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Abstract We present a Monte Carlo generator that imple-
ments significant theoretical improvements in the simula-
tion of top-quark pair production and decay at the LHC.
Spin correlations and off-shell effects in top-decay chains
are described in terms of exact matrix elements for pp —
T, 177, bb at order a4oz§ plus full NLO QCD corrections,
where the leptons ¢ and [ belong to different families, and b
quarks are massive. Thus, the contributions from ¢ and Wt
single-top production, plus contributions without top reso-
nances and all relevant quantum interferences between differ-
ent channels are fully included. Matrix elements are matched
to the Pythia8 parton shower using a recently proposed
method that allows for a consistent treatment of resonances
in the POWHEG framework. These theoretical improvements
are especially important for the interpretation of precision
measurements of the top-quark mass, for single-top anal-
yses in the Wt channel, and for 7 and Wt backgrounds
in the presence of jet vetoes or cuts that enhance off-shell
effects. The new generator is based on a process-independent
interface of the OpenLoops amplitude generator with the
POWHEG-BOX framework.

1 Introduction

The production of top-quark pairs plays a key role in the
physics program of the LHC. On the one hand, this pro-
cess can be exploited for detailed studies of top-quark prop-
erties and interactions, for precision tests of the Standard
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Model (SM), and for measurements of fundamental param-
eters such as the top-quark mass. On the other hand, it rep-
resents a challenging background in many SM studies and
searches of physics beyond the Standard Model (BSM). The
sensitivity of such analyses can depend in a critical way on
the precision of theoretical simulations, and given that any
experimental measurement is performed at the level of top-
decay products, precise theoretical predictions are needed for
the full process of ¢7 production and decay, including, if pos-
sible, also irreducible backgrounds and interference effects.
This is especially important in the context of precision mea-
surements of the top-quark mass.

After the discovery of the Higgs boson and the measure-
ment of its mass, the allowed values of the W-boson and
top-quark masses are strongly correlated, and a precise deter-
mination of both parameters would lead to a SM test of
unprecedented precision [1]. At present there is some ten-
sion, at the 1.6 o level, between the indirect top-mass deter-
mination from electroweak precision data (177 & 2.1 GeV)
and the combination of direct measurements at the Tevatron
and the LHC (173.24 &+ 0.95 GeV). The precise value of the
top-quark mass is particularly crucial to the issue of vacuum
stability in the Standard Model [2]. At high scales, the Higgs
quartic coupling XA evolves to increasingly small values as m;
grows, and it is remarkable that above about m; = 171 GeV,
i.e. very close to the present world average, A becomes neg-
ative at the Planck scale, rendering the electroweak vacuum
meta-stable, while for m; > 176 GeV the electroweak vac-
uum becomes unstable.

The most precise top-mass measurements are based upon
fits of m,-dependent Monte Carlo predictions to certain kine-
matic distributions. For a precise m; determination, it is cru-
cial torely on Monte Carlo generators that describe ¢7 produc-
tion and decay, including the shape of top resonances, on the
basis of higher-order scattering amplitudes. These are given
in terms of a theoretically well-defined top-mass parameter
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in an unambiguous way, and can provide more reliable esti-
mates of perturbative theoretical uncertainties.

Perturbative predictions for inclusive ¢7 production are
available up to next-to-next-to leading order (NNLO) in QCD
[3,4], and the next-to-leading order (NLO) electroweak cor-
rections are also known [5—11]. Calculations at NLO QCD
existalso for 7 production in association with one [12] or two
[13—17] extra jets. The present state-of-the art accuracy of ¢7
generators is NLO QCD, and inclusive generators matching
NLO QCD matrix elements to parton showers (NLO+PS,
from now on) have been available for quite some time:
in Ref. [18], based upon the MC@NLO [19] method, and
in Ref. [20], based upon the POWHEG method [21,22]. In
the following we will refer to the latter as the hvqg gener-
ator.! More recent generators can provide NLO QCD pre-
cision also for ¢7 production in association with up to one
or two additional jets [23-29]. Top-quark decays are known
at NNLO QCD [30,31], but so far they have always been
implemented at lower precision in complete calculations of
top-pair production and decay. The vast majority of such cal-
culations rely on the narrow-width approximation (NWA),
where matrix elements for 77 production and decay factor-
ize. Various generators based on the NWA approximation
[18,20,23-29] apply NLO QCD corrections only to 77 pro-
duction and include finite-width effects and spin correlations
in an approximate way using the method of Ref. [32,33].2
The best available NWA fixed-order calculations implement
NLO QCD corrections to the production and decay parts
with exact spin correlations [37-39]. The ttb NLO_dec?
generator of Ref. [40] implements the results of Ref. [39]
using the POWHEG method [21,22]. Finite-width and interfer-
ence effects are implemented in an approximate way, using
LOpp — WTW~bb matrix elements. Thus, in the reso-
nance region it provides NLO corrections to both production
and decay, including NLO corrections to W hadronic decays,
and implements full spin correlations. In addition, it can be
operated both in the five-flavour number scheme (SFNS) and
in the four-flavour number scheme (4FNS).

A complete description of ¢7 production and decay beyond
the NWA requires the calculation of the full set of Feynman
diagrams that contribute to the production of W+ W ~bb final
states, including also leptonic or hadronic W-boson decays.
The existing predictions at NLO QCD [41-46] deal with
the different-flavour dilepton channel, pp — €7 v, 17, b b.
Besides an exact NLO treatment of spin correlations and

! hvq is the name of the corresponding directory in the POWHEG-BOX
package. The hvqg code is also available under the POWHEG-BOX-V2
package.

2 Automated implementations of this method and similar ones have
been presented in Refs. [34-36].

3 The name ttb_NLO_dec refers to the corresponding directory in
the POWHEG-BOX-V2 package.
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off-shell effects associated with the top-quark and W-boson
resonances, such calculations account for non-factorizable
NLO effects [47-49] and provide an exact NLO description
of the top resonance, including quantum corrections to the top
propagator. Moreover, in addition to doubly resonant topolo-
gies of tf type, also genuine non-resonant effects stemming
from topologies with less than two top or W-propagators are
included, as well as quantum interferences between different
topologies.

The first NLO calculations of the pp — £tv,["v,bb
process [41-44] have been performed in the SENS, where
the evolution of «; and of the PDFs involve five active quark
flavours, and b quarks are treated as massless particles. In the
meanwhile, NLO QCD predictions in the SENS are available
alsofor¢tv, =, bb production in association with one extra
jet [50]. Due to the presence of collinear g — b b singular-
ities, the applicability of these calculations in the SENS is
limited to observables that involve at least two hard b jets.
This restriction can be circumvented through NLO calcula-
tions* in the 4FNS [45,46], where b quarks are treated as
massive partons, and the evolution of g and PDFs involve
only four active quark flavours. In addition to a more reliable
description of the formation of b jets, which may affect top-
quark mass measurements and other important physics pro-
grams, calculations with massive b quarks give access to the
full £+ v, 7, b b phase space, including regions where one
or both b quarks become unresolved. This is crucial in order
to describe top backgrounds in the presence of jet vetoes.
Moreover, inclusive £+ v, [~7, b b calculations in the 4FNS
guarantee a consistent theoretical treatment of single-top Wt
production at NLO.

In the 5FENS, Wt and 7 production and decay involve
partonic channels of type gb — WTW™bh and gg —
W+ W~ bb, respectively. The gg — W+W~bb channel at
LO is part of the NLO radiative corrections to the gb —
WTW~b one, thus yielding a NLO correction that, being
tf mediated, is much larger than the Born term. This led to
the proposal of various methods [52-55] to define single-
top cross sections not including the resonant 77 contribution.
However, the separation of tW and ¢ production is always
subject to a certain degree of arbitrariness, related to the treat-
ment of interferences and off-shell effects. On the other hand,
in the 4FNS the pp — £Tv, 17D, b b calculations provide a
unified NLO description of 7z and Wt production, with a
fully consistent treatment of their quantum interference [46].
Single-top production in the 4FNS is described by topolo-
gies with a single-top propagator and a collinear g — bb
splitting in the initial state. The fact that g — bb split-
tings are accounted for by the matrix elements guarantees
a more precise modelling of the spectator b quark, while
the simultaneous presence of Wt and 7 channels, starting

4 For a discussion at LO see Ref. [51].
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from LO, ensures a perturbatively stable description of both
contributions, as well as a NLO accurate prediction for their
interference. Concerning the possibility that large logarithms
of mj; might jeopardize the perturbative convergence in the
4FNS, in Ref. [46] it was shown that pp — W+W~hb in
the 4FNS features moderate corrections both in the inclu-
sive phase space as well as in Wt enriched regions with b-jet
vetoes. Moreover, it was demonstrated that the good pertur-
bative convergence persists also after subtraction of the on-
shell 77 contribution, in which case W W~bb predictions
are dominated by Wt production. Good perturbative conver-
gence was also observed in the case of #-channel single-top
production in the 4FNS [56].

A generator based on the POWHEG method and pp —
¢+ v, 177, b b matrix elements at NLO in the 5SFNS has been
presented in Ref. [35]. However, the matching of parton
showers to matrix elements that involve top-quark resonances
poses nontrivial technical and theoretical problems [57] that
have not been addressed in Ref. [35] and which cannot be
solved within the original formulations of the POWHEG or
MC@NLO methods. The problem is twofold. On the one
hand, when interfacing a generator to a shower, if we do
not specify which groups of final-state particles arise from
the decay of the same resonance, the recoil resulting from
shower emissions leads to arbitrary shifts of the resonance
invariant masses, whose magnitude can largely exceed the
top-quark width, resulting in unphysical distortions of the
top line shape [57]. On the other hand, in the context of
the infrared-subtraction and matching procedures, the stan-
dard mappings that connect the Born and real-emission phase
spaces affect the top resonances in a way that drastically
deteriorates the efficiency of infrared (IR) cancellations and
jeopardizes the consistency of the matching method [57].

