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Boosted top quarks in the peak region with N’LL resummation

Brad Bachu ,1’2 André H. Hoang ,3’4 Vicent Mateu ,5’6 Aditya Pathak ,1’3’7 and Tain W. Stewart'

'Center for Theoretical Physics, Massachusetts Institute of Technology,

Cambridge, Massachusetts 02139, USA

2Department of Physics, Princeton University, Princeton, New Jersey 08544, USA

3Um'versity of Vienna, Faculty of Physics, Boltzmanngasse 5, A-1090 Wien, Austria

*Erwin Schrodinger International Institute for Mathematical Physics, University of Vienna,
Boltzmanngasse 9, A-1090 Wien, Austria
5Deparmmento de Fisica Fundamental e IUFFyM, Universidad de Salamanca,
E-37008 Salamanca, Spain
®Instituto de Fisica Tedrica UAM-CSIC, E-28049 Madrid, Spain
"University of Manchester, School of Physics and Astronomy, Manchester M13 9PL, United Kingdom

® (Received 20 January 2021; accepted 1 June 2021; published 30 July 2021)

We present results for the 2-jettiness differential distribution for boosted top quark pairs produced in
ete™ collisions in the peak region accounting for QCD large-logarithm resummation at next-to-next-to-
next-to-leading logarithmic order and fixed-order corrections to matrix elements at next-to-next-to-leading
order calculated in the framework of soft-collinear effective theory and boosted heavy quark effective
theory. Electroweak and finite-width effects are included at leading order. We study the perturbative
convergence of the cross section in the pole and MSR mass schemes, with and without soft gap
subtractions. We find that there is a partial cancellation between the pole mass and soft function
renormalons. When renormalon subtractions concerning the top mass and the soft function are
implemented, the perturbative uncertainties are, however, systematically smaller and an improvement
in the stability of the peak position is observed. We find that the top MSR mass may be determined with
perturbative uncertainties well below 100 MeV from the peak position of the 2-jettiness distribution. This
result has important applications for Monte Carlo top quark mass calibrations.
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I. INTRODUCTION

The top quark mass m, is one of the most important
parameters of the Standard Model (SM). In conjunction with
the Higgs boson mass, it is an essential input for studies of the
stability of the SM electroweak vacuum [ 1-6], and it plays an
important role in precision electroweak fits [7]. The most
precise determinations of the top mass to-date come from
so-called “direct measurements,” that are based on the
kinematic reconstruction of the final-state top quark decay
products and the comparison of the resulting kinematic
distributions with parton-shower Monte Carlo (MC) simu-
lations. The current world average for direct measurements
reads mMC = 172.76 + 0.30 GeV [8] and projections for the
HL-LHC indicate that uncertainties as small as 200 MeV can
be reached for individual measurements [9].
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The interpretation of these measurements is, however,
(as reviewed below) impacted by an additional ambiguity
from the lack of understanding of the field-theoretic
meaning of the top mass parameter encoded in the MC
event generators [9—12]. This ambiguity is not yet precisely
quantified and should be considered at the GeV level, i.e., it
is comparable to the uncertainties quoted by the exper-
imental analyses [13]. Carrying out first-principle theoreti-
cal predictions of kinematic distributions that exhibit high
sensitivity to the top mass is a challenging program in light
of the disparate energy scales that enter the top production
and the measurements on the decay products. These lead to
large logarithms of ratios of these scales that require
resummation. Furthermore, due to nonperturbative correc-
tions it is necessary to take into account the hadronic nature
of the final state. While these effects can be accounted for
via MC event generators, it comes at the cost of the limited
perturbative [14,15] and conceptual precision of the MC
description of perturbative and nonperturbative effects.
This is the origin of the interpretation problem of the
top mass parameter employed in the MC generators (see
Ref. [13] for further discussion).
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In order to achieve a precise top quark mass determi-
nation we therefore need an observable that has the required
kinematic sensitivity and is theoretically tractable, such that
(a) it can be reliably calculated in perturbation theory
within a specific short-distance top quark mass scheme, and
(b) nonperturbative effects can be consistently quantified
from a field theory perspective. Such calculations can be
carried out in the framework of effective field theories
(EFTs) that are systematically improvable in their power-
counting expansion, as well as in perturbation theory where
resummation of large logarithms now reaches next-to-next-
to-next-to-leading logarithmic (N’LL) accuracy for a num-
ber of applications [16—19]. Moreover, the framework of
EFTs offers ways to rigorously describe and quantify
nonperturbative effects due to hadronization [20-23].

Therefore, for such an observable, EFT-based calcula-
tions may naturally incorporate all the distinct features of
parton-shower MC simulations while retaining a systematic
connection to field theory and thus theoretical control.
Hence, EFTs offer promising prospects for precision
collider physics and for developing diagnostic tools for
improving MC simulations [23,24]. Such a framework has
recently been applied to the broad program of top quark
mass measurements, including a factorized description of a
hadron-level differential top jet mass spectrum for jets
initiated by boosted top quarks in the peak region at a future
eTe™ collider [25,26], boosted top jets with soft drop
grooming at the LHC [23], a calibration of the MC top
quark mass parameter [27] (based on the work of
Refs. [25,26]), and parton-level studies of the correlation
of the MC top quark mass parameter with the parton shower
evolution cutoff [15]. The sensitivity of event-shape var-
iable definitions with respect to quark mass effects has also
been recently studied in Refs. [28,29] in the context of
fixed-order and resummed perturbation theory.

In this work we continue this effort by extending the
perturbative calculations of boosted tops in the peak region at
an e*e~ collider from the N’LL resummation of logarithms
and O(ay) fixed-order matrix elements used in Ref. [27],
to N’LL resummation with next-to-next-to-leading-order
(NNLO) [ O(a?) ] fixed-order matrix elements.

A. Status of top mass measurements

Recent direct top quark mass measurements have yielded
the results mMC = 172.26 £ 0.61 GeV (CMS) [30] and
mMC = 172.69 + 0.48 GeV (ATLAS) [31] at the LHC, and
mMC = 174.34 £+ 0.64 GeV [32] at the Tevatron. The top
mass superscript MC signifies that the direct measurements
extract the top quark mass parameter coded in the MC
generators used for the analyses. The lack of understanding
of a precise field-theoretic definition of mMC (and hence its
relation to short-distance masses defined in the context of
quantum field theory, which is the preferred input param-
eter for high-precision theoretical predictions) results in an

additional conceptual uncertainty in how mM€ should be

related to the pole mass m?** or a short-distance mass such

as the MS mass " () or the MSR mass mMSR(R)
[33-35]. This ambiguity is not included in the individual
quoted experimental uncertainties but should be considered
to be (at least) comparable [13]. Analyses that can shed light
on a more complete and quantitative understanding of these
issues, as well as more first-principle aspects of MC event
generators, are underway [15,27,36]. Other recent related
studies include analyses of the theoretical limitations con-
cerning the modeling of the dynamics in the top quark
production and decay [37], finite lifetime [38], hadroniza-
tion effects [39], and observable infrared sensitivity [40].
The so-called top quark pole-mass measurements based
on the total cross section [41], for which precise theoretical
predictions expressed in terms of the pole mass renorm-
alization scheme have been employed, have generally
yielded results with larger uncertainties than the direct
measurements: mP* = 172.9%37 GeV (ATLAS) [42] and
mP®® = 1727124 GeV (CMS) [43]. The relatively large
errors result from the uncertainty in the normalization of the
inclusive cross section (both in the measurement and the
theoretical prediction) and its relatively weak dependence
on m,. Employing differential cross sections such as
leptonic distributions, and using matched NLO + PS (par-
ton shower) MC simulations results in an enhanced top
mass sensitivity [44]. Such differential measurements have

been included in the world average mP™ =172.440.7 GeV
[8] for the pole mass measurements which is in good
agreement with the corresponding world average of direct
measurements mentioned above. Recent precision mea-
surements, also using matched NLO + PS MC simulations
for the theoretical predictions, accounting for f7 + jet

final states [45] (m”° =171.17]2 GeV [46]) and the
reconstructed top-antitop invariant mass distribution

mP®® =170.5+ 0.8 GeV from a simultaneous a, fit
[47]) have comparable uncertainties but have, however,
resulted in significantly lower m, values, posing some
tension that may partly arise from missing theoretical input
in predictions for the corresponding differential cross
sections [13,48,49].

It is well known that the pole mass additionally suffers
from a conceptual O(Agcp) renormalon ambiguity which
in dedicated analyses was estimated to amount to 110 MeV
in Ref. [50] and to 250 MeV in Ref. [35].1 This ambiguity
does not represent an uncertainty due to perturbative
truncation or limited information, but signifies the principle
conceptual imprecision in assigning a definite value to

mP®. The ambiguity is not related to any physical effect,

'The quoted numbers for the pole mass renormalon ambiguity
arise in the context of finite bottom and charm masses. When
charm and bottom quarks are treated as massless quarks, the
infrared sensitivity decreases and pole mass ambiguity is smaller.
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but inherent to the unphysical nature of the pole mass
renormalization condition. It can therefore be avoided by
expressing cross sections obtained in perturbation theory in
terms of a short-distance mass scheme at an appropriate
renormalization scale, which can also improve the overall
convergence of the perturbative series at the first few
orders. As far as the spread of the above-mentioned recent
pole mass measurements is concerned, the pole mass
renormalon ambiguity likely plays no role, because it is
smaller than the quoted uncertainties of these measure-
ments. For the direct top quark mass measurements, the
pole mass renormalon problem has been discussed
intensely in the context of the frequently used approach

of identifying mMC and m"°. However, in Ref. [15] it was
shown analytically for the simple case of the 2-jettiness
distribution in e*e™ — 17 + X, that the quark mass param-
eter associated to a NLL-precise parton shower is in general
not the pole mass, but a low-scale short-distance mass that
depends on the value of the shower cut and may differ from
the pole mass by an amount larger than the pole mass
ambiguity.” So the problem of how to properly interpret the
MC top quark mass mMC€ in terms of a well-defined and
ambiguity-free field theory mass is not related to the pole
mass renormalon ambiguity, but to the limited theoretical
precision of the state-of-the-art MC event generators and to
ignorance concerning MC systematics.

Motivated by the interpretation issues of the direct top
mass measurements and the still large uncertainties in the
pole mass measurements from inclusive and differential
cross sections, a number of alternative methods to measure
m; have been proposed, which are based on differential
cross sections with respect to variables constructed from
top decay products exhibiting strong kinematic top mass
sensitivity. The observables these analyses are based on
include the My, variable and variants of it [51,52], the
lepton b-jet invariant mass [53], the shape of b-jet and
B-meson energy distributions [54], and the J/y and lepton
invariant masses [55,56]. Conceptually, these observables
are governed by parton shower dynamics as well as various
nonperturbative effects, in a way analogous to the direct
reconstruction method (albeit with differing systematics).
This is because they are also based on the idea of assessing
the kinematics of decaying (colored) top quark particles
through simulations obtained from parton-shower MCs.
Their reliance on these MCs further makes their potential
extension to higher logarithmic precision nontrivial, as the
theoretical precision of parton showers is quite observable
dependent. Additionally, the nonperturbative effects of
hadronization are accounted for through a multiparameter

’In Ref. [15] it was shown that the quark mass parameter
associated to a NLL-precise parton shower based on the coherent
branching algorithm with shower cut Qy is a Qy-dependent short-
distance mass m<8(Q,) that differs from the pole mass by the

amount mSB(Qy) — m’™ = —(2/3)a,(Q0) Qo.

MC hadronization model. Here, since a systematic way to
quantify the intrinsic MC hadronization uncertainty does
not yet exist, uncertainties are typically being estimated by
comparing predictions based on different models.

B. Top mass determination using
effective field theories

In Refs. [25,26] a framework of EFTs was developed to
describe boosted top quarks in the peak region at a future
e" e collider. Using soft-collinear effective theory (SCET)
[57-61] a factorization theorem for the double-differential
hemisphere-mass cross section in ete™ —» f+ X was
derived in the boosted top quark limit, with center-of-mass
energy E_,, = Q > m, The two invariant masses M, and
M; are defined using all particles in each of the two
hemispheres that are determined by the event’s thrust axis
described below. The peak refers to the region where the
M, — M; double-differential distribution exhibits the hemi-
sphere-mass top and antitop resonances. One key feature of
this factorization formula is that the most important
hadronization effects are parametrized via a convolution
with a top-mass- and Q-independent nonperturbative shape
function, which is field-theoretically defined from a vac-
uum matrix element of Wilson lines. The universality of the
factorization formula states that, at least in principle, data
for massless dijet events (obtained even at past experiments
such as LEP) could be used to fix the nonperturbative shape
function and to make the analysis independent of estimates
of nonperturbative corrections obtained from MC event
generators. The other key feature is that the dependence
on the renormalization scheme of the top quark mass is
fully controlled so that one can make and test predictions in
any scheme to the extent that higher-order perturbative
corrections are incorporated. In the tail of the distribution an
operator expansion can be applied such that the nonpertur-
bative corrections are dominated by a single parameter.

The dijet hemisphere-mass cross section exhibits a clear
peak at the top and antitop resonances which are directly
sensitive to the value of the top quark mass. However, the
resonance location in M, and M5 is not directly at the top
quark mass due to radiative effects related to ultra-collinear
and large-angle soft radiation, as well as hadronization and
finite-width effects. The ultra-collinear radiation refers to
radiation that is soft in the (anti)top quark rest frame, but
becomes collinear due to the (anti)top quark boost. In the
factorization theorem this ultra-collinear radiation is
described by boosted versions of heavy quark effective
theory (HQET) [62—-66], called boosted HQET or simply
bHQET.” The typical scales of the ultra-collinear radiation
in the peak region range between the top width I'; and
~10 GeV, which also quantifies the typical “off-shellness”

Here the letter “b” in bHQET stands for the fact that the two
HQET theories for the top and antitop quarks are boosted in
opposite directions.
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~(g* —m?)/m, of the decaying top quarks. The top mass
dependence of the location and shape of the observable
peak, along with the top quark scheme dependence, is
specified by ultra-collinear radiation effects which can be
calculated perturbatively. Furthermore, the leading-order
electroweak effects come from the top width which is fully
encoded in Breit-Wigner-modified top quark propagators.
The large-angle soft radiation is only sensitive to the
collinear top quark color flow (which is fully taken over
by the top decay products in the boosted limit) and
describes soft momentum exchange between the two
hemispheres. It is governed by scales below the top quark
width, and its nonperturbative contributions constitute the
shape function. Due to the boost of the top quarks, the
effect of large-angle soft radiation on the peak locations is
enhanced by a factor Q/m,.

