( Ac]ut)_'_/d N+1 02N+1(TN>T]\c[ut>0<TN <7‘J\c{)

2.21
dq)N d®N+1 ( )

up t0 Ouyi(a=™11) violations for an N"LOy+LL calculation.

In figure 2.2] we show how the FO and resummed contributions determine the
accuracy of the cross sections in different regions of phase space. In table 2.1 we
summarize the perturbative accuracy as well as the size of uncontrolled higher-order
corrections from fixed order, resummed, and residual resolution scale dependence
for integrated N-jet observables and differential (N 4 1)-jet observables for various
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T ~ @Q (fixed order) T < @ (resummation)
N-jet observables
LOy 1+ O(ay) O(1)
NLOx 1+ as+ O(a?) O(1)
NNLOy 1+ as+ a2+ 0(a?) O(1)
LOy+LL 1+ O(as) 1+ O(a?)
LOnys14+LL | 14 O(e) + Ocy(aZh) 1+ O(al’?)
NLOy—+LL 1+ ay + O(a2) + Ogy(a?) 1+ O(ai?)
NLOn n+14LL | 14 oy + O(a2) 4 O (a2?) 1+ O(al’?)
NNLOy+LL | 14 ay+ a2+ O(a?) + O (a23) | 1+ O(al’?)
(N + 1)-jet observables

LOy X X

NLOy 1+ O(ay) O(1)
NNLOy 1+ a,+ 0(a?) O(1)
LON+LL o(1) 1+ 0(al?)
LOxni1+LL | 14 O(ay) 4+ Ocu(aZ!) 1+ 0(a?)
NLOy+LL 1+ O(ay) + Opy(aZ1) 1+ 0>
NLOy v1+LL || 14 ag + O(a?) + O (a22) 1+ O(al?)
NNLOy+LL || 14 ay + O(a?) + Oue(a2?) 1+ 0(a?)

Table 2.1: Perturbative accuracy of N-jet (integrated) and (N + 1)-jet (differential)
observables satisfied at different FO and FO+LL. Here, T is the effective scale to
which the observables are sensitive. For T ~ @, the perturbative accuracy is set by
the FO expansion, with corrections from higher FO contributions as well as residual
T dependence. (The latter will depend on the details of the matching, so we show
the minimal required accuracy, which has to match the FO level of accuracy; see the
discussion of eq. for more details.) For T < @, the perturbative accuracy is
set by the resummation counting in eq. (2.16).

FO+LL orders. To give an example, at NNLO y+LL, integrated N-jet observables are
supposed to get the O(a?), O(al), and O(a?) terms correct, with corrections starting
at O(a?). This implies that the T dependence must cancel such that it only appears
at Oew(aZ?), so the lowest-order dependence must be of the form a? L2 % ~ Oy (a?)
or higher. A residual 7" dependence of the form a?[1 — Ax(7$")], which starts
at fixed O(a?), counts as Oy (a?) because An(TEM) ~ Oeui(1). Hence, such a T

dependence would spoil the desired O(a?) accuracy of the NNLO+LL calculation.
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When increasing the FO accuracy, the condition in eq. becomes more and
more stringent and thus more challenging. As we saw in section [2.2.2] in the LL
calculation, the cancellation of the 7" dependence to all orders is achieved by virtue
of the fact that the differential cross section in 7y is given by the exact derivative
of the cumulant cross section with respect to 75". The same is also obviously true
for the pure FO calculation. This demonstrates that a simple and generic method to
ensure the cancellation of the resolution scale dependence (up to power correctlons ) is
to explicitly construct the spectrum and cumulant by enforcing eqs. and -
exactly. There are different choices for doing so, as we will see in sectlon as well
as different options for the practical implementation, which we will come back to in
section 2.6

Note that, a priori, we do not require the resummation order to match the per-
turbative accuracy of the fixed order. For example, the NLL terms in an NNLO+LL
cross section are allowed to be incorrectly predicted, even though in the resummation
region, they are formally more important than the NNLO terms. These higher-order
resummed terms will affect observables in the singular regime at small 7T but not
observables at large TE, which are controlled by FO corrections. In section , we
will explicitly see how the mismatch between the LL resummation and the NNLO
calculation enters. A consistent matching of fixed order and resummation at the same
perturbative accuracy would clearly be a desirable feature. As is shown in chapter
by performing the resummation at NNLL, the merging of two NLO calculations with
different multiplicities arises as a byproduct. Maintaining the perturbative accuracy
with higher-order matrix elements and higher-order resummation is obviously more
challenging as more ingredients are required and additional complications arise; e.g.,
one has to employ a resolution variable that is resummable to the desired order.
These issues are thoroughly addressed in chapter 3, and we discuss the connection in

section 2.6.11

2.3.2 LO-+LL

The LL calculation performs the LL resummation in 7Ty and 75", as outlined in
section[2.2.2] It naturally contains the full LOy contribution, so it is already LO y+LL
correct but does not include the full contribution from the LO>y;; matrix elements
for additional jet multiplicities (beyond the shower approximation). The goal of
LO+LL matching is to combine the LOs 4 calculations with the LL resummation,
an example of which is the CKKW method [4, 5], 6, [10].

Considering the matching of LOy, LOyy41, and LL, denoted as LOy y4+1+LL, the
exclusive N-jet and inclusive (N + 1)-jet MC cross sections are

MC
doiyf

doy

(TA") = Bn(®n) An (P TR,
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MC
do AO>N+1

Ty, (N> T) = ; By 1 (@xia) Aw (@R T O(TR > Ti™).

=3 {Bra(@ni) An(dn T0) 0Ty > To ) . (2.22)

m

Here, the By, are defined such that By = ), By, ,, and whenever an emission
m becomes IR singular, B}, contains all its divergences. A possible choice would
be to take By, ; = Bn4+1(S¥,1/Sn+1). For ease of notation, from here on we always
group the emission label m on expressions with the notation ) {---},, to denote
that all relevant terms within the curly brackets receive a label m.

The cross sections in eq. ([2.22)) are correct to LOy and LO . respectively, simply
because any corrections to By or By are of higher fixed order. The Sudakov factors
multiplying the Born contributions render the N-jet cumulant correct to LL in 7"
and the (N + 1)-jet spectrum correct to LL in Ty.

To discuss the perturbative accuracy of integrated N-jet observables from residual
T dependence, we rewrite dol%, in eq. (2.22) as

MC
do >N+1

APy (Tv > T\") = Z{SNH((DNH)AN@)N;TN)

m

+ (By+1 — Sn1) (@n41) An(Dn; TN)}m 0(Ty > TN"™).
(2.23)

The first term on the right-hand side is identical to the pure LL cross section, and
when projected onto ®y and integrated over Ty, it produces By(®Py)[1 —
An(Py; 7;{}“)] which exactly cancels the 73" dependence in the cumulant do k¢ (T5")
[see eq. . The second term corresponds to the FO matching correction, making
do¥f ., to be LOy,1 accurate. Its 75" dependence is determined by the accuracy
of ENH — Syy1. If this difference contains subleading singular dependence on Ty,
which would be terms ~ a;/Ty, then the 75" dependence in integrated N-jet ob-

servables will be of order a?L2" ! ~ Ocut(ai/ ?). Interestingly, this is not actually
sufficient to preserve the 1 + O(a;) accuracy required at LOy (see table[2.1). In the
case that Sy does reproduce the full singular structure of By (which generically
will not be the case for parton showers), then the residual 7" dependence will only
appear as Qe (s TE™) power corrections. Improved LO+LL methods that explicitly
remove this residual Ocut(ozs ) dependence and restore the LOy accuracy have been
discussed in detail in refs. [52] 53| 47, 36]. They essentially enforce the consistency

conditions in eq. (2.21]).
MC

Finally, we note that at LOy y11+LL, another possible valid choice for do¥%,, is
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to take
d MC
d(;N (TN") = Bn(®n) An (P TR,
N
dJ>N+1 cut) __ .
O@—NH(T >TV") = ;{SNJrl(q)NJrl)AN(CDNaTN)
+ (Byii = Sya)(@ni)} 0T > T3, (2:24)

where compared to eq. , we have dropped the Sudakov factor in the last line.
The 75" dependence in this case is different numerically but of the same accuracy
as for eq. , depending in the same way on the extent to which Sy reproduces
the IR singularities of By.1.

2.3.3 NLO-+LL

The matching of fully differential NLO calculations to parton shower routines has
been addressed by several frameworks [I3] [15] [54] 55, (I8, 46]. Here, we review the
general structure of the underlying matched NLO-+LL calculation.

The MC cross sections underlying the MC@QNLO [I3] and PowHEG [15] [16]
approaches are given byﬂ

do-}\\’I[C cut) __ dO->N cut dO'ﬁ_S cut
Ty N )= gy, AVENITEY) A+ g (TR
resu?nrmed FO matchmg
do¥% iy { dof Syt (Pysr) R }
= T>Tcut: 2 VAT A CI),T 8T>7—cut
dq)NH( ! ) ; Aoy gy —4, Bn(Pn w(®w; Tw) 6(Tw ) -
%(T > Tcut) (2 25)
d®n1 :
where
doB-5 dd
i )= 2] [t (B = Swa) a7 < ) |
daf&il cut cut
dq;N-H (Tn > TN™) = Z{(BN—H — Sni1)(Pny1) 0Ty > Ty )}m (2.26)

For POWHEG, dof y /d®y = By(®x). In MC@NLO, S events are generated with a weight de-
termined by dU>N/d<I>N, while H events are generated according to dU>N+1/d<I>N+1 Yoml(BNy1—
SN+1)(PN+1)}m-
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are the FO matching corrections, and

d"gN—<B + V(@ )+Z /dq’N“s (Pry1) (2.27)
dCI)N — N N N — d(I)N N+1 N+1 .

m

is essentially the inclusive NLOy cross section, but using the real emission given by
Sni1 instead of Byyi. This means that Sy,; must contain the full IR singularities
of Byy1 in the limit 7y — 0, such that upon integration, the virtual IR divergences
of Vv are canceled in eq. .

We can easily check that eq. is correct to NLO and LL, i.e., that it satisfies
eq. . Dropping the NLO corrections, which amounts to taking do$, — By
and dropping the daﬁ_s in doy”, we reproduce the LOy y41+LL result in eq. .
Using the fixed O(ay) expansion of the Sudakov,

1 )
AN TR =1 s S| [ St S (BT > T |+ Ot
(2.28)
we see that expanding eq. to NLO exactly reproduces eq. at NLOy and
LOp.1, where the Ty in the NLO calculation is now the same m-dependent resolution
variable that is used in the LL calculation.

As written in eq. , the MC cross sections exactly satisfy eqgs. and
. In fact, they do so separately for the resummed contributions proportional to
dog yAy and the FO matching corrections doy ° and doZ7,.

"The difference in the MC@QNLO and POWHEG implementations lies in the (ef-

fective) choice of Sy41. In MCQNLO,

Sy (@ni1) = G(TY) PSY 1 (Pnga) + [1 = G(TR)] O g (),
with 71imOG(TN) =0, G(Ty > T3 =1, (2.29)

where PS%,; denotes the parton shower approximation to By, for channel m as
determined by the splitting factors used in an actual parton shower algorithm like
HERWIG or PYTHIA, C},; could be used as an NLO subtraction for B, and the
purpose of G(7y) is to smoothly join the two. [In principle, G(Tn) = GR, 1 (Pn41)
can depend on m and the full ®p ;.|

Note that the value of Sy for Ty < 75" was not needed in the LL and LO+LL
discussions but is needed here, and the expressions we use are specific to the NLO+LL
construction. In our formulation of eq. , the MCQNLO method corresponds
to taking G(Ty > T"™) = 1, since an actual parton shower is used to generate
the Sudakov factor and 75" is identical to the parton shower cutoff. The condition
lim7, 0 G(Tx) = 0 is necessary to ensure that all IR divergences cancel in the limit
Ty — 0, because PSSy, 1 does not provide a valid NLO subtraction.
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Even though there is no explicit 75" dependence in eq. (2.27)), the fact that
PSy1 does not reproduce the full IR singularities of Byy; causes an implicit log-
arithmic sensitivity to scales < 75" in dagN. To see this, we rewrite Syi1 =

CN—H + G(TN)<PSN+1 — CN—H), such that

dody — (By + Vn)(®n) + Zm:{/dq)NH CN-i—l((I)N-i-l)}

d(I)N ch)N

m

+2mj{ [ es —ONH)(@NH)G(TN)} o (230)

m

The first three terms are IR finite and 7" independent. The last term is also IR finite
since limy, 0 G(Tx) = 0. However, since G(Ty > Ti"™) = 1, the subleading singular
dependence in PSy,; — Cyy1 is integrated down to 75" and only cut off below,
which means this last term scales as Ocut(a;/ 2)@ Taking into account this implicit
T dependence, dof y, = doS \ (TS™), the conditions in egs. (2.20) and (2.21)) are no
longer satisfied exactly. Rather, in the FO region, integrated N-jet observables are
only accurate to 1+ a,+ O(a?) + (’)wt((xi’/ %), while differential (N +1)-jet observables
are only accurate to 14+O(ay) +Ocut(aé/ ?). Formally, this is not sufficient to maintain
the perturbative accuracy expected at NLOy and LOyy1, cf. table [2.1} In practice,
the numerical impact depends on how well the employed parton shower algorithm is
able to capture the subleading singular structure of the full real emission contribution.
In refs. [13, [14], this was shown to be a minor problem.

In POWHEG, Sy, is constructed by dividing the full By, between the IR-
singular regions for the different emission channels,

SR}H((I)NH) = BN+1(¢’N+1) @EH(@NH) F(TN) )
with > ON, =1, lim O%,, =1, lim F(Ty)=1. (2.31)

T—0 Tn—0

The conditions imposed on the O, ensure that the full By, is obtained in any
singular limit, such that Sy reproduces the full IR-singular structure and do? y is
IR finite. The function F(7y) is included so the resummation can be turned off by
letting F'(Ty) — 0 at large Ty. [In principle, F(Ty) = F§',1(®n41) can depend on
m and the full ®5,4.] In this case, since Sy contains the full singular structure
also above T, there is no implicit 75" dependence. Strictly speaking, this is true
as long as ©™ and F do not introduce a sensitivity to small Ty.

The full @y, dependence in do¥%,; in eq. is determined by Sni1(Pni1)
in the resummation term, i.e., by the approximate ® 5., dependence in the splitting
factor that determines the Sudakov factor. The FO matching correction, do?y%, ~

6The T3 dependence becomes explicit if one takes G(Ty > TSU) = 0(Tn > TE), in which
case the integral would produce an explicit In 7"*. For a smooth G, this logarithm is smeared out,
but the integral has the same scaling.
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(By+1—Sn+1)(Pni1), additively corrects the approximate ® .1 dependence in Sy 1
to the full LOy,; dependence given by Byyi. Another possible approach is to also
multiply this term by the Sudakov factor, or equivalently, directly use the full By,
dependence in the resummed spectrum, such that

dode . doSy doB=5
cut) __ = A P cut N cut 239
doi 4 {dgizv Bni1(Pny1) & }
= T > Tcut — = _ A (I) ,T 0 T > Tcut )
Ton, (Tv > T"™) Xm: Tox |s 0. Bul@n) N(@w; Tw) 0(Tw > T™) 5

This corresponds to the usual CKKW procedure for LOy y414+LL in eq. (2.22). It
is also analogous to the GENEVA method in ref. [46], where the ®y-differential FO
calculation is multiplicatively combined with the Ty spectrum resummed to higher
order. In eq. , the spectrum is not the exact derivative of the cumulant anymore,
resulting in a residual 75" dependence in the integrated cross section. The effective
correction term by which eq. is violated and that gets added to the correct
NLOy cross section is given by

do .
/ d(g;l (Bynt1 = Sn)(@n i) [An(On; Tw) — 1] 0(Tw > T (2.33)

In fixed order, this is O(a?) and beyond NLOy. However, its impact on the per-
turbative accuracy depends again on the extent to which the IR singularities of
By, are correctly reproduced by Syyi. If Syyi contains the full IR singularities,
so Byi1 — Sy is finite for Ty — 0, then the leading term in eq. scales as
T a2 In? (T2 /Q), which is Oy (s TE™). Therefore, in this case, the correction can
be regarded as a power correction. If Sy,; does not reproduce the full IR singulari-
ties, so that Byy1 — Sy41 contains subleading divergences ~ a, /Ty, then the leading
term scales as a2 In*(7"/Q). Hence, in this case the correction is of Ocut(a;/ %) and
clearly violates the NLOy+LL accuracy, which allows at most O, (a?) corrections
(see the first column of table2.1]). Note that the perturbative accuracy of the residual
7" dependence in either case here is the same as in eq. (2.22) at LOy y11+LL. The
reason is that it is determined by the resummation counting and the NLO matching

by itself only improves the FO accuracy.

2.4 Combining NNLO calculations with LL resum-
mation
As we saw in section at NNLO, we need events representing N, N 4+ 1, and

N + 2 partonic jets, defined through the N-jet and (N + 1)-jet resolution variables
Ty and Tyy1. The same is therefore also the case at NNLO—+LL. Hence, we need to
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construct expressions for the corresponding fully differential MC cross sections [see

eqs. and -

MC MC MC
do don’, dosiy o

dd - (Tcut)v d(I)NJ,-l (T > cut ]\3135:51)7 (TN > ]\?lt?TN-I-l > ]\C/l—l&-tl)

(2.34)
As discussed in section [2.3.1, at NNLO-+LL we require that N-jet observables are
correct to NNLOy+LL, (N + 1)-jet observables to NLOx1+LL, and (N + 2)-jet
observables to LOy,o+LL, provided that any observable built from these cross sec-
tions is sufficiently inclusive over the unresolved regions of phase space. Since the FO
calculation is supplemented with the LL resummation of the jet resolution variables
Tn and Tn41, the perturbative accuracy of the prediction in the IR-singular regime is
improved relative to the pure FO calculation, which breaks down in this region. The
required perturbative accuracy at NNLO+LL in the FO and resummation regions is
summarized in table 2.1l
To construct the NNLO+LL MC cross sections, it will be convenient to proceed
in two steps. In section [2.4.1] we first consider the separation between the exclusive
N-jet and inclusive (N + 1)-jet cross sections using 7y and construct the corre-
sponding exclusive doy®(Tx") and inclusive do¥%,,(Tx > T3"). In section
we then consider the further separation of do¥$ ;(7ny > TN") into the final exclu-
sive doNC, (Ty > T 7%, ) and inclusive do¥S,, (T > T, Ty > T, using
Tn11. To make the notation as transparent as possible, we drop the emission labels
m throughout this section. They can be inserted straightforwardly into all formulae
giving the different contributions to the cross sections.

2.4.1 The exclusive N-jet and inclusive (/N + 1)-jet cross sec-
tions

As we have already seen at LO and NLO, it is convenient to divide the full FO
exclusive N-jet cross section, dokP (7%), into a singular and a nonsingular contribu-

tlonﬂ

doyP t d‘7N o, doy ¢ t
cu cu cuty 2.35
o T3 = iy )+ G (3) (2.35)
FO smgular FO no;sringular

"To be precise, singular terms in the cumulant contain logarithms of 75 or constants, while
nonsingular terms vanish as 7" — 0. In the spectrum, singular terms contain plus distributions
or delta functions of Ty, while nonsingular terms contain no singular distributions and at most
integrable singularities.
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At NNLO, dofP(T5%) is given in eq. (2.5)). Its singular approximation is given by

d
N
d®
* / N (O 14V o) (@) T (@) < T3
d®
+ [ T Copaal @) 6T s2) < TR, (2.36)

where Cyy1, VCyi1, and Cn,o reproduce the exact IR singularities of Byi1, Vi1,
and By o, respectively; i.e., they correspond to a valid set of NNLO subtractions,
such that eq. is IR finite. The full logarithmic 73" dependence arises from inte-
grating By.1, Vy11, and By.o, over the IR-singular region, which is fully reproduced
by the Cyy1, VCn,1, and Cy o contributions in eq. . Therefore, do§;(TE)
contains all logarithms in 7, while the remainder doy ©(75%) in eq. (2.35) is a
power correction in Ty
To identify the relevant terms, we rewrite the N-jet MC cross section in terms of a
resummed contribution and FO matching corrections. As we have seen at NLO+LL
in section [2.3.3] the LL resummed contribution can be obtained by multiplying an
inclusive cross section by the LL Sudakov factor for T5"*. The resulting expression in
general differs from the correct FO result by both singular and nonsingular terms in
XUt which are accounted for by adding corresponding FO singular and nonsingular
matching corrections. This gives

doMe do gN dO'C S dO_BfC
Case 1: N Tcut AN q)N Tcut YN Tcut N Tcut )
resu?nrmed FO smgular matching FO nonvsingular
matching

(2.37)
The first term is the resummed contribution, where do$, is the singular approxima-
tion of the inclusive FO N-jet cross section, obtained by dropping the 0(Ty < T2)
in eq. . It is by construction 73" independent, so all dependence on T in
the resummed term resides in the Sudakov factor Ay (®x; 75™), which sums the LL
series in Ty". The remaining two terms are FO matching corrections to ensure the
correct FO expansion of eq. (2.37)).
The last term in eq. (2.37)), labeled B — C, is the FO nonsingular term from
eq. . It contains the difference between the full FO contribution and its singular
limit,

daf,_c ¢ do}{}o ¢ daN ¢
cut) __ cu cu 2.
(TR = S (T — ST, (2.38)

As discussed above, it contains no logarithmic dependence on T".
The second term in eq. (2.37)), labeled C' — S, is the singular FO matching cor-
rection. It contains the difference between the singular approximation containing the
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full logarithmic 75" dependence and that obtained by expanding the resummed term
in fixed order; i.e.,

doy® dofy doy
(Tcm> (Tcut) = AN((I)N; Tcut)
doy ddy Ad N
d®
= _/ dg;l (Cni1— Syi1)(@ny) (T > TSM) + O(a?) . (2.39)

Hence, it supplies the FO singular terms in 75" that are not contained in the re-
summed contribution. In the second line, we show the NLO result for illustration.
As already discussed in section [2.3.3] since the splitting function Syi; generically
only reproduces the leading singularities in Cyy1, dag_S(T‘?“t) can in general con-
tain logarithmic dependence as large as asLey; at NLO and o?L2 , at NNLO, which
contribute at Ocut(a;/ ) with the counting of eq. ([2.16]).

A potential problem with implementing eq. is the presence of explicit loga-
rithms in do§;™%(7"), which become large as 7" is reduced, meaning in particular
do$5(TE) diverges for 7$* — 0. While by construction this divergence cancels in
physical observables, it could give rise to events with large or even negative weights.
To circumvent this and regulate the logarithmic divergence, we can alternatively
choose to multiply the singular matching terms with the Sudakov factor and write

doMe dO'gN d&CfS dUB C
C 92: N Cut o > N cut A P cut N cut
FO singular matching FO nonsingular
~ - - matching

resummed

(2.40)
where the FO singular matching corrections are now given by

d~C S . dO’CiS . 1
(T t) = |: - ( N t) . T cut :|
d(DN dq)N AN((I)Na TN ) FO

dd
- _/ @JJ\;H (Cni1 — Sye1)(@ni1) (T > TS™) + O(a?) . (2.41)

Note that, while multiplying with the Sudakov factor helps to suppress the FO T
logarithms in d&$ % (7"), this choice does not amount to an actual resummation of
these logarithms. A downside of this choice is that it introduces a more complicated
T dependence at all orders that must be canceled in inclusive N-jet observables.
Since do$;~%(TE") can contain logarithms a2 L2 ,, multiplying with the Sudakov factor
mtroduces terms of order a? L2" "

The singular matching correction is always required if the resummation term
does not contain all logarithms of 7" to the desired fixed order. Even if Sy

in eq. (2.39)) contains the full subleading singularities at NLO (as in POWHEG where
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Cny1 = Sni1, so do§79(TE) = 0), at NNLO, do$, % (TE") can still contain terms
~ a?L%, ~ Oc(as). Hence, to achieve NNLOy+LL accuracy, it is essential to
enforce the consistency conditions in eqs. (2.20)) and ([2.21) for the do$,™° or do;™®
contributions. Otherwise, these terms can easily generate a residual T]\C,Ut dependence
in inclusive observables that destroys their perturbative accuracy.

To construct the inclusive (N + 1)-jet MC cross section, do¥% ;(Tn > T3™),
as with do)¢ before, we split it into a resummed contribution and FO singular and
nonsingular matching corrections. Following the above discussion, these different

contributions are constructed from their corresponding counterparts in eqgs. (2.37))

and ([2.40)) by explicitly enforcing egs. (2.20]) and (2.21)). This gives

doiy iy dUgN Snt1(Prs1)
Case 1: —="(Ty > T = —= ALY AN (DN T T > T
d<I>N+1( N > TV") 1 oo, Byl(@n) N(Pn; Tw) O(Tw )
dagNil do 51\/01
7~ > Tcut T 2NA1 T > Tcut
d(I)N_H ( N ) ch)N-i-l ( N )
(2.42)
dag?\fﬂ
Case 2: —=——(Ty > Ta") =
- (Tn )
doSy  d5§° Sn1(Pyy1) cut
o+ <TN>LN:<§N—BN@N) 0T > T
45558 dol3§
4 2N+ SU>SN+1 (TN > 7-cut)}AN((DN7 TN) —>N+1 (TN > Tcut)
d®y APy
(2.43)

where the various ingredients are discussed in detail in sections [2.4.1.1| and [2.4.1.2]
For case 1, the FO singular and nonsingular matching terms are pure FO corrections,
and to obtaln them, it is sufficient to enforce that do¥f,,; expands to the correct
NLO cross section. For case 2, the singular matching correction is more complicated,
and its Ty dependence is obtained by taking the derivative of do, > (T") An(T5™)
in eq. ([2.40) with respect to 75", This ensures that the singular matching corrections
in the spectrum correctly integrate up to cancel the corresponding 73" dependence
in the cumulant

Before we give the detailed expressions for all ingredients required to construct
eqs. (2.37), ([2.40), (2.42)), and (2.43)), it is instructive to see how the NLO+LL case

8Notice that there might be points in ® ~N+1 for which B N(<i> ~) = 0 due to either kinematical or
PDF effects. To avoid that the ratio SNH((I)NH)/BN@)N) goes to infinity, one has to define Sy
such that it vanishes for these points. This implies that the contributions from these phase space
regions are contained in do®~% or dg®—%.
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arises from this notation. At NLO, we have

C
doSy

Ay

APy
ddy

— (By + Vi) (®y) + / Cnar(®ys) (2.44)

and the singular matching corrections for the cumulant, daffs , are given in the second
line of eq. - or eq. - ) for d~c %]. The nonsingular matching correction is

dof=¢
dey

do
(T =[St (B - Cu) @) 0Ty < TR . (249

The corresponding results for the differential spectrum are

do-gxlil cut d~§N§-1 cut ut

1Dy (Tw > T3™) = ADrss (T > TE™) = (Cvgr — Snat) (@nsr) 0T > TS
deNil cut cut
Tonr, (> Ti") = (Bysa = Cocna) (@) 0(Tor > TR).