A general NLO+PS matching technique that allows for
a consistent treatment of resonances has been introduced,
and applied to 7-channel single-top production, in Ref. [57].
This approach will be referred to as resonance-aware match-
ing. It is based on the POWHEG® method and is implemented
in the POWHEG-BOX-RES framework, which represents an
extension of the POWHEG-BOX [59]. In this framework each
component of the cross section (i.e. Born, virtual and real)
is separated into the sum of contributions that are dominated
by well-defined resonance histories, such that in the narrow-
width limit each parton can be uniquely attributed either
to the decay products of a certain resonance or to the pro-
duction subprocess. Within each contribution the subtraction
procedure is organized in such a way that the off-shellness
of resonant s-channel propagators is preserved, and reso-
nance information on the final-state particles can be commu-

> A related approach within the MC@NLO framework has been pre-
sented and also applied to 7-channel single-top production in Ref. [58].

nicated to the shower program that handles further radiation
and hadronization. This avoids uncontrolled resonance dis-
tortions, ensuring a NLO accurate description of the top line
shape. The resonance-aware approach also improves the effi-
ciency of infrared-subtraction and phase-space integration in
a dramatic way.

In this paper we present a NLO+PS generator, that we
dub bb41 in the following, based on exact & (ozsza4) and
ﬁ(afoﬁ) matrix elements for pp — £tv, 17, bb in the
4FNS matched to Pythia8 [60,61] using the resonance-
aware POWHEG method. This new generator combines, for
the first time, the following physics features:

— consistent NLO+PS treatment of top resonances, includ-
ing quantum corrections to top propagators and off-shell
top-decay chains;

— exact spin correlations at NLO, interference between
NLO radiation from top production and decays, full NLO
accuracy in t7 production and decays;

— unified treatment of 7 and Wt production with interfer-
ence at NLO;

— improved modelling of b-quark kinematics thanks to b-
quark mass effects;

— access to phase-space regions with unresolved b quarks
and/or jet vetoes.

We point out that the blb41 generator is based on the com-
plete set of Feynman diagrams that contribute to the process
pp — ¢tv 179, bb + X at NLO QCD. Thus, in addition
to tf and Wt contributions, also all possible contributions
that are free from top resonances are included, such as the
channels pp — bb + H/Z(— £Tv,1~1,). We note, how-
ever, that such channels are suppressed by at least four orders
of magnitude with respect to the 77 cross section. Moreover,
they cannot give rise to visible peaks since the corresponding
resonances cannot be reconstructed form the £ v, [~ 1, final
state.

The above-mentioned physics features of the bb41 gen-
erator are of particular interest for precision top-mass mea-
surements, for W¢ analyses, and for top backgrounds in the
presence of jet vetoes or in the off-shell regime. Techni-
cally, the bb41 generator is based on OpenLoops [62]
matrix elements. To this end we have developed a general and
fully flexible POWHEG-BOX+OpenLoops interface, which
allows one to set up NLO+PS generators for any desired
process.

The paper is organized as follows. In Sect. 2 we briefly
review the resonance-aware matching method. In Sect. 3
we discuss new developments in the POWHEG-BOX-RES
framework that have been relevant for the present work. In
Sect. 4 we discuss various aspects of the bb41 generator,
including scope, usage, interface to Pythia8, and con-
sistency checks. In Sect. 5 we detail the setup employed

@ Springer
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for the phenomenological studies presented in the subse-
quent sections. There we compare the bb41 generator to
the previously available POWHEG generators, the hvqg and
ttb_NLO_dec ones, and we present technical studies that
show the impact of the resonance-aware matching and of
other improvements implemented in bb41. Specifically, in
Sect. 6 we consider observables that are directly sensitive
to top-quark resonances and top-decay products, while in
Sect. 7 we investigate the £Tv, [~ v, b b cross section in the
presence of jet vetoes that enhance its single-top content. Our
conclusions are presented in Sect. 8.

The POWHEG-BOX-RES framework together with the
bb41l generator can be downloaded at http://powhegbox.
mib.infn.it.

2 Resonance-aware subtraction and matching

In the following we recapitulate the problems that arise in
processes where intermediate narrow resonances can radiate
as they decay, and summarize the ideas and methodology
behind the resonance-aware algorithm of Ref. [57]. We refer
the reader to the original publication for the description of
the method in full detail.

Commonly used IR subtraction methods for the calcu-
lation of NLO corrections [63-65] are based upon some
procedure of momentum reshuffling for the construction of
collinear and infrared counterterms. More specifically, given
the kinematics of the real-emission process, and having spec-
ified a particular collinear region (i.e. a pair of partons that
are becoming collinear), there is a well-defined mapping that
constructs a Born-like kinematic configuration (called the
“underlying Born” configuration) as a function of the real
one. The mapping is such that, in the strict collinear limit, the
Born configuration is obtained from the real one by appropri-
ately merging the collinear partons. In the traditional meth-
ods, these mappings do not necessarily preserve the virtuality
of possible intermediate s-channel resonances. If we consider
the collinear region of two partons arising from the decay
of the same s-channel resonance, the typical difference in
the resonance virtuality between the real kinematics and the
underlying-Born one is of order m?/E, where m is the mass
of the two-parton system, and F is its energy. Because of this,
the cancellation between the real contribution and the sub-
traction term becomes effective only if m>/E < I', where I”
is the width of the resonance. As long as I” is above zero, the
traditional NLO calculations do eventually converge, thanks
to the fact that in the strict collinear limit the cancellation
takes place. However, convergence becomes more problem-
atic as the width of the resonance decreases.

The presence of radiation in resonance decays causes even
more severe problems in NLO+PS frameworks. In POWHEG,
radiation is generated according to the formula

@ Springer

do = B(¢B) dop |:A(QCut)

Ra(®a(P5. Pra) | d] o

o

+ ;A(lm B(®s)
The first term in the square bracket corresponds to the prob-
ability that no radiation is generated with hardness above
an infrared cutoff gcy, and its kinematics corresponds to
the Born one. Each « in the sum labels a collinear singular
region of the real cross section. The full real matrix element
is decomposed into a sum of terms

R:ZRQ, 2

where each R, is singular only in the region labelled by «.
The real phase space @y (®Pp, Prag) depends upon the singu-
lar region « and is given as a function of the Born kinematics
&gy and three radiation variables ®;,q. The inverse of @,
implements the previously mentioned mapping of the real
kinematics into an underlying Born one. Thus, for a given
@p and Py,g, each term in the sum inside the square bracket
in Eq. (1) is associated with a different real phase-space point.
For each o, k7 is defined as the hardness of the collinear split-
ting characterized by the kinematics @y (Pp, Praq). It usually
corresponds to the relative transverse momentum of the two
collinear partons.

The Sudakov form factor, A, is such that the square bracket
in Eq. (1), after performing the integrals in d®,q, becomes
exactly equal to one (a property sometimes called unitarity
of the real radiation). In general we have

Ag) =[] 2@, 3)
with
Ra (®a (QDB’ d)rad))
Ay = — dDpaq | - 4
(q) CXP[ /k%‘>q B(@s) d:| 4)

In order to achieve NLO accuracy, the B(CDB) factor must
equal the NLO inclusive cross section at given underlying
Born kinematics,

B(®B) = B(®p) + V(®p)
+ 3 [ Ra(@u@n 0r)) dra )

where both the second and the third term on the right hand
side are infrared divergent, but the sum, being an inclusive
cross section, is finite. The cancellation of singularities is
achieved with the usual subtraction techniques.

We are now in a position to discuss the problems that arise
in processes with radiation in decays of resonances. In order
to do this, we focus on the W~ W T bb production process. As
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an example of the problem, we consider a real-emission con-
tribution where a gluon g is radiated, such that the mass of the
W*bg and Wb systems are very close to the top nominal
mass. We call o, the singular region corresponding to b and
g, and aj; the region corresponding to the b and g becoming
collinear, respectively. If we consider the case when the b
and b partons are relatively close in direction, as g becomes
collinear to the b or the b parton, two components will dom-
inate the real cross section, R, and R%, in a proportion that
is determined by how close the gluon is to the b or to the b
partons. If the gluon is not much closer to the b region with
respect to the b one, the Rg; contribution will be comparable
or larger than the R,, one. We now observe that, for the same
real kinematic configuration, we have two singular regions
and two corresponding underlying-Born configurations. In
the o singular region, the underlying Born is obtained by
merging the bg system into a single b, while in the o region
itis the bg system that is merged into a single b. It is therefore
clear that, in the «; merging, the resonance virtualities are
nearly preserved in the underlying Born, while in the ot one
the resonances will be far off-shell. The R / B terms appear-
ing both in Egs. (1) and (4) will become very large, the top
resonances being on-shell in the numerator and off-shell in
the denominator. However, in the POWHEG framework, these
ratios should be either small (of order o) or should approach
the Altarelli—Parisi splitting functions for the method to work.

It is thus clear that, if resonances are present, the tradi-
tional decomposition into singular regions must be revised.
In particular, each « should become associated to a specific
resonance structure of the event, such that collinear partons
originate from the same resonance. Furthermore, the phase
space mapping @ (Pp, Praq) should preserve the virtuality
of the intermediate resonances. This is, in brief, what was
done in Ref. [57].