The above-mentioned framework was employed in
Ref. [27], where a calibration of the mMC parameter in
Pythia 8.205 was carried out using the N’LL + O(a;)
prediction for the 2-jettiness event shape in e*e™ — 17 + X
collisions defined as

Tzsl—n%ax72i|’lé.pi’, (1)

where the sum runs over all produced particles i in the event
and 71, is the thrust axis that maximizes the sum in Eq. (1).
Since a sum over all final-state momenta is involved in
Eq. (1), we restrict ourselves to hadronically decaying top
and antitop jets, which is accomplished by simply includ-
ing the corresponding branching fraction in the Born cross
section o in the factorization formula discussed below. In
the limit 7, — 2m?/Q? < 1, i.e., when focusing on the peak
region, the event shape corresponds (up to power correc-
tions) to the sum of the hemisphere-invariant masses,
such that

M; + Mz
o

and thus has the same kinematic sensitivity to the top mass
as the double-differential cross section considered in
Refs. [25,26]. Being a global event shape, the 7, differential
cross section is furthermore free from nonglobal logarithms
[67,68]. The results of the calibration carried out in
Ref. [27] showed that mMC in Pythia 8.205 cannot be
simply identified with the pole mass, but it is numerically
close to the MSR mass mMSR(1 GeV). Compatible numeri-
cal results were obtained in the analysis of jets from top
quarks produced in pp collisions with soft drop grooming
in Ref. [36] based on theoretical calculations at NLL order.

In this work we improve the calculation of the 2-jettiness
event shape cross section in e*e™ — {7 + X by including
NNLO fixed-order matrix elements with N3LL resumma-
tion [referred to as N’LL + O(a?)]. By now, all the

+O(13), (2)

2

ingredients that enter the factorization formula in Eq. (3)
below are individually known to the accuracy needed to
achieve this precision for the 2-jettiness cross section, in
particular the 2-loop heavy quark jet function [69], full
2-loop thrust soft function [70,71], and the N°LL result for
the Wilson coefficient for the matching at the top mass
scale [72]. We also include the recently calculated analytic
4-loop result for the cusp anomalous dimension [73], which
despite having a tiny numerical impact, is an important
formal ingredient to obtain N3LL accuracy. We consistently
combine these ingredients to obtain the N°LL + O(a?)
boosted top cross section fully analytically, and study the
convergence of the resummed perturbation theory. We
exclusively consider the e™e™ 2-jettiness cross section in
the boosted and bHQET limits where power corrections in
m,/Q and in the top quarks’ off-shellness ~(g> — m?)/m,
are neglected. These corrections, even though they are
formally power-suppressed, can be non-negligible for
phenomenological analyses in the peak region. With the
inclusion of these power corrections, the results obtained in
this article will serve to improve analyses such as the top
quark mass calibration carried out in Ref. [27], which we
leave to future work.

The outline of the paper is as follows. We first present the
factorization formula in Sec. II, describing its key features
and elements. We describe in Sec. I1I the implementation of
the cross section in terms of short-distance mass schemes
and a renormalon-free soft function in Sec. I'V. The setup of
observable-dependent renormalization scales is discussed
in Sec. VI. Finally, in Sec. VII we combine all of the pieces
to calculate the resummed cross section and study its
perturbative convergence when the renormalons in the
pole mass and the soft function are either subtracted or
left unsubtracted. Using an analysis of the 2-jettiness peak
location we draw conclusions on the perturbative uncer-
tainties of a determination of the MSR mass and the pole
mass. In the Appendices we review and state additional
details for the various ingredients that are needed in this
analysis. We conclude in Sec. VIIL

II. FACTORIZATION THEOREM
IN THE PEAK REGION

In Ref. [25] two factorized expressions for the differential
cross section were derived that are valid in the peak and tail
regions of the double hemisphere-mass, or equivalently
2-jettiness, distribution. In the tail region the fluctuations in
the top mass can be large, such that M7; — m7 ~ m7, and a
factorization formula based on SCET with massive particles
can be derived. On the other hand, in the peak region, the off-
shellness of the decaying top is constrained such that
M?; — mi < mj7, necessitating an additional factorization
and a resummation accounting for the top width as an
additional relevant scale that is carried out in the bHQET
framework. As already mentioned, in this work we focus on
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the factorization in the peak region accounting exclusively
for the bHQET contributions, leaving off-shellness power
corrections described in the SCET factorization (that
become essential in the tail region) and the inclusion of
m,/Q SCET power corrections to future work. The factori-
zation formula in the peak region is given by

1 do

_ 2 7(5.6) .
G_Od_’L'z_le Hcvol (Q,m,,Q,,u,,UH’ﬂm)

X/dfd@U?(@,—QL”—§,ﬂ,ﬂB)Jg>TZ(§,Ft,5m,/AB)

x / A2 kU (6= £ ) SO (€' = k.5, )

x F(k—2A), (3)
where we have the boost parameter ¢ given by

=2 )

my
and have defined the off-shellness variable §, as’

2 -2 2
o= L2 5

m;

Equation (3) involves various perturbative ingredients,

including an evolved matching function Hgfl),
( (5)

functions J BS_ )Tz and S‘Tf
It also includes a nonperturbative shape function F, whose
independence from other parameters is a prediction of the
factorization theorem. These ingredients will be discussed in
detail in the subsections below. Equation (3) applies in the
peak region where §, ~I" <« m;, with I" 2 2I', being the
effective width of the distribution broadened by radiation,
hadronization, and finite-width effects. In this region, where
the 7, distribution exhibits a resonance, the 2-jettiness
variable is (up to power corrections) directly related to
the sum of the squared hemisphere masses defined with
respect to the thrust axis, as given in Eq. (2). It is therefore
convenient to define the inclusive jet mass variable M,

jet and soft
, and evolution kernels U 1(35) and U gs).

QZTZ’ (6)

which inherits some of the features of a reconstructed top
invariant mass, albeit being based on a hemisphere top jet.
The M distribution peaks close to m,, but is in addition
affected (with respect to peak position as well as the width of
the observed peak resonance) by large-angle soft radiation
exchanged between the two hemispheres. The widening of
the peak due to top-decay width and soft QCD effects,

“The limit §, — 0 corresponds to the tree-level kinematics for
ete™ — ti, where 7, = 2m?/Q>.

however, does not affect the kinematic sensitivity of the
observable, and normalizing the M ; distribution enables the
uncertainties in the M; peak location to be taken as a direct
measure for the uncertainties in the associated top mass
determination.

The factorization formula separates perturbative contri-
butions from the hard local interactions involving the scales

Q and m, (encoded in the hard factor HS’S)), dynamical

effects associated to large-angle soft radiation (accounted
for in the soft function SS)), and dynamical effects due to

ultra-collinear radiation (contained in the jet function J ,(95’)12).

The jet function J g)fz incorporates the leading-order effects

due to the top quark width I', and also carries, because of its
peaked structure, the main top quark mass sensitivity of the

7, distribution. This allows testing at high precision the

. o !
impact of using either the pole mass scheme m!*“ or a

suitable short-distance mass m{®. This is indicated by the
argument om,, where’

sm = mP" — m (7)

is the perturbative series for the difference between the pole
and the adopted short-distance masses. The choice ém = 0
implies the use of the pole mass scheme. We note that there

is also top quark mass (scheme) dependence in the hard

factor Hgfl), indicated by the argument m,, which, how-

ever, only affects the normalization of the 7, distribution
and is very subdominant compared to the main sensitivity
to the top quark mass. The different character of the top
mass dependence in the hard and bHQET jet functions is
discussed in more detail below.

For the 7, distribution in the peak region for boosted top
quarks, we have the hierarchy Q> m, > {§,,T'}. This
leads to large logarithms, which are resummed via renorm-
alization group (RG) equations for the corresponding
perturbative matrix elements. This resummation is imple-

mented through the evolution factors Ul(»") [i=H, v (or
m), S, B], which RG evolve each of the functions appearing
in the factorization theorem from their natural scales y; to a
common final scale . The quantities y; (i = H, m, S, B)
are renormalization scales indicating the natural physical
values of the quantum fluctuations encoded in the respec-
tive factors. These scales are varied in the final results in
order to assess the theoretical uncertainties due to missing
higher-order contributions. The choice of u is arbitrary and
the factorized prediction is (strictly) invariant under
changes of this u. In contrast the dependence on the initial
scales u; only cancels out order by order in resummed
perturbation theory. The scale y is typically set equal to one

5In the context of HQET, the mass scheme correction ém is
called the residual mass term.
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of the renormalization scales y; (i = H, m, S, J) such that
one of the renormalization evolution factors disappears.
The superscripts “(5)” and “(5,6)” indicate the number of
active dynamical flavors relevant for the momentum scales
of the respective quantum effects, where “(5)” and “(6)”
indicate scales below and above the top mass, respectively.
Due to the simple inclusive character of the 2-jettiness
(or the M) distribution, the leading-order nonperturbative
effects arise from the low-energy dynamics of the large-
angle soft radiation and are encoded in the (hadronization)
shape function F, which is convolved with the perturbative

soft function Si?. Physically, the shape function incorpo-

rates the leading effects of hadronization and controls the
amount of nonperturbative radiation being exchanged
between the two hemispheres. Even though the details
of the shape function form must be determined from
experimental data, the way how the shape function appears
in the factorized cross section represents a very strong
theoretical constraint on hadronization.

In the following we briefly review the physical aspects of
all functions appearing in the factorization theorem one by
one. For a detailed discussion on how the bHQET factori-
zation theorem of Eq. (3) connects to the corresponding
formula in the tail region, and possible alternative setups to
organize the renormalization group evolution, we refer
to Ref. [74].

A. The hard function

The factorized cross section involves a two-step match-
ing from QCD to SCET, and then from SCET to bHQET, at
the scales puy ~ Q and u,, ~ m,, respectively. Therefore, the
difference between 6 or 5 flavors is related to the top quark
being a dynamical degree of freedom or not. The resulting
hard matching coefficients in Eq. (3), together with their
RG evolution kernels, are collectively written as

5,6
Ht(evol)(Q’mt’ Q’ﬂ;/’[Hvﬂm)
= H(Qé)(QmuH)
X U (Q. g ) o) (111, 0. 1) US (0. - 1) (8)

The term Uy 0 evolves the SCET hard function H, [75-80]

from uy ~ Q to u,, ~m, and resums large logarithms of
Q/m, in the cross section. U, is responsible for the
evolution of the bHQET current between u,, ~ m, and p,
which we assume is smaller than y,,, and only depends on
the top quark boost factor ¢ defined in Eq. (4). The hard
matching at the top quark mass scale y,,, which encodes
off-shell top quark quantum fluctuations that arise in the
heavy quark limit, is given by H,, [26,72]. Since the
matching is performed at the top quark mass, one can
express H,, in terms of @, with either 5 or 6 active flavors.
In the numerical analysis below we choose six. The effect

of this freedom in the scheme choice is, however, tiny and
numerically irrelevant.
We now discuss the parameter ¢ = Q/m, [see Eq. (4)]

appearing in the mass mode matching factor H f,?) and the

bHQET current evolution kernel U 5,5). In the peak region,
for the bHQET factorization treatment of the top quark
dynamics, the momentum of the nearly on-shell top quarks
is parametrized as p); = m}; + k", where o}, (with
vfj = 1) is the 4-velocity of the energetic (anti)top quarks
and k* is a small residual momentum accounting for the
fluctuations caused by the low-energy radiation [in the
(anti)top quark rest frame], such that k* << m; and one
can expand the dynamical effects to leading power in
k*/m, ~T,/m, [in the (anti)top rest frame]. The reference
4-velocities v}; are defined by

U’f = (Q_laQ, OL)’ U}; = (Qa 9_170L)a (9)
using light-cone coordinates defined relative to the thrust
axis n* = (1,1,) (which we take along the top direction),
such that p* = (n- p,7i- p, p, ), where i* = (1, —1,) is an
auxiliary vector satisfying n - i = 2 and n> = 1> = 0. The
parameter ¢ appearing in the definition of the reference
velocities is related to the top quark boost and defined in
Eq. (4), such that the on-shell (anti)top 4-velocity would
approach ¢/; in the boosted limit Q > m, in the absence of

any radiation. The mass mode matching factor H £,? ) and the

bHQET current evolution kernel U 5;5) depend on the
reference velocities v and ¢¥ and thus on ¢ through the
scalar products v,; - k appearing in the bHQET Feynman
diagrams.

The choice of UIZ - is ambiguous with respect to higher-
order power corrections of O(k*/m,) [~O(I',/m,) in the
(anti)top rest frame] and entails a symmetry of bHQET
factorization with respect to changes of }; and thus of o,
which is one aspect of a more general class of symmetry
transformations called reparametrization invariance [81] that
connects different orders in the bHQET 1/m, expansion.