(2.46)

Note that do®~° and dg“~° are equal at this order. They only start to differ at
NNLO, where the cross terms in the FO expansion of the product d&f,’s Ay become
relevant.

As discussed in section , the splitting function of POWHEG given in eq.
reproduces the full singular dependence of the real emission. Thus, one can choose
Cniy1 = Sni1, such that daffs = 0 and dagN = daiN, and cases 1 and 2 both
reduce to eq. . - -

For MC@NLO, the splitting function is given in eq. . It depends on a
function G(Ty), which for the sake of illustration we can choose as G(Ty) = 0(Ty >
T') (even though this is not the choice made in the MCQNLO implementation).
In this case, the expression for do¥, given in eq. is equivalent to do%y =
doy + d&f\’;_s , which corresponds to case 2 in eq. for the cumulant. However,
the corresponding spectrum in eq. is not that of case 2 in eq. . This is
the origin of the residual 75" dependence in MC@QNLO discussed below eq. ([2.30).

It should be clear from the discussion so far that the expressions in egs.
and for case 1, or alternatively eqs. and for case 2, provide a
completely general result for the FO+LL matching valid to any fixed order. The
explicit NNLO+LL expressions are given in detail below in section for case
1 and section for case 2. Besides the choice one has between the two cases,
different implementations can be obtained by making different choices for the Cy 1,
VCyy1, and Cyo contributions that are used to approximate the singular behavior
of the full theory, as well as for the splitting function Sy, that is used to define
the Sudakov factor. This amounts to shifting nonsingular corrections or subleading
logarithms between the resummed contribution and the FO matching corrections.



40

2.4.1.1 Casel

Here, we use do\°(T5") as given in eq. (2.37) with its corresponding inclusive
do¥% +1(TN > T given in eq. (2.42)), which we repeat here for completeness:

AN cury _ doSy L doi™® L doy™©
cu A (I) Cut cut N cut
do¥y 4 d‘7>N SN+1((I)N+1>
= T Tcut A (I) ’7- 7- > Tcut
dag&i dUENcl
NHL T s Ty N et
d¢N+1 ( N N ) d@N+1 ( )

The explicit expressions for all ingredients are given in the following. By construction,
these are correct to NNLOy and NLOpyy; and include the correct LL resummation
for Tx" and Ty, respectively. Also, each of the three terms in the cumulant and
spectrum separately satisfy the exact consistency relations in egs. ) and (| -
without any residual 73" dependence.

The singular inclusive cross section, do¥,, appearing in the resummed terms is
obtained by removing the constraints on 7Ty in eq. , which gives

dUgN dPn i1
d(I)_N = (By + Vv +Wn)(Pn) + Dy (Cnt1+ VON) (Prr)
dd
* / dé)v;Z Cnia(Pnya) . (2.47)

Since do¥, is explicitly 7" independent, the resummed terms satisfy eq. (2.20))

because [see eq. (2.18)]

d cut
chut |:AN<(I)N7T ):| Tew—Ti
B dq)N-H _ Sn+1(Prs1)
_ / T 0T = T(@a)] 5 T A, To) - (249

The nonsingular matching correction, dok ¢, is defined in eq. (2.38). Taking the
difference of eqs. (2.5)) and ({2.36]), we can immediately obtain its NNLO result,

B-C NNLO
doy do do§

cut
ddy (Tw") ddy ddy

dd
/ ddjjﬂ (Bnt1— Cni1 + Vg1 = VONG1) (@ri1) O] TN (Pni1) < T™M
N

do
+/ dé)\f;Q (Bnt2 — Ongo) (Do) O Tn (Prnso) < TRM. (2.49)

(T™) = (T =
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The differential equivalent do23 ¢, (T > T™) is defined exactly analogously,

dafNil cut) do-gfl\‘gf—l cut da§N+1 cut
Qo 7T = g, T T gy, 2 T

= (BN-H - C(N+1 + VN+1 - VCN+1)((I)N+1) Q[TN((I)N—H) > T]@ut]

dd
+/ M2 (Byya — Cnya) (Pago) O[T (Prvga) > TR,
APy
(2.50)

and one can easily see that egs. (2.49) and (2.50]) explicitly satisfy the consistency

condition in eq. (2.21).

Finally, the singular matching corrections, do®~9, are defined as

dog™® t ClUN t dagN
cu _ cu A (I) cut

1y N = e, V) — |55, AVONTNT) NLON
d gNil (7- > Tcut) _ d—gN+1 (T > TCUt) (251)
APy d®y iy

do¢ S d A

_{ >N M An(®n; Tw) 0(Ty > Tﬁut)}
d®N |4, -4, Bn(Pn) NLOn 41

By definition, they satisfy egs. (2.20]) and (2.21)) because each of the terms on the right-
hand sides do so. To obtain their explicit expressions, we use the NNLO expansion
of the Sudakov factor, which we write as

AN(¢N;T]\C[1H) — 14+ A( ((I)N,Tcut) + A(Q)((I)N, Tcut)

do S P
A%)(QN;TJ\C/“):_/ dcg;l N+1(( NJ)rl)

(T > TN"),

(2)
1 2 ddy1 Sy (Pri1)
AD (@ Teuty — Z[TAW (. Treut _/ +1 PN+1 9 S euty
(2.52)
Here, we used S](\;Z}rl to denote the af contribution to Syiq; i.e.,
Sn1(®ni1) = S (®vin) + Sy (Pasa) + -+ (2.53)

For convenience, we also define the subtracted one-loop virtual correction, which is
the IR-finite NLO term in dagN,

do
Vi (Pn) = V(Pn) + / dqu;l Crni1(Pnga) - (2.54)
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The differential version is easier to obtain (since it does not explicitly require Aﬁ)),
and we find

dUgNi1 t
> cu
APy 1, Ty > TR

= (Cng1 + VOns1)(Pn1) (T > TR™)

dd
+/ M2 Onpa(Pnvsn) O] Tae (Prgo) > T
APy

S (@nir) | VE®N) o
— |1+ 22 + 2 4 AR (B, Tw) | SN (@) O(Tw > T™).
[ SJ(\})H((DNH) BN((I)N) NH ' N

(2.55)
The cumulant version is given by
doS=S APy doSy5, »
Cl(I)N (T ) _/ d(I)N dq)N-i—l (TN = TN )
do
= _/ dé)\url (ON+1 + VCN—H)((DN_H) Q[TN((I)N_H) > T]{:[ut] (256)
N
do
_ / N+2 ON+2(¢N+2) G[TN(®N+2) > T]\C/ut]
doy

— By(®x) [AY (@n; TR + AT (@ T)]
— VE(@n) AR (®n; TEY).

The integrals here are explicitly over Ty > 75", which cuts off all IR singularities that
do not cancel between the full FO singular contributions and their LL approximation
arising from the Sudakov expansion, which is given by the last lines in eqs. and
. Note that Cy,o here fulfills two roles. First, it produces the leading double
logarithms o?(L2 . + L3 ,) (for the cumulant). The o?L? , is always canceled by the
square [AW]2 inside A, and the a2L3,, is also canceled if A} produces the correct
single logarithm o Ley at NLO. Second, the (/N + 1)-parton virtual IR divergences in
V41 are canceled by the Tyy1 — 0 limit in the ® 5 integral over Cy o, where the
remainder is an ag(a, L2, + asLey;) correction. Generically, these are only partially

canceled by the corresponding V¢ AL (78 term.

2.4.1.2 Case 2

For this case, we use dok¢(T5"™) as given in eq. (2.40)), with its corresponding in-
MC

clusive do¥% (Tv > T™) given in eq. ([2-43), which we repeat here for completeness:

doy* Tt dUgN doy~° Tent deB-¢
cuty __ = cu A (I) . Tcut N Tcut
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doMe do¢ S Gavatd S )
SY>NA+L (7- > Tcut) { |: >N + On (TN):| N+1( N+1) (TN > Tcut)
dq)N—i—l d(I)N d(I)N dy=Dpn By q)N
i Qenis 7 s ) YAy (b Ta) + i —= (T > TR™).
d®n 1 MBS N dPn i1

The explicit expressions for all ingredients are given in the following. As for case 1,
these are correct to NNLOy and NLOyy; and include the correct LL resummation
for T4 and Ty, respectively. The resummation terms involving do$y Ay and the
nonsingular FO matching terms, do®~¢, are the same as in case 1 [see eq. (2.47) and
egs. (2.49) and (2.50))] and separately satisfy the consistency relations in eqs. @[}
and (2.21).

The difference to case 1 is how the singular matching corrections, do=¢, are
included. For the cumulant, we have

d555 e [doS7% 1
(T t) = |: = ( N t) . “Tcut :|
d(I)N dCI)N AN((I)N7 TN ) NNLO N
de{° ou
_ dgN (Tt (2.57)

d®
+ Aﬁ)(dm; T]@ut)/ d(g;l (Cng1 — 51(\21)(‘1)N+1) O[Tn(Pn41) > TN,

where do§, % (T$") is given in eq. (2.56). The corresponding differential result in the
spectrum is obtained by requiring eq. (2.21)),

da:gNil cut
—d(DN_H (TN > T )
oy, cut (G (1)
= T > T - { A @i Th) (ot = SV ) @) 25%)
Sy) (@ Ao/
fg(( if;l) / o (Oren = S33) (@) 0T (@l ) > TN]}9<TN > T,
N(PwN
where dag]}‘j_l(’TN > T") is given in eq. (2.55)). One can easily check that with this

result the expression for do¥%,, in case 2 expands to the correct NLOy; result.

2.4.2 The exclusive (N + 1)-jet and inclusive (N + 2)-jet cross
sections

The inclusive (N +1)-jet MC cross section is divided into the exclusive (N +1)-jet

and inclusive (N 4 2)-jet MC cross sections using a resolution scale Ty,

doZi 4 cut dU?\IfCJrl b, e
= u > Cu cu
d®N+1 (T T ) d¢N+1 (T N+1)
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d(b do.l\/IC
/ TN (Tv > T\ T > Tad) - (2.59)

dPyy1 dPyyo

Note that this is just a special case of the consistency condition in eq. applied
to Ty41 and taking Ty, = Ty
The inclusive do¥$ |, already resums the leading logarithms of 7y in the (N +1)-
parton phase space. On top of that, we also want to resum the leading logarithms of
Y and Tyyq appearing in doly +1( i) and do¥%,o(Ty41). The LL resummation
for T 1 is obtained using the (N + 1)-parton Sudakov factor, Ay, 1, which is defined

as

dPyi2 Syi2(Pny2)
dq)NJrl BN+1 (@N+1)

Ani(Pni; T) = eXP{—/ O[Tn+1(Pr+2) > Jffljrtl]} ;

(2.60)
where the upper limit on the integration over Ty 1 should be chosen of order Ty. Note
that the (N + 1)-parton splitting function Sy .2 enters in the Sudakov factor relative
to the (N + 1)-parton Born matrix element By, which is required to correctly sum
the logarithms of Ty across the whole range of Ty, even for Ty ~ T**. In terms of
the resummation accuracy, achieving (N)LOy4;+LL implies that the (N + 1)-parton
Sudakov factor must multiply the complete Byy; matrix element to obtain the LL
resummation of Tyy1 (or Tx) in the limit Ty < Ty for both Ty < Ty and
Tn ~ T

Given these considerations, we again divide the exclusive (N 4 1)-jet and inclu-
sive (N + 2)-jet MC cross sections into a resummed contribution and FO matching
corrections,

doNy
T > cut cut
d¢N+1 ( N+1)
do’S
ﬂ(T > TN A1 (P 7~N+1)
APn )
resu‘mrmed

dO_CfS dO.BfC

N+1 N+1 (7;\[ > mut; 1{3[1_1:1)’
APy AP
—— ——

FO singular FO nonsing.
matching matching

do’g(lj\f+2 cut cut
d<I>_N+2 (Tn > T" T > Tasa)
do’S, S ) .
—dqjNH (Tv > TN™) Sy42(Prea) ANH) ANt (@415 Tven) 0T > Tg)
N+1 Oy s1=bn1 BN+ (Pn+1

c-S B-C
(d02N+2 doznys

dPn o dPn o )<TN > TN Tovis > ]65:1) (261)
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This has precisely the structure of the usual NLO y;1+LL calculation [see eq. ],

but with the dependence on the singular and nonsingular FO matching corrections,

do“~% and do?~¢, written out explicitly. Furthermore, do'G_{(Ty > T is the

singular approximation to the full (N + 1)-jet inclusive cross section on which the

Tn1 resummation acts. The crucial difference compared to the usual NLO+LL case

discussed in section is that the NLOy1+LL calculation is used down to very
cut

small values Ty > T3, and so do’Sy, (Ty > Tx") now has to include the LL
resummation in 7y. In terms of the inclusive do¥% ,(Tny > Ty") [given by either

eq. (2.42)) or eq. (2.43)], we can write it as

dagk+1 dag%
> T Tcut +1 Tw > Tcut
d®N+1 ( ) d¢N+1 ( N N )
do
- / "2 (Bt — Cna2)(@ng2) O[T (@) > T,
d®y 1

(2.62)

where the second term on the right-hand side removes the dependence on By, from
do¥%,q; ie., it removes the last line in da> ~vo1 in eq. (2.50). By definition of Cyo,
this term has no logarithmic dependence on 7y and therefore does not affect the LL
resummation in 7y. Expanding this to fixed NLOy,; reproduces the N + 1 version

of eq. (23,
dag%+1

Wona o >'rmw] — (Byss + Vieer)(@x11)
dPn iy

NLON 41

do
+/ N2 (@) 0T (Bavsa) > TE).
d®y
(2.63)

This shows that, in the limit of turning off the Ty resummation, eq. reproduces
the correct NLOy,1+LL result as required.

The FO matching corrections are determined by imposing the correct NLOy.1
and LO o expansions of eq. . The nonsingular matching corrections are given
as

B-C
doyyy
APy

dd
- /dCDNH (BN+2 B CN+2)<(I)N+2) H[TN@NH) > Tz\cfut] Q[TN+1(¢)N+2) < szljrtl] )
N+1

(Tn > TN TR

do’fNi? cut
——=(Tv > TN™, T > Nr1)
APy

= (Bn+2 — Cn42)(Pn2) O[T (Prvi2) > TN 0[Tvia (Prvse) > ijfljrtl] ) (2.64)
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and (again by definition of Cy42) have no logarithmic dependence on T4%;. For the
singular matching corrections, we then find

c-s
doyiy
dPn i1

dd
= —/ 2 {CN+2(‘I’N+2) O[Tn (Pr2) > T
APy

— Sys2(Pwsa) O[Ty (D) > ijfm]} X O[Tn1(Pnr2) > Tl

(Tn > Jffth ]Sfl-lifl)

do’g]:/iZ cut cut
————(Tn > TN" T > Ta)
d®n o
= {CN+2(¢’N+2) O[Tw (o) > TR — Snra(Puvsa) O[T (Pvsr) > Tzfrut]}
X O[Tn1(Pwvso) > THt] - (2.65)

Here, we can explicitly see the mismatch between the exact definition of Ty (P o)
required at NNLOpy and the shower approximation in the Sy,o term, which inherits
the CfDNH(@NH) dependence from the projection from ® 9 to @y in the (N+1)-jet
Sudakov factor. Generically, this can introduce a subleading logarithmic dependence
on 7% in do®~=% (even in the limit Sy, o = Cny2), whose coefficient scales as ~ T,
With the above results, we can check that no residual 73, dependence (beyond
power corrections) is introduced in physical observables because eqs. and
are explicitly satisfied. For the FO matching corrections, this is clear from their above
expressions. The resummed terms also combine correctly to the inclusive do¥y_,
using the equivalent relation to eq. for the (N + 1)-parton Sudakov, -

/dq}N+2 SNH((IA)NH) AN-H(qA)N-‘rl; i) 0T > Tyt) = 1=-An i (P Tath) -
dCDN+1 BN+1(¢)N+1)

(2.66)
Using this relation, we can also easily check that eq. is satisfied. Upon integra-
tion over d®y4o/dP 1, the da%jrf and dagﬁig terms cancel each other, while the
daﬁjrlc and dag—w% terms combine to precisely cancel the second line in eq. (2.62).
Hence, we precisely get back do¥%,(Tn > Ty"), which shows that no residual 73"
dependence is introduced.

In the above construction, we have the same amount of freedom as in section [2.4.1
in how to implement the 7Ty, resummation and where to put the FO singular cor-
rections. Above, we have used the analog of case 1 from section [2.4.1] where dg®—5
is included at fixed order. Various alternatives are:

e One can multiply daf,;f by the Ayny; Sudakov, analogous to case 2 in sec-
tion[2.4.1] In this case, eq. (2.59) is maintained exactly when the corresponding

case 2 version is also used for the differential spectrum.
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e One has the freedom in eq. (2.62) and all the results following it to use a
different C'y,, from the Co used in section [2.4.1} This includes whether one

uses Tn(Pyyo) or TN((iDNH) to implement the Ty > Tx5" constraint for the

N2 contribution. In particular, one could use a simpler NLOy; subtraction
for C'y 5. (In general, this can change the logarithmic dependence on Ty at the
subleading level.)

e One can use different choices for Syo. In particular, in conjunction with using
an alternative Cly,,, one can use a POWHEG approach for NLOy+LL, such
that one can take Syio = Cly .

2.5 Matching the NNLO+LL calculation with a
parton shower

In the previous sections, we have shown how to consistently combine LO, NLO,
and NNLO calculations with LL resummation and how to obtain the MC cross sec-
tions doy”, doy%,, and do¥f,,. In this section, we discuss how to interface the
corresponding N-parton, (N + 1)-parton, and (N + 2)-parton events with a parton
shower and avoid any double counting of phase space between the partonic calcula-
tion and the parton shower. The resulting NNLO+LL event generator will thus be
able to produce events with any parton multiplicity.

The NNLO+LL MC cross sections in section [2.4] provide resummation in the reso-
lution variables 7Ty and Ty, but in general, do not explicitly resum large logarithms
arising in singular regions of phase space for other observables. In the resummation
regime, the shape of a generic exclusive observable will therefore only be accurately
predicted after the addition of the parton shower, which in general provides LL ac-
curacy. Furthermore, care must be taken when interfacing to the parton shower such
that the perturbative accuracy provided by the MC cross sections do}; is maintained.
This includes the FO accuracy, the LL accuracy in the evolution variables, and the
absence of residual dependence on the resolution scales T¢" and 7%;. Precisely, the
matching with the parton shower must satisfy three conditions:

1. Any exclusive observable must be correct to at least LL in the resummation
regime. This includes the resolution variables Ty and Ty, for which the LL
accuracy of the MC cross sections must be maintained. Additionally, the LL
accuracy requirement extends to observables requiring more than N + 2 jets,
for which the parton shower provides the only prediction.

2. The FO accuracy of any observable should be that of the NNLO calculation
(see section [2.2.1]), which means:
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e N-jet observables are correct to NNLOy up to power corrections of relative
order O(a, T /TET) and O(a2T3%, /TR, ), where T and T3, are the
effective resolution scales to which the observable is sensitive.

e (N + 1)-jet observables are correct to NLOy,; if they only include con-
tributions in the resolved region of .1, up to power corrections of rela-
tive order O(asTx%, /TR, ), where T, is the effective resolution scale to
which the observable is sensitive.

e (N + 2)-jet observables are correct to LOy o if they only include contri-
butions in the resolved region of ®x 5.

Note that no FO accuracy is implied for observables sensitive to the unresolved
regions of phase space, Ty < Ty" and Ty < TH%Y;, as the parton shower
provides the only prediction in these regions (see below).

3. For observables that must be correct to N*"LO, any residual dependence on the
cut

resolution scales 7¢™ and 7%, must enter at Oy (a="t1).

The conditions above naturally echo those imposed on the MC cross sections in
section[2.3.1} and in particular, ensure that no double counting occurs in the matching.
In fact, in cases where the parton shower yields events with < N + 2 partons, the
exact phase space constraints implemented by the MC cross section definitions can be
used on the shower (see figure . In cases with more emissions, one must develop
analogous constraints making sure the above conditions remain satisfied.

2.5.1 LL shower constraints

Condition [1] above requires us to maintain the LL accuracy of the event sample
and combine it with the parton shower LL resummation for additional emissions.
For this purpose, the identical considerations apply to our NNLO+LL calculation
as in the case of interfacing a merged LOy yi+1 ny42+LL calculation with a parton
shower [4], (5 [6 8, [7, O 10, 1T, 12]. The reason is that, as far as the LL structure
is concerned, the only relevance of the higher FO accuracy in our case is that it
imposes a tighter constraint in condition |3| above. However, since the parton shower
is formulated such that the probability of an emission is the exact differential of the
no-emission probability [i.e., of the Sudakov factor, see eq. ], conditionwill be
satisfied as long as any additional constraints imposed on the parton shower do not
spoil this relation.

The simultaneous LL resummation of Ty and Ty.1 in the NNLO-+LL calculation
can be achieved by choosing both variables to be equivalent (at the single-emission/LL
level) to the same local shower evolution variable 7 [see eq. (2.8))], in which case we
can assume that they are ordered as Ty < Tyn.
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2.5.1.1 Equivalent resummation and shower evolution variables

The simplest case is when the evolution variable of the parton shower is equivalent
to T (i.e., it has the same LL structure). The event sample with N, N + 1, and
N + 2 partons can then be viewed as the result of the first two steps in the normal
parton shower evolution in 7, and attaching the parton shower simply corresponds
to continuing this evolution down to the shower cutoff, where the relevant starting
scale, T.es, is given by the scale of the last emission or the resolution scale, namely

o Ties = T for the N-parton events
o Tres = TN, for the (N + 1)-parton events
® Ties = Tni1(Pyyo) for the (N + 2)-parton events

In this case, conditions [l and [3| are automatically satisfied because the parton shower
itself respects them.

This is precisely consistent with the physical interpretation of the MC cross sec-
tions. The doy®(Ty") and doNS | (Tn > TN™; Ta'ty) cross sections represented by the
N-parton and (N + 1)-parton events are exclusive jet cross sections defined to only
include additional emissions below 73" and T34;. The do¥%,,(Ty > T¥™, Tvy1 >

) cross section represented by the (N + 2)-parton events is an inclusive cross
section defined to contain any number of additional emissions below Ty .

Note also that, in principle, one can choose T¢" = Ty, to be equal (or very close)

to the actual shower cutoff 7¢" such that no (or very few) additional emissions need

to be generated for the N-jet and (N + 1)-jet samples.

2.5.1.2 Different resummation and shower evolution variables

If the local evolution variable 7" of the parton shower differs in its LL structure
from the variable 7 used to implement the LL resummation in the partonic FO+LL
calculation, one has to utilize a veto procedure on the shower to achieve condition
In principle, two approaches may be used here, using either a vetoed shower algorithm
or a global veto procedure. Additionally, one has to specify the starting scale of the
shower evolution.

The use of a vetoed parton shower was discussed in detail in refs. [4l [15] for the
case where T is the pr of an emission and using an angular-ordered parton shower
where T is the emission angle. The same veto procedure can be applied here. The
vetoed shower works by evolving in 77, and in each emission step, only emissions
satisfying the constraint 7 < 7. are allowed, where 7. is given as above. If an
emission at some 7' violates this constraint, it is vetoed, and the evolution continues
from 7. This vetoed shower exponentiates the 7 < T constraint, which effectively
transforms the shower evolution variable from 7" into T .
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In the global veto procedure, one lets the evolution proceed undisturbed. After
the showering is done, the showered event is accepted if the condition 7 < T is
satisfied for all emissions. If this is not the case, the showering is repeated from the
start on the same partonic event, and this is done until an acceptable showered event
is generated. This second approach is certainly less efficient, but it has the advantage
that one does not need to modify the parton shower algorithm at all.

In either vetoing approach, one has to choose appropriate starting scales for the
T evolution. First, one determines the maximal starting scale 7., which should be
either the value 7, (®y) that one would normally choose when starting the shower
directly from By (®y), or the maximum value of 7’ kinematically allowed for a given
Tres, whichever is smaller. The simplest approach is then to start the shower at 7.
for all partons. A somewhat better approach is to choose the starting scale according
to the emission historyﬂ For partons that had no emissions, the shower is started
at 7.... For the daughter partons of an extra emission step in the (/N + 1)-jet and

max"*

(N + 2)-jet samples, the shower is started from the scale 7., of the emission. The

possible additional emissions for 7., > 7' > 7., are then added by running a

truncated shower [15] from 7. to T, along the parent parton line of the emission.