The resonance-aware formalism also offers the opportu-
nity to modify and further improve the POWHEG radiation for-
mula. We make, for the moment, the assumption that each
decaying resonance has only one singular region, and the
radiation not originating from a resonance decay also has
only one singular region. This is the case, for example, for the
resonance structure of the process gg — (t — Wb (f —
W~b), since in POWHEG the initial-state-radiation (ISR)
regions are combined into a single one. We consider the for-
mula

do = B(®Pp)dPp H |:Aa(‘10ut)
a=ap,a),0ISR
Ry (Do (PB, P y))

rad o
B(®3) d%“} ’ ©

+ A (k)
where, by writing @ |, we imply that the radiation variables
are now independent for each singular region. By expanding
the product, we see that we get a term with no emissions

at all, as in Eq. (1), plus terms with multiple (up to three)
emissions. It can be shown that, as far as the hardest radiation
is concerned, Eq. (6) is equivalent to Eq. (1). To this end, one
begins by rewriting Eq. (6) as a sum of three terms, with
appropriate 6 functions such that each term represents the
case where the hardest radiation comes from one of the three
regions. It is easy then to integrate in each term all radiations
but the hardest, thus recovering the full Sudakov form factor
appearing in the second term in the square bracket of Eq. (1).

The bb41l generator can generate radiation using the
improved multiple-radiation scheme of Eq. (6) or the conven-
tional single-radiation approach of Eq. (1). In events gener-
ated with multiple emissions included, the hardest radiation
from all sources (i.e. production, ¢ and 7 decays) may be
present. The POWHEG generated event is then completed by
a partonic shower Monte Carlo program that attaches further
radiation to the event. The interface to the shower must be
such that the shower does not generate radiation in produc-
tion, in 7 decay and in ¢ decay that is harder than the one
generated by POWHEG in production, ¢ and 7 decay, respec-
tively.b

In summary, the two key features of the resonance-aware
method are the consistent treatment of resonance virtuali-
ties and the factorized treatment of radiation in production
and decay. In this respect, we stress that such features should
not be regarded as heuristic and somewhat arbitrary improve-
ments of Monte Carlo modelling. In fact, they are dictated by
fundamental theoretical properties of resonances. In partic-
ular, the theoretical guideline that underlines the resonance-
aware method is provided by the exact on-shellness of res-
onances and the all-order factorization of radiative correc-
tions in production and decay in the zero-width limit. Such
properties and their consistent implementation are intimately
connected to the fact that, in the zero-width limit, QCD radi-
ation can be uniquely attributed either to the production or
to the decays of the unstable particles at hand, and to the fact
that the resonance histories of Ref. [57] exactly match this
unique assignment in the zero-width limit.

3 The POWHEG-BOX-RES framework

In this section we illustrate features that have been added
to the POWHEG-BOX-RES package since the publication
of Ref. [57], and discuss some issues that were not fully
described there.

6 We note that this method guarantees full NLO accuracy, including
exact spin correlations, only at the level of each individual emission,
while correlation effects between multiple QCD emissions are handled
in approximate form. Nevertheless it should be clear that Eq. (6) repre-
sents a significant improvement with respect to pure parton showering
after the first emission.

@ Springer
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Fig. 1 Sample Feynman graphs
corresponding to the two
resonance histories relevant for
pp — uve bbb
production

g~
9o,
%,
J\ﬁ\ﬁ\

3.1 Automatic generation of resonance histories

In the POWHEG-BOX-RES implementation of Ref. [57], the
initial subprocesses and the associated resonance structures
were set up by hand. We have now added an algorithm for
the automatic generation of all relevant resonance histories
for a given process at a specified perturbative order. Thanks
to this feature, the user only needs to provide a list of subpro-
cesses, as was the case in the POWHEG-BOX-V2 package.
This is a considerable simplification, in view of the fact that,
when electroweak processes are considered, the number of
resonance histories can increase substantially. Details of this
feature are given in Appendix A.1.

3.2 Colour assignment

Events that are passed to a shower generator for subsequent
showering must include colour-flow information in the limit
of large number of colours. In the POWHEG-BOX-V2 frame-
work, colours are assigned with a probability proportional to
the corresponding component of the colour flow decomposi-
tion of the amplitude. The extension of this approach to the
POWHEG-BOX-RES framework requires some care due to
possible inconsistencies between the colour assignment and
the partitioning into resonance histories. This issue and its
systematic solution are discussed in detail in Appendix A.2.

3.3 POWHEG+OpenLoops interface

All tree and one-loop amplitudes implemented in the bb4 1
generator are based on the OpenLoops program [62]
in combinations with COLLIER [66] or CutTools [67]
andOneLOop [68]. In the framework of the present work
a new general process-independent interface between the
POWHEG-BOX and OpenLoops has been developed. It
allows for a straightforward implementation of a multitude of
NLO multi-leg processes matched to parton showers includ-
ing QCD and, in the future, also NLO electroweak corrections

@ Springer
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[69,70]. Technical details and a brief documentation of this
new interface can be found in Appendix A.3.

4 Description of the generator

The implementation of combined off-shell ¢f and Wt pro-
duction in the POWHEG-BOX-RES framework presented in
this paper is based on all possible Feynman diagrams con-
tributing to the process pp — £Tv,["v,bb + X at NLO
accuracy in QCD, i.e. up to order alap,,. All bottom-mass
effects have been fully taken into account and for the con-
sistent treatment of top-, W-, and Z-resonances at NLO we
rely on the automated implementation of the complex-mass
scheme [71,72] within OpenLoops.

4.1 Resonance histories

The automatic generation of resonance histories leads just
to two kinds of Born-level resonance structure for pp —
¢t I7vbb at O(aZal,). In Fig. 1 we show two cor-
responding Feynman diagrams for the process pp —
,u*vue’f)ebg. The resonance history corresponding to a
Higgs boson decaying into £*v, [~ v, is not found by the
automatic generator, since, in its present setting, it neglects
all Yukawa couplings except for the top-quark one. We thus
include only histories of type pp — bb + Z(— £Tv,177))
in order to handle Z and H resonances. This is justified by
the fact that such channels are both highly suppressed and
irrelevant for the process we are considering.

Internally, according to the POWHEG-BOX-RES conven-
tions [57], the resonance histories are described by the arrays

flav_1 = [i, j, 6,-6, 24,-24,-13, 14, 11,-12, 5,-5],
flavres_1 = [0, O, O, O, 3, 4, 5, 5, 6, 6, 3, 4],
flav_2 = [i, j,23,24,-24,-13, 14, 11,-12, 5,-51,
flavres_2 = [0, O, O, 3, 3, 4, 4, 5, 5, 0, 0],

for all relevant choices of initial parton flavours i, j. In
flav we store the identities of the initial- and final-state
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Fig. 2 Representative Born diagram for Wt production

particles, with intermediate resonances, if they exist, labelled
according to the Monte Carlo numbering scheme (gluons are
labelled by zero in the POWHEG-BOX). In flavres, for
each particle, we give the position of the resonance from
which it originates. For partons associated with the produc-
tion subprocess flavres is set to zero.

The resonance structures that differ only by the exter-
nal parton flavours are collected into resonance groups, so
that, in the present case, we have only two resonance groups.
We remark that there is no need of a unique correspondence
between resonance structures and possible combinations of
resonant propagators in individual Feynman diagrams. What
is required is that all resonances present in any given Feyn-
man graph are also present in an associated resonance struc-
ture, but not vice versa. For example, in the present imple-
mentation of the bb41 generator the consistent treatment
of single-top topologies like the one in Fig. 2 is guaranteed
through resonance histories of 7 type (flavi,flavress),
which involve an additional 7 — HW ~ resonance. This does
not lead to any problems, since the corresponding subtraction
kinematics, which preserves the mass of the bW ™ system, is
perfectly adequate also for single-top topologies.

The POWHEG-BOX-RES code automatically recognizes
resonance histories that can be collected into the same reso-
nance group. It also includes a subroutine for the automatic
generation of an adequate phase-space sampling for each
resonance group. In this context, rather than relying upon
standard Breit—Wigner sampling, care is taken that also the
off-shell regions are adequately populated. This is essential
in resonance histories of the kind shown in the right graph
of Fig. 1, where the generation of the W virtualities accord-
ing to their Breit—Wigner shape would well probe the region
where an off-shell Z decays into two on-shell W’s, but not
the regions where an on-shell Z decays into an on-shell W
and an off-shell one. It also guarantees that cases like the dia-
gram in Fig. 2 are properly sampled. The interested reader
can find more technical details by inspecting the code itself.

4.2 The complex-mass scheme

In our calculation all intermediate massive particles are con-
sistently treated in the complex-mass scheme [71,72], where
the widths of unstable particles are absorbed into the imagi-
nary part of the corresponding mass parameters,

ui =M} —iliM; fori=W,Z,t H. (7
This choice implies a complex-valued weak mixing angle,
w2
sinfy, = 1 —cosfy, =1 ——, ®)
z
and it guarantees gauge invariance at NLO [72].

4.3 The decoupling and MS schemes

When performing a fixed-order calculation with massive
quarks, one can define two consistent renormalization sche-
mes that describe the same physics: the usual MS scheme,
where all flavours are treated on equal footing, and a mixed
scheme [73], that we call decoupling scheme, in which the
nyr light flavours are subtracted in the MS scheme, while
heavy-flavour loops are subtracted at zero momentum. In
this scheme, heavy flavours decouple at low energies.

In the calculation of the £ v, I~ 7, b b hard scattering cross
section we treat the bottom quark as massive and, correspond-
ingly, njs is equal to four. The renormalization of the virtual
contributions is performed in the decoupling scheme with a
four-flavour running «s. For consistency, the evolution of par-
ton distribution functions (PDFs) should be performed with
four active flavours, so that, in particular, no bottom-quark
density is present and no bottom-quark initiated processes
have to be considered. However, given that the process at
hand is characterized by typical scales far above the b-quark
threshold, it is more convenient to convert our results to the
MS scheme in such a way that they can be expressed in terms
of the MS strong coupling constant, running with five active
flavours, and also with five-flavour PDFs.