As a consequence, there is a power-suppressed freedom
in the choice of the boost parameter g, which in the
factorization theorem of Eq. (3) appears in the function
Hé‘i’:l) and the momentum argument of the jet-function
evolution factor Ugj). The m, parameter appearing in @ is,
however, not associated to any particular top mass renorm-
alization scheme, but for the final evaluation it just has to be
numerically chosen close to the invariant mass of the
top quark in the resonance region. It is therefore not
mandatory to reexpand the boost parameter ¢ when
expressing the top quark mass in a short-distance renorm-
alization scheme. The other consequence is, that variation
0 = 0 + 8¢ with 5o ~ QI',/m? in the peak region account
for uncertainties due to the truncation of power corrections
in the context of the leading-power bHQET factorization.
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We conclude by noting that actually setting the parameter
m; in ¢ equal to the pole mass artificially reintroduces the
pole mass renormalon (albeit with formally power-
suppressed numerical effects) which cannot be cured by
a reexpansion in terms of a short-distance mass, because
there are no associated factorially divergent perturbative
corrections in other parts of the factorization theorem. It is
therefore not advisable to identify the parameter m, in ¢ as
the pole mass.

The top mass parameter m, that appears in the argument of

H ,(7? ) in Eq. (8) is identical to the mass used in the threshold
decoupling relation of the strong coupling when transitioning
between 6 and 5 flavors. This m, can be expressed in either

the pole or MS scheme (with the same mass scheme

employed in the a£6> <~ a&s) decoupling relation). Since

H,, only involves logarithms of the ratio y,, /m;, (in addition
to logs of g) it is also insensitive to the O(T;) fluctuations at
the top threshold that are suppressed by O(I',/m,). The
difference between the choice of pole or MS masses is
accordingly found to be also numerically subleading.

B. The ultra-collinear sector

Upon integrating out the off-shell (small) components of
the top quark field in bHQET, the leading-order dynamics
of the remaining ultra-collinear fluctuations along the top
and antitop quark directions is captured by the 2-jettiness
bHQET jet function, defined as

5) /A
‘](B )Z(S.,,Ft,ém,ﬂg)

,T

:/dﬁlg)(ﬁ,l"t,ém,mg)]g)(ﬁr—§,F,,5m,u3). (10)

Here “ultra” distinguishes the collinear modes in the peak
region §, = 2I", [which are soft in the (anti)top quark rest
frame] from higher virtuality collinear modes appearing in
the tail region §, ~ m,, where bHQET off-shellness power
corrections become large and SCET provides the adequate
description for collinear radiation. Here J(58,, 6m,,T';, ug)
is the familiar bHQET jet function that appears in di-
hemisphere-mass and jet mass distributions [15,26,69]. At
leading order, the finite top width effects of the bHQET jet
function JSBS‘)T2 (8;,I,,6m, up) can be expressed as a con-

volution of its stable-top version Jg)fz(ﬁr,l“, =0,6m, up)

with an inclusive Breit-Wigner function [26],

5) /a ds’ 2
‘](B,?Q(sr’ Ftv 5"’[, ﬂB) = /_ (ZF ) (; _ §/)2
t T

0,0m, ug). (11)

x J§) (3.1, =

where the factor 2I'; arises from accounting for the widths
from both top and antitop quarks. This implies that the
measurement on 7 final states is fully inclusive in the decay

products as well as any radiation from them. The consis-
tency of this inclusive treatment is ensured by considering
the boosted limit Q > m, where the decay products from
the top and antitop quarks are collimated back to back
along the direction of the thrust axis in distinct hemi-
spheres. Both the boosted top decay products as well as
gluon and light-quark radiation encoded in Jz have typical
angles ~2m,/Q relative to these axes.’ The variable 3,
appearing in the (single) hemisphere jet functions Jg) in
Eq. (10) is equivalent to §, = 2v, - k, where k is the total
residual momentum of the collimated system (after remov-
ing the contribution from the top quark mass). This captures
the invariant mass of the decaying top quark system
together with its ultra-collinear radiation, up to terms of
O(5%2/m,) [25]. In the peak region, the ultra-collinear
fluctuations have a virtuality of O(8,; 2 T';), which leads
to §; = §; + §; 2 2I';. The natural choice for the renorm-
alization scale of the 2-jettiness bHQET jet function
is pg ~ 8, ~ (Q*ry —2m7) /m,.

For I', = 0 the 2-jettiness bHQET jet function J%) has
support only for non-negative §, and equals 5(8,)/m; at tree
level. It is this threshold behavior which causes the strong
top mass sensitivity of the 7, distribution in the peak region.
We emphasize, however, that while the partonic threshold is
at 5§, = 0, the observable peak position exhibited by the
entire factorization theorem of Eq. (3) is determined
coherently from the effects of the ultra-collinear and
large-angle soft radiation together with the Breit-Wigner

smearing. The well-known pole mass renormalon problem

arises from higher-order perturbative corrections in J E;S_)Tz in
the pole mass scheme, and is encoded in the size of the
coefficients of plus distributions in §,. The pole mass

renormalon can be remedied by using, instead of the pole

mass m}°°, a suitable short-distance mass scheme m3¢ in the

definition of §, in Eq. (5). Because the bHQET jet functions
are defined strictly at leading order in the 1/m, expansion,
switching the top mass renormalization scheme requires that
one also accounts for the mass scheme correction

a(5) i
om(®) = n < mp(®) = Y20 o). (12

i—0 ”

strictly to leading order in the 1/m, expansion. This leads to
the generic form

J)(E}S,?[z (gf? Iﬁt = O’ 5m(R)’/'lB)

EL a§5>(ﬂ3) [Zir:l Bl/[:
m? | 4n

]:uB

HB

M) (13)

®Other global event shapes such as the C-parameter are more
sensitive to the kinematical distribution of the top decay products,
such that the Breit-Wigner approximation is inaccurate even in
the boosted limit [82].
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where the B;; are constant coefficients. This yields the
2-jettiness bHQET jet function for stable top quarks in an
arbitrary (short-distance) mass scheme m3¢, where it is still
strictly mandatory to expand the dependence on dm con-

sistently in powers of the strong coupling o (i) such that
the pole mass renormalon cancels order by order. Setting
om = 0, one recovers the corresponding result in the pole
mass scheme, which was calculated up to O(a?) in

R _ logh(x)y -

efs. [26,69]. Here, £;(x) = [@(x)==-~], is the standard
plus function distribution with a vanishing integral over the
range x € [0, 1] for k > 0 and L£_; (x) = 5(x).

From the expression in Eq. (13) we can also clearly see
that the bHQET power counting requires that the perturba-
tive series for the mass scheme correction 6m(R) obeys the
scaling om ~ §, < m,. This shows from a power-counting
point of view why low-scale short-distance masses have to
be employed and the MS mass, which has ém ~ m,, is
forbidden. Such low-scale short-distance masses always
involve an infrared subtraction scale R, which is necessary to
eliminate the large O(Aqgcp) renormalon corrections
appearing in the pole mass scheme [33]. To avoid upsetting
the bHQET jet function power counting it is important that
the series coefficients defining the low-scale short-distance
mass in Eq. (12) have the property 6m;(R) « R, where the
infrared scale R is parametrically close to the typical ultra-
collinear scale, i.e., R ~ g ~ 5,. In our analysis we employ
the MSR mass mMSR(R) [33-35,83] that satisfies this
requirement, as explained in more detail in Sec. III.

We finally note that the overall factor (1/m,)? appearing in
the generic expression for the 2-jettiness bHQET jet function
J$) inEq. (13) arises from Eq. (10) since each J s hasa 1/m,
factor [26]. The renormalization scheme dependence of this
factor is power suppressed in the leading-order bHQET

expansion and therefore in principle not specified at the level
of the factorization theorem of Eq. (3).

C. The soft sector and nonperturbative effects

The thrust partonic soft function SS) accounts for the

effects of large-angle soft radiation with respect to the
thrust axis [16,17,70,71,84,85]. In the context of inclusive
observables, such as the global event shape 2-jettiness, it
accounts for the so-called ultrasoft modes, which have scale
fluctuations of the order of ug~3,/¢, parametrically
smaller than the typical scale up for the ultra-collinear
modes. Thus, ug represents the smallest perturbative scale
relevant for the 7, distribution.

For global event shapes such as 7, or jet-based observ-
ables without jet grooming, the leading nonperturbative
effects from hadronization can be described via convolution
with a shape function F(k —2A),

2

4 N _
S, (£,us) = A dkSD(£ =k, 5=0,us)F(k—2A),  (14)

where F(k) has support for k >0, peaks at k ~ Agcp
[21,86], and is by definition normalized to unity,
Jo° dkF(k) = 1. Here, A is a model parameter which
accounts for the minimum hadronic energy deposit in each
hemisphere (hence the factor of 2), referred to as the “gap.”
In the tail region where £ ~ pig > Agcp, one can expand
for large £ and the most important nonperturbative effect is
encoded in the first moment ﬁl of the shape function,

A 5 —_
S, (> Aqgcep. Hs) = S‘E'z>(f’ 6=0,us)
~20,88(£.5 = 0.5) + ...

20, =2A + /°° dk kF(k), (15)
0

where Q, can also be expressed as a vacuum matrix
element of soft Wilson lines [20,22], and the ellipses
represent higher-order terms in the expansion. The concrete
form of the shape function we use for the generic numerical
examination carried out in Sec. VII is provided in
Appendix G.

As we move further into the peak region, yg decreases
and eventually approaches the nonperturbative scale Agcp.
Thus, in the peak region ug~1 GeV > Agep and the
effects of the shape function have to be accounted for
exactly in terms of the convolution of Eq. (14). Even
though this in principle implies that an infinite amount of
information could be required to fix the analytic form of the
shape function, the normalization and the requirement
that all moments of F exist, together with the fact that
factorization strictly demands convolution, allow us to
reliably constrain the form of the shape function in terms
of a few parameters by means of an expansion in optimally
designed basis functions [87]; see, e.g., Refs. [27,88]. In
practice, determining the first moment of the shape function
fixes the bulk of the information encoded in it for the whole
T, spectrum.

The factorization into partonic soft and nonperturbative
shape functions displayed in Eq. (14) depends on the
regularization and renormalization schemes that are
employed for the computation of the partonic soft function.
The argument “6 = 0” shown in Eq. (14) stands for the
standard MS scheme. As was shown in Ref. [21], these
prescriptions entail that the partonic soft function has an
O(Aqcp) renormalon which affects the partonic threshold
at £ = 0 for the perturbative ultrasoft radiation [21,89] in a
way very similar to how the O(Aqcp) pole mass renorma-
lon affects the threshold §, for the partonic ultra-collinear
radiation. Both features are physically disentangled by the
fact that the factorization theorem in Eq. (3) predicts that
the ultrasoft effects on the hemisphere jet masses (and thus
7,) are enhanced by a factor ¢ compared to the ultra-
collinear effects. This also entails that for a top quark mass
determination, different c.m. energies Q and simultaneous
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fits including parameters of the shape function must be
considered to lift the degeneracy between m, and hadro-
nization effects. This is in close analogy to the «a;
determinations from e*e~ event-shape data carried out
in Refs. [19,90,91], where nonperturbative effects were not
fixed from hadronization corrections in MC event gener-
ators, but from a simultaneous fit using data obtained for
different c.m. energies Q.

The difference between the O(Agcp) renormalons
affecting the partonic soft and bHQET jet functions is that
the former cancels inside Eq. (15) with the nonperturbative
matrix element Q,, while the latter is only an artifact of the
pole mass and nonexistent when employing a short-
distance mass scheme. One can remove the partonic soft
function renormalon in an analogous way by reexpressing
the first moment Q, in a new scheme that includes a
perturbative subtraction:

2QMQEAWMHMHQM&L

A(R,) = A —-65(Ry), (16)

where

(5) i
o) =Y | (1)
i=0

is a perturbative series constructed such that it has exactly
the same renormalon as Q; and the MS renormalized
partonic soft function S’g)(f ,6 = 0,ug). Equation (16)
implies that

—Q, -A+A(R,). (18)

This entails the introduction of the scale R; X Agcp (in
analogy to the scale R for the MSR mass discussed below),
which effectively represents an infrared cut for the partonic
soft function which is then free from the O(Agcp)
renormalon ambiguity. This results in A(R,), and hence
Q,(R,), being renormalon free, and that instead of the MS
renormalized partonic soft function S‘S) (¢,6 =0, ug) one
employs the “gap subtracted” partonic soft function [21]:

Srz (f’é(Rs)nuS) Egrz(f_ZS(Rs)’ﬂS)
@ s)] 58y (€= 23(R)
0 4r —ps ! Hs '
j=—1
(19)

i=

In analogy to the partonic 2-jettiness bHQET jet function, it
is strictly mandatory to expand the dependence on &

consistently in powers of the strong coupling a£5> (us) such

that the soft function O(Aqcp) renormalon consistently
cancels order by order. Furthermore, to avoid upsetting the
soft function power counting and to avoid the appearance
of large logarithms in the subtraction it is mandatory that R,
is parametrically close to the typical soft scale, i.e.,
R, ~ ug ~ 5,/ 0. Setting & = 0, one recovers the MS renor-
malized partonic soft function. Hence, the hadron-level soft
function becomes

()= [ OhS(e~kB(R) WF(k=2E(R). (20

We discuss the precise definition of the scheme that defines
A(R,) in Sec. IV.

At this point we note that there is a partial cancellation
between the O(Aqcp) renormalons in the partonic soft and
bHQET jet functions as the corresponding ambiguities and
the associated diverging behavior of the perturbative series
are equally severe but have opposite sign [15]. The extent
of the cancellation is Q dependent through the factor ¢ that
enters the factorization convolution between the partonic
soft and bHQET jet functions in Eq. (3). As a consequence,
the impact of the soft function renormalon in the 2-jettiness
distribution increases with Q, while the impact of the jet
function renormalon does not. This means that the overall
effect of both O(Aqcp) renormalons may be hidden for a
certain range of Q values when the pole mass is used in the
jet function and no gap subtraction is carried out for the
partonic soft function. As we show in Sec. VII this indeed
happens within the range of Q values relevant for top mass
determinations. However, since simultaneous fits for differ-
ent c.m. energies Q are mandatory to independently
determine the top mass and the parameters of the shape
function without degeneracy, the impact of the individual
O(Aqcp) renormalons cannot be avoided, so that the
perturbative uncertainties in analyses accounting for
both types of renormalon subtractions are systematically
smaller than those when renormalon subtractions are not
implemented.