2.5.2 FO shower constraints

The constraints on the shower implied by condition [2| are simpler for event samples
with higher jet multiplicity, as the desired perturbative accuracy is lower. Therefore,
we start by discussing the (N + 2)-jet sample, working our way down to the N-jet
sample. Note that if the shower evolves directly in 7 and both 73" and 7%, are set
to the shower cutoff, only the (N + 2)-jet sample gets showered, and the additional

complications arising for the (N + 1)-jet and N-jet samples become irrelevant.

2.5.2.1 Showering the (N + 2)-jet event sample

The MC cross section do¥$,, , of the NNLO+LL calculation is given in eq. (2.61]).
Its perturbative accuracy is LOn,24LL, which the parton shower can easily maintain
by applying constraints analogous to those applied to the highest jet multiplicity
in an LO+LL matched event sample. The LOpy s accuracy of the cross section
is automatically guaranteed by the fact that additional emissions from the parton
shower are higher order in a;. Therefore, there are no additional FO constraints on
the shower. (Strictly speaking, the showered events in this sample must still satisfy
the constraints Ty > T§™ and Ty4q > TN If Tvpr < T, ignoring this gives rise
to at most power corrections.)

9The LL resummation in 7y and T is formulated as a consecutive sum over emission channels
m when splitting from N to N +1 partons (in the construction of do¥%, ;) and from N +1 to N +2
partons (in the construction of do¥<%,,). Hence, we can naturally associate each contribution in this

sum with an emission history for going from the underlying ® 5 to the final &1 or 4o point.
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2.5.2.2 Showering the (N + 1)-jet event sample
The MC cross section doyNS(Ty > T§™; Taty) of the NNLO+LL calculation

is given in eq. . It contains the integrated cross section for Tyy1 < Ty
calculated to NLOy,1+LL. Before adding the parton shower, it is represented by
(N + 1)-parton events, which have Tyy1 = 0 (see figure . By adding emissions,
the parton shower distributes the events located at Ty.1 = 0 to nonzero 7Ty values.
In doing so, it must respect the exclusive (N + 1)-jet definition of the cross section;
i.e., the cross section for Ty < TNY, after showering has to remain accurate to
NLOp41+LL. Since the parton shower preserves the total cross section, this means
it is only allowed to fill out the region 0 < Ty < Ty%4. [The cross section for
Tn1(Pny2) > TRY is already included in the inclusive (N 4+ 2)-jet sample generated
from do¥%,o(Ty > TN, T > T)]

At LL accuracy, this is achieved by vetoing shower emissions with 7 > 73", as
discussed in section In addition, to satisfy condition [2] it is also necessary that
the cross section for Tyy1 < Ty remains correct to NLOyq. The veto on single
emissions with 7~ > 73" is sufficient for this purpose as well, so we do not require an
additional constraint on the shower. To see this, consider the shower emission with
the largest value of 7, and sum over all other emissions. Strictly speaking, we need
the emission to satisfy TN-H[(i)N—i—Z(q)N—H» Praa)] < Ty, where @4 is the emission
phase space and o N2 18 the inverse of the phase space projection o N+1(Pnyo) that is
used in the NLOy 4 calculation. The single-emission veto in the shower corresponds
to imposing the constraint 7 = T 41[®8 o (Pny1, Praa)] < T, where GRS, is the
phase space map used in the parton shower. In principle, the two constraints can be
different since the two phase space maps can be different. However, both maps have
to be IR safe and must agree in the IR limit 7%, — 0. Therefore, the difference can
be at most a power correction in 7.

From this discussion, it follows that a generic (N + 1)-jet observable receives
at most power corrections from showering of O(a, 7§, /TSE,), where TST, is the
effective scale that the observable is sensitive to. Similarly, since do¥§,,; contributes

at (’)(as) to generic N-jet observables, they receive at most power corrections of

( cut cut

10 /TR ). Hence, condition [2]is satisfied. In fact, as long as the 731", value is
kept small, the spectrum for Ty1 < Ty is correctly described by the shower. The
parton shower therefore improves the description of the previously unresolved region
Ty < Ty, As a result, the power corrections induced by the shower actually
compensate for the power corrections in the partonic calculation arising from the

unresolved region below 75%. Of course, this is only true if the shower cutoff is

cut
lower than 7y%,.
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2.5.2.3 Showering the N-jet event sample

The MC cross section doN¢(75") of the NNLO-+LL calculation is given in eq.
or eq. . It contains the integrated cross section for Ty < TS" calculated to
NNLO y+LL, which before showering, is represented by N-parton events with 7y = 0.

The basic considerations here are similar as for the (N + 1)-jet case. Repeating
the discussion in section [2.5.2.2] the shower must be constrained not to change the
cross section for Ty < TE™, but only to fill out the Ty spectrum below 75", Since
the action of the parton shower is entirely within the N-jet cumulant bin, the induced
power corrections of O(a, TS /T are again at the level allowed by condition [2/ and
will actually improve the prediction of observables, because the unshowered events
at Ty = 0 are distributed over the previously unresolved region Ty < Tx* with an
LL-accurate shape.

There is a further complication, however, that arises starting at NNLO. At NLO+
LL, the resolution variable must have two properties: it must realize an IR-safe sep-
aration of the phase space at the level of a single emission, and it must have an
LL resummation. Because LL resummation arises from exponentiating independent
emissions, these two properties are essentially one and the same. For example, in an
NLO+LL calculation of vector boson production, the resolution variable separating
events with 0 jets and 1 jet can be chosen as the transverse momentum of the leading
parton, with 0-jet events corresponding to pr < p$** and 1-jet events correspond-
ing to pr > p*. At NNLO+LL, however, the story is different: defining the jet
resolution variable analogous to the shower evolution in terms of independent single-
parton variables is no longer sufficient to also ensure the IR safety of the NNLO 0-jet
cross section. To see how the problem arises, it is instructive to consider again the
example of vector boson production with two emissions illustrated in figure [2.3] De-
manding that the transverse momentum of each emitted parton is below p3* (dashed
lines) does not yield an IR-safe definition for the 0-jet cross section. If the two par-

tons are collinear to each other and each satisfies pgf) < p, while their sum gives

pgpl) + pg ) > pS* this IR-divergent contribution would be included in the 0-jet cross

section, while the corresponding IR-divergent virtual diagram on the right would con-
tribute to the 1-jet cross section. As already discussed in section [2.2.1] we must use a
resolution variable which is properly IR-safe at NNLO. For example, we can sum over
all emissions (7 = ) pr) or combine them using an IR-safe jet-clustering procedure
(Tv = ).

From this discussion, it is clear that the constraint Ty < 75" that the parton
shower needs to satisfy cannot be formulated in terms of individual emissions but
must take at least two emissions into account. Generally, it is not sufficient to only
consider the two hardest emissions, since they do not necessarily correspond to the
hardest jet of the NNLO calculation. Therefore, the NNLO constraint can only be
imposed via a global veto after the showering. In case one uses a vetoed shower with
a single-emission local veto to enforce the LL constraints as described in section [2.5.1
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Figure 2.3: Hlustration of the issues in defining an IR-safe phase space separation at
NNLO using single-parton variables in the case of vector boson production. Limit-
ing each emission to be below p$** (dashed lines) results in a miscancellation of IR
divergences between the tree-level contribution on the left, which would contribute
to dod“(pst™), and the corresponding one-loop contribution on the right, which would

contribute to do¥f(pr > p*).

the additional NNLO constraint should be enforced separately.

2.6 Implementation and relation to existing ap-
proaches

In this section, we discuss the relation of our framework to recent related work
and the NNLO+PS implementation given in ref. [43]. This will show that our method
is indeed quite general and encompasses these other approaches. It also illustrates
that an actual implementation of our results is indeed feasible.

2.6.1 GENEVA

The motivation to build an NNLO+LL event generator is to interface the most
precise FO calculations available with a parton shower routine to be able to simu-
late realistic events with high perturbative accuracy. Whenever higher logarithmic
resummation is also available (NLL for several resolution variables, NNLL for certain
resolution variables such as N-jettiness, and NNLL’ for select processeﬂ, it can be
implemented to also improve the perturbative accuracy in the resummation region
(see figure following the GENEVA approach. The GENEVA approach is detailed
in chapter [3| but we provide a brief discussion here to show the connection.

If NNLL’ resummation is available, the resummation order matches the fixed
NNLO accuracy in the sense that all NNLO singular terms are naturally included in

10While NNLL resummation includes all logarithmic terms through NNLO, NNLL' also includes
delta function terms to capture all NNLO singular terms including the 2-loop virtual corrections.
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the resummation. Hence, the FO singular matching correction vanishes,

c-5
doy

cut\ __
qa (T8 =0, (2.67)

because the FO expansion of the NNLL’ resummed result reproduces the full NNLO
singular corrections. The remaining contributions in the N-jet MC cross section can
then be associated as follows:

dO-gN do.resummed

= A P cut N cut
do_]l\alfc‘ . dO_nNonsingular .
cu cuty) 2.

That is, the cross section takes the form of a traditional resummed calculation, with
the FO nonsingular corrections corresponding to daﬁ_c and the higher-order re-
summed cumulant replacing the resummation term doSyAn(7S%). The same rela-
tions also apply for the exclusive (N + 1)-jet and inclusive (N + 2)-jet cross sections.

The results in chapter [3] take this approach, using a jet resolution variable 75 for
which higher-order logarithmic resummation is available. There, the NNLL’ resum-
mation for ete™ — jets for small 75 are used together with the NLO, nonsingular
terms, combined with the fully differential 3-jet cross section at NLOg3, and interfaced
with a parton shower algorithm. As discussed above, the resummation to NNLL/
already incorporates the full singular contributions up to NNLO, including the two-
loop virtual corrections. Thus, the only missing contributions to make the calculation
in chapter [3| correct to full NNLO, are the nonsingular corrections at NNLO,. Since
they scale as a power correction in 75, one could also take the value of 7" small
enough to make their numerical impact small.

2.6.2 NNLO+PS using HJ-MiNLO

Results combining the inclusive NNLO Higgs cross section with a parton shower
algorithm were presented recently in ref. [43]. This approach uses the Multi-Scale
Improved NLO (MINLO) calculation for the production of Higgs in association with
a jet [56], in which the POwHEG HJ calculation [57] is supplemented by an analytic
Sudakov resummation factor, which includes logarithmic terms that become large as
the transverse momentum of the Higgs boson tends to zero. The Sudakov factor effec-
tively regulates the divergences in the POWHEG HJ calculation when the transverse
momentum of the Higgs boson, qr, goes to zero. As a result, the HJ-MINLO sample
can be used over the whole phase space even in the limit gy — 0. In practice, it is
used down to gp of order Agcp ~ 1GeV.

It was shown in ref. [38] that by explicitly including NNLL information in the
Sudakov factor, the HJ-MINLO cross section integrates up to the correct inclusive
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Higgs cross section at NLOg. The HJ-MINLO sample is then reweighted to the
differential NNLO, Higgs cross section, which is facilitated by the fact that it is only
singly differential in the Higgs rapidity. This provides NNLO, accurate predictions
for O-jet observables without spoiling the NLO; accuracy of 1-jet observables. One
feature of this approach is that it does not require a Higgs + 0-jet sample, since the
full NNLOy information of inclusive Higgs production is explicitly included through
the reweighting factor.

While this approach seems at first sight quite different from the discussion in the
present chapter, we will now show that it directly follows as a special case from our
results in section [2.4] Hence, it can be viewed as a specific implementation of the
general method developed in this chapter. We first write the results of ref. [43] in
terms of the MC cross sections dog'(7") and do¥§(Ty > T™"), corresponding to the
exclusive Higgs + 0-jet and 1nclu81ve Higgs + 1-jet cross sections. We then show how
these expressions follow directly from our general results by making specific choices.

The 0-jet resolution variable used in ref. [43] to separate 0 from 1 or more extra
jets is the transverse momentum of the Higgs boson, so

We do not need to discuss how to separate the inclusive 1-jet sample into an exclusive
1-jet and an inclusive 2-jet sample. For this purpose, ref. [43] uses the standard
PowHEG approach, which we have already shown in section to be a special case
of our approach.

As mentioned already, the Higgs + 0-jet cross section is not included in ref. [43],
since it vanishes in the limit 77" — 0. The inclusive MC cross section for one or
more jets is then given by

do™ ref[ 3] _ gi]—MlNLO
—qo (70> Td") = R(@s ") —= 15— 0T > 7). (270)

Here, the inclusive 1-jet cross section, dofl{"MNLO "ig equivalent to the modified B

function from HJ-MINLO, which is obtzlmed from the usual B function in POWHEG
by multiplying with the Sudakov factor Ay(7p) and subtracting its first-order expan-
sion to maintain the NLO; accuracy,

dO_HJ MINLO

e = {Bl(cb )[1 =AM (@o; To)] + Vi (@ /dT)l Bs(®,) }AO@O,TO).
(2.71)
The term in curly brackets contains the full singular 7y dependence at NLO;. The
crucial ingredient [38] is the fact that the exponent of the Sudakov factor Ay(7p)
contains the full NNLL set of 7Ty logarithms to O(a?). This causes the spectrum to
become the total derivative of the NLOg-correct 0-jet cumulant, doX5© A o(Te™), up

to nonsingular corrections in 7o and higher orders in ay. As a result, the spectrum
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integrates to the correct NLOg cross section up to power corrections that vanish as
760ut - 07

do dO.HJ-MINLO dO'NLO
/ L + 0T +0().  (272)

9 > cut —
dd, dd, (7o > 75™) Ao,
The reweighting factor é(@o; T in eq. (2.70) is then given by the ratio

. dO.NNLO d@ dO.HJ MINLO
(P . CUt — 1 cut 2.
BT =0 [ [ me T, 2

and by construction, ensures that the Higgs + 1-jet spectrum in eq. (2.70]) integrates
to the correct NNLOy inclusive Higgs cross section. At the same time, because of
eq. (2.72)), the reweighting factor has the form

R(®o: To) = 1+ O(a, TE™) 4+ 0(a?), (2.74)

and therefore does not affect the NLO; accuracy of the inclusive 1-jet cross section
up to power corrections in 7. By taking 7" — Aqcp, these become negligible,
and the result becomes a valid NNLO+LL implementation.

To derive this result as a special case of our framework, we make the following
two choices:

1. Choose all singular terms equal to the exact tree-level and one-loop contribu-
tions,

Ci(®) = Bi(®)),  Co(®y) = Bo(®y),  VCi(®)) = Vi(D1).  (2.75)

2. Choose the splitting functions as

S (@) = By (1), (2.76)

) C(d
Sf)(q) EBQ ®,) — By(®,) M

2+ AV (@ ;To) |-
d@l B0(®0) 0 ( 0 0)

With these two choices, the singular inclusive cross section defined in eq. (2.47)) is
given by the full NNLO, expression,

dago B dagoNLO (2.77)
ddy  dd, '
while all FO matching corrections vanish,
do§ ™ ey dog™c dof;® o
cu Tcut ’ = 7- > Tcut _ 7— > Tcut — 0
dq)o ( 0 ) dq) ( ) dq)l ( 0 0 ) dq)l ( 0 )

(2.78)
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The choice of the splitting function Sy(P2) is not relevant for this discussion since its
purpose is to determine how to split the inclusive 1-jet cross section into an exclusive
1-jet and an inclusive 2-jet cross section.

Using the results of section [2.4.1.1| (or section [2.4.1.2 which are identical in this

case), we then find for the exclusive 0-jet and inclusive 1-jet MC cross sections

do.glc cut dagglLo . cut
d@o (T ) - d@() AO(®0776 )7
Ug? UgoNLO Sl<q)1) 2
7'>>71ut — _ A; @ fT'Q 7—>>7mm
B T2 T = | G (@ ) 0T > T
4oy ! Ve(@
= 720 . {BI(CDI){I—A ($0:T5) — 0 (Po)
d®o  |g,—¢, Bo(Po) Bo (o)
do -
+ Vi (D /dT; Bs(®s) }AO(@O;TO)Q(TO > TeY, (2.79)
1

where in the last equation, we inserted the explicit expression for S;(®;) from
eq. . We can now compare this to the HJ-MINLO result in eq. (2.70). Since
the exclusive 0-jet cross section is proportional to the Sudakov factor Ag(®g; ToM),
it vanishes in the limit 77" — 0. Thus, in this limit, the entire O-jet cross section
can be obtained by integrating the inclusive 1-jet result over all values of 7, precisely
analogous to what happens in refs. [38| 43]. Since in practice, 7" ~ Aqep ~ 1 GeV,
one could also keep the O-jet cumulant, which would avoid introducing any addi-
tional power corrections in 7", The term in curly brackets times the Sudakov factor
Ao(Po; Tg) is equivalent to doTIMNLO /4d, in eq. , except for the additional

Ve (<I>0) term. By including thls term, the prefactor in do¥y becomes simply the
inclusive NNLO cross section normalized to the tree-level result, dog™©/By(®y),
without any need to reweight the events.
With the choice C1(®;) = By(®1) from above, V. (®) is the NLO correction to
the inclusive cross section [see eq. ([2.54))],
dUNLO
d®,
and is in particular 7y independent. Although in principle there is no need to do so,
we can rewrite dolf and pull this term outside into the prefactor, which gives

MC
doXy

dd,

= Bo(®o) + Vg (Po), (2.80)

(To > T&™) = R(Po) {Bl<q)l)[1 - Aél)@o;% | +Vi(® /% By(P,) }

X Do(0: T5) O(To > T5™). (2.81)

with the rescaling factor

_ do SO dolF0 V(D) [dd,
R#o) = 2L / { o [ s @ >Ao<¢o,fro>} (2.82)
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The last term in the denominator here is the O(a?) cross term that arises from pulling
V€ (®p) out into the rescaling factor. It must be kept because it scales as « (ln 7o)/ To,
which upon integration over 7y, becomes an o correction. Equatlons and -
are now the exact equivalent of the expressions in egs. , and 2.73). By
writing the factor in curly brackets in eq. as S1(1 +VOC/BO) (VOC/BO) f ) one
can easily check that the denominator in eq. is exactly the integral of eq. (| -
modulo the R(®y) prefactor.

As we have seen, with the two choices given above, our method gives an expression
with an analogous structure as in ref. [43]. In fact, the result in eq. that
follows immediately from our approach is automatically correct to NNLO, without
requiring an additional reweighting. Another difference is the precise form of the
Sudakov factors, Ag(Pg; To) and Ag(Po; Tp). In our approach, Ay is constructed from
the splitting functions S\ (®,), while in ref. [38], A, is obtained from the analytic g7
NNLL resummation formula. Both expressions have the same logarithmic dependence
on Ty expanded to O(a?) in the exponent. We also point out that, in the approach
of refs. [38 43], the known NNLL structure of the 7o = ¢r spectrum is essential
to analytically control all singular logarithms through O(a?). In this respect, this
approach is closely related to the GENEVA approach [46] discussed in chapter [3[ and

section 2.6.11

2.6.3 UNLOPS

In section [2.4] we have explicitly constructed the required exclusive N-jet and
(N + 1)-jet MC cross sections to satisfy all the requirements to obtain a correct
NNLO+LL event sample discussed in section [2.3.1] Alternatively, one could also
start from the inclusive FO+LL M-jet cross sections and generate the exclusive MC
cross sections numerically,

dUJN\IfC( cut) _ dodh /d(I)NH do3ir
doy N ddy ddy  ddy
dO’}V\[[CJrl cut, A-cut do‘l\;?\f-‘rl cut
> >
d(I)N+1 (T 7i]\f ) N+1) d®N+1 (TN T )
/dq)N+2 dag?m
dPyio dBy

(T > T3,

(Tw > T", T > Ta) . (2.83)

This method has been applied to merge multiple NLO+LL calculations in refs. [47]
37, B8], where it is referred to as UNLOPS.

Using eq. , the consistency conditions in egs. and between
different multiplicities is automatically enforced. The inclusive MC cross sections
that are used as inputs must be correct at the relevant FO+LL accuracy according
to eq. (2.19). For do¥S, this means it has to be correct to NNLOy, so it is simply
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given by the inclusive NNLOy cross section,

dag‘f\, B dag%LO 2.84)
ddy  ddy (2

The inclusive (N + 1)-jet cross section must be correct to NLOx,; with the Ty
dependence resummed to LL, and the inclusive (N + 2)-jet cross section must be
correct to LOy o with the dependence on both Ty and Ty, resummed to LL, for
which our general results in section [see egs. and (2.61)] can be used.

The major drawback of subtracting the integrals over the inclusive cross sections
in eq. numerically is that one has to generate events with negative weights. The
advantage is that the expressions for the inclusive cross sections can be simplified sub-
stantially by dropping all higher-order dependence inherited from lower multiplicities.
For the inclusive (N + 1)-jet cross section, one could then use, for example,

do’;{?\“*l cut daglNal cut
m(TN>TN )— d(bN_H (TN>TN )

— By1(@ni1) AV (@ To) 0T > T | % An (@ Twv)
(2.85)

which includes the correct LL resummation and expands to the correct NLOp
result. One could also have written this result using a singular approximation to
the inclusive cross section and added an FO matching correction, or only have the
Born-level result multiply the Sudakov factors, and then add all higher-order terms
in the FO matching correction. This last choice corresponds to what is done in
refs. [58], [47), [37]. For the inclusive (IV 4 2)-jet MC cross section, one could use the
equivalent of the CKKW result,

MC

dP o

(Tx > TN, a1 > Tath) = Byga(Pny2) 0(Tw > T) 0(Taa > Tth)

X An(Pn; Tw) A1 (Pnia; Tags) - (2.86)

2.7 Conclusions

In this chapter, we have developed a general method to combine fully differential
NNLO calculations with LL resummation in the form of an event generator for phys-
ical events that can be directly interfaced with a parton shower. The basic quantities
in our construction are Monte Carlo (MC) cross sections

don* da}\’ﬁl d0k>{?v+2
t t. t > t t
TR, S (T > TS TR, R (T > TR T > TR
N N4+1 N42

(2.87)
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representing an exclusive partonic N-jet cross section, calculated to NNLOy+LL;
an exclusive partonic (N + 1)-jet cross section, calculated to NLOy,;+LL; and an
inclusive partonic (N +2)-jet cross section, calculated to LOy2+LL. We use N"LL,,
to refer to the O(al) result relative to an M-parton tree-level result. These MC
cross sections are represented in the generator by events with N, N + 1, and N + 2
partons. They are characterized by N-jet and (/N + 1)-jet resolution variables Ty and
Tn+1, with resolution scales Ty"* and 75", defining the separation between them.
We stress that these are not jet-merging scales but IR cutoffs equivalent to a parton
shower cutoff.

We have formulated the general conditions on the perturbative accuracy that a
complete and fully differential NNLO+LL calculation must satisfy. They require
that the MC cross sections must have the correct FO expansion (NNLOy for doy®,
NLOy 1 for doy;, and LOy 5 for do¥§,,), as well as include the LL resummation
of the resolution variables and scales (75" for doy®, Ty and 744, for doyS,, and
Ty and Ty for do¥$,). In addition, the consistent combination of FO and LL
requires that all observables that are expected to be correctly predicted at O(a?)
at fixed order must be independent of the resolution scales 7¢™ and T3 up to
residual corrections of Ogye(2™!) [using the LL counting in eq. (2.16)] to maintain
their expected perturbative accuracy. We have shown that this can be achieved in
general by enforcing a derivative relationship between M-jet exclusive and (M +1)-jet
inclusive cross sections.

Our main results are given in section where we derive in detail the MC cross
sections needed to construct the NNLO+LL event generator. The MC cross sections
are explicitly given in terms of the constituent matrix elements used in FO calcu-
lations and the parton shower. Our results are general, and we make no choices
about the techniques used to evaluate the FO contributions in the MC cross sections.
The primary and only NNLO ingredients that are required are a singular approxima-
tion of the inclusive NNLO N-jet cross section, do,, and the corresponding NNLO
subtractions, both of which are naturally part of existing NNLO calculations. All
other ingredients are NLO in nature and therefore obtainable as in existing NLO+LL
implementations. We proved that our construction explicitly satisfies all required
conditions on the perturbative accuracy of an NNLO+LL event generator.

We have discussed how the partonic NNLO+LL event generator can be interfaced
with standard parton showers using existing technologies, as well as the constraints
that must be placed on the parton shower routine. This matching must preserve the
FO and LL accuracy of the MC partonic jet cross sections, and the parton shower
will provide LL accuracy for general N-jet, (N + 1)-jet, and (N + 2)-jet observables,
producing events at all parton multiplicities. For the (N +1)-jet and (N +2)-jet sam-
ples, which are needed to NLOy1+LL and LOy2+LL accuracy respectively, the
constraints are essentially the same as for the well-known case of NLO+PS matching.
For the showering of the exclusive N-jet sample, which is needed at NNLO y+LL ac-
curacy, we showed that the constraints on the parton shower cannot be implemented
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at the level of individual emissions as was possible for the other multiplicities. How-
ever, a global veto on the parton shower can still be used in this case. Alternatively, if
the shower evolution variable coincides with the 7y and Ty 1 resummation variables,
the resolution scales Ty"* and Ty, can be set equal to the parton shower cutoff itself,
in which case only the inclusive (N + 2)-jet sample must be showered.

Finally, we have discussed how other methods for matching higher-order per-
turbative calculations with parton showers fit into our general framework. For the
well-known case of NLO+LL matching, the POWHEG and MCQNLO approaches
naturally follow as special cases. When employing the higher-order resummation at
NNLL’ as in GENEVA, the only missing ingredients to achieve full NNLO accuracy
are power-suppressed nonsingular contributions. We have also shown explicitly how
the recent results for NNLO+PS using HJ-MINLO arise as a special case from our
general results. We also commented how the ideas of UNLOPS fit into our method.