The procedure for such a switch of schemes is well known,
and was discussed in Ref. [74]. For £Tv, [= 9, b b production,
we need to transform the ¢g and gg squared Born amplitudes
Bqq and H,,, computed in the decoupling scheme, in the
following way:

4 s .U~2

'@l]l] — [1 — g Tp E log (m—%)i| '%qu’ (9)
4 s qu

%gg — [1 + § TF E lOg (M—g)] %gg, (10)

where (g and up are the renormalization and factorization
scales, respectively, and my, is the bottom-quark mass. The
contribution of the b parton densities, that are present in the
five-flavour scheme, should not be included in this context.
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4.4 The virtual corrections

The virtual contributions have been generated using the
new interface of the POWHEG-BOX with the OpenLoops
amplitude generator, as described in Appendix A.3. While
OpenLoops guarantees a very fast evaluation of one-loop
matrix elements, the overall efficiency of the generator can be
significantly improved by minimizing the number of phase-
space points that require the calculation of virtual contri-
butions. As detailed in Appendix A.4, this is achieved by
evaluating the virtual- and real-emission contributions with
independent statistical accuracies optimized according to
the respective relative weights. Moreover, when generating
events, a reweighting method can be used in order to restrict
virtual evaluations to the small fraction of phase-space points
that survive the unweighting procedure.

4.5 Interface to the shower

The generator presented in this work shares many common
features with the one of Ref. [40]. In particular, in both
generators, Les Houches events include resonance informa-
tion, and an option for a multiple-radiation scheme is imple-
mented, denoted the allrad scheme, according to the cor-
responding powheg . input flag. As explained in Ref. [40]
and reviewed in Sect. 2, when this scheme is activated, the
mechanism of radiation generation is modified. Rather than
keeping only the hardest radiation arising from all singular
regions, the program stores several “hardest radiations”: one
that takes place at the production stage, and one for the decay
of each resonance that can radiate. All these radiations are
assembled into a single Les Houches event. Thus, for exam-
ple, in events with the 7 and 7 resonances, one can have up
to three radiated partons: one coming from the initial-state
particles, one arising from the b in the ¢-decay, and one from
the b in the 7-decay.

When generating fully showered events, the hardness’ of
the shower must be limited in a way that depends upon the
origin of the radiating parton. If the radiating parton is not
son of a resonance, the hardness of the shower arising from
it must be limited by the hardness of the Les Houches radi-
ation that arises in production.® Radiation arising from par-
tons originating from a resonance must have their hardness
limited by the hardness of the parton radiated from the res-
onance in the Les Houches event. This requires a shower
interface that goes beyond the Les Houches approach. In

7 Here and in the following by hardness we mean the relative transverse
momentum of two partons arising from a splitting process, either in
initial- or in final-state radiation.

8 By radiation in production we mean any radiation that does not arise
from a decaying resonance. This can be initial-state radiation, but also
radiation from final-state partons, as in the right diagram in Fig. 1 and
the one in Fig. 2, where the b’s do not arise from a decaying resonance.

@ Springer

Ref. [40] a suitable procedure has been conceived and imple-
mented in Pythia8 [60,61]. The interested reader can find
all details in Appendix A of Ref. [40]. In essence, the proce-
dure was to examine the showered event, compute the trans-
verse momentum of Pythia8 radiation in top decays, and
veto it if higher than the corresponding POWHEG one. Vetoing
is performed by rejecting the showered event, and generating
anew Pythia8 shower, initiated by the same Les Houches
event. This procedure was iterated until the showered event
passes the veto. In the present work, we have adopted this pro-
cedure in order to make a more meaningful comparison with
the results of Ref. [40]. However, we have also verified that,
by using Pythiag internal mechanism for vetoing radiation
from resonance decay, we get results that are fully compatible
with our default approach.? This aspect and the comparison
among the two methods are shown in Appendix B.2.

4.6 Traditional NLO+PS matching

It is possible to run our new generator in a way that is fully
equivalent to a standard POWHEG matching algorithm (as
implemented in the POWHEG-BOX-V2) ignoring the reso-
nance structure of the processes. This is achieved by includ-
ing the line nores 1 in the powheg. input file.!0 Such
an option is implemented only for the purpose of testing the
new formalism with respect to the old one.

It turns out that, in the nores 1 mode, the program has
much worse convergence properties, most likely because of
the less effective cancellation of infrared singularities men-
tioned in Sect. 2. We find, for example, that in runs with equal
statistics (with about 15 million calls) the absolute error in
the nores 1 case is roughly seven times larger than in the
nores 0 (default) case. The generation of events also slows
down by a similar factor.

We stress again that, in the limit of small widths, the
NLO+PS results obtained in the nores 1 mode are bound
to become inconsistent, as discussed in Sect. 2 and, more
extensively, in Ref. [57].

4.7 Consistency checks

At the level of fixed-order NLO calculations, the tradi-
tional machinery of the POWHEG-BOX is well tested and
we trust corresponding results to be correct. On the other
hand, the NLO subtraction procedure implemented in the
POWHEG-BOX-RES code is substantially different and still
relatively new. As was done in Ref. [57] for #-channel single-
top production, also for the ¢*v,I~v,bb production pre-
sented here, we systematically validated the fixed-order NLO

9 An interface to Herwig?7 [75] is now under development.

10 In this mode, our generator becomes similar to the implementation
Ref. [35], except for our use of the four-flavour scheme.



Eur. Phys. J. C (2016) 76:691

Page 9 of 30 691

results obtained with the POWHEG-BOX-RES implementa-
tion by switching on and off the generation of resonance
structures. We found perfect agreement between the two cal-
culations.

Additionally, we performed a detailed comparison against
the fixed-order NLO results of Ref. [46] and found agreement
at the permil level. Furthermore, via a numerical scan in the
limit of the top width going to zero, I; — 0, we verified that
any o log (1) enhanced terms in the soft-gluon limit suc-
cessfully cancel between real and virtual contributions. This
last test was performed for various light- and b-jet exclusive
distributions which are subject to sizeable non-resonant/off-
shell corrections.

5 Phenomenological setup

In this section we document the input parameters, acceptance
cuts and generator settings that have been adopted for the
numerical studies presented in Sect. 6. Moreover, we intro-
duce a systematic labelling scheme for the various NLO+PS
approximations that are going to be compared.

5.1 Input parameters

Masses and widths are assigned the following values!!:

myz =91.188 GeV, Iy =2.441 GeV,
mw = 80.419 GeV, Iy =2.048 GeV,

my =125GeV, I'y =4.03x 1073 GeV,

m; = 172.5GeV, I} = 1.329 GeV,

mp = 4.75 GeV. (11)

The electroweak couplings are derived from the gauge-
boson masses and the Fermi constant, G, = 1.16585 x
1075 GeV~2, in the G .-scheme, via

2

n
4 (1-33)

“z

where 1y and @, are complex masses given by Eq. (7).

The value of the top-quark width we use is consistently
calculated at NLO from all other input parameters by com-
puting the three-body decay widths I'(t — f f'b) into any
pair of light fermions f and f’ and a massive b quark. To
this end, we employ a numerical routine of the MCFM imple-
mentation of Ref. [39].

As parton distributions we have adopted the five-flavour
MSTW2008NLO PDFs [76], as implemented in the Ref. [77],

1

= —>ox’ (12)
132.50698

G
aEM:\/E_M
T

Il Note that the non-resonant channels pp — bb + H/Z(—
£ v, 17v,) induce a dependence on the Higgs and Z-boson masses and
widths. However, as observed in the introduction, this dependence is
completely negligible.

with the corresponding five-flavour strong coupling con-
stant, and for their consistent combination with four-flavour
scheme parton-level cross sections the scheme transforma-
tion of Sect. 4.3 was applied. In the evaluation of the matrix
elements, only the bottom and the top quarks are massive.
All the other quarks are treated as massless. In addition, the
Cabibbo—Kobayashi—-Maskawa matrix is assumed to be diag-
onal.

When generating events we adopt the following scale
choice:

— For resonance histories with a top pair we use

1
pur = e = [(m] + p7 ) (m? + p7 DI, (13)

where the (anti)top masses and transverse momenta are
defined in the underlying Born phase space in terms of
final-state (off-shell) decay products.

— For resonance histories with an intermediate Z we use

\/E (14)

/LR=MF=T,

where pz = pg+ + py, + pi- + Py,

In addition, we set the value of the POWHEG-BOX parame-
ter hdamp to the mass of the top quark. This setting yields
a transverse-momentum distribution of the top pair that is
more sensitive to scale variations and more consistent with
data at large transverse momenta. It only affects initial-state
radiation. For a detailed description of this parameter, we
refer the reader to Ref. [78].