III. TOP MASS SCHEMES

In our analysis we employ two renormalization schemes

for the top quark mass: the pole mass m" and the scale-

dependent MSR mass m"%®) (R) [33-35]. The pole mass
scheme has—from a technical point of view—the simplest
implementation because we can set the residual mass term

om appearing in Eqgs. (3) and (13) to zero and all entries of

m, discussed before to m?. However, employing the pole
mass scheme entails an O(Aqcp) renormalon ambiguity,
which visibly destabilizes the order-by-order behavior of
the cross section in the peak region, as we show explicitly
in Sec. VII. This can be systematically avoided by using a
suitable short-distance mass scheme. The MSR mass
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m)SR-0) (R) is a short-distance scheme that is derived from

the MS mass and represents an extension of the MS mass

concept: while the MS mass mﬁ‘” (n) is suitable for scales

u = m;, the MSR mass is appropriate for scales R < m,.
For the MS mass we will use the notation

m§6> Em@ (h= mfﬁ)) below. In the approximation that

all quark flavors lighter than the top are massless
(which we adopt in our analysis), the defining series for
mPle — mltvlSR’(S)(R) is obtained’ from the corresponding

. pole _(6) . . ..
series for m; ~ —m, by removing all corrections arising

from the self-energy diagrams with top quark loops and by

setting mﬁ") — Ras well as a!” - a”):

o (R)
JT

Sm(R) = pole _ MSR,(5) R) =R

}iai. (21)

We give the details of the MSR scheme definition and the
numerical values of the coefficients in Appendix D. This
means that the MSR mass is a scheme derived from the MS
mass, but where the virtual off-shell fluctuations in the on-
shell self-energy from scales beyond R (which includes
virtual top quark effects) are integrated out. The MSR mass
is therefore designed for top-mass-dependent observables
sensitive to soft QCD dynamics.

The scale R can be interpreted as the resolution scale
below which virtual self-energy and real ultra-collinear
radiation is treated as unresolved, so that only self-energy
contributions above R are absorbed into the mass. This

means that m],\ASR’<5>(R) for R < m, and " (R) for R > m,
contain self-energy contributions coming only from scales
above R. This interpretation entails that in the limit R — 0,
where all virtual self-energy and real ultra-collinear radi-
ation is treated as resolved and all virtual self-energy
contributions are absorbed in the mass, we approach the
pole mass, which is precisely expressed in Eq. (21). The
renormalon ambiguity of the pole mass can thus be seen to
be associated with the problem that the limit R — 0
involves crossing the Landau pole of the strong coupling
which a priori cannot be carried out in an unambigu-
ous way.

Here we use the interpretation in Ref. [34], where the top

MSR mass mltVISR’<5) (R) is regarded as the 5-flavor exten-

sion of the 6-flavor MS mass 7. (R) for scales R below the

top quark mass and where both mass schemes are matched
(

at the scale R = m,6>. The matching relation is given in
Eq. (D3). For scales R < m; the MSR mass evolves with
the R-evolution equation

"Here we employ the scheme that was called “natural MSR”
mass in Ref. [34].

(5)
d MSR,(5) r a5 (R)]"H!
S SRO(R) = Ry k(BT 2
dlog(R)mt (R) nzoy" 4n - (22)

where y® are obtained from the coefficients a; in Eq. (21)
using the procedure outlined in Appendix F.

As explained in Sec. II B, the consistent use of a short-
distance mass in Eq. (3) entails that the MSR mass scale R

satisfies the parametric relation R ~ up ~ §,, which means

that R depends on 7, and mltv[SR’(s) adopts the status of a

dynamical scale-dependent “mass coupling” in complete
analogy to the well-known concept of the scale- and flavor-
number-dependent strong coupling a,. This dynamical
treatment of the top quark MSR scheme resums important
large logarithms via R-evolution as shown in Eq. (22). The
reader should note that the RHS of the R-evolution
equation is linear in R, which differs from the common
logarithmic renormalization group equations. This linear
evolution is an essential aspect of properly treating the
physical mass effects that govern the resonance/close-to-
mass-shell dynamics of heavy colored particles.

In our numerical analysis we use m@ = m§6) (WEG)) as
the standard reference mass value, which we quote as our
main input and from which we then calculate the MSR or
MS masses at the respective scales needed within the

factorization formula in Eq. (3). For the flavor-number-

dependent strong coupling ™o () we always use match-

ing at 4 loops [92-94] and running at 4 loops [95,96],
where the flavor matching is carried out at y = m@.

We finally note that the analytic properties of the pole
mass O(Aqcp) renormalon in terms of knowledge on the
large-order behavior of the perturbation series obtained in
the pole mass scheme are by now very well understood;
see, e.g., Refs. [34,50] for the case where all quarks except
for the top are assumed massless and Ref. [35] where finite
bottom and charm masses are included systematically.®
One of the most interesting observations in this context
is that the large-order asymptotic behavior (for some
unknown reason) universally sets in at O(«,) and is already
well saturated at O(a?), which is one of the reasons why the
pole mass renormalon has received significant attention in
the literature. Another useful (but also confusing) conse-
quence of this fact is that it is very easy to devise different
types of low-scale short-distance masses from either
physical [25,69,97-101] or conceptual considerations
[33-35,102]. All are—as long as the resolution scale R
is assigned appropriate values—similarly effective in min-
imizing mass-related QCD corrections and stabilizing the

perturbation series already at O(aj?). The MSR mass
m?ASR'(S)(R) provides a unifying concept to connect all

¥This knowledge implies a more precise understanding of the
size of the renormalon ambiguity, but not that the ambiguity itself
is eliminated.
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low-scale short-distance masses with the MS mass via its
renormalization group equation given in Eq. (22).

IV. SOFT GAP SUBTRACTION

The O(Aqcp) renormalon of the soft function S‘S) has

large-order properties very similar to the O(Agcp) pole
mass renormalon in the bHQET jet function. It is known to
differ from the latter just due to a different normalization
[21] and the sign difference already mentioned at the end of
Sec. II. However, compared to the pole mass renormalon,
the soft function O(Aqgcp) renormalon is harder to pinpoint
quantitatively at low orders due to the soft function
anomalous dimension and hadron mass effects [22,103].
Therefore, the soft function renormalon does not seem to
exhibit the same universality as the pole mass renormalon
(even though it is phenomenologically equally relevant).
Apart from e*e™ event shapes [104], it is still largely
unknown whether or in which way the O(Aqcp) renorma-

.5 . . . .
lon in ng) appears in a universal manner in soft functions

relevant for collider observables which are linearly sensi-
tive to large-angle soft radiation.

It has so far been the practice to define the renormalon
subtraction series 8(R;) in Eq. (17) directly from the soft
function; see Refs. [21,84] for such approaches. In our
analysis we employ a modified version of the prescription
suggested in Ref. [84]. It is based on the Fourier transform
of the renormalon-subtracted partonic soft function

39 (3. 8(R,) ps) = / az 39 (£,3(R, ) jus)
~ 5 — _ i*
=39 (3.5 = 0, ug)e 2Ry, (23)

where the gap subtraction series 5(R;) is factored into the
exponential factor shown in the second line. It is therefore
possible to define an expression for 5(R,) which cancels the
O(Aqcp) renormalon of the soft function by the condition

_ R A
5(R,) == log {SS) (i7 s=0. RA,)]

N

= %Z [#(:S)]iisiﬂ’{s’ (24)

i=1 =0

where s;; are coefficients of the fixed-order series expan-

ij
sion of 1og[S%(y, )] shown below explicitly in Eq. (28).

When the gap subtraction series 5(R,) is used in the
factorization theorem, it is crucial that the renormalization
scale of the strong coupling o (R;) is reexpressed in terms
of a,(us), the coupling used in the series for the soft
function, to ensure a systematic order-by-order cancellation
of the renormalon. This is detailed in Appendix E.

This definition of the gap subtraction can be contrasted
with the one used in Ref. [84] where the subtraction series

was instead related to a derivative of the soft function
logarithm:

Rye’ dlog 8% (y. us)

SRef.[84] (us.R,) 5 dlog(iy)

(25)

iyel’E =L
iye E_Rs

In this definition, the scale of the strong coupling is yg by
construction, and the gap subtraction inherits a nontrivial
anomalous dimension in pg from the soft function. In
Appendix E we describe a set of generic gap subtraction
schemes that include Egs. (24) and (25) as special cases.

While both definitions in Egs. (24) and (25) are perfectly
viable subtraction schemes (i.e., equally effective at asymp-
totic large orders), the series 6834 in Eq. (25) is numeri-
cally zero at O(a,) for pug = R, because the one-loop

noncusp anomalous dimension vanishes, yg’ = 0. This
necessitates choosing R, strictly below pg in the peak
region to reduce the size of the O(a;) correction. This can,
however, be problematic when considering O(a?) correc-
tions because in the peak region the soft scale yg ~ §,/0 is
already parametrically smaller than the top quark width
such that setting R; > ug can lead to instabilities. On the
other hand, for the gap subtraction definition in Eqs. (24),
we have s;, = 15.053 at one loop which, in addition to
being nonzero, is also numerically sizable allowing for the
implementation of an effective gap subtraction for the more
natural setting R, = ug. We will therefore adopt the gap
subtraction scheme defined in Eq. (24) in our analysis.

The R-evolution of the gap parameter corresponding to
the scheme defined by 6 in Eq. (24) is given by

© R, a§5> n+
A(R) - B(R) == > 7% [ dR[TfZR)} L)
n=0 0

where the anomalous dimension coefficients 7% are derived
from the fixed-order coefficients s;; in Eq. (24) following
the steps laid out in Appendix F.

In our numerical analysis we take the first moment value
for Qlfef'[w (2 GeV) obtained in Ref. [91] as the input and
determine from it Q; (2 GeV) in the gap scheme defined in
Eq. (24) as well as Q, for the case of no gap subtraction.
For the no-gap case we use A = 0.1 GeV as the input value
of the gap parameter in Eq. (15) which fixes the analytic
form of the shape function F(k). From this we calculate
A(R, =2 GeV) in the scheme of Eq. (24) using Eq. (16).
This input then unambiguously fixes the value of A(R,) at
any scale R, using the R-evolution equation (26), thus
determining the form of the gap-subtracted shape function
F(k —2A(R,)) in Eq. (20). For the R-evolution in Eq. (26)
we employ 2-loop precision [70,71,84]. For F(k) we adopt
the parametrization given in Ref. [87]; see Appendix G for
explicit expressions. We note that this approach implies that

the form of the shape function F(k — 2A(R;)) entering the
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factorization theorem shown in Eq. (3) depends dynamically
on the value of the physical 2-jettiness variable 7,. In the peak
region this dependence is, however, quite weak because the
scale ug saturates; see Sec. VI.

V. N°LL RESUMMED CROSS SECTION

For the numerical evaluation of the factorization formula
in Eq. (3), we find it convenient to work in the position
(Fourier) space where the convolutions involving the
bHQET jet and and soft functions and their respective
renormalization evolution factors become simple products.
(The results in this section could equally well be expressed
using the Laplace transform.)

A. Stable-top cross section without
renormalon subtractions

We first discuss the stable top quark cross section for the
case of having neither soft function gap nor mass sub-
tractions. The Fourier transforms of the stable top
2-jettiness bHQET jet and soft functions are defined via

5) (s dr i, 505
I = [ eI ),

A dy .
Sg(fﬂﬂ):/ge”f 35 (v ). (27)

where for brevity we have dropped the zero arguments
o6m = 0,6 = 0,and I', = 0. Thus, the position space jet and
soft functions have the form

~(5
m?-]%,iz (x, up)

—exp Y[ e

i=1

i i+l
] Z bijlogl (i erfxm}
(5
S”(fz) (y’ :uS)
(5) i i+l
as U fo.
= exp{z {4;‘9)} Z s,-jlogf(ze”yus)}, (28)
i=1 j=0
such that Eq. (3) can be written as
det =0 dx ..
) —am0* [ SEei
X HOS (0.1 0upts g iy ) €55 ) K5 )
(s

X (ieyEx”B>w1(55)(ﬂsﬂB) (ieyEQX/lS>"}S )<.""MS)

X Tg) (1) 5% (0x.pis). (29)

where due the convolution in Eq. (3) the soft function in

position space is evaluated at y = gox and the evolution

kernels Kl(-nf ) and a)l(»"f ) are defined in Appendix A. The

RG-evolved hard factor in Eq. (29) is given by

5,6
Hé(:vol)(Q’ n/ll7 Q’ /’t’/'tHvﬂm)
7(5)

©) K .
(Q /.lH) )(m[, Q Mm) (ﬂm /lH)+ (ﬂm ﬂ>
)
y (u;) ) (30)

Here p is the common final renormalization scale of all
of the RG evolution factors. Taking the inverse Fourier
transform back to distribution space, we find

dAF =0

d60(3,,0q) er®
S;) =

dz, [(=Q)|g=a (ﬂsﬂs),

o (31)

where for later convenience we have defined the following
function of the derivative operator Jg:

500

7 (sw 69)

Q
=0y :; evol (Q my, Q, 1; :anum)

T

w K5 (nn)+KS (i) ('MB> W i) (Qﬂs) s )

K K

T

X jg)rz [89 +log </%>} 5 [89 + log (Q:Sﬂ (32)

It acts on the function of Q shown in Eq. (31), and the
outcome is evaluated at the following p-independent
evolution kernel between the bHQET jet and soft scales:

T

0 (us, up) = 08 (4, ps) + 0 (opg). (33)

We note that since the jet scale is always above the soft
scale, one has @) < 0. In Eq. (32) the arguments of the
position-space jet and soft functions are understood to
replace the corresponding logarithms shown in Eq. (28).
For the sake of brevity we have suppressed the arguments
up and ug that appear in the running coupling, as shown in
Eq. (28). The meaning of the superscript “(0)” on & will be
clarified below in Eq. (39). We also note that the depend-
ence of the result in Eq. (32) on §, is defined in terms of
rational power plus distributions which have support for
§; > 0 in the case of stable top quarks [26]. To account for
the fixed-order corrections contained in the product of the
functions H (Q6), H') J}(_,gs_)fz, and S‘S) at N¥LO we expand
their product strictly to O(a¥). The relevant formulas for
the evolution kernels and their Fourier transforms are
presented in Appendix A. We collect the numerical results
for the anomalous dimensions in Appendix B and the fixed-

order expressions for all of the factorization functions H (Q6>,

HY, J3) . and 5% up to NNLO in Appendix C.
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TABLE 1. Loop corrections required for specified orders. In the
last two columns yp and 6 refer to either soft or MSR-mass
subtractions.