Our results provide a path for combining the precision frontier of fixed-order cal-
culations with the flexibility and versatility of parton shower Monte Carlo programs.
There are various steps that should be taken next toward a practical implementation.
While the comparison to existing approaches makes it clear that the implementation
is feasible, it remains to be seen what the optimal choices are to make the implemen-
tation sufficiently generic so that new NNLO calculations can be incorporated with
limited effort. Finally, it should be clear from our discussion that our general setup
not only applies to NNLO calculations, but can also be extended to even higher order,
should such results become available, though the details remain to be worked out in
this case.
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Chapter 3

Combining higher-order
resummation with multiple NLO
calculations and parton showers in

GENEVA]

3.1 Introduction

As we emphasized in chapter [1, accurate and reliable theoretical predictions for
measurements at collider experiments require the inclusion of QCD effects beyond the
lowest perturbative accuracy in every region of phase space. This includes higher-
order corrections in «g in some regions of phase space, all-orders resummation of
logarithmically enhanced contributions in other regions, and a combination of both
types of corrections in intermediate regions. In addition, for experimental analyses
to benefit from these advances, it is crucial to provide the best possible theoretical
predictions in the context of fully exclusive Monte Carlo event generators.

Given the necessity of higher-order perturbative corrections to make accurate
predictions, it is important to extend the perturbative accuracy of the Monte Carlo
description to formal O(ay) accuracy relative to the lowest order. This requires
including the formally next higher-order corrections that are relevant at each scale.
At small scales, i.e., small values of the jet resolution variable, this requires improving
the LL parton shower resummation with higher-order logarithmic resummation, while
at large scales this requires including the fully differential NLO matrix elements. It
is important to realize that typically a large part of phase space, often including
the experimentally relevant region, is characterized by intermediate scales, i.e., by a

! This chapter is a modified version of a paper originally co-written with Simone Alioli, Christian
W. Bauer, Andrew Hornig, Frank J. Tackmann, Christopher K. Vermilion, Jonathan R. Walsh, and
Saba Zuberi and published in [46].
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transition from small to large scales. In the end, providing an accurate description of
this transition region requires a careful combination of both types of corrections.

Such a Monte Carlo description at relative O(«) accuracy across phase space was
first achieved in GENEVA and is the subject of this chapter. (We briefly summarize
the existing efforts to combine NLO corrections with parton showers in section [3.1.1
below.) The crucial starting point in our approach is that all perturbative inputs
to the Monte Carlo are formulated in terms of well-defined physical jet cross sec-
tions [44] 45]. This allows us to systematically increase the perturbative accuracy by
incorporating results for the relevant ingredients to the desired order in fixed-order
and resummed perturbation theory.

An essential aspect of any higher-order prediction is a reliable estimate of its
perturbative uncertainty due to neglected higher-order corrections. To the extent
that parton shower Monte Carlos provide perturbative predictions, they should be
held to the same standards. An important benefit in our approach is that we have
explicit control of the perturbative uncertainties and are able to estimate reliable
fixed-order and resummation uncertainties. As a result, in GENEVA each event comes
with an estimate of its perturbative uncertainty; i.e., GENEVA provides event-by-event
theory uncertainties [’

In our approach, the Monte Carlo not only benefits from the resummation, but in
turn also provides important benefits to analytic resummed predictions. For one, it
greatly facilitates the comparison with experimental data, as it allows easy application
of arbitrary kinematic selection cuts, which can often be tedious to take into account
in analytic predictions. More importantly, resummed predictions require nonpertur-
bative inputs which can be treated as power corrections at intermediate scales but
become O(1) corrections at very small scales. Here, these are provided “on-the-fly”
by the nonperturbative hadronization model. In essence, we are able to combine the
precision and theoretical control offered by higher-order resummed predictions with
the versatility and flexibility offered by fully exclusive Monte Carlos.

In this chapter, we focus on the theoretical constructionﬁ We will however high-
light some of the main technical issues we had to overcome and discuss some imple-
mentation details in the application sections. In the remainder of this section, we
briefly summarize the existing efforts to include NLO corrections in parton shower
Monte Carlos and give a short overview of our basic construction. In section [3.2] we
discuss in detail the requirements to obtain full oz accuracy as well as our method to
achieve it. In section [3.3] we discuss the application to ete™ — jets, where we combine
next-to-next-to-leading logarithmic (NNLL) resummation with NLO matrix elements,
and present results from the implementation in GENEVA together with a comparison
to LEP measurements. In section|3.4], we discuss the application to hadronic collisions

2Further uncertainties, e.g. due to nonperturbative effects such as hadronization, must be eval-
uated as well for a complete uncertainty analysis.

3The current GENEVA framework and implementation is new and independent of the earlier work
in refs. [44] [45].
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and show first results for Drell-Yan production, pp — Z/v* — (T4~ + jets, obtained
with GENEVA. We give conclusions for the chapter in section [3.5]

3.1.1 Previous approaches combining NLO corrections with
parton showers

As previously discussed, many steps have been taken over the past decade to
include NLO corrections into Monte Carlo programs [59, (60} 611, 62}, [13], 14, 63, 64}, [65]
60, 15, 16, 17, 54, 18, B3, 67, 68]. By now, the MCQNLO [13, 14] and POwHEG [I5]
16}, [I7] methods are routinely able to consistently combine the fixed NLO calculation
of an inclusive jet cross section for a given jet multiplicity with additional parton
showering. These methods have also been extended to include the full tree-level
matrix elements for additional jet multiplicities [44] [69, [70] 53].

Recently, efforts have been made to extend these approaches in order to combine
NLO matrix elements for several jet multiplicities with parton showers [71] 32] [33]
341, 35, 136, 37]. We will discuss some issues faced by some of these approaches in
section Here, we would like to stress that including several NLO matrix ele-
ments by itself does not provide a full extension of the lowest-order ME/PS matching
to relative O(as) perturbative accuracy, since the fixed NLO corrections only suffice
to increase the perturbative accuracy in the region of large jet resolution scales. To
the same extent that the inclusion of the LL Sudakov factors in the ME/PS merging
are needed to get meaningful results at intermediate and small jet scales, higher-order
resummation is necessary to improve the perturbative accuracy in this region.

In our approach, the full information from NLO matrix elements for several jet
multiplicities is automatically included as follows: For a given Born process with N
partons, a small jet scale corresponds to the exclusive N-jet region, and here the
N-parton virtual NLO corrections are incorporated in conjunction with the higher-
order resummation; in fact, they are a natural ingredient of it. On the other hand,
a large jet scale corresponds to the inclusive (N + 1)-jet region with additional hard
emissions. Here, the (N +1)-parton virtual NLO corrections are included in the usual
way by the fixed NLO calculation for N + 1 jets.

3.1.2 Brief overview of our construction

The starting point of our approach is the separation of the inclusive N-jet cross
section into an exclusive N-jet region and an inclusive (N + 1)-jet region,

_ B _do
row= [A0y () + [ann T TOT =T, 3D

Here T = T(®y41) is a suitable resolution variable, which is a function of ®y.,
and do¥f,,/d®y11(T) denotes the fully differential cross section for a given 7. In
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ME/PS merging, this role is played by the variable that determines the merging scale.
However, in our case the parameter 7" is not a jet-merging cut but instead serves
as an infrared cutoff for the calculation of do¥§ ., ,/d®yN11(T) and ideally is taken as
small as possible. -

In the N-jet region at small 7 (both above and below T°"), logarithms of T
become large and must be resummed to maintain consistent perturbative accuracy
to some order in ag. On the other hand, in the (N + 1)-jet region at large T, a
fixed-order expansion in a4 will suffice. To consistently match the resummed and
fixed-order calculations, we use the following prescription for the jet cross sections

entering in eq. (3.1)):

do cuty dgresum ut d O’FO ot dogresum ut
do dO’FO dogresum dgresum

ol

FJ . (3.2)

The superscript “resum” indicates an analytically resummed calculation and “FO”
indicates a fixed-order calculation or expansion. This construction properly repro-
duces the fixed-order calculation at large 7, the resummed calculation at small T,
and smoothly interpolates between them.

It is straightforward to extend our formulation to combine higher jet multiplicities
at NLO with higher-order resummation, as we will show. This is done by replacing
dot©/d®y, in eq. with an inclusive (N 4 1)-jet cross section separated into the
exclusive (N + 1)-jet and inclusive (N + 2)-jet cross sections and iteratively applying
eq. (3.2).

The key ingredients in our approach are the higher-order resummation of the jet
resolution variable, the fully differential fixed-order calculation, and the parton shower
and hadronization. While each of these components is known, there is a sensitive
interplay of constraints between them that must be satisfied to achieve a consistent
combination. This is precisely what is accomplished in the GENEVA framework and
is the focus of this section.

dDysr ) dDyar | dONdT /) dDxdT

3.2 General construction

In this section, we derive our theoretical construction in a process-independent
manner. We start in section [3.2.1] with a slightly simplified setup, considering the
singly differential spectrum in the jet resolution variable. We use this to discuss
in detail the perturbative structure and the accuracy in the different phase space
regions. In section [3.2.2] we discuss the extension to the fully differential case and
how to combine the fixed-order expansion and resummation in this situation. In
section |3.2.3, we further generalize these results to include several jet multiplicities
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by iteration. Finally, in section [3.2.4] we discuss the Monte Carlo implementation
and how to attach parton showering and hadronization.

3.2.1 What resummation can do for Monte Carlo
3.2.1.1 Basic setup

As discussed in section [I.1] the basic idea of Monte Carlo integration is to ran-
domly generate points in phase space (“events”) that are distributed according to
some differential (probability) distribution. By summing over all points that satisfy
certain selection criteria, we are able to perform arbitrary integrals of the distribu-
tion. In our case, that distribution is the fully differential cross section, allowing one
to compute arbitrary observables. For simplicity, we will first focus on the singly
differential cross section in some phase space resolution (or jet resolution) variable T°
of dimension one. The precise definition of 7 is not important at the moment, so we
keep it generic for now. We use the convention that the limit 7 — 0 corresponds to
Born kinematics, i.e., the tree-level cross section is ~ 6(7). We also require that 7T is
an IR-safe observable, such that the differential cross section do/d7T can in principle
be well defined to all orders in perturbation theory and for 7 > 0 contains no IR
divergences.

To give an example, for our application to eTe™ — 2/3 jets in section , we will
use 2-jettiness To = Fey(1—T), where T' is the usual thrust [72]. Alternatives include
other 2-jet event shapes. For Drell-Yan in section [3.4] we will use beam thrust [40].
An alternative would be the pr of the leading jet. If the Born cross section we are
interested in has N signal jets[f] then 7 could be N-jettiness or the largest pr of any
additional jet. The important point is that we can think of 7 as a resolution variable
which determines the scale of additional emissions in the &>y, ; phase space, such
that for 7 < T there are no emissions above the scale 7. For later convenience,
we also define the dimensionless equivalent of 7 as

T
T ok (3.3)
Here, @ is the relevant hard-interaction scale in the Born process, e.g., QQ = E,, for
ete™ — jets or Q = my+,- for Drell-Yan pp — Z/v* — £74~. In terms of 7, the limit
T < 1 corresponds to the exclusive limit close to Born kinematics. For 7 ~ 1, there
are additional emissions at the hard scale 7 ~ ), which means we are far away from
Born kinematics and we should switch the description to consider the corresponding
Born process with one additional hard jet.
To describe the differential T spectrum, we want the Monte Carlo to generate
events at specific values of T, which are distributed according to the differential cross

4As usual, we assume that the Born cross section is defined with appropriate cuts on the N signal
jets, so that it does not contain any IR divergences by itself.
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section do/dT. The total cross section is then simply given by summing over all

events,
do
o= [dT —. 34
Jar 57 (3.4
The essential problem every Monte Carlo generator faces is that in perturbation
theory the differential cross section do/d7T contains IR divergences from real emissions
for T — 0, which only cancel against the corresponding virtual IR divergences upon
integration over the 7 — 0 region. As a result, the perturbative spectrum for 7 — 0
can only be defined in a distributional sense in terms of plus and delta distributions
[see eq. (3.8) below]. To deal with this, we have to introduce a small cutoff 7" and
define the cumulant of the spectrum as

do
Y = [dT —= (T < T™). 3.5
o) = [a7 0T < T (3.5)
In the Monte Carlo, the total cross section is then obtained by combining the cumulant
and spectrum as

— cut d_O' cut
o =o(T )+/deT0(T>T ). (3.6)

In practice, this is implemented by generating two distinct types of events: (i) events
that have 7 = 0 and relative weights given by o(7°"), and (ii) events that have
nonzero values 7 > T and relative weights given by do/dT. The first type of
events have Born kinematics and represents the tree-level and virtual corrections
together with the corresponding real emissions integrated below 7<%, The second
type of events contains one or more partons in the final state, since the real-emission
corrections determine the shape of the spectrum for nonzero 7. We now have two
basic conditions:

1. From a numerical point of view, we want the value of 7" to be as small
as possible, so as to describe as much differential information as possible. In
practice, our ability to reliably compute the cumulant o(7°") in perturbation
theory sets a lower limit on the possible value of 7" > few times Aqcp.

2. Since 7" is an unphysical parameter, we want the dependence on it to drop out
(to the order we are working at). In practice, this is guaranteed by including the
corresponding dominant higher-order corrections in the cumulant and spectrum.

3.2.1.2 Perturbative expansion and order counting

In perturbation theory, the differential cross section in 7 and the cumulant in 76
have the general form

sing nons T )
d_U _ do i do 7 / de_J — O_SIDg(TCut) + O_nons<7_cut) 7 (37)
dr dr dr 0
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where we have distinguished “singular” and “nonsingular” contributions. For 7 — 0,
the singular terms in do®™8 /dr scale like 1/7, while the nonsingular terms in do™™ /dr
contain at most integrable singularities. For the cumulant, this means that o®"8(7cut)
contains all terms in o (7°"*) enhanced by logarithms In*(7¢"), while o™ (7<% = () =
0.

The singular part of the spectrum is given by

d O.sing

dr

— 05| C1(0) 8(7) + D Cals) £al7)] (3.8)

n>0

where op denotes the Born cross section, and we denote the usual plus distributions

) Lo(x) = [WL /0 L) = lnn:%t) (3.9)

They encode the cancellation between real and virtual IR divergences. The corre-
sponding singular contribution to the cumulant cross section integrated up to 7 < 7%
is

n+1 ( cut)

In
n—+1

oSIE () — oy {0_1(043) + Z Ch(as) !

n>0

(3.10)

At O(a¥), only the coefficients C, () with n < 2k — 1 contribute, so do/dr has
logarithms up to a?L**~1 /7 while o(7°"%) has logarithms up to a?L?", where we use
the abbreviations

L =In(r), Lews = In(7") . (3.11)

The a; expansion of the coefficients C_;(a;) and C), () in the singular contribu-
tions can be written as

C_1(as) =1+ ch,—l ok Chlas) = Z Chin 04]; . (3.12)

k>1 2k>n+1

Similarly, the a, expansion of the nonsingular contributions can be written as

cut

dO.IlOI'lS T
T =op y_ fi(r)al, ) = / dr f1o(7). (3.13)
0

k>1
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Peak Transition Tail

O(a,) from O(a,) from O(a,) from

resummation | | resummation fixed order
-+ fixed order

>

Tcut T
excl. N jet < » incl. N+1 jet

Figure 3.1: Illustration of the different parametric regions in the jet resolution.

Using egs. (3.12)) and ([3.13)), the spectrum and cumulant up to O(a?) are given by

1 do o
_ — s L nons i|
op dr o - [611 + C19 + Tfl (7’)
Oé2
+ ?S [CQgLB + 022L2 + 621L + C20 + Tf;ons<7')} + O(Oéi) s (314)
LO_(Tcut) —1l4a ELQ + el +e 4 Fnons<7_cut)
O'B - S 2 cut 104&/cut 1,—1 1

C C C
02| LY+ ZELL + LA+ oL + ot + B3|

+ 0(a?).

Note that the ¢, _; constant term in the singular corrections, which contains the finite
virtual corrections to the Born process, only appears in the cumulant.

We now distinguish three parametrically different regions in 7, which are illus-
trated in figure [3.1}

e Resummation (“peak”) region T < 1: In this limit, the logarithms in the singu-
lar contributions are large, such that parametrically one has to couniﬂ

a,L?~1, a,L2, ~1. (3.15)

cut

This means one has to resum the towers of logarithms (a,L?)™ in the spectrum
and (asL2,)" in the cumulant in eq. (3.14) to all orders in «, to obtain a

cut

5In analytic resummation, the counting and resummation of logarithms is performed in the
exponent of the cross section, where one counts azL ~ 1. For the purpose of our argument in this
section, it is sufficient to adopt the weaker scaling in eq. and only count logarithms in the
cross section. In our results, we always perform the full resummation in the exponent, as discussed

in section
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meaningful perturbative approximation at some order. At the same time, the
nonsingular corrections can be regarded as power suppressed, since they are of
relative O(7).

e Fized-order (“tail”) region T ~ 1: In this limit, the logarithms are not enhanced,
and a fixed-order expansion in «y is applicable. The singular and nonsingular
contributions are equally important and both must be included at the same
order in ay. In particular, there are typically large cancellations between these
for 7 ~ 1, so it is actually crucial not to resum the singular contributions in
this region, since otherwise this cancellation would be spoiled.

e Transition region: The transition between the resummation and fixed-order
regions.

There are of course no strict boundaries between the different regions. This is why
it is important to have a proper description not just in the two limits but also in the
transition region, which connects the resummation and fixed-order regions. In fact,
in practice the experimentally relevant region is often somewhere in the transition
region, where both types of perturbative corrections can be important.

3.2.1.3 Lowest perturbative accuracy

For the Monte Carlo to provide a proper description at all values of 7, it has to
include at least the lowest-order terms relevant for each region. Keeping only these,
and dropping all other terms, the spectrum and the cumulant are given by

1 do «
:_S L sL2 s nons ]
sodr| = LD+ Al £ ()]
1
—o(r) = 1+ o[ Ly Fo(0 L) + Lo Fi(0: L) (3.16)

where the functions f;; and Fj; are given in terms of the coeflicients ¢;; in eq. (3.12))
as

Cn n n
LLO’ : fO(asLQ) - ch+1,2n+l<asL2)na FO(Q/SL2) = Z M( L(Q:ut) )

= 2(n+1)
Cn n n
NLLO’ : asL2 ch-‘rl 2n as ) s Fl(a/st) = Z ﬁ( SL(Q:ut) :
n>0 n>0 n+
(3.17)

The fy and Fy resum the leading-logarithmic series in the cross section, which we
denote as LL,. The functions f; and F} resum the next-to-leading-logarithmic series
in the cross section, which we denote as NLL,.
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In the resummation region at 7 < 1, the LL, terms in the spectrum scale as
L ~ 1/\/a; (relative to the overall ay/7 scaling) and provide the lowest level of
approximation. The NLL, terms scale as ~ 1, and one can argue about whether they
are needed as well in order to get a meaningful lowest-order prediction. Formally,
they are necessary to obtain the spectrum at ~ a4/7, which one might consider the
natural leading-order scaling of the spectrum (or equivalently if one does not want to
rely on the ~ 1/,/a; enhancement of the LL series). Experience shows that the NLL
terms are indeed numerically important. For example, in analytic resummations,
one rarely gets a sensible prediction without going at least to NLL. Similarly, to
obtain sensible predictions from a parton shower, it is almost mandatory to include
important physical effects such as momentum conservation in the parton splitting
and the choice of ay scale [73]. In the cumulant, the LL, series in Fj scales as ~ 1
and must be included. The NLL, series in F; scales as ~ |/a; and, for consistency,
should be included in the cumulant if it is included in the spectrum.

In the fixed-order region at 7 ~ 1, the lowest meaningful order in the spectrum
is given by the complete O(ay) terms, requiring one to include the ¢1; and ¢;p terms,
which are part of the fy and f; functions, as well as the nonsingular corrections
fiems(7). Since we take 7" to be small, the cumulant is always in the resummation
region. Hence, its nonsingular corrections F"(7) [see eq. (3.14)] are suppressed by
O(a,7™) and can be safely neglected.

The leading level of accuracy in eq. closely corresponds to what is achieved
in the standard ME/PS matching. In this case, the LL resummation is provided by
the parton shower Sudakov factors (either generated by the shower or multiplied by
hand), where the jet resolution variable corresponds to the shower evolution variable,
since that is the variable for which the shower directly resums the correct LL, series.
The LL, series has a well-known and simple exponential structure,

n+1

€11 N C11 9
Cnflontl = oo = folasL?) = exp[ 5 asL } (3.18)
such that
opdr)|. 9 = C11Qs— exp [7 ozsLQ] ; EU(T ") =exp [7 astut} . (3.19)

The resummation exponent at LL, is given by the integral over the leading ¢1; asL /T
term in the spectrum. This is precisely what the standard parton shower veto algo-
rithm exploits to generate the resummation exponent. The analogous structure does
not hold at NLL,, which is why the parton shower cannot resum the NLL, series by
exponentiating the integral of the cjg as/T term. As already mentioned, in practice,
parton showers include important partial NLL effects, so practically this provides a
numerically close approximation to the correct NLL, series. The nonsingular correc-
tions in the spectrum, f7°"*(7), are obtained by including the full tree-level matrix
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element for one additional emission. Since the full matrix element also includes the
c11 and c1g terms, this requires a proper matching procedure to avoid double counting
these terms. At LL,, a simple way to do this is to multiply the full fixed-order result
from the matrix element with the shower’s LL, resummation exponent,

1 do
ogdr

= % [an + c10 + Tf{lons(T)] exp [% asLﬂ , (3.20)

7>0

which corresponds to the CKKW-L [4 [5] [0, 10] procedure. The reason this gives
the spectrum correctly at LL, is the simple structure in eq. , where the LL,
exponent multiplies the ¢; term in the spectrumﬁ At large 7 ~ 1, the exponent
in eq. can be expanded as 1 4+ O(ay), so eq. (3.20) gives the correct leading
fixed-order result.

Compared to eq. , the NLO matching performed in MC@QNLO and POWHEG
amounts to adding to the cumulant the ¢; _; singular constant, containing the O(ay)
virtual corrections, as well as the nonsingular contributions F7°"(7). Assuming the
same set of NLL terms are included in the cumulant and spectrum, this achieves that
inclusive quantities that are integrated over a large range of 7, such as the total cross
section, are correctly reproduced at fixed NLO, which provides them with O(ay) ac-
curacy. In these approaches, the goal is not to improve the perturbative accuracy of
the spectrum (or the cumulant at small 7¢"*), which has the same leading accuracy

as in eq. (3.20)).

3.2.1.4 Next-to-lowest perturbative accuracy

We now want to improve the Monte Carlo description in eq. from the lowest-
order accuracy, given by eq. , to the next-to-lowest perturbative accuracy in a.
This requires us to include the appropriate higher-order corrections in each region,
which gives

= 1L folasL?) + filasL?) + 7 fi(7)]
«
.

+-=2 [L folasL?) + f3(asL?) + rfé“’“S(T)} ’

1
—o () =1+ [L2

op cut F0<a8L2ut) + LCUt Fl (aSLzut) + C1,-1 + FlnonS<TCUt)

+ O‘i [Lgut FQ(astut) + Lcut P’3<045L2 >i| ) (321)

cut

6As before, since this simple LL, structure does not hold in general at NLL,, this procedure
does not yield the resummed spectrum at NLL,, even if one were to multiply the spectrum with the
NLL, resummation exponent
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where we denote the series of logarithms resummed by the functions f, and F3y by
NLL! and the series resummed by f3 and F3 by NNLL,. They can again be written
in terms of the ¢;; coefficients in eq. (3.12) as

Cn n n
NLL; : f2<a8L2) - ch+2,2n+1(asL2)n7 FQ(aSLQ) = Z ﬂ(as[’?mt) ’

n>0 n>0 2(n + 1)
n Cn+2,2n n
NNLL, : fs(aul?) = ) cnroon(@sl?)",  Fi(a,L?) = Z%—H(%Lgm) :
n>0 n>0
(3.22)
In the resummation region, the NLL, series in the spectrum scales as ~ ag’/ * and

thus provides the ~ «ay correction to the LL, series in fy. Similarly, the NNLL, series
scales as ~ a2 providing the ~ a, correction to the NLL, series in f;. They can
again be obtained by performing the standard resummation in the exponent of the
cross section to NLL” and NNLL respectively. (Here, NLL' refers to those parts of the
full NNLL resummation that arise from the combination of the one-loop matching
corrections with the NLL resummation, see section and table [3.2])

In the fixed-order region, increasing the perturbative accuracy by ~ «a; requires the
complete O(a?) corrections, including the f3°"(7) nonsingular corrections. Similarly,
for the cumulant, F5» and Fj resum the NLL, and NNLL, series of logarithms, which
scale as ~ a, and ~ ag/ 2, respectively, and provide the ~ «, improvement over the
LL, and NLL, series in Fy and Fj. In addition, going to the next higher order in the
cumulant requires including the full singular constant ¢; 4 ﬂ as well as the nonsingular
corrections F1'**(7), which both scale as ~ «.

It is instructive to see where the information from the virtual NLO matrix ele-
ments enters in eq. . As already mentioned, the virtual NLO corrections to the
Born process are given by c¢; ;. In addition, by multiplying the LL series it con-
tributes part of f; and F,. Hence, consistently combining the virtual corrections with
the resummation requires one to go to at least NLL'. The virtual NLO corrections
with one extra emission (plus the integral over the two-emission tree-level matrix
element) yield the full O(a?) corrections in the spectrum, i.e., both the singular coy
terms as well as the nonsingular f7°"° terms in eq. . Adding these corrections
again requires one to avoid double counting the singular co; terms that are already
included in the resummation. In analytic resummation, it is well known how to do
this, namely by simply adding the nonsingular corrections. These are obtained by
taking the difference of the full NLO corrections and the singular NLO corrections,
where the latter are given by expanding the resummed result to fixed order. Since
this construction involves the virtual contribution to both the Born process and the
process with one extra emission, we see that going consistently to higher order in

"Formally, c¢; 1 belongs to the NLL, series in the cumulant, but for the sake of discussion, we
keep it explicit.
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both the resummation and fixed-order regions naturally leads to a combination of the
information from two successive NLO matrix elements.