5.2 PythiaB8 settings

We interface our POWHEG generator to Pythia8.l,12 as
illustrated in Appendix A of Ref. [40], and so we perform
the following Pythia8 calls:

pythia.readString ("SpaceShower:pTmaxMatch = 1");

(
pythia.readString ("TimeShower :pTmaxMatch = 1");
pythia.readString ("PartonLevel :MPI = off");
pythia.readString ("SpaceShower :QEDshowerByQ = off");
pythia.readString ("SpaceShower :QEDshowerByL = off");
pythia.readString ("TimeShower :QEDshowerByQ = off");
pythia.readString ("TimeShower:QEDshowerByL = off");

The first two calls are required when interfacing Pythia8 to
NLO+PS generators. The third call switches off multi-parton
interactions and it is only invoked for performance reasons:
in fact, the shower of the events is faster when multi-parton
interactions are not simulated. The remaining calls switch

12 An interface to Pythia8.2 is also available, but it was not used for
the present work.
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Table 1 Labels and characteristic features of the three generators considered in this paper

Label tt tf @ decay bb4e

Generator hvqg [20] ttb_NLO_dec [40] bb4l

Framework POWHEG-BOX POWHEG-BOX-V2 POWHEG-BOX-RES
NLO matrix elements tr t(— €Tvb) i(— I vb) v 70 bb

Decay accuracy LO+PS NLO+PS NLO+PS

NLO radiation Single Multiple Multiple

Spin correlations Approx. Exact Exact

Off-shell 17 effects BW smearing LO bb4L reweighting Exact

Wt and non-resonant effects No LO bb4¢ reweighting Exact

b Quark massive Yes Yes Yes

off the electromagnetic radiation in Pythia8. This makes
it easier to reconstruct the W boson momentum, since we do
not need to dress the charged lepton, from vector boson decay,
with electromagnetic radiation. These settings are appropri-
ate in the present context since we do not make any compar-
ison with data.

Pythia8 provides by default matrix-element corrections
(MEC) [79]. In our case, they are relevant for radiation in
the top decays, which are corrected using t — Wbg tree
level matrix elements. These corrections are also applied in
subsequent emissions in order to better model radiation from
heavy flavours in general. If not explicitly stated otherwise,
we use the following:

pythia.readString ("TimeShower:MEcorrections = on") ;
pythia.readString ("TimeShower:MEafterFirst = on");

that are in fact the default Pythia8 settings. These MEC
never modify the Les Houches event weight. They only affect
the radiation generated by the shower. Thus, leaving them on
does not lead to over-counting. If the second flag is off, MEC
are applied only to the first shower emission, otherwise they
are also applied to subsequent radiation. These corrections
should improve the collinear accuracy of the shower gen-
erator, yielding tree-level accuracy. However, this improve-
ment takes place only in case there is a single emission. If
more emissions are present, MEC cannot fully account for the
structure of the matrix elements, but they better describe mass
effects arising in radiation from the off-shell top quarks and
from the massive final-state b’s. Therefore, we have chosen
to keep them on by default. Since they only affect emissions
softer than the hardest, their effect for the bb41 generator is
invisible as far as observables involving b jets are concerned.
They do, however, affect the B fragmentation function at the
level of 10%. Thus, their setting is linked to the bottom-quark
fragmentation parameter in the Monte Carlo, and it is prefer-
able to keep them at their default value (i.e., on) in order to
maintain consistency with the Monte Carlo tuning.

@ Springer

In our analysis, we keep B hadrons stable, performing the
corresponding Pythia8 setup calls. Aside from these, all
remaining settings are left to the defaults of Pythia8.1.

5.3 Generators and labels

In Sect. 6 we compare three different generators that imple-
ment an increasingly precise treatment of 7 production and
decay:

— the hvqg generator of Ref. [20];

— the ttb_NLO_dec generator of Ref. [40];

— the new bb41 generator, which we consider as our best
prediction.

The main physics features of the various generators and
the labels that will be used to identify the corresponding
predictions are listed in Table 1. All generators are run with
their default settings and are interfaced to Pythia8.1. The
bb41 generator implements the scale choice of Egs. (13) and
(14), whilein t tb_NLO_dec and hvgascale corresponding
to Eq. (13) is used.

In order to quantify the impact of various aspects of the
resonance-aware approach, in Sect. 6 we will compare var-
ious settings of the bb41 generator where some resonance-
aware improvements are turned on and off or are replaced by
certain approximations. Specifically, the following settings
will be considered:

(a) the resonance-aware formalism is switched on with
default settings;

(b) the resonance-aware formalism is switched off, which
corresponds to using the traditional POWHEG approach;

(c) the resonance-aware formalism is switched off, but a res-
onance assignment is guessed based on the kinematic
structure of the events, according to the method described
in Appendix B.1;
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Table 2 Labels for the various bb4£ predictions that are considered and compared in this paper. In the last column we list the values of the
POWHEG-BOX flags allrad, stripres, guessres, nores, to be specified in the powheg. input file

bb4¢ setting label Resonance-aware matching

Radiation in production and decay

Flags in the powheg . input

(a) res-default Yes

(b) res-off No

(c) Tes-guess No (kinematic guess)
d) res-singlerad Yes

(e) res-strip Yes (stripped off)

Multiple 1,0,0,0
Single 0,0,0,1
Single 0,0, 1,1
Single 0,0,0,0
Single 0,1,0,0

(d) the resonance-aware formalism is switched on, but,
instead of applying the multiple-radiation scheme of
Eq. (6), only a single radiation is generated with POWHEG
according to Eq. (1);

(e) same as (d), but the resonance information is stripped off
in the POWHEG Les Houches event file before passing it
to the showering program.

The various bb4 1 settings and corresponding labels are sum-
marized in Table 2.

5.4 Physics objects

In the subsequent sections we study various observables
defined in terms of the following physics objects.

(a) We denote by B and B hadron the hardest b-flavoured
and b-flavoured hadron in the event.

(b) Final-state hadrons are recombined into jets using the
FastJet implementation [80] of the anti-k; jet algo-
rithm [81] with R = 0.5.

(c) We denote by b-jet (jz) and anti-b-jet (jz) the jet
that contains the hardest B and B hadron, respectively.
When examining results obtained with the hadronization
switched off, jets are b-tagged based on b quarks rather
than B hadrons.

(d) Leptons, neutrinos and missing transverse energy are
identical to their corresponding objects at matrix-element
level, since we switched off QED radiation and hadron
decays in Pythias.

(e) Reconstructed WT and W~ bosons are identified with
the corresponding off-shell lepton—neutrino pairs in the
hard matrix elements. !>

13 Similarly as for top resonances, also W resonances are identified
with their off-shell decay products according to the resonance history
of the event at hand. This information is written in the shower record
and propagated through the shower evolution. In this way, possible QED
radiation off charged leptons is included into the W-boson momentum
at Monte Carlo truth level. However, since electromagnetic radiation
from Pythia8 is turned off in our analysis, each W boson coincides
with a bare lepton—neutrino system.

(f) Reconstructed top and anti-top quarks are defined as
off-shell W jz and W™ jz pairs, respectively, i.e. b-
jets and W-bosons are matched based on charge and b-
flavour information at Monte-Carlo truth level. The same
approach is used for £ ji and 1~ j pairs.

Unless stated otherwise, in kinematic distributions we always
perform an average over the ¢ and 7 case (thus also on lepton—
antilepton, b—anti-b, etc.).

The top-pair observables in Sects. 6.2 and 6.3 are com-
puted by requiring the presence of a b and a b jet with

pl>30Gev, |n/| <25, (15)
and applying the following leptonic cuts:
pl>20GeV, |nf| <2.5, pie s 20GeV, (16)

where! = ¢+, 1~ and p'T"iss is obtained from the vector sum of
the transverse momentum of the neutrinos in the final state.

6 Top-pair dominated observables

Here we present numerical predictions for pp — e v ™ v,
bb + X at \/s = 8 TeV. In particular, we study various
observables that are sensitive to the shape of top resonances.

6.1 Comparison with traditional NLO+PS matching

In the following, we compare nominal bb41 predictions,
generated with default settings, with results obtained by
switching off the resonance-aware formalism (i.e. setting
the flag nores to 1). In this way we get results that are
fully equivalent to a POWHEG-BOX-V2 (or “traditional”)
implementation. For this comparison we do not impose any
cuts, i.e. we perform a fully inclusive analysis that involves,
besides ¢f production, also significant contributions from Wt
single-top production.

Events generated with the traditional implementation do
not contain any information whatsoever about their reso-
nance structures. We label the curves obtained by showering
these events as res-off. Because the resonance information
is not available, the shower generator will not preserve the
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Fig. 3 NLO+PS predictions for the invariant mass of the W jg (fop)
and of the [ jz (bottom) systems obtained with the new bb41 generator.
We compare our default resonance-aware predictions (res-default)
against the “traditional”, i.e. resonance-unaware, implementation (Tes-
off) and a prediction where the event-by-event resonance information is
obtained from a guess based on kinematics. In the ratio plot we illustrate
relative deviations with respect to res-default

virtualities of the resonances. In order to further explore the
usability of the res-off results, we also consider the pos-
sibility of reconstructing the resonance information of the
Les Houches event on the basis of its kinematic proximity to
one of the possible resonant configurations. Specifically, we
perform an educated guess of the resonance structure of the
event, assigning it to a ¢f or to a Z resonance configuration
(see Sect. 4.1), and assigning the radiation either to the initial
state or to the outgoing b’s. The curves obtained this way are
labelled res-guess and the procedure for reconstructing the
resonance information from the event kinematics is detailed
in Appendix B.1.

We first consider, in Fig. 3, the invariant mass of the W j
and of the/ j systems. In the res-off case, we observe that the
reconstructed mass peak has a wider shape. This is expected,
since neither the POWHEG-BOX nor the shower program pre-
serve the virtuality of the top resonances. In the res-guess
case the width of the peak is diminished, although not quite
at the level of the resonance-aware prediction, labelled res-
default. We also observe a mild shift in the peak in the res-
guess case, which improves the agreement with the res-
default result. The distribution in the mass of the lepton—jj
system also shows marked differences in shape in the region
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Fig. 4 Invariant mass of the W j system obtained with the bb41 gen-
erator. We compare our resonance-aware predictions without employ-
ing the multiple-radiation scheme (res-singlerad) against the “tra-
ditional”, i.e. resonance-unaware, implementation (Tres- Off) and a pre-
diction where any resonance information is stripped oft the Les Houches
event file (res-strip). In the ratio plot we illustrate relative deviations
with respect to res-singlerad

that is most relevant for a top-mass determination, with more
pronounced differences in the res-off case.