Cusp  Noncusp  Matching  pla;] vz 8
LL 1 cee Tree 1 cee
NLL 2 1 Tree 2 1
N2LL 3 2 1 3 2 1
NLL 4 3 2 4 3 2
NLL' 2 1 1 2 1 1
N2LL/ 3 2 2 3 2 2

Finally, since we carry out resummation at the level of
the differential cross section, when implementing the cross
section at NFLL + O(a%~!) accuracy for k > 1 (referred to
as “unprimed” orders), we explicitly incorporate the O(a¥)
plus-function boundary condition [105] in order to cor-
rectly sum up logarithms that are counted as NFLL in the
exponent of the cumulative distribution. This amounts to
including the single logarithmic terms appearing at O(a¥)
in the jet and soft functions. For the “primed” orders NXLL/,
or equivalently, N¥LL + O(a¥) accuracy, this is not neces-
sary as the O(a) fixed-order matching already includes
this single logarithmic term. The loop order of the theo-
retical ingredients for the primed and unprimed orders are
summarized in Table 1. We refer to Ref. [91] for further
details on primed and unprimed orders.

B. Renormalon subtractions

We now describe how the renormalon subtractions with
respect to the top quark mass and soft function gap are to be
included starting from the unsubtracted stable top cross
section in Eq. (31). First we recall that the m dependence

in the bHQET jet function Jg)fz results from reexpressing

the pole mass m™* contained in §, in terms of the MSR

mass. From Eq. (5) we have
0%ty = 2[my™}(R) + om(R)]?
T mMSR(R) + 5m(R)

= §MSR(R) — 46m(R) + O <a_r,) . (34)

ny

A

where

2. _ 2[mMSR(R)2
on() =2 lgr B )

The two terms shown in the second line of Eq. (34) represent
those to be accounted for in Eq. (3) since power-suppressed
contributions in the peak region must be systematically
dropped for consistency. For the term ém(R), which con-
tains the pole mass renormalon ambiguity, this is particularly
important to achieve the order-by-order cancellation of the

pole mass renormalon. Thus, the stable-top bHQET jet
function using Eq. (13) in position space can be expressed up
to NNLO as

]ﬁf_),z (x,6m, ug)

_ / d3'e™5' ) (3 — 46m. pp)

) (46m)?

5
Y TINED

- [1 — (ix)46m + (ix)

where we have dropped the zero argument I'; = 0 in the jet
function and the argument R in the mass subtraction 5m(R)
for simplicity. We have kept only terms at most quadratic in
dm(R) so that the pole mass renormalon can be consistently
canceled to O(a?). Likewise, the soft gap subtraction can be
incorporated using Eq. (23) such that

~ 5 — _ . ~ 5
39 (0x, 8. u5) = 72973 (ox, ug)

2Q5 2 ~(5
( 2,) S‘S—Z)(Qx’ﬂs)?

= |1 = (ix)2¢6 + (ix)?
(37)

where we dropped the argument R, in the gap subtraction
5(R,). Including the subtraction terms in Egs. (36) and (37)
and strictly expanding to O(a?), we arrive at the following
expression for the renormalon-subtracted cross section for

stable top quarks:

=) (ug.pp)+n

(38)
Here we have

dém
dzy (3MSR(R), R, Dq)
— (_1)}1 |: 5t0t(R’ Rs) :| " d&(O) (SMSR(R)’ aQ)

e 5K (R)

. (39)

n! dT2

where the total subtraction series d,, has the form
5tol(R’ Rs) = 45m(R) + ZQB(RX)7 (40)

and d&©/dr, is given in Eq. (32). It is essential to
consistently drop terms of O(a?) and higher (concerning
the fixed-order corrections in the hard, jet, and soft functions
as well as the renormalon subtractions) in the product in
Eq. (39). Note that the derivatives in the sum over n in
Eq. (38) are evaluated at Q = @ + n. For simplicity we will
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display the functions MR 5, 6, and &, without their
arguments R and R, below.

C. Including the top width

From Eq. (11) we see that the cross section for unstable
top quarks involves an additional Breit-Wigner convolution
such that’

46 apsp < /oo d3’ or,
- . om.,d) = bl
d, (855, 0m.0) = | =~ (2L, + (SVSR — /)2
dAF,zO _
X 212 (8,6m,6), (41)

where as a result of the stable top cross section, the
integration is bounded below by § = 0. However, MR
(or §, in the pole mass scheme) for the unstable top
2-jettiness cross section can be negative as well. To
incorporate this convolution in Eq. (38) we first note that

the cross section is proportional to 1/(3)#”+1, as can be
seen from Eq. (32) using Eq. (33). This factor can be
brought to the right of the Jq derivatives using the identity

1 g\ |"
F)e [89 *log (‘ﬂ

(42)
where we remind the reader that § is the integration
variable in Eq. (41) whereas §, (or $MSR in the MSR mass
scheme) is related to the 7, measurement as defined in
Eq. (5). The analogous relation also holds for the Jg
derivatives associated with the soft function. Hence, we
need to evaluate the convolution

1 o d§/ 2r
Z(Q,5,,2I)=—— — !
@520 =gy | x QO+ (5, 7

(R

X

:S‘,/

- P2+ Q) 3
ST+ (1 +Q))T(1 = (1 +Q)p)’ )

which has a smooth Q — 0 limit, and where we have
defined

The analytical results shown in this section were first derived
in Ref. [27].

P(x) = % + %arctan(x). (44)

In the limit I', = O one smoothly recovers the stable-top
results. For I, = 0 we find that Z = 0 when 5, < 0. Using
these expressions in Egs. (38) and (41), we now arrive at the
final expression for the unstable-top cross section with
renormalon subtractions:

46 sk <« = x~dé?
(MR 5y, 5) = (
de(S " ) =0 dT2 (

X 67591(97 §T,2Ft) |Q:5)(5)(

SSR)24 (21, 2.0

Hs.Hp)+n” (45)
Finally, the hadron-level cross section is obtained from the
partonic cross section via convolution with the nonpertur-
bative shape function:

do dé sk —

(1) = [ dk——(3:7°(R) — 0k) F(k = 2A(Ry)). (40)
dr 2 dr 2

VI. PROFILE FUNCTIONS

To properly sum large logarithms we use 7,-dependent
renormalization scales y,(7,), R(z,), and Ry(z,), called
profile functions [87,91]. They have canonical scaling in
the resummation regions, and freeze at a perturbative scale
in the resonance region to avoid the breakdown of
perturbation theory for anomalous dimensions. In the far
tail region, they become equal to the hard scale to
reproduce the fixed-order perturbative expansion with a
common scale y. They are expressed in terms of seven
parameters which can be varied to estimate perturbative
uncertainties. Following Refs. [27,106], we employ a
natural generalization of the profile functions devised for
massless event shapes in Ref. [19], to which they reduce in
the massless limit.

The strategy to estimate perturbative uncertainties
involves varying all of the profile functions up and down
by at most a factor of 2 and 1/2, respectively, including a
shape-dependent variation in the jet scale, as well as
varying the value at which the soft scale freezes in the
nonperturbative region. We show bands for the latter two
variations in Fig. 1, and indicate the factor of 2 variations
by arrows. We scan over these profile variations by
generating a sample of 500 profiles were all their param-
eters are varied simultaneously with random choices within
their allowed ranges (see Ref. [91] for details on this
general approach). The concrete form of the profile
functions and how their parameters are varied are given
below. The total uncertainty is determined by the envelope
of the resulting cross sections.

For the hard and mass matching scales we use
7,-independent functions uy = eyQ and u,, = \/eym,,
respectively, which depend on the center-of-mass energy
and top quark mass, as well as on a free parameter ey,
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100~ T T T T ‘ T T T T ‘ T T T T
+ Profile Variation
- O =700 GeV
(% 50.- T M
= Ll — Ms
0. T T T T T T
165. 170. 175. 180.
M, [GeV]
FIG. 1. Examples of variation of the jet and soft scales to

estimate perturbative uncertainty. The e, parameter is related to a
“trumpet” variation in the jet scale that turns off in the fixed-order
region. For the soft scale we vary p, the perturbative value that
the soft scale freezes to in the nonperturbative region.

which has the default value 1 and in our random scan is
varied in the interval [0.5, 2]. The variations of the two
matching scales are correlated to keep the correct hierar-
chies. For the top quark mass parameter m,, which appears
in the matching scale yu,, as well as in other variables
entering the profile functions discussed below, we adopt the
numerical value m, = mMS®(R =5 GeV).

Our 7,-dependent profile functions are implemented
through the soft scale pg(z,), which in the peak region
is parametrized with the following piecewise function:

€npHo» Tgﬁn <1 <1y,
g = Clenptos ps(ta > 1), Lo, 11, T2, Iy <7y <1y,
1 €lope 1
(1 T n\.%rh,l—pr?‘“> reup(ta =), 1 ST <1,
(47)

where 74" = 2/m? with 7, =m,/Q. We refer to the
three corresponding intervals as the ‘“nonperturbative,”
“bHQET,” and “SCET-resummation” regions. The function
CIfa(72), f1(72), 1,4, 1), 75] smoothly connects any two lin-
ear functions f, ,(7,) that end/begin at the points 7, . This
is achieved by means of two quadratic polynomials of 7,
smoothly joined at 7, = (¢, + #,)/2, where the explicit
formula can be found in Ref. [19]. The parameter n, has
the default value 0.5 and is varied in the range
|ng — 0.5 < 0.025. Its effect in the peak region is relatively
mild. The default slope in the SCET-resummation region is
set by r, = 2 and using the default value O for the variable
€10pe- Slope variations are implemented by varying e in
the interval [1/1.13 — 1, 1.13 — 1]. Note that the rescaling
factor to the left of r, approaches 1 in the massless limit. In
a similar way, the parameter affecting the flat nonpertur-
bative region is ey, Its default value is 1 and it is varied in

the interval [1/4/2,+/2] with yy = 3 GeV. The values of

the transition points 7o (m,, Q) depend on the mass and
center-of-mass energy and have the form

2 dy .
0=10/1Gev) T (0/1 GeV)°3 T
- 2.25 d, i
(0/1 GeV)*75 * (Q/1 GeV)05 2 7
ty = ny + iy, (48)

with |dy;| <0.05 and |n, —0.25| < 0.025. Their default
values are dy; = 0.05 and n, = 0.25. For the energies and
masses considered in this article one has 7y < t; < t5.
For the jet scale profile function p;(z,) we first define
fiy(72) = \/enps(t2) /M, and t; = ng + in,, and then use
the piecewise function

[1-+2, (10— t5)2]i1s(t0). i < 1) <1,
Cluy(to).py(t2 > 11) .10, 11, 72).
[1+2,(ta—1,)?]i1s(72).

Hy= th<t<t, (49)

h STZ <.

Here the jet-function parameter &; is defined with a
rescaling factor

min\] 2

EJ = e, |:ns - (t() -1 ):| . (50)
Iy =1y

with variations |e;| < 1.5 used for assessing uncertainties

and the default value e; =0. For m, =0 we recover

e; = &;. We set the mass and soft-function renormalon

subtraction scales to their respective canonical values:

Ry(12) = ps(72) and R(zy) = p;(72).

VII. NUMERICAL ANALYSIS

In this section we present a numerical analysis of the
bHQET N3LL + O(a?) 2-jettiness peak region cross sec-
tion based on the factorization formula of Eq. (3). We
remind the reader that this factorization theorem is based on
the bHQET limit and does not account for subleading terms
related to higher powers of §, (kinematic power correc-
tions) and m,/Q (mass power corrections). As was shown
in Refs. [27,82,106], these corrections are formally power
suppressed in the peak region, but still important numeri-
cally for a realistic phenomenological analysis concerning
the top mass dependence of the 2-jettiness peak-region line
shape. In the following we therefore carry out a generic
numerical analysis pointing out important features of the
bHQET 2-jettiness peak region cross section at this order
related to the convergence of the perturbative series, as well
as the impact of the jet and soft function renormalons and
the improvement related to their subtractions. A phenom-
enological analysis aiming for a systematic study of
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other sources of theoretical uncertainties is postponed to
future work.

For our analysis we have two independent codes to
implement all cross sections: one in FORTRAN [107] and
one in c++ using SCETIib [108]. Numerical integrations
are carried out using either QUADPACK [109] or the GSL
library [110].