3.2.1.5 Merging NLO matrix elements with parton shower resummation
only

We stress that, for a description at the next-higher perturbative accuracy across
the whole range in 7, it is not sufficient to include the fixed NLO corrections to the
spectrum and take care of the double counting with the parton shower resummation.
This only provides the proper NLO description in the fixed-order region at large
7. In the transition and resummation regions, a proper higher-order description
necessitates higher-order resummation. Of course, this is not a problem if the only
goal is to improve the fixed-order region at large 7, as is the case for example in a
recent MCQNLO publication [35].

However, including the fixed NLO corrections outside the fixed-order region, as is
done in SHERPA’s recent NLO merging [33, [34], can actually make things worse in two
respects: First, numerically this will typically force the spectrum to shift toward the
fixed-order result and away from the resummed one. Since this can shift the spectrum
in the wrong direction, it can potentially make the result less accurateﬂ At the same
time, the perturbative uncertainties from fixed-order scale variation decrease, which
only aggravates this problem. Multiplying the NLO corrections to the spectrum with
LL parton shower Sudakov factors (see, e.g., ref. [50]) can mitigate this to some extent
but does not solve the problem. The only consistent way to include the fixed NLO
corrections to the spectrum outside the fixed-order region, and in particular obtain
reliable perturbative uncertainties, is to properly combine them with a higher-order
resummation.

Second, this explicitly spoils the formal O(ag) accuracy of the inclusive cross
section. To see this, consider adding the fixed NLO corrections to the lowest-order
spectrum and cumulant in eq. , properly taking care of the double counting at
O(a?), which gives

2

1do = % [L folasL?) + fi(osL?) + TffonS(T)} + % [021L + 20 + Tffons(T)] ;

opdr

1
o) = 1+ a2,
OB

>0

Fo(arsL2) + Lew FilaL2,) + o101 + FP(r)| - (3.23)

80ne can see this for example in the case of 2-jettiness in figure in section Here, the
NLL’+LOs3 result is much closer to the slightly higher NNLL’+NLO3 best prediction than the fixed
NLOj3 result. We have checked that in this case, adding the NLOj3 to the NLL'+LO3 by expanding
it to O(a?) forces the result to move in the wrong direction toward the lower NLO3.
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Using these expressions yields for the inclusive cross section

1 1 boo1d
—02—0(7““)4—/ dr—<2

0B 0B it opdr

—1+a. [017_1 + F{“’“S(l)] . [%Lgut + o Leus| - (3.24)
While the first two terms give the correct NLO inclusive cross section, the O(a?)
terms induced by the fixed NLO corrections in the spectrum formally scale as a;
and o2 and therefore spoil the formal O(ay) perturbative accuracy for the inclusive
cross section and in fact for any inclusive observable. This directly contradicts the
claim in refs. [33, 34] that this description maintains the higher-order accuracy of the
underlying matrix elements in their respective phase space range. It only preserves
the fixed O(a;) terms, which in the context of combining fixed-order corrections
with a logarithmic resummation is necessary but not sufficient to preserve the higher
perturbative accuracy.

This problem cannot be avoided by multiplying the a? corrections in the spectrum
with the LL parton shower Sudakov factors, since this does not provide the proper
NLL! and NNLL, series. Note also that we have already assumed in eq. that
the full NLL, series is included in the spectrum and cumulant. In general, the parton
shower cannot provide this, which means there will be even 2L, ~ /a5 terms
induced in eq. ([3.24)).

Pragmatically, the inclusive cross section can be restored to formal O(ay) accu-
racy by either explicitly including the corresponding o corrections in the cumulant
to cancel these terms, where numerical methods to do so have been described very
recently in refs. [47, [36l [37], or alternatively by explicitly restricting the fixed NLO
corrections in the spectrum to the fixed-order region at large 7, such that the induced
O(a?) terms in the total cross section are not logarithmically enhanced and are for-
mally O(a?). This is essentially the approach taken in ref. [35]. However, neither
of these approaches improves the perturbative accuracy in the spectrum outside the
fixed-order region.

3.2.2 What Monte Carlo can do for resummation

For T being the resolution variable between N and more than N jets, we showed
in the previous subsection that combining the NLO matrix-element corrections for
N and N + 1 partons at the level of the singly differential 7 spectrum is equivalent
to combining the NNLL resummation of the singular contributions with the higher-
order nonsingular contributions. Our goal now is to extend this singly differential
description to the fully differential case, in order to use the full N-parton and (N +1)-
parton information of the matrix elements. We will use the notation (N)LOy or
(N)LOn1 to indicate up to which fixed order in o the N-parton or (N + 1)-parton
matrix elements are included.
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To start with, it is straightforward to generalize the jet resolution spectrum do/d7T
and its cumulant o(7") to include the full dependence on the N-body Born phase
space,

d_a R do
dT doNdT’
do do
cut cut _ cut
AT T = AT ST T, )
such that eq. becomes
doina do ¢ / do ¢
— cu cu . .2
A0y _quN(T )+ d’Td(I)NdTH(T>T ) (3.26)

Here, doj,a/d®y is the inclusive N-jet cross section. The discussion in section m
can be precisely repeated in this case, since the perturbative structure of the differen-
tial spectrum do/d®yd7 with respect to T is precisely the same as in eqgs. and
. Namely, we can write it as the sum of singular and nonsingular contributions,

do do.sing dogrons

ADndT — ddndT | dBndT

The nonsingular contributions are general functions of ®y and 7T, but as before are
integrable in 7 for 7 — 0. The singular contributions have the structure

(3.27)

do*™®  dop

ddNdT  ddy

Coi(®n, ) 8(T) + Y Cul(®n, ) é/jn(zﬂ , (3.28)

where dog/d®y is now the fully differential Born cross section. Since the singular
contributions arise from the cancellation of virtual and real IR singularities, which
only know about ®y, their 7 dependence naturally factorizes from the ® 5 kinematics
of the underlying hard process. This is what allows the resummation of the singular
terms to higher orders for a given point in ®y. At LL, the entire ®5 dependence
is that of the Born cross section. At higher logarithmic orders, this is not the case
anymore, since the coefficients C),, can have nontrivial ®5 dependence. In addition,
the precise definition of 7 also becomes important. Depending on its definition, the
higher-order singular coefficients can depend on clustering effects or other types of
nonglobal logarithms [74] [75, [76], (77, [78], [79], which can be difficult to resum to high
enough order with currently available methods. Therefore, it is important to choose
a resolution variable with simple resummation properties. An example is N-jettiness,
for which the complete NNLL resummation for arbitrary N is known [I, [80]. For
the purpose of our discussion below, we will assume that a resummed result for the
spectrum and its cumulant in eq. at sufficiently high order is available to us.
We can think of the cumulant do/d®y(Teyw) in eq. (3.26) as the exclusive N-
jet cross section with no additional emissions (jets) above the scale 7", while the
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spectrum do/d®ndT for T > T is the corresponding inclusive (N + 1)-jet cross
section. While the cumulant do/d®y(7°") is differential in d®y and thus already
as differential as it can be, the spectrum contains a projection from the full d®>y44
phase space down to d®yd7. To also be fully differential in the (N + 1)-jet phase

space, we can generalize eq. (3.26) to

daincl do t /d(I)NJrl do t
— cu 2 cu D)
@y aon T T g, d<I>N+1(T )O(T > T°), (3.29)

where do/d® 1 (T) denotes the fully differential spectrum for a given 7 = T (P 1).
We explicitly denote the dependence on T and T to clearly distinguish the spec-
trum from the cumulant. We have also used the same shorthand as given in eq. .
The projection from an (N + 1)-body phase space point to an N-body phase space
point defines what we mean by N jets at higher orders in perturbation theory. Note
that beyond LO, both the cumulant do/d®x(7") and spectrum do/d® 4 1(7) must
be well-defined jet cross sections; i.e., they require a specific IR-safe projection from
®>pt1 to O for both £ = N and k = N + 1. We will see below where this def-
inition enters. Using eq. at the next-higher perturbative accuracy requires
us to combine the higher-order resummation in 7 for the cumulant and spectrum
with the fully exclusive N-jet and (N + 1)-jet fixed-order calculations at NLOy and
NLOpn41. To achieve this, we have to construct appropriate expressions for the cu-
mulant do/d® N (7°") and the spectrum do/d® 1 (7), which we do in the next two
subsections.

3.2.2.1 Matched cumulant

We start by discussing the cumulant in eq. . Since the resummation is
naturally differential in the d®y of the underlying Born process, we can combine
the resummed result with the fixed-order one by adding the fixed-order nonsingular
contributions to it,

d FO dogresum
(Tcut) + [d(;)N (Tcut) o Z(DN (Tcut)

dO. do_resum

cut —
ddy (7 ddy

FO} . (3.30)

The first term contains the resummed contributions, while the difference of the two
terms in square brackets provides the remaining nonsingular corrections that have

not already been included in the resummation. The NLO y fixed-order result is given
by

d O.NLO

d®y

dPpy 44
d®NdT

N+1((I)N+1) )
(3.31)

(T°) = By (®y) + Viy(n) + / ATO(T < T /
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where By and By,; are the N-parton and (N 4 1)-parton tree-level (Born) contri-
butions, Vy is the N-parton one-loop virtual correction, and we abbreviated

APy
doNdT

= dq)N—i—l (S[T — T(q)N_H)] 5[(131\/ - (I)N((I)N—H)] . (332)

Here, T(®y,1) implements the definition of 7. The NLOy result also depends on
the projection from &y, to @y, i.e., the precise NLO definition of 5. However,
this dependence only appears in the nonsingular corrections. For a given definition
of T, the singular NLO corrections do not depend on how the remaining ®y; phase
space is projected onto ®p, since they arise from the IR limit in which all (IR-safe)
definitions agree. In eq. (13.30]), the singular contributions inside the full fixed-order
cumulant, do¥©/d®y(T) are canceled by the NLO expansion of the resummed
result at NLL! or higher, leaving only the nonsingular fixed-order contributions in
square brackets.

3.2.2.2 Matched spectrum

To properly combine the higher-order resummation in 7 with the fully differential
(N + 1)-jet fixed-order calculation, the inclusive (N + 1)-jet spectrum do/d®y1(T)
in eq. (3.29)) has to fulfill two basic matching conditions,

o dq)N+1 do do
Condit 1: = — 3.33
ondition /dCI)NdT Ay (T) Ay dT’ ( )
do do¥O
Condition 2: T = ) 3.34
d(I)N_H( ) FO dq)N—H ( )

The first condition states that integrating the fully differential spectrum over the
additional radiative phase space has to reproduce the correct spectrum in 7 including
the desired resummation and fixed-order nonsingular corrections, such that eq.
reproduces eq. . The second condition states that the fixed-order expansion
of the fully differential spectrum has to reproduce the full (N + 1)-jet fixed-order
calculation, where at NLOpy 1,

C10.NLO

APy

dP o
d®n

= Byi1(Pni1) + Vi1 (Pngr) + / Bni2(Pry2) - (3.35)

Here, Byi1 and Byyo are the (N + 1)-parton and (N + 2)-parton tree-level (Born)
contributions, and Vi is the (/N +1)-parton one-loop virtual correction. Integrating
over d®y .o in the last term now requires a projection from ® .o to P41,

APy
d®yi

= d¢N+2 5[@]\[4_1 — ¢N+1(¢N+2)] s (336)
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analogous to eq. , which now defines precisely what we mean by N + 1 jets at
NLO.

In principle, there is some freedom to construct an expression for do/d®y,1(7T)
that satisfies both conditions to the order one is working. Our master formula to com-
bine the resummed spectrum do*®"™ /d®dT with the fully differential do¥© /d®y 4
is given by

do (7-) B dO.FO dgresum doresum
Ay [dPNdAT /) dONdT

. 3.37
d®nq F0:| (337)

Expanding the right-hand side to a given fixed order, we can see immediately that

is satisfied by construction. Imposing yields the consistency

(or “matching”) condition

d d FO doresum
7 { 7 7 (3.38)

ADNdT | dDNdT /) dDNdT

:| daresum
rol dOndT

If the resummed result already has the nonsingular contributions at the desired fixed
order added in, then the term in brackets is by construction equal to unity for any
value of 7. Otherwise, the expansion of the resummed result reproduces the singular
terms of the full fixed-order result, leaving the nonsingular fixed-order contributions,
such that we get

do B do.sing,resum N donons do.sing,resum do.sing

(3.39)

Here, dos&*esum denotes the pure resummed result only containing the resummation
of the singular contributions. Hence, eq. not only multiplies in the additional
dependence on ®yq/Py at fixed order, but if needed also adds the nonsingular
corrections to the spectrum multiplied by the higher-order resummation factor. (Note
that for the expansion of the resummed result to indeed reproduce all the singular
terms at the desired fixed order, the resummation has to be carried out to sufficiently
high order, which we have already seen in section )

To apply @, we have to integrate eq. using the projection onto
®y and T in eq. ED Therefore, to get the correct 7 spectrum at NLOy, 1, the
projection in eq. @ has to satisfy

T®n+1(Pn2)] = T(Pw2) ; (3.40)

i.e., it has to preserve the value of T when constructing the projected ®y,; point.
Usually, the simplest way to handle this would be to use the left-hand side to define
T(®nyo). However, in our case, eq. provides a very nontrivial condition on the
projection since T (®y.2) is already defined by our choice of jet resolution variable,
which in particular has to be resummable. This turns out to be a nontrivial technical
challenge one has to overcome to be able to satisfy [Condition 1] We will see where
this enters in section 3.3.1.2] and section [3.4.1.2]
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inclusive N-jet exclusive N-jet inclusive (N + 1)-jet
notation fixed order accuracy | log. order accuracy | fixed order accuracy
LL7+LOy41 LOy ~1 LL ~as P Loy ~1
NLLr LOy ~1 NLL ~1 - -
NLL7+LOpy41 LOy ~1 NLL ~1 LOni1 ~1
NLL;A4LOy 14 NLOy  ~a, NLL ~a.? LOys1 ~1
NNLL7+NLOp 41 NLOy ~ oy NNLL  ~ aq NLOni1 ~ ag
NNLL,+NLOy4; | NLOy  ~ a NNLL'  ~ a¥/? NLOwny1  ~

Table 3.1: Fixed and resummation orders and their achieved accuracy in .

Note that to ensure that the resummation factor in square brackets in eq.
is well behaved in the fixed-order region at large 7, it is important to turn off the
resummation such that the ratio of the resummed spectrum and its expansion becomes
O(1) up to higher fixed-order corrections. In principle, the fixed-order result in the
denominator can also become negative at very small values of 7. This is not a problem
in practice, since this region is explicitly avoided by imposing the cut 7 > T°ut,

3.2.2.3 Perturbative accuracy and order counting

The appropriate order counting in the resummation and fixed-order regions is
precisely the same as in section [3.2.1], so there is no need to repeat it here. Applying
eq. (3.37)) at the very lowest order, namely LL, resummation with LOx; fixed-order
corrections, we get

do >N+1

C11 2
— By (® [— SL], 3.41
A0y 1 |7 N+1(Pn+1) exp 5 o ( )

where By 1(®Pxny1) scales as /T relative to By(®y) at small T, and we used that
at LL, the ratio in brackets in eq. is just the resummation exponent. This
directly corresponds to the CKKW-L procedure [4, [5, [6, 0], which multiplies the
tree-level matrix elements with the shower Sudakov factors. Hence, we can think of
our master formula eq. as a consistent extension of this to higher orders.

As demonstrated in section[3.2.1] going to the next higher perturbative accuracy in
all phase space regions requires the NLL/ and NNLL, series of logarithms. We obtain
these by performing the full NLL” and NNLL resummation in the exponent, as well as
the fixed NLOy and NLO x4 corrections in the cumulant and spectrum, respectively.
The resummation naturally connects both jet multiplicities, since the NLOy correc-
tions are included in the cumulant and are part of the resummation for the spectrum
starting at NLL', where they effectively predict the singular NLOy; contributions,
and the full NLOy,; corrections are obtained by adding the nonsingular corrections
to the spectrum. In the following, we will use the notation (N)NLL%+(N)LOy44 to
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indicate the resummation order for the employed jet resolution variable together with
the (N 4 1)-jet fixed order. For simplicity, we do not explicitly denote the N-jet fixed
order and keep it implicit in the resummation order, i.e., LOy at (N)LL and NLOy
at NLL' and above. This is summarized in Table B.11

An immediate and important question to ask is to what accuracy resummed spec-
tra for jet resolution variables other than 7T are predicted in our approach. A detailed
theoretical investigation of the formal resummation order one attains for other vari-
ables would be very interesting but is beyond the scope of this thesis. What is
certainly clear is that other variables will not be resummed at the same formal level
as the primary jet resolution variable 7 itself. However, we know that other variables
are correct to NLOpy, 1, while at the same time, the inclusive cross section is not
changed, as it is independent of which variable one integrates over. This implies that
the NLOp ;1 corrections for other variables do not induce uncanceled, higher-order
logarithmic terms as in eq. , and hence, some higher-order resummation must
be partially retained for other observables as well. Numerically, the higher-order re-
summation in 7 provides an improved weighting of the IR region of phase space, from
which other variables are expected to benefit as well. We can validate to what accu-
racy other variables are obtained by comparing predictions from our highest order to
the analytically resummed results for other observables, which we do in section |3.3.3

3.2.3 Extension to more jet multiplicities

The method proposed in this chapter is completely general and can be extended to
more jet multiplicities essentially by iterating the procedure discussed in section |3.2.2
We start by introducing separate jet resolution variables Ty to distinguish N from
N +1 jets, Tyi to distinguish N 41 from N + 2 jets, and so on. One can choose any
IR-safe observable that goes to zero in the limit of N pencil-like jets. For each N, the
inclusive N-jet cross section is obtained by combining the cumulant and spectrum for

Tw as in eq. (3.29),

doina do ¢ dPy,; do ¢
_ cu T 8 ,7— Tcu
dCI)N dCI)N( N ) / dq)N dCI)N—H( N) ( N o N ),

dO-incl do t d(I)N+2 do
— cu 9 > cut
APy 41 dq)N—i—l( wa) + /d@N+1 APy o (Tv+1) 0(Twva > Tih)

dO'incl do
= Tt — 00). 3.42
The exception is the highest jet multiplicity, Nmax, for which Tg" = oo, correspond-
ing to the fact that no additional jets are resolved.

For the cumulants in eq. (3.42)), the discussion in section [3.2.2.1}applies separately
for each IV, so the cumulants matched to higher resummed and fixed order are given,
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as in eq. (3.30), by

do cuty dgresum ut dO'FO ut dgresum ut

FO} . (3.43)

The fully differential Ty spectra do/d®y.1(Ty) are now obtained recursively as
follows. We start with the highest jet multiplicity, Nyax, for which no resummation
is needed since Ty" is essentially removed. Furthermore, the highest jet multiplicity
is, by construction, only required at leading order, where the result is simply given
by the Born contribution,

dULO
( ]\C/;tax — OO) = d®N = BNmax((bNmax) * (344)

do

For each N < Nya., we apply the discussion in section [3.2.2.2 To combine the
resummation in Ty with the (N + 1)-jet fixed-order calculation, the fully differential
T spectrum do/d®y,1(Ty) must satisfy the matching conditions as in eqgs. (3.33))

and (339),

dq)N—l—l do do

TN) = —— 3.45

/ d®yd Ty dd)N+1( v) d® N d Ty (3.45)
do doFO

T = ) 3.46

TR B T (3.46)

These can be satisfied by a straightforward generalization of eq. (3.37)),

dO' do_incl |: do.resum / do.resum

— (Tv) =
d<I>N+1( v) Ady,, | dPydTy/ dPNdTy

FO] . (3.47)

The prefactor on the right-hand side is now the inclusive (N +1)-jet cross section from
eq. (3.42)). This is what ties together the different jet multiplicities. The condition in
eq. (3.46)) now leads to the consistency condition

d O.FO

= )
FO dq)N—i—l

dgincl
d®y

(3.48)

which states that for each N, the cumulant and spectrum in 7y ; must be included to
sufficiently high order so as to reproduce the (N + 1)-jet fixed order that is required
by the Ty spectrum. Imposing the condition in eq. yields the consistency
condition for the 7y spectrum,

do . |:/ d(I)NJrl dUincl / doresum
dondTy dondTy dPyi1/ dPNdTw

daresum
, 3.49
o a0
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which is the generalization of eq. (3.38]). To satisfy eq. (3.48)) at NLOy1, it requires
that

TN[CI)N+1 (q)N-l—Q)] = TN(CI)N—I—Q) )

as in eq. . That is, for each N, the projection from ®y. o to &,y which
defines the (NN + 1)-jet cross section at NLO has to preserve the value of 7Ty. In
addition, eq. requires that, upon integration, the 7Ty, resummation contained
in doiye /d® yy1 does not interfere with the 7y resummation, e.g., by inducing higher-
order logarithms in 7y. Since eq. relates the do'™/d®y to do/d®y 1 (Tx),
the relationship in eq. gives rise to a recursive definition, which when combined
with the result for the highest jet multiplicity in eq. determines do/d® 1 (Ty)
for all V.
In the Monte Carlo implementation, the phase space is split up recursively as

(3.50)

doty _ doy® e APy do¥iy 4
. cu = 6) > cut
ddy  d® (T )+ / APy  dPyi (T > 75"
dagﬁj\, 41

O(Twv1 > i)

_ dgj\lz(jﬂ( cut ) 4 /dq}N+2 doZvs2 (3.51)

dbyyy  ddyy, N APy, APy

)

where in each step, the total cross section for N or more jets is separated into an
exclusive N-jet cross section, which is assigned to partonic events with N final-state
partons, and the integral over the remaining cross section for N + 1 or more jets. For
the highest multiplicity, Nyax, the remaining cross section for Np., or more jets is
represented by events with Np., final-state partons.

Note that the structure of eq. is very similar to eq. . The crucial
difference is that in eq. , each inclusive cross section on the left-hand side is the
same that appears under the integral on the right-hand side in the line above. By
comparing eq. with eq. and repeatedly inserting eq. 7 we obtain the
higher-order, “fully resummed,” exclusive N-jet cross sections that serve as inputs to
the Monte Carlo. Abbreviating the resummation factor in eq. as

do.resum do.resum
Dy, Th , 3.52
Un(®n, Tw) = dcdeTN/ d®ndTx |po (3.52)
we obtain
do—%/c cut dO' cut
dq)N(T )= d@N(T )
doyN do

cut _
d(I)N+1 ( N+1)

dq)N+1 ( N+1

cut )UN<®N7TN)a
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do-ggjvmax do cut
d<I>_N = don (Tas = 00) Un(®n, Tv) Uns1(®ng1, Ta41)
X X UNmax_l(éNmax_17 TNmax_l) ° (353)

The careful reader will have noticed that the above is in one-to-one correspondence to
the structure generated by a parton shower with up to N.. emissions. The crucial
difference is that, in our case, all ingredients are well-defined physical jet cross sections
defined in terms of a global jet resolution variable. This allows us to systematically
increase the perturbative accuracy by computing the relevant ingredients to higher
order in resummed and fixed-order perturbation theory as well as to systematically
estimate the perturbative uncertainties. The analogous parton-shower-like structure
underlies the CKKW-L ME/PS merging, which replaces the splitting functions in the
shower with the full tree-level matrix elements. Restricting eq. to the lowest
order as in eq. , it reduces to the ME/PS merging as a special case.

In principle, the above construction allows us to go to even higher fixed and resum-
mation order, as long as the fixed-order ingredients are available and the resummation
is known to a correspondingly high enough order. It also lets us combine as many jet
multiplicities as we like at the order they are available. In particular, it is straight-
forward to add additional multiplicities at the lowest accuracy in a CKKW-L-like
fashion.

3.2.4 Attaching parton showering and hadronization

In the Monte Carlo, a point in ®y is represented by N (massless) four-vectors
together with the appropriate flavor information. We then generate events with N to
Nuax partons and assign the N-parton events the weight doh®/d® v (T"), the (N+1)-
parton events the weight doy%,/d®n11(7x5%;), and so on. The events with Npax
partons are assigned the weight do¥% ~ /d®y,.. = By (Prpa.). The 0(Ty > T)
functions in eq. are included in the weight, which means that all events with
> N + 1 partons that have Ty < T get zero weight] In this way, by summing up
the weights of all events, we can integrate up the cross sections in eq. (3.51)), including
arbitrary kinematic cuts in ®5, ®y.1, etc. What is important is that, although the
events contain massless partons, they represent the exclusive jet cross sections of
eq. . (From the resummation point of view, the massless partons represent the
kinematics of the hard function.)