The above findings suggest that the width of the peak is
determined both by the shower generator being aware of the
resonances in the Les Houches event, and by the hardest
radiation generation being performed in a way that is con-
sistent with the resonance structure. In order to assess the
effects that originate solely from resonance-aware matching
and showering in a more accurate way, in Fig. 4 we disable the
multiple-radiation scheme of Eq. (6) (by settingallrad 0)
and compare the resulting resonance-aware predictions (res-
singlerad) against the cases where resonance information is
removed from the Les Houches event before showering (res-
strip) or the case where the resonance-aware system is com-
pletely switched off (res-off). We find that the res-strip
result lies between the res-singlerad and the res-off ones,
somewhat closer to the latter, and the differences between the
various predictions are considerable. Therefore, we conclude
that the observed widening of the peak in Figs. 3 and 4 can be
attributed to both shortcomings of a resonance-unaware par-
ton shower matching: the parton shower reshuffling not pre-
serving the resonance masses, and the uncontrolled effects of
resonances at the level of the first emission in the traditional
POWHEG approach.

In Fig. 5 we display the jz mass and profile, defined as

O A — AU
P,-B(AR)=/da 2, Pr¥ 1;8 <) (17)
Pr
This observable corresponds to the cross section weighted
by the fraction of the total hadronic transverse momentum
of the particles contained in a given cone around the jet axis,
with respect to the transverse momentum of the b-jet. Again
we observe marked differences among the res-default and
the res-off results, and, to a lesser extent, between the res-
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Fig. 5 Mass (top) and profile (bottom) of the b-jet jz. Absolute pre-
dictions and ratios as in Fig. 3

default and res-guess ones. Both plots suggest that in the
res-off case there is less activity around the B hadron, lead-
ing to smaller jet masses and to a slightly steeper jet pro-
file. The particularly pronounced shape distortion of the js
mass plot near 10 GeV in the res-guess case can be tenta-
tively attributed to the transition from the region where radia-
tion (generated with the traditional method) does not change
the mass of the resonance by an amount comparable to or
larger than its width, to the region where it does, so that we
see the difference between the res-guess and res-default
results grow with larger jet masses. We finally remark that the
agreement of res-off and res-guess at large m j, is expected:
a large m j; implies hard radiation, and the hardest radiation
is the same in both predictions.

In Fig. 6 we compare the B fragmentation function and
the B-hadron transverse momentum computed in the recon-
structed top-decay rest frame. The xp variable is defined as
the B energy in the reconstructed top rest frame normalized to
the maximum value that it can attain at the given top virtual-
ity, while p} . is the transverse momentum of the B relative
to the recoiling W in the same frame. We find marked dif-
ferences also for these distributions. While in the case of the
P14 Variable we see a reasonable consistency between the
res-guess and res-default results, the agreement deterio-
rates in the case of the fragmentation function.

We conclude that the consistent treatment of resonances
implemented in the bb41 generator yields a narrower peak
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Fig. 6 B fragmentation function and B-hadron transverse momentum
in the top decay frame. Absolute predictions and ratios as in Fig. 3

for the reconstructed top distribution with respect to a tradi-
tional (resonance-blind) NLO+PS matching approach. Fur-
thermore, a large part of the difference is not related to the
lack of resonance information at the level of the shower gen-
erator, and thus cannot be reduced by using a more sophisti-
cated interface to the shower based on a resonance-guessing
approach of kinematic nature.

6.2 Comparison with the ttb_NLO_dec generator

In this section we compare the bb41 generator against the
ttb_NLO_dec generator of Ref. [40]. The standard ¢7 cuts
of Egs. (15) and (16) are applied throughout. We examined
a large set of distributions, but here we only display the most
relevant ones, and those that show the largest discrepancies.

We begin by showing in Fig. 7 the invariant mass distri-
bution of the W ji and [ j5 systems. We observe remarkable
agreement between the bb41 and ttb_NLO_dec gener-
ators, especially in the description of the reconstructed top
peak and of the shoulder in the lepton—jg invariant mass. This
agreement is quite reassuring. In fact, in the t tb_NLO_dec
generator, the separation of radiation in production and res-
onance decay is unambiguous, while in bb41 it is based on
a probabilistic approach according to a kinematic proxim-
ity criterion. Thus, in the light of Fig. 7, the former gener-
ator supports the method of separation of resonance histo-
ries adopted by the latter. On the other hand, off-shell and
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and the ttb_NLO_dec (tf ® decay) generators. In the ratio plot we
illustrate relative deviations with respect to the bb4£ prediction

non-resonant effects are implemented in the t tb_NLO_dec
generator in LO approximation, by reweighting the on-shell
result. Thus the bb41 results support the validity of this
approximation in the t tb_NLO_dec implementation. As an
indicative estimate of the potential implications for precision
m; determination, we have determined that in a window of
430 GeV around the peak of the W jg distributions, the aver-
age W jg mass computed with the t tb_NLO_dec generator
is roughly 0.1 GeV smaller than the one from bb41.

The NLO distribution in the mass of the reconstructed
top was also examined in Ref. [40] (Sect. 3.2, Fig. 3). There,
the t tb_NLO_dec fixed-order NLO result was compared to
the fixed-order NLO result of Ref. [43], and the former was
found to be enhanced by about 10% in a region of roughly
1 GeV around the peak. This comparison was carried out
with massless b quarks, since mass effects were not avail-
able in Ref. [43]. We computed the same distribution and
carried out the same NLO comparison, using, however, the
bb41l generator instead of the result of Ref. [43] and tak-
ing into account b-mass effects. Again, we find the same
enhancement in the ttb_NLO_dec NLO result. However,
in the fully showered result we see instead a small suppres-
sion of the peak in the ttbb_NLO_dec relative to the bb41
generator, suggesting that the NLO difference tends to be
washed out by showering effects.
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We examined several distributions involving b-jets (here
again we average over the b- and b-jet contributions). We
found no appreciable difference for the b-jet transverse
momentum, while we did find significant differences in the
jet mass and the jet profile, displayed in Fig. 8. Both plots
indicate that the bb4 1 generator yields slightly wider b-jets
as compared to the t tb_NLO_dec one.

In Fig. 9 we plot the B fragmentation function and the
D1 gec Observables. We find that the fragmentation function
is slightly harder, and the p7 . distribution is slightly softer
in the bb41 case. Again, this is consistent with the obser-
vation of slightly reduced radiation from b’s in the bb41
case. We have verified that this feature persists also when
hadronization is switched off in Pythia8.

Although the differences in the b-jet structure are quite
significant, they are not sufficient to induce an observable
shift in the reconstructed mass peak. This could only happen
if the difference in the jet profile caused a consistent differ-
ence in the jet energy, due to energy loss outside the jet-cone.
This does not seem to be the case since the jet profiles become
similar in the two generators already for Ar < 0.5.

6.3 Comparison with the hvqg generator
In this section we compare the bb41 generator against the

hvqg generator of Ref. [22], which is based on on-shell NLO
matrix elements for 77 production. Again the standard 77 cuts
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of Egs. (15) and (16) are applied throughout. The W j; and / jg
mass distributions, shown in Fig. 10, show reasonably good
agreement between the two generators as far as the shape of
the W jp peak and of the /jz shoulder are concerned. How-
ever, for large top virtualities, i.e. in the tails of both distri-
butions, sizeable differences can be appreciated. As we will
see below, such differences originate from the fact that, in
this region, the bb41 generator tends to radiate consider-
ably less, which results in narrower b-jets as compared to the
hvqg generator. We note that the observed deviations with
respect to the hvq generator are more drastic than the ones
observed in Sect. 6.2 for the t tb_NLO_dec generator. The
my j distribution on the left of Fig. 10 additionally suggests
a non-negligible shift in the reconstructed top mass between
the two generators. In fact, we determined that in a win-
dow of 30 GeV around the peak of the m j; distributions,
the average W jz mass computed with the hvqg generator is
roughly 0.5 GeV smaller than with the bb41 one.

In Fig. 11 we show distributions in the b-jet mass and pro-
file, as defined in Eq. (17). Both plots indicate significantly
narrower b-jets in the predictions obtained with the bb41
generator. Similarly, as shown in Fig. 12, the bb41 gener-
ator yields a harder B fragmentation function and a softer
Py g distribution. The pattern we observe for the structure
of b-jets is consistent with the fact that the bb41 generator
has a reduced radiation in b-jets with respect to Pythias.
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In the hvq generator, radiation from the 4’s is handled exclu-
sively by Pythias, while, in the bb41 generator, the hard-
est radiation from the b is handled by POWHEG. It should be
stressed, however, that the B fragmentation function has a
considerable sensitivity to the hadronization parameters. It
would therefore be desirable to tune these parameters to B
production data in eTe™ annihilation, within the POWHEG
framework, in order to perform a meaningful comparison.
In Fig. 13 we show a summary of the shape of the recon-
structed top peak comparing each of the available POWHEG
generators for t7 production: bb41l, ttb_NLO_dec and

@ Springer

hvg. We notice a fair consistency between the bb41 gener-
ator and the t tb_NLO_dec one, while larger deviations are
observed comparing against hvq.

7 Jet vetoes and single-top enriched observables

In this section we investigate the behaviour of the bb4 1 gen-
erator in the presence of b-jet and light-jet vetoes. Such kine-
matic restrictions are widely used in order to reduce top back-
groundsin H — W' W~ studies and in many other analyses
that involve charged leptons and missing energy. Also, jet
vetoes play an essential role for experimental studies of Wt
single-top production [82,83]. In particular, the separation of
Wt and tf production typically relies upon the requirement
that one large transverse-momentum b-jet is missing in the
first process.