Before getting to results, some comments on our para-
metric input are in order. For the subsequent discussion we
use ai”(my) = 0.118 with my, = 91.1876 GeV as input
for the strong coupling. As input for the top quark mass we

take the standard MS mass m.") = " (7)) = 160 GeV.
The conversion (matching) to the MSR top mass at the

scale R = m@ is based on the formulas derived in Ref. [34]

employed at O(a?) and given in Eqgs. (D4) and (D5). The
evolution of the MSR top mass to the renormalon sub-
traction profile scale R is obtained via Eq. (22) using the
O(a?) R-anomalous dimensions, such that

mMSR(R =2 GeV) = 169.537 GeV, (51)

for the MSR top mass at 2 GeV, which one can interpret as
the (renormalon-free) kinematic mass that governs the top-
mass dependence of the peak position. The same top mass
value is used in the boost parameter ¢ defined in Eq. (4)
when the MSR mass scheme is used. For comparison we
will also discuss results for the cross section in the pole
mass scheme and without gap subtraction. At this point one
has to recall that the pole mass is, due to its renormalon
ambiguity, an order-dependent concept, where the size of
the fixed-order corrections in its relation to a short-distance
mass at a given order depends on the renormalization scale
of the short-distance mass. Thus, to achieve comparable
theoretical predictions employing the MSR and the pole
mass schemes (i.e., with peak positions that are compat-
ible), it is essential to apply fixed-order conversion from the
MSR to the pole mass at the renormalization scale of
the MSR mass that is employed in the peak region of the
distribution (which is the part of the distribution that carries
the highest top quark mass sensitivity). Furthermore, the
order of conversion has to match the fixed-order input used
for the theoretical calculation [13,35]. In the peak region of
the distribution the appropriate renormalization scale is just
the bHQET jet function scale p;, around 10 GeV; see
Sec. VL. Thus, the proper way to determine the pole mass is
to use the fixed-order conversion from mMS®(10 GeV), as
was pointed out in Ref. [27]. Therefore, to determine the
pole mass for the following analysis we first determine
mMSR(10 GeV) using Eq. (51) and R evolution, and then
apply fixed-order conversion to the pole scheme at the
scale R =10 GeV. As we are employing O(a?) fixed-
order corrections to the bHQET jet function at the highest
N3LL order of our analysis, this fixed-order conversion

must be carried out at two loops. Using this procedure,
we find

mP = 169.718 GeV. (52)

This input value for the top quark pole mass ensures that at
N3LL the peak position in the pole mass scheme is
compatible with that obtained in the MSR mass scheme.

Last, in order to fix the form of the nonperturbative
model function F(k) [see Eq. (14) and Appendix G], we
have to specify values for the first moment ;. In analogy
to the top quark mass, there are also different schemes for
Q, related to the definition of the gap subtraction param-
eter. Thus, the corresponding values for ; also have to be
fixed with some care. Here we aim to adopt values for ©,
consistent with the e e thrust analysis of Ref. [91], using
the fact that the same universal soft function that is given in
Eq. (14) also appears in the thrust factorization theorem for
massless quark production. The value of Q; determined in

Ref. [91], QYR =2 GeV) =0.323 +0.045 GeV,
was based on the gap subtraction scheme suggested in
Ref. [84] [explained in detail in and below Eq. (25)]. For
our analysis it needs to be converted to the gap scheme of
Eq. (24) adopted in this work, referred to as Q; (Ry), as well
as to the unsubtracted MS gap scheme Q, (which still
contains the soft function renormalon). For these conver-
sions we must use the 2-loop fixed-order formulas in
Egs. (ES) and (G4), respectively, since at the highest
N3LL order of our analysis we employ the soft function
at O(a?). This gives

Q,(R, =2 GeV) = 0.739 GeV,
Q, =0.276 GeV, (53)

where we convert at the scale R, = 2 GeV, the typical value
of the soft function profile in the peak region. Fixing
A = 0.1 GeV for the unsubtracted gap [see Eq. (15)] and
using Eq. (16), we obtain A(R, = 2 GeV) = 0.563 GeV for
the gap term entering Eq. (20). With this choice of parameters
we can use the same shape function parameters as employed
in Ref. [91], which corresponds to taking 4 = 0.349 GeV
and ¢, = 0.05in Eq. (G1). We then use Eq. (26) with O(a?)
running to determine A(R;) at the 7,-dependent R values
required by the gap subtraction profile function.

In Fig. 2 the 2-jettiness differential cross section in the
MSR mass scheme with gap subtraction is shown for
QO =700 GeV as a function of the inclusive jet mass
variable M; [see Eq. (6)] at all primed and unprimed
orders up to N3LL for the default set of profile functions
(see Sec. VI). Here the primed orders include all contri-
butions of the unprimed with the addition of the fixed-order
matrix elements at one higher order in a,. Our results at
NNLL' and N°LL are new and have not been analyzed
before in the literature.
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FIG. 2. Perturbative convergence of the 2-jettiness cross sec-
tion, with all curves normalized with the Born cross section oy.
The peak location shows excellent convergence, while the
normalization corrections are significant and exhibit slower
convergence.

In Fig. 2 all curves are normalized to the Born-level
massless total cross section 6. The behavior of the curves
at the different orders therefore reflects the effects of the
perturbative corrections to the shape as well as to the
normalization of the cross section. We see that, apart from
sizable normalization corrections which happen to be
positive for all subsequent orders, the convergence with
respect to the peak location and the shape is excellent. From
the difference in the curves obtained from primed and
unprimed orders we can also see that the effects on the
normalization from higher-order corrections in the renorm-
alization group equations (and thus the resummation of
large logarithmic terms) are smaller than those in the fixed-
order matrix elements.

In order to analyze the effects of the higher-order
corrections to the distribution shape and its order-depen-
dent perturbative uncertainty, it is useful to normalize the
curves from the different orders to a common M interval.
In Fig. 3 the 2-jettiness differential cross sections at
Q =700 GeV (upper panels) and Q = 2000 GeV (lower
panels) are shown in the MSR mass scheme with gap
subtractions using default profile functions. The results are
normalized to the M interval displayed in the respective
panels at NLL (green dotted line), NNLL (blue dash-dotted
line), and N3LL (red solid line). Primed orders are not
displayed to avoid cluttering. We also display uncertainty
bands with the corresponding colors at each of these three
orders. These bands are derived by determining the upper
and lower values of the distributions (for each M; value)
obtained by considering 500 profile functions generated
randomly within the profile function parameter ranges
given in Sec. VI. To generate the bands, each cross section
from a given profile is normalized to the displayed M,
range. The central curves exhibit excellent perturbative
convergence for the shape. The width of each band
illustrates the size of the perturbative uncertainty, which
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FIG. 3. Perturbative convergence and uncertainty bands for

self-normalized cross sections at Q = 700 GeV (upper panels)
and Q = 2000 GeV (lower panels) in the MSR mass scheme and
with gap subtractions. All curves are normalized over the
displayed ranges. The two smaller panels show the same results
at the two highest orders, but as a fractional deviation from the
central N3LL result.

nicely decreases with increasing order. For better visibility
the error bands and lines are displayed once more in the
lower parts of each plot showing the fractional deviation
from the central N’LL curve. At Q =700 GeV for
M; > 171 GeV the relative uncertainty in the peak region
is 4-(4-10)% at NNLL and +(3-7)% at N°LL. In contrast,
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at Q = 2000 GeV for M; > 175 GeV the relative uncer-
tainty in the peak region is £(3-8)% at NNLL and
+(1-5)% at N°LL.

In Fig. 4 we show for comparison the analogous results
for cross sections in which the pole scheme for the top
quark mass is employed without gap subtractions. We will
return and discuss this figure in more detail below.
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FIG. 4. Perturbative convergence and uncertainty bands for
self-normalized cross sections at Q = 700 GeV (upper panels)
and Q = 2000 GeV (lower panels) in the pole mass scheme and
without gap subtractions. The two smaller panels show the same
results at the two highest orders, but as a fractional deviation from
the central N3LL result.

It is instructive to first examine the importance and
interplay of the O(Aqcp) renormalons contained in the
perturbative fixed-order series of the bHQET jet and
partonic soft functions. To illustrate the impact of the pole
mass renormalon in the bHQET jet function, we display in
the upper panel of Fig. 5 the 2-jettiness cross section in the
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FIG.5. Analysis of the pole mass and soft function renormalon’s

impact on the convergence of perturbation theory at O(a?), O(a,),
and O(a?). The top panel uses the jet function in the pole mass
scheme, but includes gap subtractions for the soft function. The
middle panel does not include gap subtractions, but utilizes the jet
function in the MSR mass scheme. The bottom panel employs the
MSR mass scheme and gap subtractions, and thus removes the
leading renormalons in both the jet and soft functions.

014026-18



BOOSTED TOP QUARKS IN THE PEAK REGION WITH ...

PHYS. REV. D 104, 014026 (2021)

pole mass scheme for Q =700 GeV using the default
profile functions, consistently expanding all fixed-order
matrix elements entering the factorization theorem (i.e., the
bHQET jet function, the soft function and the hard
function) to O(a?) (dotted green), O(a,) (dashed blue),
and O(a?) (solid red) and consistently using gap subtrac-
tions. Thus, renormalon subtractions associated with the
pole mass renormalon are not included, while the soft
function renormalon is still removed systematically. Since
the renormalization group evolution, which predominantly
affects the normalization, does not contain any renormalon
effects, we adopt the highest-order N3LL anomalous
dimensions for all renormalization-group resummation
factors, so that the behavior of the three curves is focused
on the pole mass renormalon in the unsubtracted jet
function. The curves clearly exhibit the well-known pole
mass renormalon problem which causes the peak position
to systematically shift towards smaller jet masses with
increasing order. At the level of the 2-loop bHQET jet
function itself, this behavior was discussed in Ref. [69]. In a
fit to data this behavior would correspond to a pole mass
value that systematically increases with the perturbative
order. This is the known behavior of the perturbative
series for the pole mass in terms of a short-distance mass
[13,35,50]. Furthermore, the curves show some instabilities
in its shape, in particular in the form of the distribution at
and above the peak.

In order to illustrate the impact of the soft function
renormalon we display in the middle panel of Fig. 5 the
2-jettiness cross section without gap subtractions, again for
Q =700 GeV using the default profile functions and
consistently expanding all fixed-order matrix elements
entering the factorization theorem, but this time using
the MSR top quark mass scheme (and the standard MS
mass in the hard function). Here subtractions associated
with the soft function renormalon are not included, while
the pole mass renormalon is removed systematically. As in
the upper panel, we adopt the highest-order N°LL anoma-
lous dimensions for all renormalization-group resummation
factors, so that the three curves focus on the behavior due to
the soft function renormalon. We see that the soft function
renormalon causes the peak position to systematically shift
towards larger jet masses with increasing order. In a fit to
data this behavior would correspond to an MSR mass value
that systematically decreases with the perturbative order.
Furthermore, the curves at O(a,) and O(a?) show con-
siderable shape instabilities in the region below the peak,
where the cross section can even become negative. We note
that the impact of the soft function renormalon increases
with the c.m. energy Q. This dependence on Q arises
from the boost factor ¢ = Q/m, appearing in the con-
volution integral shown in Eq. (3), which is also manifest
in Eq. (40).

Finally, in the lower panel of Fig. 5 we display the
corresponding three curves once again, but systematically

accounting for the subtractions associated to both the pole
mass and soft function renormalons, by using the MSR top
quark mass scheme and gap subtractions, respectively. We
now observe very good convergence of the peak position
and, furthermore, no instabilities in the shape of the
distribution are visible.

The upper and middle panels of Fig. 5 also nicely
illustrate the presence of a partial cancellation of the jet and
soft function renormalon effects since they have opposite
signs. In the combined order-by-order cross sections both
corrections thus partially cancel when the pole mass
scheme is employed and no gap subtraction is applied
for the soft function. Even though this partial cancellation
arises between two independent physical effects and should
therefore be considered as accidental from a principle point
of view, it does undeniably take place in the physical
regions of c.m. energies where high-precision extractions
of the top mass can be carried out. One may therefore ask
the question whether this cancellation may in principle
allow for a pole mass determination where the impact of the
pole mass renormalon could be tamed or even avoided
altogether. At this point we would like to remind the reader
that for a top mass determination from data (or MC
pseudodata) simultaneous fits of the peak region 2-jettiness
distribution for several Q values are needed to disentangle
the dependence on the top quark mass and the shape
function parameters. So there is a strong degeneracy
concerning the dependence on the top quark mass and
the shape function parameters, and in particular its first
moment €. Given that there are strong cancellations
between corrections affecting both of these dependences,
it can be expected that they degrade the overall precision of
such an analysis. Furthermore, since the amount of mutual
cancellation between the pole mass and soft function
renormalons is QO dependent, it is expected that such fits
for theoretical predictions without any renormalon sub-
tractions will exhibit larger theoretical uncertainties com-
pared to those where the pole mass and soft function
renormalons are separately and independently subtracted.
Such an extensive analysis is, however, beyond the scope of
this work.

Furthermore, it should also be pointed out that the shape
function appearing in Eq. (3) is universal and appears in the
same form also in the factorization theorem for the e™e™
thrust distribution below the top pair threshold, where
precise information on its parameters can be extracted from
available e e data [91] at significantly smaller values of Q.
The thrust distribution for massless quark production is
sensitive to the same soft function renormalon, but does not
have any top mass dependence. Thus, if information on the
renormalon-free shape function parameters obtained from
ete™ thrust data is systematically accounted for, it is
unavoidable that renormalon effects must be properly
handled for top quark mass determinations from the
2-jettiness distribution.
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Finally, it is instructive to also have a closer look at
the 2-jettiness cross section without any renormalon sub-
traction. In Fig. 4 the 2-jettiness differential cross section at
Q =700 GeV (upper panels) and Q = 2000 GeV (lower
panels) in the pole mass scheme and without gap sub-
tractions are shown for the default profile functions. The
results are normalized to the M interval displayed in the
respective panels at NLL (green dotted line), NNLL (blue
dash-dotted line), and NLL (red solid line). We also
display uncertainty bands with the corresponding colors
at each of the three orders. These bands are again derived
by determining the upper and lower values of the distri-
butions (for each M, value) obtained by considering 500
profile functions generated randomly within the profile
function parameter ranges. Apart from the fact that neither
the pole mass nor the soft function renormalons are
subtracted, the setup used for all curves and uncertainty
bands in Fig. 4 is precisely the same as the one used for
Fig. 3. We see that the perturbative behavior concerning the
convergence and the perturbative uncertainties is also good
even without any renormalon subtraction. This underlines
the partial cancellation of the jet and soft function renor-
malons. However, a closer inspection shows that the
perturbative uncertainty bands are narrower when the
subtraction of all renormalons is taken care of systemati-
cally. This is visible in the fractional deviation plots, where
the NLL renormalon-subtracted predictions in Fig. 3
exhibit an average uncertainty of £3.8% at Q =700GeV
for M; > 171 GeV compared to £5.5% for the predictions
without any renormalon subtraction in Fig. 4. In contrast,
for Q =2000 GeV Fig. 3 has an average uncertainty
of £2.4% for M; > 175 GeV compared to +2.9% for
the predictions without any renormalon subtraction in
Fig. 4.