In the next step, the events are given as a starting point to a parton shower,
whose purpose it is to fill up the jets with additional emissions inside the jets with-
out changing the weight of the event. Formally, this means that the shower should
not be allowed to change the underlying distribution in the jet resolution variable,

9Technically, the split up of phase space is usually flavor-aware. This means that an event with
Tn < T is only set to zero if the closest two partons produce a QCD singularity.
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since this has already been computed at the higher perturbative accuracy. For ex-
ample, starting from an event with N + 1 partons with kinematics ®y,; and weight
doNS1/dPny1(TRY,), the fully showered event should have the same jet kinematics
® 41 as the unshowered event from which it originated. Most importantly, the show-
ered event should have the same value of Ty (®n41) and should have Ty < Ty
so it still has the correct weight doy%,/d®n41(7x5%;). In the cumulant N-jet bin,
the shower is allowed to fill out the phase space from Ty = 0 to Ty". Since for the
highest jet multiplicity, T]{Z,:fax — 00, the shower fills out the remaining phase space.
In practice, these are quite nontrivial constraints on the shower. The easiest way to
enforce them is to repeatedly run the shower on the same event until it produces an
acceptable showered event, where we allow the value of Ty to be changed at most
by a numerically small amount consistent with a power correction. This method is
of course computationally intensive (though it is not computationally prohibitive),
since one may have to rerun the shower many times, and it would be interesting to
develop a more efficient way of constraining the shower for this purpose. Notice that
in this procedure no events are discarded, so the cross section is not changed.

In the final step, the showered event is passed to the hadronization routine. In
this case, there are no constraints on the kinematics of the hadronized event; i.e.,
the hadronization is allowed to smear out the 7y spectrum. The reason is that our
perturbative calculation does not take into account nonperturbative effects, which
are instead supplied by the hadronization. This is discussed in more detail in sec-

tion B.0.1.31

3.3 Application to ete™ collisions

In this section, we apply the framework described in section to efe” — 2/3
jets, implemented in the GENEVA Monte Carlo. The higher-order resummation for
2-jet event shapes in eTe™ collisions is very well understood and many precise mea-
surements from LEP exist, which are used, for example, for precise determinations of
the strong coupling constant « [81], 82 [83], 84, [85], [86), [87].

In this context, one important aspect is the interplay between both resummed and
fixed-order perturbative contributions with the nonperturbative corrections. Here,
the GENEVA framework provides an important development by being able to com-
bine the perturbative higher-order resummation with the nonperturbative information
provided by PyYTHIA’s hadronization model [88] 89]. For example, this allows us to
use a common theoretical framework to make predictions for different phase space
regions and different observables.

The ete™ implementation also provides an important and powerful validation of
our approach and its practical feasibility, while avoiding the additional complications
arising for hadronic collisions, such as initial-state radiation and parton distribution
functions (PDFs). The implementation and first results for pp collisions are presented
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in section [3.4]
In our eTe™ implementation, we use 2-jettiness, 75, as the 2-jet resolution variable,

which is defined as [1]

2|7 ‘ﬁkl)
To = Eem | 1 — max, - ) 3.54
= EY o

and is simply related to thrust T' [72] by Ts = Een(1 — T). Its kinematic limits are
0 <73 < Een/2. In the limit T3 — 0, there are precisely 2 pencil-like jets in the final
state, while for 75 ~ Ey,, there are 3 or more jets. We perform the resummation in
7> to NNLL' and include the full NLO,y, NLO3, and LO, fixed-order matrix elements,
i.e., we obtain NNLL/-+NLOg predictions.

The default running parameters for our ete™ studies are E.,, = 91.2 GeV, as(my)
= 0.1135, and PyTHIA 8.170 with ete™ tune 1[I Using this value of a,(myz) is
motivated by the fact that it was obtained from fits to the thrust spectrum using
N3LL/ resummation. These fits were performed in a region (corresponding to 6 GeV <
T> < 30GeV for our E.y,) where the nonperturbative corrections due to hadronization
are power suppressed and can be described by a single nonperturbative parameter,
which leads to a shift in the spectrum and is included in the fit in ref. [85]. We
find that this value of as(mz), in conjunction with PYTHIA’S tune 1, provides overall
the best description of the data, including the peak region below 75 < 6 GeV and
other 2-jet event shapes. For comparison, we show results using the world average
as(myz) = 0.1184 [90] as well as from using PYTHIA tune 3.

In the next subsection, we summarize the various ingredients that go into the mas-
ter formula, with the intention of giving a concise and informative overview, while
leaving a detailed discussion of our implementation to a separate publication. In
section [3.3.2] we discuss the 75 spectrum, validating our implementation using ana-
lytic predictions as well as comparing our results to LEP data. In section |3.3.3] we
present our results for other 2-jet variables, namely C-parameter, heavy jet mass, and
jet broadening, comparing GENEVA’s predictions at NNLL/-+NLOj3 to the analytic
higher-order resummation for each variable as well as to the experimental measure-
ments. In all cases, we find good consistency and agreement with the data.

3.3.1 Ingredients

The master formula is given by

d®s; d
T+ | G qa, (O > T5™), (3.55)

doina do

dd,  dd,

10The a, value used inside PYTHIA’s parton shower is not changed from the value set in the tune.
This is not inconsistent, since here the strong coupling functions as a phenomenological parameter,
regulating the amount of showering.
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where
dO' cuty __ do.resum cut
d(I)Q (T ) - d(bg ( 2 ) )
do d Tincl dgresum dgresum
) 3.56
13, 2 = o, <d<1>2d7§ / d®, d7; FO) (8:56)

Its three key ingredients are the higher-order resummation of 2-jettiness, which we
include at NNLL,-+LOs3, the full fixed-order matrix elements at NLO,, NLO3, and
LOy4, and the interface to parton showering and hadronization, for which we use
PyTHIA 8.

Following the construction in section with Ny = 4, the inclusive 3-jet cross
section is separated into 3 and 4 or more jet contributions using 3-jettiness, 73, as
our 3-jet resolution variable,
d®, do

daincl o cut a®, do ut
dd, dq>3(T )+ 1, d@4(75) 0(Ts > T (3.57)

For ete™ collisions, N-jettiness is defined by [I]
Ty = _min(Ey — ;- pl) , (3.58)
k

where ¢ = 1,--- , N and n; is a unit vector along the direction of the ith jet, where the
jet directions can be determined by a jet algorithm or by directly minimizing TN.E
There are N pencil-like jets in the limit 7y — 0 and N or more jets in the limit
TN ~ Een.

As discussed in section [3.2.3 the master formula naturally incorporates the re-
summation of the 3-jet resolution variable in eq. and extends to higher jet
multiplicities, i.e., Npax > 4. However, since our current focus is on the main con-
ceptual development of combining the higher-order resummation with the fixed NLO
matrix elements for 2 and 3 jets, we leave these extensions to future work. As we will
not be interested in the 73 spectrum or other exclusive 3-jet observables, it is suffi-
cient for our purposes to calculate the two terms on the right-hand side of eq.
at fixed order (i.e., we do not include resummation for 73). Thus, we use

dotO do
cut __ cut
d<I>3 (T )= dds (75, d<I>4

= By(®4). (3.59)

In the results that follow, we use 75" value between 0.5 — 1 GeV, which is selected
randomly from a flat distribution. This smoothing out of 7™ avoids small numerical

' This definition agrees with 75 in eq. for massless final-state particles, which is the limit
in which resummation is carried out. It does affect the nonperturbative corrections when including
hadron masses [91], [02]. We use the definition of 73 in eq. to be able to directly compare to
the experimental data for thrust.



38

Fixed-order corrections Resummation input

singular  nonsingular Ve Leusp 15}
LL LO, - - 1-loop 1-loop
NLL LO, - 1-loop 2-loop 2-loop
NLL/ NLO, - 1-loop 2-loop 2-loop
NLL'+LO3 NLO, LO; 1-loop 2-loop 2-loop
NNLL+LO3 NLO, LOs 2-loop 3-loop 3-loop
NNLL/ NNLO, - 2-loop 3-loop 3-loop
NNLL'+NLO3 | NNLO, NLO3 2-loop 3-loop 3-loop

Table 3.2: Perturbative inputs included at a given order in resummed and fixed-order
perturbation theory. The columns in the resummation input refer to the noncusp
anomalous dimension (7;), the cusp anomalous dimension (I'cysp), and the QCD beta
function ().

discontinuities that can arise with a sharp cutoff. For 7", we use T, = 2GeV.
This value is chosen small enough that the NLOj calculation is fully exclusive and our
results are insensitive to scales below 7", Changing 7" by a factor of two up and
down, the results remain unchanged, with any variations well within our perturbative
uncertainties.

3.3.1.1 Resummation

Our jet resolution variable, 75, has the important property that it can be factor-
ized. The factorization theorem for the 75 spectrum provides the resummed prediction
that is one of the primary inputs to our master formula in eq. (3.56)). It is obtained
by using the framework of Soft Collinear Effective Theory (SCET) [93, 94], 95| O6]
and allows the resummation to be systematically carried out to higher orders and
combined with the nonsingular fixed-order result. Our highest-order resummed input
to the master formula has NNLL' resummation. We use the standard resummation
formalism, where the large logarithms are resummed in the exponent of the cross
section, with the corresponding resummation orders summarized in table 3.2}

We write the jet resolution distribution in 73 as

d O.Eesum d U;mg d O.élons

do,d7;  dQd7; | dQ.dTs’

(3.60)

where the separation into singular and nonsingular contributions was discussed in
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section [3.2.2] [see eq. (3.27))]. The singular contribution is given by [97, [98]

sing

dQod7;  d€Qs

s s
Hy(E2 1) /d81d82 J1(s1, 1) J2(s2, p) S2 (75 — Eclm — E_;’M> :
(3.61)

Here, d®, = d2; = dcosfd¢ is the angular phase space for the orientation of the
thrust axis with respect to the beam, and dog/d); is the tree-level 2-parton cross
section. Note that the overall dependence on €2y here is that of the Born cross
section, which is correct in the limit 7, — 0 in which eq. is obtained. The
hard function Hs, in eq. contains the fixed-order 2-parton matrix elements,
which describe the short-distance corrections at the scale E.,. The jet functions
J1 and Jy describe the back-to-back collinear final-state radiation along the thrust
axis, and the soft function Sy describes the soft radiation between the jets. The
soft function contains perturbative and nonperturbative components, which can be
separated as [99] 100, 10T]

Su(Taur) = [AhSE™(Ts = kop) flh ), (3.62)

where SY"'(T; — k,p) is the perturbative soft function, while the shape function
f(k, ) describes the nonperturbative hadronization corrections. For 73 ~ Aqcp,
the shape function gives an O(1) contribution to the cross section, while for 75 >
Aqep it can be expanded, and only the leading O(Aqcp/72) nonperturbative power
correction is relevant. For further discussion and the derivation of the factorization
theorem, see refs. [97, [08]. The resummed prediction used in GENEVA only includes
the perturbative soft function, while the nonperturbative corrections are provided by
the hadronization in PYTHIA.

The nonsingular contribution in eq. is given by the spectrum at fixed order
with the singular terms subtracted. It includes all O(7y/E.n) corrections to the
singular distribution to a given order in «,. The O(«;) nonsingular corrections in
7> are known analytically and can be taken from ref. [85], so we include them in
our resummed result. Each function in eq. depends on the renormalization
scale p and the characteristic scale of the physics it describes. These are ugy ~
Eew, 1y ~ \/Ta2Ecn, and pug ~ T for the hard, jet, and soft functions, respectively.
Renormalization group evolution (RGE) between the soft, collinear, and hard scales
resums the logarithms of the form Inpg/pug ~ InTo/Eeym and In p? /% ~ InTy/ Een
in the factorized singular distribution in eq. . The anomalous dimensions and
singular fixed-order corrections required at a given resummation order are summarized
in table 3.2

The resummed cumulant in eq. is obtained in an analogous way to the
resummed 73 distribution. It is given by a singular and nonsingular component,

resum sing nons
do} _ doy, cut do?

cut cut
d@g ( 2 )_ dQQ ( 2 dQQ ( 2 )7 (363)
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where the singular contribution is obtained by integrating eq. over T from
0 to 75", The nonsingular contribution to the cumulant is given by the difference
between the fixed-order result and the resummed singular terms expanded to fixed
order.

The perturbative uncertainties in the resummed spectrum are estimated by scale
variation and receive a contribution from two distinct sources, the fixed-order correc-
tions and the higher-order logarithmic resummation. The fixed-order uncertainties
are estimated by a correlated overall variation of all scales by factors of two. The
resummation uncertainties are instead estimated by varying the lower scales p;(73)
and ps(73), which are functions of 7, and are referred to as profile scales [101], [85] [41].
The profile scales satisfy the criteria that, in the resummation region, p;s(72) have
their canonical scaling (given above) and in the fixed-order region, w;s(72) ~ pm,
which turns off the resummation. In the transition region, the profile scales pro-
vide a smooth interpolation between the resummation and fixed-order regions. These
three regions are determined based on where the fixed-order singular contributions
dominate over the nonsingular ones. The variations in the profile scales subject to
the above constraints determine the resummation uncertainty, where we take the
largest absolute variation from the central scale. The resummation uncertainties are
combined in quadrature with the fixed-order uncertainties to generate our theory un-
certainty estimate. For a given partonic event in GENEVA, each profile scale variation
gives rise to a different event weight, which is computed analytically. Hence, we can
provide each event with its own perturbative uncertainty estimate by assigning it
several weights from the profile scale variation in addition to its central weight.

3.3.1.2 Fixed order

As we can see from eqs. and (3.59), we need the 3-jet cumulant do/d®5(75™)
as well as the Born 4-parton cross section By(®,). The Born 4-parton cross section is
trivial and requires no further discussion. To calculate the 3-jet cumulant at NLOg,
we use the generic formula given in eq. ,

do do
T = Ba(®0) + V@) + [ Gt Bu(@) 0T < T, (3.64)
where 4o
— = dd, 6[®s — D (Dy)] . (3.65)
dds

The projection ®] (®,) defines what we mean by ®3 at NLO3. It implicitly depends
on our choice of resolution variable since eq. (3.40) requires it to satisfy

T3[®] (®4)] = To(Ps) - (3.66)

To deal with the IR singularities that are present both in V3 and in the integral of
By over &4, we use the FKS subtraction method [102]. We introduce a set of projecting
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functions, 67 (®,), that partition the phase space into nonoverlapping regions, such
that > 607 (®,) = 1. In our case, this partition is effectively determined by the
resolution variable, which is indicated by the superscript. The resulting partition must
be such that each region m contains at most one collinear and one soft singularity.
Then, we can write

O, (3, Plag) (3.67)

dd, = Z dd; Ao,
where @77, denotes the radiative phase space describing a 1 — 2 splitting in each
region.

For each region m, we define a mapping that identifies which particle in ®3 is
undergoing the 1 — 2 splitting, which generates the

(I)T = (I)m(cb?n (Drad) (368)

phase space point. It also unequivocally defines how the recoil is shared amongst
the remaining particles in the event, which is needed to enforce total momentum
conservation. Notice that our definition of the §7 -functions leaves us the freedom to
include phase space regions in the partition which do not contain any IR singularity.
This freedom is in fact essential to be able to satisfy in eq. , namely,
to ensure that in each phase space region the correct functional form for the resolution
variable T3(®,) is used. For example, in ete™ — ¢gg production, the region in
which the quark and antiquark are closest to each other does not contain any QCD
singularity. Nevertheless, it must be treated as a separate region in the phase space
partition, since in this region the invariant mass between the quark and antiquark
determines the value of 7.
With this notation, one can write

do

@, = By(®3) 4 Vi(P5) +Z/d<1>rad34<<1>’”)9 (D3, DT )O(T3 < T . (3.69)

If the region m contains an IR divergence, the FKS subtraction requires one to define
the soft, collinear, and soft-collinear limits of ®,, which we denote as @7, &7,

and @77, respectively, together with the resulting points in the 4-body phase space
O, @y and . We can then write

do
_B3(¢)3) + ‘/3(@3) + ‘[ ®3 + Z/dq)rad B4(q)m)9 <¢37 rad) (75 TCUt)
d<1>3
d®m§ dq)m ,C d@’n’b ,CS
ra B @’ﬂl ,S es @ q)m S rad B q)m ,C rad B (Pm ,CS 370
d@gd ( ) ( 35 rad) dq)gd ( ) Sl dq):zd ( ) ) ( )

where 65, encodes the soft limit of the 67 -functions and we have used the fact that
in the collinear and soft-collinear limits the 67 -functions are trivially satisfied. Also,
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since in each of these limits 73 = 0, the (73 < T£") functions are satisfied by
construction.

If m is not singular, in principle, no such subtraction is needed, and one could
simply evaluate the 4-parton tree-level matrix element By(®}"). However, given that
the integral of the subtraction counterterms over the whole phase space is known
analytically for both massless and massive partons [102} 103, [17],

1) =Y [ [aommere, e om) + [ aonisior

- [ aezrBi@re). (3.71)

we found it easier not to restrict the integration of the subtraction counterterms only
in the singular regions of phase space but to extend it across all of phase spaceH This
ensures the complete cancellation of and the independence of the final results from
the subtraction terms. The procedure outlined above takes care of all IR divergences,
making the integrand in the square brackets of eq. as well as the sum of
V(®3) 4+ I(P3) IR finite.

The crucial point, discussed in section [3.2.2.2] is that our construction requires
the phase space map that generates ®}*'(®3, ;) to preserve the value of Ty; i.e.,

To[®F (s, D154)] = Ta(Ps) - (3.72)

Comparing this to eq. , we see that the map ®}'(P3, ;) must be precisely
the inverse of ®J (®4) in the region m. In principle, this condition can be relaxed to
only hold up to power corrections. Additionally, the map can fail to preserve 75 in a
region of phase space that gives a power-suppressed contribution to the cross section.
The phase space maps used in the standard FKS implementations [T02], [16] were not
designed to preserve the value of 75, and thus, they change its value by an O(73/73)
amount over a large region of phase Spaceﬁ Since 4-parton events with 73 < T and
T2 > TS are the only real emission contributions included in the NLO calculation
for the 3-jet cumulant, eq. (3.64), one can impose the restriction 73" < T, and
use the standard FKS phase space maps. However, this hierarchy strongly restricts
Ty, and it is preferable to define a map that is specifically designed for our goals.
We have constructed such a map, which preserves the exact value of 75 up to power
corrections, except in a region of phase space whose contribution to the cross section
scales as O(T2/Eem). In this region, the value of 73 is altered by an O(73/72) amount,
meaning the net correction scales as O(73/Ecm). Therefore, enforcing the much looser

2These integrals can also easily be defined by restricting the integration of the FKS variable £ up
to some &t value. These are, however, not in direct correspondence to the partition of phase space
we are considering.

13Generically, an emission that takes a 3-parton event to a 4-parton event will change 73 by the

scaling T(®4) — T2(P3) ~ Ts.
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constraint 73" < By, is sufficient to achieve our purposes. We postpone the detailed
discussion of this map to a dedicated publication describing the implementation of
GENEVA.

3.3.1.3 Parton shower and hadronization

The phase space points ®5 and ®3 represent jet kinematics, which are defined
by the jet resolution variable 2-jettiness. As discussed in section [3.2.4] we require
that the parton shower does not change the underlying hard jet distribution so that
the higher-order weights we calculate, do/d®(75L") and do/d®3(7;), are correctly
assigned. Without any constraints the parton shower will not preserve the value of
T>. We address this problem in our current implementation in a physically motivated
way. For small 75, the resummed singular jet resolution spectrum dominates and
is determined up to power corrections of order A ~ T5/FE.,. We require that for
®-5 events, the change in T3 due to showering, A7;, satisfies AT3/Tz < A. This
represents a power correction to the 2-jettiness spectrum, which scales as 1/7; for
small 75. For the 2-jet cumulant bin, we require that ®5 events, which have 75 = 0
when unshowered, remain in the 2-jet bin after showering up to a power suppressed
correction, with 75 < T3 (1 + \). Here, the effect of a small nonzero X' induces a
change to the shape of the distribution generated by PYTHIA that scales as a power
correction and does not affect the formal accuracy of the spectrum. Formally, we
work in the limit where A and A are effectively taken to zero. For A = 0, the shower
would be required to exactly preserve 75, making it maximally inefficient. Therefore,
for the results shown in this section, we use small nonzero values A = 2\ = 0.05. We
have checked that these are small enough to be in the asymptotic region where the
results become independent of the precise value.

Furthermore, the shower must also be restricted to not change the NLOj result.
This requires that, for 3-parton events, we effectively only allow showers to start from
Ty, Likewise, we limit the showering of 4-partons events down from their 73(®y)
value. This can be seen as a proxy for what would be the correct approach in a
Tn-ordered shower.

We use PYTHIA 8.170 with ete™ tune 1 for showering and hadronization. The
choice of tune for ete™ data in PYTHIA affects both the time-like showering and
hadronization model. However, since in our implementation we restrict the shower
from changing the 75 spectrum, the effect of changing the tune in PYTHIA primarily
reflects the uncertainty from hadronization in GENEVA. We have checked that this
is also the case for observables other than 75 by verifying that the effect of the
tune on the showered GENEVA predictions is very small compared to the change
due to hadronization. The uncertainty from hadronization is associated with the
nonperturbative contribution to the soft function in eq. in our framework and
is not included in our event-by-event perturbative uncertainties, which are derived
from the analytical resummation and fixed-order matching. A complete uncertainty
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analysis should also include uncertainties due to hadronization as well as due to the
remaining amount of parton showering. As an indication of the size of the uncertainty
from hadronization, we also show GENEVA hadronized results using e*e™ tune 3. The
shift from the partonic to the showered results could be taken as a conservative upper
limit on the remaining showering uncertainty.

It is important to note that we use the standard tunes in PYTHIA, without chang-
ing any internal parameters. Since in our approach the shower evolution in standalone
PyTHiA 8 is substituted with higher-order resummation above the 2-jet resolution
scale, we advocate that a separate tuning of GENEVA 4+ PyTHIA 8 should be em-
ployed to obtain the best results. This would also allow one to obtain meaningful
estimates of hadronization and remaining showering uncertainties.

3.3.2 Validation using the jet resolution spectrum

Before comparing the GENEVA prediction for various ete™ spectra to analytic
predictions and LEP data, we first validate the implementation of our procedure to
combine higher-order resummation and full NLO matrix-element corrections by using
the jet resolution spectrum. At the level of the singly differential 75 spectrum only, the
standard approach to resummation achieves the same matching between resummation
and fixed order by adding the nonsingular contribution to the resummed result. This
provides a nontrivial crosscheck of the master formula and in particular validates the
event-by-event theory uncertainties generated by GENEVA. For each comparison in
this section, we show the peak, transition, and tail regions, described in section [3.2.1]
at the LEP center-of-mass energy FE., = 91.2GeV. In all cases, the error bars
or bands on the GENEVA histograms are built from its event-by-event perturbative
uncertainties. The statistical uncertainties from Monte Carlo integration are much
smaller and are not shown.

3.3.2.1 Partonic results

The analytic resummed 75 spectrum is shown in figure at successively higher
orders: NLL, NLL/+LOj3, and NNLL'+NLOj (see table for the order-counting
definitions). The perturbative uncertainties are generated by using the same profile
scale variations employed in GENEVA and discussed in section [3.3.1.1] The theory
uncertainties decrease at increasing order and demonstrate excellent convergence at
all values of 75. Below T < 0.5 GeV, we enter the purely nonperturbative region, and
the scale uncertainties diverge since even resummed perturbation theory breaks down.
In the far tail, the scale uncertainties also grow rapidly, which reflects missing higher
fixed-order corrections. The uncertainties in the NNLL'+-NLOj3 prediction diverge
past the 3-parton endpoint at Ey /3, where the fixed-order prediction is only correct
at leading order for 4 partons. In the transition region, there is a smooth interpolation
between the resummation and fixed-order regions.
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Figure 3.2: Analytic resummation of 7 matched to fixed order. The central value is
shown along with the band from scale uncertainties, as discussed in section [3.3.1.1
at NLL, NLL'4+LO3, and NNLL'+NLOs3.

In figure , we compare the partonic T3 spectrum from GENEVA with 75" =
1 GeV to the analytic resummed results from figure[3.2] To illustrate the interpolation
between resummed and fixed-order results, we also show the pure resummed results at
NLL' and NNLL' and the pure fixed-order contribution at LO3 and NLO3. The latter
are calculated using EVENT2 [104, [105], which serves as an independent crosscheck
of our NLO3 implementation. Using the NLL'+LOj3 resummation of 75 and the
LOj3 fixed-order contribution as inputs to our master formula for the spectrum in
eq. (3.56), the do¥©/d®; and do™™/ d(I>2d7§|FO contributions exactly cancel for the
T2 spectrum. As a result, we see precise agreement between GENEVA and the analytic
NLL'+LOj3 result in figure|3.3(a)i3.3(c)|in the peak, transition, and tail regions. This
result agrees well with the pure NLL’ resummed contribution in the peak, while in
the tail, it is consistent within uncertainties with the LOj3 result, where the latter
clearly underestimates the full perturbative uncertainties.
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Figure 3.3: The GENEVA partonic NLL'+LO3 result is shown compared to the
analytic resummation of 75 matched to fixed order at NLL/+LOj3 in the (a) peak,
(b) transition, and (c) tail regions. Also shown for comparison is the pure resummed
result at NLL' and the fixed-order LO3 contribution. Figures (d), (e), and (f) show
the GENEVA partonic result at NNLL'+NLO3; compared to the analytic resummation
of 75 matched to fixed order at NNLL'4+NLOj3. The pure NNLL' resummation and
fixed-order NLOj result are also shown for comparison.