From the theoretical point of view, the separation of Wt
and ¢f production is not a clear cut one, since the two pro-
cesses interfere. As pointed out in the introduction, in the
bb41 generator this problem is solved by providing a uni-
fied description of ¢7 and Wt production and decay, where
also interference effects are included at NLO. Thus jet vetoes
are expected to enrich the relative single-top content of bb4 1
samples, resulting in significant differences with respect to
other generators that do not include Wt contributions and
interferences at NLO.!# The bb41 generator is particularly
well suited for the study of jet vetoes also because it includes
b-mass effects, NLO radiation in top-production and -decay
subprocesses, as well as resummation of multiple QCD emis-
sions and hadronization effects as implemented in the parton
shower.

A first picture of the b-jet activity in the three genera-
tors, bb41, ttb_NLO_dec and hvqg (labelled according
to Table 1 as bb4¢, tf @ decay and t7, respectively), is pro-
vided by Fig. 14, where we compare NLO+PS distributions
in the transverse momentum of the b-jet. More precisely,
the plotted observable corresponds to the sum of the b- and
b-jet spectra and was computed in absence of any acceptance
cut. Thus it involves potentially enhanced contributions from
single-top topologies, which can lead to significant devia-
tions between the ¢7 prediction'” and the ones that implement
off-shell £t v, [~ ¥, b b matrix elements. At large transverse

14 We note that, in order to gain insights into the quantitative importance
of the exact treatment of 77 + Wt production in the bb4 1 generator, the
latter should be compared against a combination of dedicated generators
for t7 and Wt production, which corresponds to the standard approach to
simulate top production in experimental analyses. These comparisons
involve predictions based on different flavour-number schemes, and
their interpretation poses nontrivial issues that go beyond the scope of
this paper. We thus defer them to future studies.

15 In order to make sure that, apart form the absence of Wt contribu-
tions, the 7 predictions are internally consistent, we have checked that
off-shell top contributions (which are modelled through an heuristic
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momentum, the various predictions have rather similar shape,
but the ¢ result features a clear deficit of about 10% with
respect the bb4¢ and ¢7 ® decay ones. This can be attributed
to the missing single-top contributions in the hvq generator.
Athigh p7, thanks to the implementation of Wt contributions
via exact Born matrix elements for pp — £t v, 71, bb,
the ¢ ® decay prediction is found to be in good agreement
with the bb4¢ one. At small transverse momenta, the relative
weight of Wt production becomes more important, and the
deficit of the 7 prediction grows rather quickly, reaching up
to 50% for very small transverse momenta. The ¢7 ® decay
and bb4¢ predictions remain in good agreement down to
Pt = 10 GeV, but at smaller transverse momenta the
17 ® decay one develops a deficit that grows up to about 25%.
This can be attributed, at least in part, to the increased impor-
tance of Wt channels combined with the fact that these chan-
nels are not supplemented by an appropriate NLO correction
in the 17 @ decay predictions. We also note that the discrep-
ancy at hand can be interpreted as a kinematic shift of a few
GeV only, while the enhancement of the resulting correction
can be attributed to the pronounced steepness of the abso-
lute pr, j, distribution in the soft region. Its sign is consistent
with the fact that radiation arising from £+t v, [~ v, b b NLO
matrix elements is expected to be rather soft in the pres-
ence of single-top contributions with initial-state collinear
g — bb splittings, while in the 17 ® decay generator radi-

Footnote 15 continued

Breit—Wigner smearing approach in hvq) play only a marginal role for
the observable at hand. To this end we have applied cuts to the # and
virtualities, imposing the requirement that they should not differ from
the 7 pole mass by more than 15 GeV. The effect of such cuts was found
to be negligible.

ation is always emitted as if all b quarks would arise from
top decays, which results in a harder emission spectrum. The
lower frame of Fig. 14 illustrates the relative importance of
matching and shower effects in the bb41 generator, com-
paring against corresponding fixed-order NLO predictions.
Again we observe nontrivial shape effects in the soft region.
While they are not directly related to the differences observed
in the middle frame, such effects highlight the importance of
aconsistent treatment of radiation and shower effects at small
b-jet pr. On the other hand the good agreement between the
tf @ decay and bb4£ predictions down to 10 GeV suggests
that matching and pure shower effects are reasonably well
under control in the bulk of the phase space.

Jet-binning and jet-veto effects are studied in Figs. 15
and 16. For this analysis we apply again the lepton selection
cuts of Eq. (16) and, at variance with the b-jet definition in
Sect. 6, we identify as b-jets those jets containing at least
a b- or b-flavoured hadron, irrespectively of its hardness.'®
Events are categorized according to the number of (light or
heavy-flavour) jets, n;, and to the number of b-jets, np, in the
rapidity range |n| < 2.5, while we vary the jet transverse-
momentum threshold p‘Thjet that defines jets.

In Fig. 15, to investigate the effect of a b-jet veto, the inte-
grated cross sections is plotted versus the jet-veto threshold,
p‘ThSel. In the left plot the veto acts only on b-jets (n; > np =
0), while in the right plot a veto against light and b-jets is
applied (n; = np = 0). For p‘T‘f;et 2 80 GeV the vetoed cross
section is dominated by #¢ production and quickly converges
towards the inclusive result. In this region we observe few-
percent level agreement between the ¢7 ® decay and bbh4¢
predictions, while the on-shell ¢7 prediction features a 10%
deficit due to the missing single-top topologies. Reducing
the jet-veto scale increases this deficit up to —30% in the
case of the inclusive n, = 0 cross section. This finding is
well consistent with the size of finite-width effects reported
in Ref. [46]. In the case of the exclusive zero-jet cross sec-
tion (n; = nj, = 0, shown on the right) the deficit of the 17
prediction is even more pronounced and reaches up to —50%
at py%, = 10 GeV. Also the 7 ® decay results feature a sim-
ilar, although less pronounced, deficit as the 77 ones in the
soft region. This can be attributed to the fact that initial-state
radiation in both, the hvg and ttb_NLO_dec, generators
is computed with on-shell tops, and thus overestimates the
radiation produced near the single-top kinematic region.

Matching and pure shower effects are illustrated in the
lower frames of Fig. 15. Both in the inclusive (n; > n, = 0)
and exclusive (n; = n, = 0) case we observe that, down
to 20 GeV, NLO+PS predictions feature an increasingly
strong enhancement with respect to fixed-order ones. This
can be attributed to shower-induced losses of b-jet trans-

16 At fixed-order NLO, jet clustering and b-jet tagging are applied at
parton level.

@ Springer



691 Page 18 of 30

Eur. Phys. J. C (2016) 76:691

0b
[T —
103 L7 tt® decay ---- |
tt
o
S 08
2
S 06[
S 04h : : : 1
. 10 S
2 -
g 09 >
= e i
08k = bp4¢ NLO oot |
10 50 100 150 200
P [GeV]

1071 L 8 TeV ]
3 .
0j0b
Hiqp2] j ]
° [y —
107 4 tt® decay ---- |
7 t
10[ L
2 osL =7 1
L o6l b
© 04 5 } } } A
o T T
3 -
& 0.9 o - T J
~ s _
& 08} 54 NLO woms -
I L | X )
10 50 100 150 200
P [GeV]

Fig. 15 Integrated cross sections at 8 TeV in jet bins with zero b-jets as a function of the jet-pr threshold. The left plot is inclusive with respect
to extra jet radiation (n; > nj, = 0), while the right plot is exclusive (n; = nj, = 0). Absolute predictions and ratios as in Fig. 14

107" | 8 TeV.

1b
bbdl ——

1t® decay ----
it

103

TETE R E oz oZo3

bb4¢ NLO +-—s

150

160 200
(GeV]

thr

Prje

107" | 8 TeV E

1j1b
-2
10 ,9/ i ]
b4l ——
tt®@decay ---- ]
tt

o [pb]

1031

1.0

081 -~ j

0.6 | ]

04F, ‘ ‘ ‘ L -
1.0

P ~E—E-T

09} j

bb4l NLO -1 -

150 200

[GeV]

T/ Ohag

P TEeeesoaig g

0/ Ohae

08| !

50 100
P,

Fig. 16 Integrated cross sections at 8 TeV in jet bins with one b-jet as a function of the jet-pt threshold. The left plot is inclusive with respect to
extra jet radiation (n; > np = 1), while the right plot is exclusive (n; = nj = 1). Absolute predictions and ratios as in Fig. 14

verse momentum. In the exclusive case (n; = np = 0)
this enhancement is somewhat milder, which we tentatively
attribute to the interplay of parton shower radiation with the
additional light-jet veto.

In Fig. 16 we plot the cross section with exactly one b-jet
above the threshold pf",,, i.e. we veto additional b-jets above
this threshold. Again, inclusive results (n; > n, = 1, shown
on the left) are compared with exclusive ones (n; =n, =1,
shown on the right). The one-b-jet bin is typically used in
Wt single-top analyses. Similarly as for the zero-b-jet case,
the difference between the bb4¢ and t7 results points to
an increasingly important single-top contribution at small
Pi',- Its quantitative impact is consistent with the fixed-order
results of Ref. [46], and at p{" = 30 GeV it amounts to
about 10% and 20%, respectively, in the inclusive and exclu-
sive cases. Similarly as for the zero-b-jet case, 7 @ decay
predictions feature a qualitatively similar but quantitatively
less pronounced deficit with respect to the bb4¢ predictions.
Matching and shower effects turn out to be rather mild in

the inclusive case, probably due to the fact that the abso-
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lute distribution is not particularly steep in the limit of small
transverse momentum. In contrast, the exclusive one-jet cross
section (n; = np = 1) is much more sensitive to the jet-veto
scale, which leads to sizeable matching and shower effects
at small py, .