An interesting aspect of our definition for the jet mass
variable M [defined using 2-jettiness in Eq. (6)] is that it is
normalized in a way such that it can be seen as a direct
measure for the top quark mass. Therefore, the behavior of
the peak position for the M ; distribution allows us to draw
conclusions on the size of the perturbative uncertainties of a
top mass determination from the peak position. To avoid
outliers we discard the two highest and two lowest points in
the scan so as to better represent the bulk of the points.
In Fig. 6 we show the peak positions of the curves at
Q =700 GeV and Q = 2000 GeV for the default profile
functions and their perturbative uncertainties, estimated
from the 500 random profile functions. Results are shown
in the MSR mass scheme with gap subtraction (MSR, red)
and in the pole mass scheme without gap subtractions
(pole, blue) at NLL, NNLL, and N3LL. The central values,
shown by dots, correspond to the default profile scales, so
the perturbative uncertainties are asymmetric. The corre-
sponding numbers are also given in Table II. The results
show that the perturbative uncertainty is systematically
smaller when the top quark mass and soft function
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FIG. 6. Peak positions at Q = 700 GeV (upper panel) and
Q = 2000 GeV (lower panel) for cross sections in the MSR
(red) and pole schemes (blue) at NLL, NNLL, and N3LL accuracy.
The error bars are obtained from a flat random scan over 500
parameters and the central value corresponds to the default profile.

renormalons are subtracted. For Q = 700 GeV, where
we have the highest top quark mass sensitivity, using
renormalon subtractions leads to an uncertainty in the peak
location of around +85 MeV at N’LL order. Without
renormalon subtractions the uncertainty at this order
increases to around =150 MeV, which is almost a factor
of 2 larger. For Q = 2000 GeV the uncertainties are larger
for the analysis without renormalon subtraction as well
(around 450 MeV with renormalon subtraction compared
to around +650 MeV without renormalon subtractions,
both at N3LL order). Here the difference is less pronounced
because the overall top mass quark sensitivity decreases for
larger Q values and the overall uncertainties increase.
Analogous behavior is also visible at lower orders. Our
results indicate that the MSR mass may be extracted with

TABLE II. Peak positions at different perturbative orders using
the MSR and pole mass schemes, as shown in Fig. 6.

Peak Positions [GeV]

Mass

scheme Q [GeV] NLL NNLL N°LL

MSR 700 171.104%%% 171.294t§;§£ 171.414i§é7§
2000 175.008%)57, 176.403%5¢0 176.541%037

Pole 700 171.073j§%5£ 171.3543:;3821? 171.427j§;§§)
2000 174.3772%87 176.1267)35% 176.4481 010
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an uncertainty of well below 100 MeV, while the pole mass
uncertainty is at the level of 150 MeV. Interestingly, this is
about the size of the top quark pole mass renormalon
ambiguity of 166 MeV that was estimated recently in
Ref. [35] for the case of massless charm and bottom quarks
(which is the approximation we use in our analysis). Note
that in an earlier analysis in Ref. [50] the top quark pole
mass renormalon ambiguity was estimated as the smaller
value of 67 MeV (also for massless charm and bottom
quarks).

The results we have obtained in this simple analysis of
the peak positions—taken by themselves—do not contra-
dict the view that the top quark pole mass can be extracted
from the 2-jettiness cross section with perturbative uncer-
tainties below the pole mass renormalon ambiguity, but
they also show that at least at N°LL order the precision is
not (yet) sufficient to achieve that goal and that higher-
order corrections beyond this order would be mandatory to
get there. On the other hand, the results also support the
view that, even though the 2-jettiness cross section exhibits
a cancellation between the pole mass and soft function
renormalons, the pole mass can still not be extracted with a
precision below its renormalon ambiguity. In any case,
using renormalon subtractions, and in particular the MSR
mass scheme, will yield substantially higher precision and
smaller perturbative uncertainties.

At this point we would like to again mention that in mass
determinations from data (or MC pseudodata) simultaneous
fits of the peak region 2-jettiness distribution for several O
values are needed to disentangle the dependence on the top
quark mass and the shape function parameters, and that the
whole distribution in the peak region (rather than just the
peak position) would enter such fits. As mentioned before,
however, this kind of study requires that also off-shell and
m,/ Q power-suppressed contributions are included, as their
effects can be non-negligible depending on how the cross
section is normalized.

The dominant such QCD corrections to the factorization
theorem in the bHQET region come from two sources:
mass power corrections appearing as higher-order terms in
Eq. (2), and corrections to the perturbative singular
structures. (Additional nonsingular kinematic power cor-
rections are very small at one loop and hence irrelevant.)
The former are universal at any order in @, and shift the
distribution to the right by O(m$/Q*) but are trivial to
incorporate. The latter are known analytically to O(«a) in
QCD [28]: at tree level one gets a modification of the
coefficient of the delta function, while at O(ay) the plus
distribution coefficient is also affected. One can include
these mass corrections by a suitable modification of the
hard and jet functions (see, e.g., Ref. [29] for more details).
These mass power corrections decrease the cross sections
in Fig. 2 by 5% (beyond NLL) everywhere except for the
region to the left of the peak where the effects are smaller.
However, if the cross section is normalized the effect of

these power corrections drops below a percent, becoming
negligible in all relevant regions. It is reasonable to believe
that these power corrections will be of similar form and size
once O(a?) are added. A complete analysis that accounts
for these effects will require the inclusion of the O(a?)
correction to the primary massive quark SCET jet function
that was computed recently in Ref. [74] and shall be carried
out in future work.

VIII. CONCLUSIONS

In this article we have presented results for the 2-jettiness
differential distribution for boosted tops produced in e™e™
collisions in the peak region, accounting for the resumma-
tion of large QCD logarithms at N°LL order and fixed-order
corrections to the hard, soft, and jet function matrix
elements at next-to-next-to-leading order [O(a?)], calcu-
lated in the framework of soft-collinear effective theory and
boosted heavy quark effective theory. We have systemati-
cally removed the O(Aqcp) renormalons contained in the
soft and jet functions by using a gap subtraction as well as
the MSR mass, and have provided a numerical analysis
indicating that the perturbative uncertainties of a determi-
nation of the top quark MSR mass from the N3LL + O(a?)
prediction at a c.m. energy of O = 700 GeV are well below
the level of 100 MeV. For future reference all theoretical
formulas are given explicitly in several appendices.

An interesting aspect of the 2-jettiness distribution is that
the soft- and jet-function renormalons partially cancel each
other for center-of-mass energies above 700 GeV where the
boosted top quark approximation is valid and precise top
mass determinations can be carried out. This cancellation
arises because the soft-function and pole-mass renormalons
enter with different signs. While these two renormalons
represent two physically independent infrared sensitivities,
the cancellation allows for rather stable and convergent
predictions in the pole mass scheme, if at the same time the
soft function renormalon is also left unsubtracted.
However, the resulting perturbative uncertainties are still
systematically larger compared to the predictions where
both renormalons are independently removed.

The analysis done here based on boosted heavy quark
effective theory neglects subleading collinear off-shell
corrections, which have been determined recently at
O(a?) in Ref. [74] and shall be accounted for in future
work.
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APPENDIX A: FORMULAS

The factorization theorem presented in Eq. (3) is
expressed in momentum space where the jet and soft
functions, along with the evolution factors, are distributions
involving series in plus and delta functions. We find it
convenient to combine the ingredients in position space
where the convolutions become simple products. Below
our notation and definitions with variable mass dimension
follow Ref. [26]. For earlier work on the associated
resummation formulas, see Refs. [112—114]. For a function
F(q, 1) that depends on a momentum-space variable g with
mass dimensions jr and the renormalization scale u, the
Fourier transform in position space is defined as

Flx.u) = /_ : dge """ F(q. p). (A1)

where x has mass dimensions —jr. The position-space
anomalous dimension permits writing the corresponding
RG relation as a local equality,

F(q.n) = /dq/U}'<q —q' 1. 1) F (' o)

dx . . 7
= /ZequU}'(x9/’tuu0)f(x’ﬂ0)' (A3)

The factorization function H, is not a distribution,
but a simple function of the center-of-mass energy Q, with
mass dimension jy = 1 in our convention. One can treat
factorization, and position-space jet and soft functions on
the same footing simply by using Q = {Q, 1/(ie’*x)},
F = {HQ,j-"}, and yr = {yy, 77} [we describe the evo-
lution of the bHQET current in Eq. (B3)]. In this way, we
express the RG evolution and evolution from pq to u as

(.0 = [rlaog( ) + rrle] [ ),

F(Q,p) = Up(p, po; Q)F (1o, Q)

JF\ op(u.Q)
= eKt'(ﬂvﬂ()) (MQ ) F(Q? /"O)7

(A4)
where I'z[a,] resums double logarithms and is proportional
to the universal cusp anomalous dimension I'““*P[q],
and yg[a,] is the noncusp anomalous dimension. The
evolution kernels K and @y are defined as [ag = a,(ug),

@, = a(p)]

Ko (u. po) = Kp (. po) + Ko (. o).
ay da a da/
KL —TI —,
(,Ll /40) w0 ﬁ( ) [ ] aU ﬁ(a/)
o d
K (ps o) = " ﬂ(—z)ﬁ[a]’
a, da

op(p. o) = . MFF[Q]~ (AS5)

The results of the evolution kernels at N°LL are given by

K (u. po) = jrK (T p o).
d ~ ~
”@Hx’”) =7 ) F(x ), (A2) K7 (u, o) = n(y e ps o)
or(p, o) = n(Cp, 1, o), (A6)
such that RG-evolved position-space soft and jet functions
can be expressed as a regular product: where
I B YIRS AYE
( ’ 2ﬂ 4” o bo (r=1+ 0 o To Tobo ( )
1 3T I, (p? 2
+_<@) [_3_&+ (4 _&@ 28 )y )
3\4z) Iy po o Do Po \Bp Po

and
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[y [4n Iy p B b
K, pu,pu :{ rlogr+1—r +(— r—1-logr)——1log“r
( 0) pve rao( g ) & fo ( gr) 2, 08
I 2 I, I’ 21 I I
—l-@[(1—'31—'6—;)0—1—rlogr)—leogr+(—2— 1ﬂ1+32)r +< 1'81——2)(;"—1)}
4r [ \Lofo ﬂo Iy Tobo 2 Lofy T
2 I B 21 I B,I 31 21
4 %0 B, _1_& _|__3 r 4 __Z_ﬁl 2 1_|_B3 r _r
47[ FO ﬂo 2 2 Foﬂo FO 3 2

I, ¢ |
_ﬁ(_z_l_ﬂl+32>(r210gr_r )
260 \I'o  T'ofo 2

where r = a, /o, depends on the 4-loop running coupling,
and the B; coefficients take the following values: B, =
/3%//}% = P2/Po and B; = 2ﬂ1ﬂ2//3(2) —ﬂ?/ﬁ?) = P3/Po- The
series expansions of the QCD beta function and the cusp
and noncusp pieces of a generic SCET anomalous dimen-
sion are written as

(A9)

where here the I’s either stand for 'y, P, or y5. The
numerical expressions for the universal cusp anomalous

dimension coefficients for 5 and 6 flavors are given
by [73,115,116]

TPy . = {4,27.633,179.406, 141.254},

(o)) o — {4,23.188,35.497,-2581.527},  (A10)

where the 4-loop cusp anomalous dimension is obtained
from recent work in Refs. [73,117]. Note that in our
convention we do not include a factor of Cp in the
definition of I'*"*P[q,], but we do include this factor for the
[z [a,]’s for various functions given below in Appendix B.
Finally, we quote the numerical results for the QCD beta
function up to four loops [95,96,118,119]:

{87 }ocics = {23/3.116/3,180.907, 4826.16},

(B oeics = {7,26,-32.5,2472.28}. (A11)

APPENDIX B: ANOMALOUS DIMENSIONS

The RG equations for the various functions appearing in
Eq. (3) are as follows:

BS Fl ﬁl
[
d H
S oglH (Q.1)) = T o] og (é) Ty la).
d (s) (1)
—1 v » =T, |ay 1 = F 7l
" og[T " (0. p)] [a;] log o volay]
=7,(0).
d N
H g 108, (0] = T o] log(ieex0) + e
=7 (x, 1),
d -
/t@log[Sg)(y,ﬂ)] = T o] log(ie"eyp) + 75, o)
= 75 (x. 1), (B1)

where J ., and S.. are the Fourier transforms of the thrust,
unsubtracted, stable bHQET jet and soft functions defined
in Egs. (11) and (23). Note that we have YH, = 27n,
vr = 2yp, and yg = 2yg, with yy g given as in Ref. [91]
and yp defined in Ref. [26]. In Eq. (3), instead of running
H,, we RG evolve the squared matrix element of the
bHQET current, 7, defined as

TV = (T isteer) P (B2)

The RG evolution of J 5,5), using the results in Eq. (B1) for
the evolution factor U, shown in Eq. (8), reads

(s

Uv(Q’,Mmﬂﬂ) = eKZ'(S)(/’ms/’)Q_wv)</4m’/4)’ (B3)

where, keeping in line with our notation, we emphasize that
U, 1s the final scale up to which J 5,5) is RG evolved. The
bHQET current Jyjjopr [26.72] is given by

ijQET = Ijlv, WnY;FéIYﬁW;hv;’ (B4)
where h, — are the heavy-quark fields describing top
and antitop quarks; W, ; are the Wilson lines formed
from ultra-collinear gluons, such that in position space
Wi (x) = Pexplig [ dsii - A, (7is + x)); Y, are similarly
defined Wilson lines with ultrasoft gluons, and I’y = y* and
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I, = y*ys. The RG consistency in the bHQET sector
implies the following constraint:

ro(Q) =7 (x. 1) + 75 (0x. 1), (B5)
with y,(0), vr, (x,u), and g (ox,u) defined above in
Eq. (B1). This leads to a cancellation of the log(u)
dependence in the anomalous dimension of the
bHQET current and implies I', [a,] = Iy [a,] = =g [a],
volag) =vs a,]+7r JE [,]. Since the “cusp” piece in Eq. (B5)
is u independent, we find that the kernel K, [see Eq. (A5)]
does not appear in the RG evolution of the bHQET matrix
element in Eq. (30), but K}, and w, do. With the convention

in Eq. (B1l) the cusp and the noncusp pieces have the
following values [26,69,72,76,78,114,116,120-124]:

Tpla] =T fa] = T [a] = 4C,T PO [a],
Ty, [a,] = —4C pIeusp(0) )
(17 Yosica = {=16,32.669, —21.044},
{1 }osicr = {32/3.86.619,477.753},

(7 Yoaier = {32/3. 65803, ~840.284}.