At next higher order, using as inputs to the master formula the NNLL'4+LOj3 re-
summation of 73 and the NLO; fixed-order calculation, we see that the central value
and event-by-event uncertainties in GENEVA agree very well with the full analytic
NNLL'+NLO3 resummed prediction in the peak and transition regions, as shown in
figures 3.3(d)] and 3.3(e)} In the tail region, figure [3.3(f)] GENEVA has significantly
smaller uncertainties of the same size as the pure fixed-order contribution. This is
because there is a substantial cancellation between singular and nonsingular contri-
butions in this region, which is incorporated differently in the analytic resummation
and the master formula at NNLL/+NLOj. For the former, the nonsingular o contri-
butions are added. This preserves the absolute size of residual resummation uncer-
tainties, which are very small relative to the singular contributions but large relative
to the total result after cancellation. In the master formula in eq. , the nonsin-
gular contributions are incorporated multiplicatively through the ratio of do™©/d®;
and do"s"™ / d@Qd’E‘FO. This preserves the relative size of residual resummation un-
certainties, thus leading to much smaller absolute variations when compared to the
final result. Comparing the GENEVA prediction with the pure NNLL’ resummed and
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NLOj fixed-order results, we see that the master formula precisely interpolates as ex-
pected between the fixed-order and resummation regions, with the transition region
properly describing the transition between the two, including uncertainties.
Combining the exclusive 2-jet cross section with the integral of the inclusive 3-jet
cross section, the GENEVA prediction at NNLL'4+NLO3 formally reproduces the total

inclusive cross section at NLO. Numerically, we have ov© = 44.140.2nb. With 71*

smeared between 0.5—1 GeV, the total inclusive cross section in GENEVA is gJPNEVA —
42.54+1.6 nb, where the uncertainties are given by integrating over the different profile
scale variations. The central value is 3.8% low and agrees within the uncertainties of
+3.8%. The uncertainty in GENEVA that comes from integrating the spectrum over
To > TS, as in eq. (3.6]), is much larger than the fixed-order uncertainty. The reason
is that, at any given point in the spectrum, but especially in the peak region, the
relative uncertainties, reflecting both shape and normalization, are larger than in the
total cross section. Hence, when integrating the spectrum to obtain the total cross
section, the uncertainties in the spectrum must cancel each other, meaning there is
a negative correlation in the uncertainties between different regions in the spectrum.
When the resummation and matching to fixed order is performed for the spectrum,
this correlation and cancellation is numerically not exact for the total cross section.
This is a well-known limitation of analytic resummation [85]. In fact, the result from
GENEVA is completely consistent with the inclusive cross section obtained using the
analytic resummed result in eq. with o(75™) calculated at NNLL/+LO3 and
do/dT; calculated at NNLL/4+NLO3. In this case, with 75" = 1GeV, the central
value is 3.5% low with uncertainties of +£3.7%. One way to solve this problem would
be to enforce a (highly nontrivial) constraint on the profile scale variation to reproduce
the required correlation exactly, in which case the total cross section would come out
exactly right. In practice, a simpler way to enforce this is to compute the result
for the resummed cumulant as the difference between the total cross section and the
integrated resummed spectrum. (This is similar in spirit to the method proposed in
refs. [47, 136, 37).) Since the focus in this thesis is the differential spectrum, which
serves as the primary input to the Monte Carlo, rather than the total cross section,
we leave this for future improvement.

3.3.2.2 Showered results

Next, we validate our interface with the parton shower. In figure 3.4, we compare
the NNLL/+NLOj3 partonic and showered GENEVA predictions with 7" smeared
between 0.5 — 1GeV. We also show the analytic resummed NNLL'4+NLO3 and
pure fixed-order NLOj3 spectra for comparison. Before showering, the cumulant
do/d®o(T5) is in the T = 0GeV bin, and we see the effect of the smeared 71"
on the spectrum in the GENEVA partonic histogram in figure [3.4(a)] The parton
shower generates emissions inside the 2-jet bin, which fills out and determines the
shape of the GENEVA showered result in the region below 75" and agrees remarkably
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Figure 3.4: The 73 distribution at NNLL'+NLO3 from GENEVA before and after
showering with PYTHIA 8 in the (a) peak, (b) transition, and (c) tail regions of the
distribution. The analytic resummed result at NNLL/+NLO;3; and the fixed-order
NLOj contribution are shown for comparison.

well with the analytic resummed spectrum below the cut. While the shape of the
spectrum here is determined only by PYTHIA, the cross section below 75 is still
accurate to NNLL/+LO3. We can see this explicitly in figure from the separate
contribution of 2-, 3-, and 4-parton events before and after showering for the central
value in the peak region. The shape of the 2-parton showered histogram is deter-
mined by PYTHIA, and the area under the histogram is the cumulant do/d®(75")
calculated at NNLL/+LO3. The relative contribution of 3-parton and 4-parton events
is determined by 7, = 2 GeV, for which the 4-parton contribution is well behaved,
giving 15% of the total cross section and no large cancellation with 3-parton events.
These contributions all combine smoothly to generate the total GENEVA showered
result.

The action of the shower on 3-parton and 4-parton events, which make up the
spectrum above 7" is restricted to not change 73 by more than a power suppressed
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Figure 3.5: The peak region of the 75 distribution from GENEVA partonic (left)
and after showering with PYTHIA 8 (right). The contribution from events originating
from 2-, 3-, and 4-parton events is shown along with their sum (solid blue histogram),
including the perturbative uncertainties shown by the error bars or band.

amount A 73, as discussed in section [3.3.1.3] This controls the allowed shift from
the GENEVA partonic to showered histograms in figure [3.4. We can see that there
is excellent agreement, including uncertainties, between the two in the peak and
transition regions. This validates that, with our choice of A, the higher-order accuracy
of the resummed 75 spectrum is not compromised by the shower. (Increasing A\, we
do observe, at some point, a shift of showered results away from partonic.) The
showering does shift the 75 spectrum in the far tail away from the partonic result,
which matches the NLO3 curve, as can be seen in figure . This is allowed, since
our partonic prediction in this region becomes only leading order for 4 partons.

3.3.2.3 Hadronized results and comparison to data

The full prediction for the jet resolution spectrum is obtained by turning on the
hadronization in PYTHIA. This gives rise to a shift in the 75 spectrum, shown in
figure , where “default” refers to the default running parameters a;(mz) = 0.1135
and PYTHIA ee™ tune 1. As discussed in section[3.3.1.3] we use the standard PYTHIA
8 tunes without modifying any internal parameters. For comparison, we show the
GENEVA hadronized result for tune 3 with our default a, value as well as for tune
1 with the world average value as(myz) = 0.1184. We also show a comparison to
experimental data from ALEPH [2] and OPAL [3]. We only show ALEPH data in
the tail since the OPAL data in this region is sparse. These measurements are fully
corrected to the particle level, allowing us to directly compare to our hadronized
predictions. Since the data are normalized to the total cross section, we rescale them
to the total NNLO cross section and convert from thrust 7" to 73 = E.n(1 — T).
This allows us to directly compare the data to the absolute cross section predictions
in GENEVA, unlike a comparison between normalized spectra, which would only test
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Figure 3.6: The showered NNLL'4+NLOj3 GENEVA prediction with and without
hadronization using the default values PYTHIA 8 e*e™ tune 1 and as(mz) = 0.1135
compared to data from ALEPH [2] in the (a) peak, (b) transition, and (¢) tail regions
and to OPAL [3] in the peak and transition regions. The ratio of GENEVA predictions
to the ALEPH data is shown in (d). Also shown is the GENEVA prediction at the
central scale with as(mz) = 0.1184 and eTe™ tune 3.

the shape. The GENEVA prediction at the default values agrees impressively well with
the data within uncertainties across the peak and transition regions and into the tail.
The difference in the far tail is expected since here fixed-order contributions beyond
LO, are important and are not yet included in our results.

The partonic GENEVA prediction does not include nonperturbative effects in the
soft function of O(Aqep/72), nor power corrections of the form O(Agep/Eem). Since
we strongly constrain the action of the PYTHIA parton shower to not change the
analytic resummed NNLL'+NLOj result, as discussed in section and demon-
strated in figure [3.4] we expect the hadronization in PYTHIA to supply these missing
nonperturbative effects. In effect, PYTHIA provides a well-tested model of the non-
perturbative soft function in eq. . We show the hadronized GENEVA result with
PYTHIA eTe™ tune 3 at the central scale in figure as a measure of the uncertainty
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from hadronization. Tune 3 turns out to give a smaller shift due to hadronization
than tune 1, which makes a significant difference in the peak below < 3 GeV, where
nonperturbative corrections are O(1) and depend on the details of the hadronization
model. In the transition and tail regions, we see a smaller difference, with tune 3
being systematically lower than tune 1. This is consistent with the fact that the tran-
sition and tail regions are sensitive only to the first nonperturbative power correction
in the soft function of O(Aqep/7T2).

There is an important interplay between the effect of hadronization and the value
of as(myz), as discussed in ref. [85], where a simultaneous fit to as(myz) and the
first nonperturbative correction to the soft function of O(Aqep/72) was carried out.
Generically, larger nonperturbative corrections shift the partonic spectrum to larger
values of 73, while a smaller value of as(my) shifts the 2-jettiness spectrum downward.
This gives rise to compensating effects. Since tune 3 gives a smaller shift due to
hadronization than tune 1, the combination of tune 3 and a,(myz) = 0.1135 gives an
estimate of the lower bound on the combined uncertainty of these two effects in the
transition and tail regions, while the combination of tune 1 and as(mz) = 0.1184 gives
an estimate of the upper bound. This is illustrated very well in the ratio of GENEVA
to ALEPH data in figure B.6(d)] Both are, however, still within the perturbative
uncertainties from GENEVA across most of the transition and tail regions.

We have also checked that the nonperturbative shift from PYTHIA tune 1 is of
similar size as expected from the fit results in ref. [85]. This is consistent with the
fact that it gives a good description of the data when used together with their fitted
value of a,(my). Hence, we use tune 1 with as(myz) = 0.1135 as the default since
it agrees best with the data in the peak and provides a consistent description of the
data across larger values of 7.

3.3.3 Predictions for other event shapes

In this section, we present GENEVA’s predictions for a variety of dijet event shape
variables. Examining observables other than the jet resolution variable we use as input
serves to validate our master formula at the fully differential @, 3 level [see eq. (3.55))]
rather than its projection onto the T3 spectrum [see eq. ] Event shapes are
particularly useful to consider because there exist both higher-order resummed results
and precision LEP data with which we can compare.

By construction, GENEVA correctly predicts other observables at NLOj, while
maintaining the correct inclusive cross section. However, as discussed in section
3.2.2.3] it is an important open question to what extent the NNLL,-+NLOj3 resum-
mation of the 75 spectrum increases the accuracy of resummed predictions for the
other observables (beyond the partial NLL order naively expected by interfacing with
the parton shower). While other observables will not be predicted at the same re-
summed order as 75, the accuracy of the predictions for event shapes is expected
to increase as a function of their correlation with 2-jettiness. The comparison of
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GENEVA to the higher-order analytic resummation of event shapes plays a crucial
role in numerically testing the accuracy achieved in our approach and validating the
event-by-event perturbative uncertainties.

We present results for the C-parameter [106], 107, [108], heavy jet mass (p) [109,
110}, and jet broadening (B) [I11], 112] event shapes. These are defined as follows:

3
|pil75] sin® B
(Zk pil)? Z

1 2

p= E—Qmax (Mf,Mzz) ,  where M?= ( Z pk) for 1=1,2,
k€hemi;

B=—— p; X Ny, 3.73

T < 579

where np is the thrust axis and is used in heavy jet mass to divide the event into
two hemispheres, hemi, o, with respect to which the masses M, o are measured. C, p,
and B provide a useful range of event shapes to compare to since their resummation
structure is increasingly different from that of 75. The resummation of C-parameter is
precisely the same as 73 to NLL and has the same convolution structure as eq. (3.61])
beyond. Heavy jet mass has a different convolution structure from 7;. Both p and
7> are projections of the same doubly differential spectrum do/dMZdMZ, where Ts
is related to the sum and heavy jet mass to the maximum of the hemisphere masses.
Of the event shapes we consider, jet broadening is most different from 75; it measures
momentum transverse to the thrust axis and, in the dijet limit, is sensitive to the
recoil of the thrust axis due to soft emissions [I13], unlike 75. This complicates the
higher-order resummation of jet broadening, which was only recently extended to
NNLLg [114] and gives a logarithmic structure that is very different from 7;. As a
result, jet broadening provides a highly nontrivial test of the accuracy and theory
uncertainties of the GENEVA prediction.

For each of these observables, we compare to analytic resummed predictions as
well as the NLOj fixed-order contribution from EVENT2. We present new results for
the analytic resummation of C-parameter at NNLL;,+NLOs3, extending the previous
NLL¢ resummation of [I15 E Note the subscript on the order of resummation indi-
cates the observable for Which analytic resummation was carried out. Since resummed
results for jet broadening do not exist at NNLL’;, we compare to the highest avail-
able resummation NNLLp+LO3, where we use the results of [114], which we extend
to include fixed-order matching that is necessary to describe the tail and transition
regions. Finally, for heavy jet mass, N*LL, resummed results exist [84]; however,
we show the NNLL +NLO3 resummation since this is consistent with the highest 7,
resummation we use.

14We thank Vicent Mateu and Iain Stewart for pointing out to us the relationship between thrust
and C-parameter in SCET.
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It is important to note that all running parameters were set based on the 75
spectrum alone, and no further optimization was carried out for other observables.
This ensures that our results for other observables are true predictions of the GENEVA
framework.

3.3.3.1 (-parameter

In figure[3.7], we show the GENEVA prediction for C-parameter both at the partonic
level and showered, using NLL-+LO3 resummation as input to our master formula
in figures [3.7(a)| and [3.7(b)| and at next higher order NNLL’4+NLOj3 in figures [3.7(c)
and We compare this to the analytic resummed C-parameter prediction at
the same order as the 75 resummation we input, as well as one order lower. The
comparison of the GENEVA prediction at different orders in the peak and transition
regions is useful because it highlights the features of resummation that are consis-
tently captured by our implementation. In the tail region, figure , where the
comparison to the NLOj fixed-order result is most relevant, we only show our highest
order NNLLZ+NLO3; GENEVA result.

We see the effect of the cut on 2-jettiness of 75" = 0.5 — 1GeV up to C' =
0.066 in the partonic prediction from GENEVA in figures [3.7(a)| and [3.7(c)| since C' <
672/Q [115]. Interfacing with the shower generates emissions inside the jets and
fills out the region below C' = 0.066. The action of the parton shower is restricted
based on the constraints on 75 discussed in section [3.3.1.3] This effectively constrains
the C-parameter distribution as well, giving very little change from the partonic to
showered predictions at both resummation orders except in the multijet region of the
far tail. Here, the constraints on the shower are looser, reflecting the fact that our
prediction is correct at LO4. The size of the shift from the partonic to the showered
result in the peak and transition regions is a measure of the correlation between the
C and 75 event shapes, where, although the two differ beyond NLL, their logarithmic
structure is the same. It is worth noting however, that despite the similarity of the
resummation structure between C' and 75, the shape of the C-parameter spectrum is
very different, with the singular terms dominating the nonsingular for a much larger
region of the spectrum.
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Figure 3.7: The C-parameter partonic and showered GENEVA predictions are shown
compared to the analytic resummation of C-parameter at different orders. The
GENEVA result at NLL7+LOj is compared to NLLs and NLLi+LO3 in (a) and
(b). In (c) and (d), the GENEVA prediction at one order higher, NNLL/-+NLO3, is
compared to NLL{,+LO3 and NNLL{+NLOs3, while in the tail (e), we also show the
fixed-order NLOj3 prediction from EVENT2.
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Figure 3.8: The C-parameter distribution comparing GENEVA with and without
hadronization using PYTHIA 8 ete™ tune 1 and ay(myz) = 0.1135 is shown com-
pared to ALEPH data in the (a) peak, (b) transition, and (c) tail regions and to
OPAL data in the peak and transition regions. The ratio of the GENEVA predictions
to ALEPH data is shown in (d). Also shown are the GENEVA predictions at the
central scale with as(myz) = 0.1184 and e*e™ tune 3.

One might naively expect that the accuracy of the resummation achieved in
GENEVA for any observable other than 75 would only be the partial NLL of the
parton shower. However, it is clear that the GENEVA prediction at NLL-+LOjs in
the peak and into the transition region, figures [3.7(a)| and [3.7(b)| is much more con-
sistent with NLL;+LO3 than NLL¢ resummation, both in its central value and also
in the size of the perturbative uncertainties it predicts. This appears to hold even
in the peak region below C' ~ 0.05, where the parton shower determines the shape
of the spectrum. Going to one higher order in figures |3.7(c) and [3.7(d), we see that
the same pattern holds: the GENEVA prediction is consistent with the higher-order
NNLL,+NLO3 resummation rather than NLL{,+LO3, including uncertainties. This
is particularly clear in the peak region where the central values of the two analytic




106

resummation orders are significantly different and GENEVA tracks the NNLL;+NLOj3
prediction. The convergence of the GENEVA result for C-parameter from NLL+LO;
to NNLL/-+NLO; demonstrates the consistency of the GENEVA implementation in-
cluding the event-by-event uncertainties for this observable. Although the accuracy
of the GENEVA prediction for C-parameter is not formally of the same order as the
7> resummation we used as input to the master formula, the fact that it matches
the analytic C-parameter resummation remarkably well both at NLL,+LO3 and at
NNLL,+NLO3 shows that numerically the accuracy achieved is very close.

The GENEVA uncertainties in the transition region start to shrink relative to the
analytic resummation as we interpolate to the fixed-order NLOj3 result. In the tail
region, the partonic GENEVA prediction matches smoothly to the fixed-order NLO3
result past the Sudakov shoulder at C' = 0.75 [I16], demonstrating the validity of the
multiplicative implementation of do/d®3(73) in eq. (3.56)) in this limit.

The GENEVA prediction including hadronization with the default running values
of PYTHIA efe™ tune 1 and as(my) = 0.1135 is shown in figure compared to
ALEPH and OPAL data rescaled to the NNLO inclusive cross section. GENEVA
agrees with the data remarkably well across the entire distribution up to the multijet
region in the tail. We show the effect of as(mz) = 0.1135 with tune 3, which gives a
smaller correction from hadronization than tune 1, as seen from the size of the shift
from the GENEVA unhadronized result to the hadronized in figure 3.8 We also show
the GENEVA prediction at the central scale using the world average as(myz) = 0.1184
and tune 1. These two combinations provide an estimate of the upper and lower
bounds on the combined uncertainty of the nonperturbative effect and as(mz) value
in the transition and tail regions, as discussed in section|3.3.2] The ratio of the Monte
Carlo to data in figure shows that they are both largely within the perturbative
uncertainties from GENEVA in these regions. Of the values we consider, the default
tune 1 with as(mz) = 0.1135 gives the best agreement with the data across the C'
spectrum and is consistent with our findings for the 75 distribution.

3.3.3.2 Heavy jet mass

The GENEVA prediction for heavy jet mass is shown in figure |3.9] where we com-
pare the partonic and showered results using NLL,-+LO3 resummation in the mas-
ter formula in figures [3.9(a)| and |3.9(b)| to the analytic resummation of p at NLL,
and NLL+LO3. In figures 3.9(c){ and 3.9(d)} we show the same results at one order
higher, comparing NNLL7+NLO3 GENEVA results to NLL, +LO3 and NNLL +NLO3
analytic p resummation. In the tail, we show only the highest-order GENEVA and
resummed results along with the pure fixed-order NLOj3 contribution, since this is
sufficient to demonstrate the behavior in this region.

In the peak region, figures [3.9(a)| and [3.9(c)l we see the effect of 75" on the
partonic p spectrum up to p = 1 GeV/E., = 0.011, which is smoothly filled out by
interfacing with the parton shower. The GENEVA showered prediction in figure
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shows impressive agreement with the NLL +LOj3 resummed result in the peak region,
including uncertainties. The improvement in accuracy of the GENEVA prediction for
heavy jet mass over the partial NLL resummation provided by the parton shower is
clear. Going to one higher order in figure , the GENEVA prediction is more
consistent with the NNLL’p—i—NLOg, with which it agrees within uncertainties, rather
than the NLL,+LOj3 result.

The perturbative uncertainties of the GENEVA showered prediction are larger than
those at NNLL/ +NLOj3 and smaller than at NLL, +1.O3. This is consistent with the
fact that, while the GENEVA prediction for p is not formally of the same order as the
7> resummation that is input into the master formula, there is a gain in accuracy
going from GENEVA at NLLS+LOj; to NNLL74+NLOs3 that is transferred to the p
prediction.

In the transition region, both at NLL/-+LOj3; and NNLL,-+NLOs, adding the
parton shower gives rise to a larger shift from the partonic spectrum than for the C-
parameter, because heavy jet mass is less correlated with 75 than C'. This shift is nec-
essary to obtain agreement with the NNLL/ +NLO3 resummation within uncertainties
in figure The partonic GENEVA prediction in this region is more consistent
with NLL/+LOj3 analytic resummation, which is higher than the NNLL/ +NLO; re-
sult. By restricting the change in 75 due to the shower, we are constraining the sum
of the hemisphere masses, Mf2 in eq. . For a given value of T3, p is largest when
either hemisphere mass is zero, and so p = 75. Adding the parton shower tends to
make this mass nonzero (while constraining the sum) and therefore gives an overall
shift of the spectrum to lower values of p. In the tail region, the partonic spectrum
interpolates to the fixed-order NLOj result, as expected, with the shower giving rise
to a larger shift in the multijet region where our constraints are looser.

In figure|3.10, we show the showered GENEVA prediction with and without hadron-
ization, with our default parameters. As before, we compare to ALEPH and OPAL
data, which shows impressive agreement with the data within uncertainties across all
three regions of the p spectrum, with the expected deviation in the multijet region of
the far tail. As discussed previously, tune 3 with ag(myz) = 0.1135 and tune 1 with
as(myz) = 0.1184 provide bounds on the estimate of the combined uncertainty from
these two inputs. It is interesting to note that heavy jet mass is relatively insensitive
to hadronization in the transition and tail regions. This is demonstrated by the shift
from the shower-only to the fully hadronized result in figures |3.10(b)| and [3.10(c)}
as well as the small change in the default central value from using tune 1 to tune
3 above p ~ 0.1 seen in figure . This breaks the coupling in some respect
between the nonperturbative effects and the value of ay in this region and suggests
that ag(myz) = 0.1135 provides better agreement with the data.
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3.3.3.3 Jet broadening

Finally, we turn to the results of GENEVA for jet broadening, which is the most
orthogonal event shape to our jet resolution variable that we consider. In figure|3.11
we show the GENEVA partonic and showered results using NLL-+LO3 resummation
in figures[3.11(a)| and [3.11(b)| and NNLL’-+NLO3 resummation in figures and
. We compare these to the analytic NLLg and the best available NNLLg+LO3
resummed prediction. Note that we would like to compare the NLL-+LO3 resum-
mation in GENEVA to the resummation of B at the same order. However, since
going from NLL’; to NNLLp (which incorporates a?In B terms into the resumma-
tion) is a comparatively small effect in this case, we will find it useful to compare the
NLL/+LOs3 prediction with the analytic NNLLp+LOj3 result. In the tail, we compare
to the fixed-order NLOj3 result from EVENT2, which is the more relevant comparison
in this region.

The effect of the cut on 7T, extends up to B ~ 0.055 in the peak region and
is smoothly removed by attaching the parton shower. Both at NLL%+LOj; and
NNLL+NLOs, there is a significant shift induced by the parton shower across the
jet broadening spectrum toward larger values of B. The size of this shift is a measure
of the lack of correlation between B and 7, the variable used to constrain the parton
shower, and is therefore progressively larger for C', p, and B, as we have seen.
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compared to the analytic resummation of p at different orders. The GENEVA result at
NLLZ+LOj3 is compared to NLL, and NLL)+LO3 in (a) and (b). In (c) and (d), the
GENEVA prediction at one order higher, NNLLZ+NLO3, is compared to NLL/ +LO3
and NNLL/ +NLO3, while in the tail (e), we also show the fixed-order NLO3 prediction

from EVENT2.
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Figure 3.10: The heavy jet mass distribution comparing GENEVA with and without
hadronization using PYTHIA 8 eTe™ tune 1 and a,(myz) = 0.1135 is shown compared
to ALEPH data in the (a) peak, (b) transition, and (c) tail regions and to OPAL data
in the peak and transition regions. The ratio of the GENEVA predictions to ALEPH
data is shown in (d). Also shown are the GENEVA predictions at the central scale
with as(myz) = 0.1184 and eTe™ tune 3.
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Figure 3.11: The jet broadening partonic and showered GENEVA predictions are
shown compared to the analytic resummation of B at NLLg and NNLLg+LO3. The
GENEVA result at NLL,+LOg is shown in (a) and (b), and at one order higher,
NNLL,+NLOs, in (c) and (d). In the tail (e), we also show the fixed-order NLO;
prediction from EVENT2.
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Figure 3.12: The jet broadening distribution comparing GENEVA with and without
hadronization using PYTHIA 8 eTe™ tune 1 and a,(myz) = 0.1135 is shown compared
to ALEPH data in the (a) peak, (b) transition, and (c) tail regions and OPAL data
in the peak and transition regions. The ratio of the GENEVA predictions to ALEPH
data is shown in (d). Also shown are the GENEVA predictions at the central scale
with as(mz) = 0.1184 and ete™ tune 3.

As discussed in section [3.2.2.3] in the IR limit where both 75, B — 0, one might
expect to see some improved accuracy of the GENEVA prediction over the partial
NLL of the parton shower, since the higher-order resummation of 75 provides a better
description in this region. This is consistent with figure , where the showered
GENEVA prediction agrees well with the NNLLp+LO3 resummed result, including
uncertainties in the peak region. In the transition region in figure the central
value of the GENEVA showered prediction agrees with the NNLLp+LO3 resummed
result within uncertainties; however, the uncertainties from GENEVA are smaller than
the corresponding analytic ones, which suggests that in this region they may be

underestimated.
In the far transition region and into the tail, the uncertainties in GENEVA generi-
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cally are smaller than the corresponding analytic resummation and of order the NLO3
scale variation, as seen for example in the 75, C', and p spectra. This difference arises
because GENEVA multiplicatively interpolates to the fixed-order result, while the an-
alytic resummation does an additive matching, as discussed in section For an
observable such as jet broadening, the lack of correlation with 75 means that larger
values of the 75 spectrum contribute at smaller values of B. This can lead to an
underestimate of the uncertainties from GENEVA at intermediate values of B where
the resummation is still important.