{77 Y ocicr = {0,152.422,1318.037}. (B6)
Using the formulas for the evolution factors in Eq. (A4), the
RG evolution equations in Eq. (B1), and the anomalous
dimensions in Eq. (B6), one arrives at the resummed
expressions in Egs. (29) and (30). From Eq. (B1) we see
that all dynamical momentum variables have dimensions of
energy so that j = 1 for all the evolution functions that we
consider here.

APPENDIX C: FIXED-ORDER RESULTS

We now state the results for the 2-loop matrix elements
and factorization functions that appear in our analysis. We
show the results for the logarithm of the functions since it
simplifies the structure of the results.

1. 2-loop results

The SCET hard matching function H(Q6> with 6-flavor
coupling is given by [75-79,125]

(©)
6 as” (u)
log[HY) (0, w)] = 19372~ 16Lg — 10.667L])
(6) 2
+ {“4—(”)] [305.454 — 163.879L,,
T

— 173.835L7 — 49.778L})].

Ly =log (g) .

(C1)

For the hard matching function at the top mass scale H 5,?
we state the result with m, expressed in either the pole or

MS scheme [26,72]:

log[H"*® (m?° o. )]
(©6)
— “5'4 () [15.053 — 2.667L,, + 2.667L2,]
v/
(6) 2
+ [““ I (u )} [152.578 — 45.728L,, + 26.5699L%,
T
—6.222L3, +log()(=5.531 — 5.926L,, — 1.778L2))],

(C2)
log[H " (71,. 0. 1)) = log[H%™® (1. .1
(6) 2
+ [a—(”)] (56.889L,, — 28.444),
dr
(C3)
where L,, = log[(m}**)?/u?], L; = log(7#? /u®), and ¢ has
been defined in Eq. (4).
The 2-loop fixed-order result for the unsubtracted,

stable-top bHQET jet function in position space is given
by [26,69]

log[m2J5) (x, )]
o () ¢ "
== [15.053 + 10.667L + 10.667L3]
T
o’ ()] . .
+ [—ﬂ} [310.954 + 165.012L 5 + 155.465L%
+54.518L3], Ly = log(ieexu). (C4)

Likewise, the unsubtracted soft function in position
space reads [26,70,71]

)

1og[3Y) (v, )] = [—13.159 — 10.667L3]

5 (72 )
+ {a“ ( )] [~81.361 — 49.357L
4

—73.687L% — 54.518L3],

Lg = log(ie"yp). (C5)

2. Generating fixed-order terms

We now describe a helpful algorithm that allows one to
generate the fixed-order expansion of the position-space
matrix elements and factorization functions discussed here
from the nonlogarithmic coefficients and their anomalous
dimensions in Eq. (B6). This applies to the matching
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coefficient H' ), and the bHQET jet and the soft matrix
elements, and can be used to reproduce the results stated
above in Egs. (C1), (C4), and (C5). Note that the algorithm
described below must be generalized in an obvious way for

HEV?) to obtain the results in Egs. (C2) and (C3), since its
running results from the anomalous dimensions of the
bHQET current and the SCET matching coefficient (with
different number of dynamical flavors in the running
coupling) and includes an additional rapidity logarithm.

Consider a position-space matrix element or a factori-
zation function F(u, Q) having the generic form

@) =exp{ Yot | %] "3 21 (%)} o

where we have A = 1/m? for the thrust position-space
bHQET jet function and A =1 in the other cases; see
Eq. (28). The constant terms a’ ; serve as independent data,
whereas other coefficients can then be determined by
anomalous dimensions and the beta function. Thus, the
al ) serve as boundary condition data for the RG differ-
ential equations in Eq. (A4). The logarithmic terms af,, for
n > 1 then can be expressed as

hy = S WP+ b Prs] + L BTA). (€T
where the three terms result from the running of the
coupling, and the noncusp and cusp pieces of the anoma-
lous dimension of the given function. The coefficients in
Eq. (C7) can be obtained via the following recursion
relations:

m—1

2 . ",
aﬁm[ﬂ]zgzlag”_UW]ﬁ;ii_l, 1<n<m-—1,
2m
mn[ﬁYF nzlalnlwyF mlls ZSHSm,
i=n—1
2ml
m”[ﬂrp nzlalnl[ﬂrF mtl’ 3<n<m+1,
i=n—2
(C8)

with m > 1 in order to have a sensible upper limit.
The starting values of the three series (with m > 1) are
given by

QZOV}] = af;o’ afnlmv YF) = an—l’

“22 FAVIES FZ 1’

5 (©9)

with a8, yr] = al o[, Tr] = ak |3, Tr] =0. Here,
the integer jr corresponds to the dimension of the

momentum-space variable ¢ as it appears naturally in
logarithms,10 as shown in Eq. (A4). The dependence on
jr is factorized as in Eq. (C7) and only enters the af,, [, T's]
coefficients through the boundary condition in Eq. (C9).
For the factorization functions in Eq. (A4) this is simply set
to 1. The constant terms of the SCET matrix elements up to
NNLO are as follows:

{a }l<1<2

{a)t”

{9.372,305.454},
= {15.053,310.954},

1<i<2 —

= {-13.159,-81.361}.  (C10)

{al 0 S1<i<2 —

APPENDIX D: MSR MASS

The defining

m® =m® (m

series for the standard MS mass

56)) reads

I 6 6 a§6)(m<6)) G
m= = =S [ 0(s.0). (o)

where the notation aE"f ) (ng, ny,) refers to the coefficient for

n, massless and n;, heavy flavors with the running coupling
expressed in the ng-flavor scheme (note that in general
ny # ny + ny). The defining relation for the MSR mass'' is
given by

5m(R) _ m$ole _ m?ASR‘(S)(R)

T

(D2)

where n;, = 0 signifies that the virtual self-energy correc-
tions coming from top quark virtual loops have been
integrated out. Using these results, we can write down

the matching relation between the MS and MSR masses at
(6)

the scale m, ’:
MSR(S) . (6). (6 @ —[a@mN] (s
m, (m;”)—m; " =m, 2[74 }Aai , (D3)
i-1 i
with
Aal(»5> = a§5)(5, 1) - a§5)(5,0). (D4)

%Even though from Eq. (B1) one can see that j = 1 for all the
functions we consider in our analysis, for sake of generality we
have left it explicit in the formulas above.

'We remind the reader that we adopt the “natural” MSR
scheme as defined in Ref. [34] and refer to it as just the MSR
mass.
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The coefficients have the following numerical values
[126-131]:

{a\(5,0)},cic3 = {5.333,130.128,4582.535},
{aP (5. 1)} 105 = {5.333,131.785,4699.703}.  (D5)

APPENDIX E: SOFT GAP
SUBTRACTION SCHEMES

We can generically start the construction of the gap
subtraction series & that shall cancel the soft function
renormalon in Eq. (23) by considering the following
general condition:

n

d
¢, ( o—2iv3(ns Ryin.&) =0 El
dlog(>og[z(w) Ly =0 (E)

where n > 0 and £ ~ O(1) is an auxiliary parameter. This
condition specifies a physical renormalon-free “momen-
tum-subtraction-like” scheme which defines the soft func-
tion by imposing a condition on it at a point in position
space. Here SS) (v, us) is the MS soft function and ug is a
reference renormalization scale that can be chosen inde-
pendently of R,. Solving Eq. (E1) for & gives

R, d"
5(/"& Rs’ n, 5) = 5He

S PN K
2¢ dlog(iy)" log[Se, (v p5)]iy—g- (E2)

This defines a range of gap subtraction schemes for
different choices of n and £ The renormalon in the soft
function is not influenced by the terms depending on the
cusp or noncusp anomalous dimensions, and hence appears

only in the terms afj’z [B] using the notation of Eq. (C7). For

a given n, these terms enter the series for 6 at O(a*!). The
choices n = 0, 1 yield the two subtraction schemes given in
Egs. (24) and (25). We do not consider schemes with n > 2
where the a;;[f] enter at O(a}) and beyond.

The scheme used in Refs. [84,91] corresponds to the
choice & = e’f and uz = ug, yielding Eq. (25). Here we
instead employ the n = 0 scheme in Eq. (24), setting £ = 1
and pus = R, instead, which makes the gap parameter A
independent of the renormalization scale pg of the soft
function. This yields

5) o\
; SR,
5(R,) = 5(R,.R,;0,1) RSZ[“‘ 4; )} dy.
i=1
L
where d;p = E,Z:; Siﬂ’fs’ (E3)

where the s;;’s are simply the constant terms and coef-

ficients of powers of logarithms Zé = log/(ie"*yu) in the

fixed-order expansion of log[SS)(y w) at O(al) in
Eq. (C5) [see Eq. (28)]. We remind the reader that when
5(R,) is used in the factorization theorem, it is crucial that &

(5)

is treated as a series expansion in ay "’ (ug), the same
coupling used in the series for the soft function.
Therefore, the final expression used for our analysis is

(5) i
< as” (us) ] (M
(Ry) = R, E [ 451 S ] d;jlog’ (—RS>’
i=1 s

2 l—l
=N kB (E4)
=

Finally, we can relate the leading power correction Q; (R,)
between the two subtraction schemes:

QI(R ) Ret% [8491](RS,RS>

_ RS[5Refs.[84,9l] (R,.R,) — S(Rs)]
(5) poc)
{8 357 4(R ) +28.489 {#} 2}. (ES)

T

APPENDIX F: R EVOLUTION

We consider a generic perturbative series depending
linearly and logarithmically on the scale R that has
the following form'

—R i [“‘;(f)

The evolution equation of f(R) with respect to R is then
given by

]ifl-. (F1)

df(R) df

dmr X RZ [ ] R (F2)

with the R anomalous dimension coefficients being

n—1
= fus1 =2 (0= Bifus (n21),  (F3)
j=0

where yg'R = f1. The crucial aspect of using the RG
equation in Egs. (F2) is that the R-evolution anomalous
dimension in Eq. (F3) is O(Aqcp) renormalon free if the
series in Eq. (FI) contains an O(Agcp) renormalon
[33,34]. This is a fundamental ingredient in the construc-
tion of renormalon subtractions in distributions where the
subtraction scale depends on the value of kinematic

“In this Appendix it is assumed that a, runs with n, active
flavors.
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quantities [21,132]. The solution of the R-evolution equa-
tion is straightforward and given by

n+1

f(R)) RO)—Zy"/dR[ ] . (F4)

Using Eq. (F3), we can derive the anomalous dimensions
for the R-evolution of the MSR mass and the gap
subtractions by using the following values for f;:

sm(R).Eq. (D2): f; =a(5.0),
&(R,).Eq. (E3): f; = djo. (F5)

Note that the R-evolution equations for the MSR mass
mMSR and the gap parameter A(R,) in Egs. (22) and (26)
are defined with an additional minus sign of the evolution
equations of the corresponding subtraction terms which are
referred to in Eq. (F4). For the R-anomalous dimensions
we get

(MR} ey = {5.333,48.350, 179.501},
{r*}ocicr = {—8.357.55.693}. (F6)

APPENDIX G: NONPERTURBATIVE
MODEL FUNCTION

We use the nonperturbative model function F(k) that has
the form

A =siien e =5 [ en ()] @

n=0

where the basis functions are [87]

32n
ful) = 8y D ep (o),
9(z) = % B—e*(3+ 12z +2472 +32z3)] -1, (G2)

and P,, are Legendre polynomials. For _, ¢? = 1 the norm
of S;“Od(k) is unity, i.e., Q, = 1. The ch01ce of basis in
Egs. (G1) and (G2) depends on specifying one dimension-
ful parameter A which is characteristic for the width of the
soft function. Following Ref. [91], in our analysis we set
N =2 and c¢; =0, such that the first moment using
Eq. (15) is given by

_ 2
Q) = A +3 (e} +0.201coe; +1.100c3].  (G3)

where the normalization condition ¢} + ¢3 = 1 can be used
to express ¢ > 0 in terms of ¢;. For our numerical analyses
we take ¢, = 0.05, A =0.1 GeV, and the value of Q,
then fixes A. The Q(R;) including gap running can be
evaluated using Egs. (18) and (E3). For a reference scale of
R, =2 GeV, we find

Q(2 GeV) =

=0, +0.463 GeV.
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