Going to higher order in GENEVA in figures [3.11(c){and [3.11(d)} the uncertainties
of the showered prediction decrease and overlap with the NNLLg+LO3 uncertainties
over much of the peak and transition regions. It would be interesting to compare
the GENEVA prediction to the next higher-order analytic resummed jet broadening
prediction to numerically test the accuracy achieved; however, this is not yet available.
Determining the formal accuracy of the GENEVA prediction for a given observable and
systematically including the uncertainty associated to the lack of correlation with 7
are next steps that we leave for future work. As mentioned in section [3.3.1.3] one
possibility would be to include the size of the shift from the partonic to the showered
results as a conservative estimate of the uncertainty due to the remaining showering.

The partonic GENEVA jet broadening prediction interpolates smoothly to the
fixed-order NLOj result in the tail, with uncertainties that match the fixed-order
result in this region. As for the other observables, this validates the behavior of the
fully differential master formula in eq. in this limit.

In figure [3.12] we show the hadronized GENEVA prediction for jet broadening
compared to data from ALEPH and OPAL, which shows good agreement within
uncertainties across the peak and transition regions and is low as expected in the far
tail. The uncertainty from the PYTHIA tune and value of o are indicated by the
central values of the tune 3 and ay(myz) = 0.1184 histograms, which agree within
the perturbative uncertainties of the default GENEVA prediction across most of the
transition and tail regions. As for the other observables, we see better agreement in
the peak (below B ~ 0.1) with PYTHIA tune 1 and as(myz) = 0.1135.

3.4 Application to hadronic collisions

In this section, we apply the framework developed in section to hadronic
collisions and present first results from the implementation in the GENEVA Monte
Carlo. To accommodate hadrons in the initial state, special consideration is required
for each component of our master formula. Our goal is to demonstrate that the same
methods can be applied in a hadronic environment to obtain a consistent description
at the next higher perturbative accuracy. We use Drell-Yan production pp — Z/v* —
(T{~ as a concrete example to study the framework, deferring a detailed comparison
with Tevatron and LHC data to later work.
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In hadronic collisions, N-jettiness can be used as a jet resolution variable, with
the observable taking the initial states into account. The theoretical framework exists
to resum N-jettiness at hadron colliders, and this resummation has been applied to
several processes [117, 41, 118]. Similarly, the techniques required to perform the
next-to-leading-order calculations at hadron colliders are known. A phenomenolog-
ical study additionally requires GENEVA to be interfaced with a parton shower and
hadronization model that includes multiple parton interactions.

In the Drell-Yan example, the O-jet resolution variable is beam thrust, 7y, which
is the analog to 2-jettiness, 75, used in the e*e™ application["] The resummation
of beam thrust is performed to NNLL, and the jet multiplicities at fixed order are
calculated at NLOgy and LO;. The prediction of GENEVA is compared to the analytic
resummation of 7y at NNLL+LO; as a demonstration that the program correctly
describes the matching between 0- and 1-jet multiplicities. Finally, we discuss how the
accuracy of these ingredients can be improved and the challenges present in applying
GENEVA to hadron collisions.

Beam thrust is defined as a sum of contributions from particles in the final state [1],

To=> min{ng pe,m - pr}, (3.74)
k

where the observable is evaluated in the center-of-mass frame of the hard partonic
collision. The n, are light cone vectors along the beam (Z2) axis, with n, = (1, 2) and
ny = (1, —2). Beam thrust can be evaluated in any frame by performing a longitudinal
boost on eq. .

With the addition of more final-state jets, the N-jettiness definition can be gen-
eralized from the O-jet case,

Tn = Zmin{na Dy M~ Phes M1 Dy -+, N * Die - (3.75)
k

As for beam thrust, this observable is evaluated in the partonic center-of-mass frame.
The n; = (1,n;) for i = 1,..., N are light cone vectors along the jet directions.
Note that the above definition of Ty is a simple extension of the observable for
ete™ collisions, which has no contribution from the beam directions but is otherwise
identical.

3.4.1 Master formula and ingredients for hadronic collisions

As in the ete™ case, the master formula for the cross section in GENEVA is given
by eq. (3.29), eq. (3.30), and eq. (3.37). To match the 0- and 1-jet multiplicities for

15Since we are mainly interested in QCD corrections, we have chosen the subscript on 7 to indicate
the multiplicity of jets in the final state.
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a general process, the master formula is

d®, do
(T5) + dT{)(l) E(%) 0(To > T4™), (3.76)

do_incl do

dd,  dd,

where the 0-jet cumulant, do/d®q(7; "), and the 1-jet spectrum, do/d®;(7y), are

do outy dgresum ot dO.FO ut dgresum ot
S5 = T T3+ | () = ||
do. dgincl do.resum dO.resum
dTpl(TO) T e, [dcboom / d®, d 7T, FJ' (8:77)

®, is the phase space for the hard scattering that produces the O-jet final state, and
®, includes the additional phase space for the final-state jet.

In GENEVA, the contributions to these cross sections are calculated separately for
each parton subprocess. Because the fixed-order matching in the O-jet cumulant is
performed additively, the net weight in the 0-jet cumulant after summing over events
is the same as the flavor-summed cumulant. In the 1-jet spectrum, the fixed-order
matching is performed multiplicatively, meaning the sum over all events for a given
To has a different cross section than if we used flavor-summed components for the
different terms in the matching formula. The two approaches agree up to higher-order
corrections, but the former approach is natural in the Monte Carlo. In the following
subsections, we will discuss how the resummed and fixed-order contributions to the
master formula are obtained.

3.4.1.1 Resummation

Like 75 for eTe™ collisions, beam thrust can be factorized in SCET and the re-
summation can be carried out systematically to higher orders. The factorized beam
thrust spectrum for Drell-Yan is given by [40]

to + tp )

Q

do dog
= 2N m, B; B, ’
dq)od,ﬁ) d(I)o ~ zJ(QaM)/dtadtb Z(ta,l‘a,,ll) ](tb7$b>#) Sz (76

(3.78)
where @) is the dilepton invariant mass, and ®, is the phase space for the qq —
(¢~ hard scattering. The momentum fractions x,; are defined in terms of the total
rapidity Y of the final state from the hard scattering,

Q vy Q _y

Ty = ——e" Tpy=p e (3.79)

Comparing eq. (3.78]) to the eTe™ analog, eq. (3.61]), it is clear that the factorization
theorems are structurally similar. The chief difference is that, while the jet functions
in eq. (3.61) parametrize the collinear evolution of final-state jets, the beam functions
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in eq. parametrize the collinear evolution of the incoming partons as well as the
nonperturbative process of extracting high-energy partons from the proton. The beam
functions can be further factorized into a convolution between the parton distribution
functions f; and perturbatively calculable Wilson coefficients Z;; [40, [119],

() =32 / (t 5 stem. (3.80)

Note that due to initial-state radiation, the x,; are distinct from the Bjorken vari-
able ¢ appearing in the convolution above that gives the momentum fraction of the
energetic partons that are liberated from the proton. The sum over partons ¢, in
eq. is a sum over flavor singlet quark-antiquark combinations, such as uu or
bb. For each flavor, the beam functions are different, and the hard function H;; dif-
fers for up- and down-type quarks due to the different electroweak couplings to the
gauge boson. This flavor sum is an important consideration when implementing the
master formula in GENEVA, since the Monte Carlo generates events for each flavor
combination, and the flavor sum is performed in the sum over events.

For processes with final-state jets, the extension of the beam thrust factorization
theorem to N-jettiness is known and has the schematic form [T}, 80]

de  dop . .
Bod = 160 TrZH [(B B Jr ...JN) NH}(TN) (3.81)

The trace is over the nontrivial color structures that can exist in the hard and soft
functions. Additionally, there is a sum over parton channels for the hard scattering
that are labeled by the index . The additional jets are associated with additional
collinear sectors in SCET, and the factorization theorem reflects this by including ad-
ditional jet functions. The soft function also changes to account for the soft radiation
between the final-state jets and the initial-state radiation from the colliding partons.
The factorization theorems in eqgs. and can be used to perform the
resummation for both the spectrum and cumulant. Although these factorization
theorems directly describe the spectrum in 7y or Ty, they can be integrated over
the observable to obtain the cumulant. The perturbative part of each function in the
factorization theorem is calculable, and for many processes the functions are known to
high order. Each function is associated with a scale that is connected to the physical
degrees of freedom that the function describes. As in the ete™ case, renormalization
group evolution resums the large logarithms of ratios of these scales (see table .

3.4.1.2 Fixed order

Following eq. (3.76)), we need to define the 0-jet cumulant do/d®q (7, ™) and the
1-jet spectrum do/d®(7y). At the order we are interested in, the 1-jet spectrum will
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be given by the tree-level cross section By(®;) for the process pp — Z/~*j — (10~ .
The 0-jet cumulant is given by

d dd
T;( Ocut) — BO((I)()) —I— %(@3) —|— / rngl(él)e(% < 760ut)
dd, , "
+/ dcbl(; Go(®1.0)0(Tg < TE™)
dd
+ [ GG < ™), (352)

where the corresponding parton distribution functions have been included into the
definitions of the Born, virtual, and real emission cross sections,

BN(CDN) = fa(xa’ NF)fb(xba /LF)BN(@N) )
VN(®n) = fal@a, ir) fo(zp, tr) Vi (PN) - (3.83)

In addition, in order to account for the incomplete cancellations of initial-state col-
linear singularities, we have included one collinear counterterm G, for each initial-
state parton,

Go(®n) = fa(@a, ur) fo(z, 117)Ga(PN)
Go(Pn) = fo(as r) fo(Th, pr)Go(Pn) - (3.84)

Assuming the UV divergences of V; have already been taken care of by a proper
renormalization procedure, the remaining divergences present in B;, Vp, and G, are
of IR origin. We handle these divergences with the FKS subtraction procedure. After
having partitioned the phase space into nonoverlapping regions m, which contain at
most one collinear and one soft singularity, by means of a set of §7 -functions, the
final formula, including the subtraction counterterms, is

do

d%( o) = Bo(®o) + Vo(Po) + I(Po)

+3 [, [Bl@mezg@o, 0Ty < T

dq)mas d(I)m:C d(I)m’CS

. —dp (I)m,s 05 (P (I)m,s _ rad B (I)m,c rad B CI)m’CS
dq)?;d 1( 1 ) m( 05 rad) dq)?;d 1( 1 )+ —dq)?;d 1( 1 )
+ /dq)rad,a Ga(q)l,a> + /dq)rad,b Gb(q)l’b) . (385)

As mentioned in section [3.3.1.2] we choose to partition the phase space by means
of 7 -functions that depend on the jet resolution variable. It is therefore crucial
to evaluate the jet resolution variable and the subtraction in the same frame. This
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ensures the proper cancellation of IR singularities by subtraction counterterms. The
preferred frame for the fixed-order calculations is the partonic center-of-mass frame,
since the subtraction is most naturally expressed in terms of variables defined in
that frame. Also, the jet resolution variable, eq. , is defined in this frame and
resummation can be performed in it. Therefore, our approach is to perform the entire
calculation in the partonic center-of-mass frame.

At this point, all the ingredients of eq. are known and available in the
literature [102, 17]. Note that additional complications arise when extending this
construction to higher multiplicities because one must use a map that preserves the
value of Ty (up to power corrections), just as for 73 in the ete™ — 3 jet case. For our
pp — Z/y* — 14~ study, this problem can be avoided since we currently include
only up to one extra parton and, consequently, the To(®;) value is well defined. In
order to obtain To(®y) with N > 1 in general, this issue may be addressed in a similar
fashion to what has been done for ete™.

3.4.2 Application to Drell-Yan production

We study Drell-Yan production in pp collisions at F., = 8 TeV in GENEVA,
sampling the invariant mass @ of the £*¢~ pair around the Z pole between Mz — 10Ty
and My + 10I';, where M, = 91.1876 GeV is the mass of the Z and its width is
'y = 2.4952 GeV [90]. The dominant contribution in this range of ) comes from
Z exchange, although the photon does contribute. Profile scales identical to those
used in the eTe™ 7 resummation are used, which is justified since the logarithmic
structure is the same between the two observables. The resummation is turned off
just above Ty ~ Mz/2, and for greater 7y, the spectrum reproduces the fixed-order
distribution.

In figure|3.13], we show the analytic beam thrust resummation at NLL and NNLL+
LO; in the peak, transition, and tail regions. In the peak and transition regions, the
resummed result converges well. At the end of the transition region and in the tail
region, the pure NLL resummed distribution goes to 0 as the resummation is turned
off, but the NNLL+LO; distribution moves into the fixed-order result.

Implementing the Drell-Yan process in GENEVA allows us to study the feasibility
of the multiplicative matching for the spectrum in eq. and compare with the
analytic resummed distribution. We show this comparison in figure [3.14] where the
analytic curve is evaluated at NNLL+LO;. Additionally, we show the NNLL and LO;
distributions separately. Overall, the partonic GENEVA distribution is quite close to
the NNLL+LO; distribution, both in terms of the central values and the size of un-
certainties. In the peak region, the spectra match closely and agree well with the pure
NNLL resummed distribution. At the low end of the transition region, the resummed
spectra are still in fair agreement while moving to higher 7, values the GENEVA par-
tonic prediction and the NNLL+LO; distributions begin to systematically deviate
from the NNLL distribution. This deviation arises from the LO; nonsingular terms
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Figure 3.13: Analytic resummation of 7y matched to fixed order in the (a) peak, (b)
transition, and (c) tail regions. The central value is shown along with the band from
scale uncertainties, as discussed in section at NLL and NNLL'4+LO;.

that are present in the matched spectrum but absent in the pure resummed one. In
the tail region, the GENEVA partonic and NNLL+LO; predictions move into the LO;
spectrum. After the resummation has been turned off, these spectra match the LO;
precisely in central value and uncertainties, as expected. Note that in the correspond-
ing comparison in the ete™ case, shown in figure the analytic and the
partonic GENEVA distributions are in closer agreement because the resummed com-
ponents of the multiplicative matching in eq. include the nonsingular terms at
LOg3, which are known analytically. These are not included in the Drell-Yan case,
and so the difference between the analytic and GENEVA distributions in figure [3.14
is more sensitive to the subleading corrections that the nonsingular terms generate.
As in the eTe™ case, the uncertainty bands for the resummed curves and GENEVA
predictions in figures and are obtained by adding the fixed-order and re-
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Figure 3.14: The GENEVA partonic NNLL+LO; result is shown compared to the
analytic resummation of 75 matched to fixed order at NNLL+LO; in the (a) peak,
(b) transition, and (c) tail regions. Also shown for comparison is the pure resummed
result at NNLL and the fixed-order LO; contribution.

summation uncertainties in quadrature. In the peak and transition regions of the dis-
tribution, the resummation uncertainties dominate, while the fixed-order uncertainty
dominates as the resummation is being turned off in the tail region. Comparing the
uncertainty of the resummed distributions with that of the LO; distribution, which is
much smaller, one can see that the fixed-order uncertainty is an underestimate of the
missing higher-order terms. The reason for this is twofold: the missing large logarith-
mic corrections at higher orders, whose associated uncertainties are instead included
in the resummed distribution, and the partial cancellation between the renormaliza-
tion and factorization scale dependence, whose variations are correlated in the results
we show.

In both the ee~ and Drell-Yan processes, the partonic GENEVA spectrum is
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determined by eq. , which for an event multiplies the fully exclusive fixed-
order cross section by the ratio of the resummed cross section for the jet resolution
variable divided by the fixed-order expansion of that resummation. Compared to
the eTe~ case, where each subprocess contributing to the cross section is trivially
proportional, in Drell-Yan, the convolution with the PDFs requires treating every
possible qq initial state separately, in both the fixed-order and the resummed cross
sections. In GENEVA, the flavor sum is performed in the Monte Carlo sense, since
every event has a definite flavor for the initial-state quarks and the correct flavor-
summed cross section is obtained after a sum over all events. This means that the
separate factors in eq. are evaluated for an individual flavor, and the entire
expression is summed over flavors. In the analytic resummation, since the matching
between the resummed and fixed-order cross sections is additive, there is instead only
one way to perform the sum over flavors.

A version of the master formula where both the resummed and the resummed-
expanded are separately flavor summed before entering eq. would be equally
valid. We have checked, however, that this is a very minor effect and is not the main
contribution to the apparent differences of the GENEVA predictions with the analytic
resummed cross section. In fact, the reason for the discrepancy is in the difference
of higher-order terms that are included in the GENEVA multiplicative approach with
respect to the additive matching used in the analytical calculation. This can also be
seen as an indication of the relative freedom in implementing the master formula in
eq. at a given perturbative accuracy. As one can evince from figures [3.3(d)
3.3(f)}, should the resummation and fixed-order calculations be evaluated at the next
order in perturbative accuracy, the size of the yet-missing terms would decrease,
and consequently, the difference between GENEVA and the analytic results would be
reduced.

The GENEVA implementation in this example can be extended to higher accu-
racy in terms of both fixed-order matrix elements and resummation. An equivalent
accuracy to the ete™ results shown in section can be achieved if the fixed-order
matrix elements for the 1-jet multiplicity are calculated at NLO, the 2-jet multiplicity
are calculated at LO, and the resummation of beam thrust is continued to NNLL'.
Although this is beyond the scope of this work, we nonetheless demonstrate that the
GENEVA framework is capable of merging matrix elements of different jet multiplici-
ties beyond the lowest order. As in the ete™ case, jet multiplicities are defined using
a physical jet resolution variable, which allows for a consistent extension of the entire
framework to O(«;) perturbative accuracy.

In section we found that NNLL’ resummation of the jet resolution variable
T2, when combined with the parton shower, was capable of describing the spectrum
in other 2-jet observables with an accuracy that clearly exceeded NLL, the naive
accuracy of the parton shower. The resummation of 75 captures an important set
of logarithms that are correlated with other 2-jet observables, and, when combined
with the fully exclusive, all-orders description of the parton shower, the accuracy of
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other observables can be improved beyond NLL. At a hadron collider, the effective
dynamic range of observables is much larger, meaning the correlation between the jet
resolution variable and another observable of interest may be small. In this case, the
parton shower may play a greater role in determining the spectrum, and hence the
accuracy, of other observables. We will investigate these features in a future work.

3.5 Conclusions

In this chapter, we have shown how to combine higher-order resummation of a jet
resolution variable with fully differential next-to-leading-order calculations to extend
the perturbative accuracy of cross sections beyond the lowest order for all values of
the jet resolution scale. This framework has been interfaced with a parton shower
and hadronization to give the GENEVA Monte Carlo program.

Our framework provides both the versatility of fixed-order calculations and the
accuracy of higher-order analytic resummation. From the point of view of Monte
Carlo generators, the GENEVA approach allows the combination of higher-order re-
summations with higher fixed-order calculations. From the point of view of resummed
calculations, it allows one to obtain a fully differential cross section that correctly re-
sums the jet resolution variable to higher logarithmic accuracy. Since this construction
maintains the higher perturbative accuracy for all values of the jet resolution scale, it
naturally allows NLO calculations of different jet multiplicities to be combined with
one another.

The higher logarithmic resummation of the jet resolution scale allows us to use
a low cut on the jet resolution scale, much lower than the point where fixed-order
perturbation theory breaks down but still above the nonperturbative regime. This is
a major difference to other approaches [33], 34 35], where the jet-merging scale has
to be chosen much larger, such that o, In® 7°" < 1.

In this chapter, we have concentrated on the theoretical construction, which is
valid for any number of jets, and for both ete™ and hadron colliders. We have shown
that one has to carefully choose a jet resolution variable that is resummable to higher
logarithmic accuracy. In our approach, the N-jet and (N +1)-jet regions are described
by the same fully differential calculation without the need of an explicit jet-merging
scale. The cut on the jet resolution variable is only needed due to the presence of IR
divergences. We have given expressions for both the integrated cross section below
the IR cutoff and the differential cross section above that properly combine the higher
logarithmic resummation with a higher fixed-order calculation.

This approach has been implemented in the GENEVA Monte Carlo. As a first
application, we have presented results for eTe™ collisions. The jet resolution variable
for this case was chosen to be 2-jettiness, which is directly related to thrust, and
we combined its NNLL' resummation with the fully differential 3-jet rate at NLOs.
Varying the profile scales and the renormalization scale has allowed us to obtain



123

event-by-event uncertainties. As a final step, we have interfaced our perturbative
result with PyTHIA 8, which added a parton shower and hadronization to our results.
The parton shower adds additional radiation beyond the highest jet multiplicity in
GENEVA and has been restricted to only fill out the jets of the exclusive jet cross
sections at lower jet multiplicity. Since the cut on the jet resolution variable could be
chosen to be very small, the effect of the perturbative shower (without hadronization)
is rather small, and different tunes in PYTHIA do not affect the resulting distributions
significantly. Hadronization has a significant effect, and the difference in final results
due to different hadronization parameters is more manifest.

We have shown that GENEVA correctly reproduces the higher-order resummation
of the thrust spectrum, even after showering, which serves as a nontrivial validation of
our approach. Using as(myz) = 0.1135, as obtained in ref. [85] from fits to the thrust
spectrum using higher-order resummation, together with tune 1 of PYTHIA 8, we
obtain an excellent description of ALEPH and OPAL data. The same setup was then
used to predict other event shape variables, namely C-parameter, heavy jet mass,
and jet broadening. In all cases, our results agree remarkably well with the explicit
analytical resummations, even though only the thrust resummation was used as an
input. This comparison shows numerically that we achieve a higher resummation
accuracy than NLL, which is what one would naively expect to obtain from the parton
shower. This is especially remarkable for jet broadening, where the resummation
formula has a completely different structure from the thrust resummation. Comparing
our results after hadronization to the data, we again find excellent agreement for these
other observables.

Finally, we have presented first results toward an implementation for hadron col-
liders in GENEVA. Choosing the Drell-Yan process at the LHC with beam thrust as
the jet resolution variable, we combined the resummation of beam thrust at NNLL
with the leading-order matrix element for the emission of an extra jet. The results
from GENEVA agree well with analytical results, which shows the applicability of the
framework to hadron colliders.

As we have shown, our theoretical framework to combine higher-order resumma-
tion with fixed-order matrix elements and parton shower Monte Carlos is very general,
and there are many avenues to pursue in the future. Obvious next steps for ete™
collisions are to include NLO calculations for 4 jets, which would require including
the logarithmic resummation for 3-jettiness [120] as well as additional tree-level ma-
trix elements. In addition, one can consider the resummation for other jet resolution
variables. For hadronic collisions, next steps are to include the resummation and
NLO calculations for higher jet multiplicities, as well as adding parton showering and
hadronization using the different available programs.



124

Chapter 4

Conclusion

The preceding chapters have described in some detail certain state-of-the-art ways
that the precision of matrix-element calculations used to simulate events can be ex-
tended without sacrificing the benefits that parton shower routines have long provided
to the experimental community. Doing so is not an easy task, and the discussion in
section [2.3.T]articulated how the constraints that must be satisfied by a full calculation
become more and more stringent as one attempts to increase the fixed-order accu-
racy. Further discussion in section described new issues that arise in matching
to the parton shower when pushing the fixed-order accuracy to NNLO. Nonetheless,
with careful attention to the various pieces involved and the constraints that their
combination must satisfy, it is possible to make progress.

The focus of chapter [2l was to detail just such a set of constraints for the extension
of the fixed-order accuracy of the lowest multiplicity to NNLO. After carefully under-
standing the problem and constraining the solution, the general construction of an
NNLO+PS framework was able to be worked out in a straightforward and systematic
fashion. Indeed, the considerations presented there are sufficient to straightforwardly
work out general constructions for even higher order FO+PS frameworks should there
be interest in doing so. An important next step will be to flesh out the details of
the general NNLO+PS construction to take practical constraints into account and to
optimize the construction for ease of implementation. There are many analyses that
could more fully benefit from the NNLO fixed-order calculations that are increasingly
becoming available, and a concrete implementation of an NNLO+PS framework will
be eagerly awaited by the experimental community.

Chapter |3| described efforts to increase the precision of event generators along a
different dimension. As useful as NNLO calculations are, there are regions of phase
space where fixed-order perturbation theory breaks down, and the higher fixed-order
accuracy is not helpful in these regions. To address the need of extending the lowest-
order matching of tree-level matrix elements with parton showers to give a complete
description at the next higher perturbative accuracy in ay at both small and large jet
resolutions, higher-order resummation was employed. It was shown that extending
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to the next higher perturbative accuracy requires the combination of the higher-
order resummation at small values of the jet resolution variable in addition to the
higher-precision fixed-order matrix-element corrections at large values. It was also
found, interestingly, that the higher-order resummation naturally leads to a smooth
connection of the NLO calculations for different jet multiplicities. This shows a
relation between the first and third strategies for improving precision described in the
introduction, both of which are important for increasing the power and versatility of
event generators.

Progress in building a concrete implementation of such a framework in a Monte
Carlo called GENEVA was also described in chapter . For leptonic collisions, ete™ —
jets was used as an example of the construction. Results for this process were found
to be in good agreement with LEP data for a variety of 2-jet observables. Additional
work remains to be done to continue implementing the capabilities of the method.
For example, it is possible, in principle, to extend the framework to any number of
multiplicities at NLO, as described in section [3.2.3] Initial results were also shown
for hadronic collisions in Drell-Yan production, and additional work remains to fully
flesh out the capabilities of the method for hadronic collisions.

In closing, the material presented in this thesis not only advances along multi-
ple dimensions the precision that can be attained in modern event generators for
particle colliders, but it also lays the groundwork for further advances and specific
implementations yet to be fully realized.
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