In summary, jet-vetoed cross sections can involve enhan-
ced single-top contributions that are completely missing in
the ¢ predictions obtained with the hvq generator while they
are significantly underestimated in the ¢ ® decay predictions
of the t tb_NLO_dec generator, where single-top contribu-
tions are implemented via LO reweighting [40]. In practice
such a reweighting approach ceases to work in phase-space
regions far away from the double-resonant region.

8 Conclusions

In this paper we have presented the first Monte Carlo genera-
tor that provides a fully consistent NLO+PS simulation of 77
production and decay in the different-flavour dilepton chan-
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nel, including all finite-width and interference effects. This
new generator, dubbed bb41,is based on the full NLO matrix
elements for the process pp — £ v, 17, b b. This guaran-
tees NLO accuracy in 7 production and decay, as well as the
exact treatment of spin correlations and off-shell effects in
top decay. Top resonances are dressed with quantum correc-
tions, and also non-factorizable corrections associated with
the interference of radiation in production and decays are
taken into account. Bottom-quark masses are consistently
included, which is quite important for the accurate modelling
of b-quark fragmentation and may have a significant impact
on top-quark mass determinations and other precision analy-
ses. Moreover, finite b-quark masses permit to avoid collinear
singularities from initial- or final-state g — b b splittings.
This allows for W+ W~ bb simulations in the full phase space,
including regions with unresolved b quarks, which are indis-
pensable for the simulation of top backgrounds in the pres-
ence of jet vetoes. It, moreover, provides a unified NLO
description of ¢7 and single-top Wt production, including
their quantum interference.

The technical problems that arise from infrared sub-
tractions and NLO+PS matching in the presence of top-
quark resonances are addressed by means of the fully gen-
eral resonance-aware matching method that was proposed
in Ref. [57] and implemented in the POWHEG-BOX-RES
framework. This framework, besides allowing for a consis-
tent matching to shower Monte Carlo generators, also ame-
liorates the efficiency of infrared subtraction and phase-space
integration in a drastic way, and allows for a factorized treat-
ment of NLO radiation in off-shell top production and decays.
This represents a significant improvement (especially for
what concerns top decays) with respect to the case where
NLO+PS matching is applied to a single QCD emission.

Technically, the bb41 generator was realized by imple-
menting OpenLoops matrix elements in the POWHEG-BOX
framework. To this end we have developed a new and fully
flexible interface, which allows one to set upPOWHEG-BOX+
OpenLoops NLO+PS generators for any desired process in
a rather straightforward way.

We have carried out a thorough study of the impact of
the resonance-aware method. To this end, we have compared
our results with those obtained after disabling the resonance-
aware formalism in such a way that the bb41 generator
becomes fully equivalent to a traditional POWHEG-BOX-V?2
implementation. On the one hand we observed that ignor-
ing resonance structures can deteriorate the performance of
the generator up to the point of rendering it unusable. On
the other hand, we observed considerable distortions in the
reconstructed mass of the top resonances with respect to the
full resonance-aware result. In essence, the mass distribu-
tion becomes wider around the peak and slightly shifted. We
were able to track the origin of these effects to two competing
causes: the generation of radiation performed by POWHEG,

that is considerably modified in the resonance-aware method,
and the generation of radiation in the shower stage, where
the shower Monte Carlo, being unaware of which groups of
particles arise from the same resonance, tends to widen the
resonance peaks. We have also shown that it does not seem to
be possible to remedy this last problem by reconstructing the
resonance structure on the basis of simple kinematic guesses.

Much attention was dedicated to the comparison of the
new bb41 generator and the ttb_NLO_dec generator of
Ref. [40]. Both are capable of handling NLO spin correlations
and radiation in top decays. However, off-shell effects are
only computed at LO in ttb_NLO_dec by reweighting the
NLO cross section using the ratio of the full off-shell Born
cross section divided by its zero-width approximation. These
two generators are expected to provide similar results in the
vicinity of top resonances. In fact, in this region, we find only
modest differences between the two. In particular, the top
virtuality distribution and distributions involving b jets are
in reasonably good agreement. Slightly larger differences are
found in distributions involving B hadrons, like for example,
the B fragmentation function, in the top-decay frame.

A section of this work was dedicated to a comparison
against the hvqg generator, which has been heavily used by
the LHC experimental collaborations for the generation of
tf samples in both Run I and Run II. Close to the mass
peak, bb41 and hvqg predictions are fairly consistent, but
the agreement is quickly spoiled as one moves towards off-
shell regions. Furthermore, the ratio of the hvq to the bb41
results exhibits a negative slope across the resonance peak,
and we found that the average virtuality of the top resonance
in a window of £30 GeV around the peak differs by about
0.5 GeV for the two generators. This calls for dedicated stud-
ies of the implications of resonance-aware matching in the
context of precision m,-measurements. More sizeable differ-
ences have been observed in the structure of the associated
b-jets, the bb4 1 generator leading consistently to narrower
jets and a harder fragmentation function for the associated B
hadron. The above findings should be interpreted by keep-
ing in mind that within the hvqg generator radiation in top
decays is solely handled by Pythia8, with matrix-element
corrections turned on by default. These matrix-element cor-
rections should improve the overall agreement between hvg
and bb41, and we have verified that disabling them leads to
much more pronounced differences between the two gener-
ators.

We have included in this work an indicative com-
parative study of jet-veto effects when using the bb41l,
ttb_NLO_dec and hvqg generators. In the presence of
jet vetoes, the hvg generator alone is clearly not ade-
quate, since it misses the essential component of associated
Wt production. Perhaps surprisingly, it turns out that also
the ttb_NLO_dec generator does not perform sufficiently
well. Since Wt production effects are included in this genera-
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tor only at the level of a leading-order reweighting, we are led
to conclude that the lack of NLO accuracy in the simulation of
Wt contributions limits the usability of the ttb_NLO_dec
generator in single-top enriched regions. We stress, however,
that the issue of jet-veto effects is complex, and deserves a
dedicated future study.

The theoretical improvements implemented in the bb41
generator are relevant for phenomenological studies and
experimental analysis that depends on the kinematic details
of top-decay products. In particular, this new generator is
ideally suited for precision determinations of the top-quark
mass, for measurements of Wt production, and for analyses
where 17 and Wt production are subject to jet vetoes. The
exact treatment of off-shell and non-resonant effects is also
important for top backgrounds in Higgs and BSM studies
based on kinematic selections with high missing energy or
boosted bb pairs.
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Appendix A: Technical details

In this appendix we detail the technical improvements to
the POWHEG-BOX-RES framework that have been imple-
mented in order to allow for the implementation of pp —
et 70 bb.

Appendix A.1: Automatic generation of resonance
histories

The algorithm for finding the resonance histories is at present
at an experimental level. It has been kept as simple and
straightforward as possible in order to allow for future
improvements and modifications.

@ Springer

The algorithm begins with the lists of particle flavours
specified in the user-process routine init_processes,
where the arrays f1st_born and £1st_real are filled.
At variance with the POWHEG-BOX-V2 version, one also
has to specify the length of each flavour list in the arrays.
The lengths are stored in the arrays £1st_bornlength
and flst_reallength. For the process we are consid-
ering here (and in most cases) the lengths have all the same
values (8 for the Born process and 9 for the real). At this
stage, no resonance information is provided for the flavour
lists, so the lists of resonance pointers (f1st_bornres
and flst_realres) remain initialized to zero, and the
user does not need to modify them. The powers of the
strong and weak coupling constants in the Born ampli-
tudes (res_powst and res_powew) must instead be ini-
tialized by the user-process routines. At the moment we do
not consider the possibility of having multiple Born-level
processes with different orders of the strong and weak cou-
pling constants. This may be required when considering
mixed strong and electromagnetic radiation being generated
with the POWHEG method, and will require minor modifica-
tion of the code.

The algorithm proceeds recursively: intermediate parti-
cles are added at the end of the flavour list, and the pointers
associated with the particles that arise from their splitting are
appropriately set.

As an example, we consider the production of a W in
association with a quark antiquark pair du — e~ v,uu, with
two powers of the strong coupling constant and two powers of
the weak one. The input consists of the following arguments:

flav = [1, -2, 11, -12, 2, -21,
flavres = [0, 0, O, o, 0, 071,
powst = 2,
powew = 2.

The algorithm proceeds as follows:

— The first particle is kept fixed. The second particle is
charge reversed, so that the process looks like the decay
of the first particle into the remaining ones. At this stage
we then have

flav = [1, 2, 11, -12, 2, -2],
flavres = [0, 0, O, o, 0, 071,
powst = 2,
powew = 2.

— Welook through all (ordered) pairs of particles, excluding
the first one, that have f1lavres equal to zero, and that
can be merged into a single particle via a strong or weak
interaction vertex. In the example at hand, we would find
several cases: the second and last entry (a u and a u)
merged into a gluon, a photon or a Z; for the third and
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fourth entry (an electron and its anti-neutrino) merged
into a W ; the last two entries (a # and u#) merged into a
gluon, a photon or a Z.

— For each found possible merging, we prepare a new input
for the recursive procedure, with a new flavour list includ-
ing the merged particle and updated values of the reso-
nance pointers and of the power of the couplings. In our
example, after the e~ v pair is merged into a W, the new
input for the recursive procedure looks like this

flav = [1, 2, 11, -12, 2, -2, -247,
flavres = [0, 0, 7, 7, 0, 0, 0],
powst = 2,
powew = 1.

Notice that now the flavres third and fourth entries
(the e~ and V) contain pointers to their mother reso-
nance (the W ™), added in the seventh position. The value
of powew has been updated, since one electroweak cou-
pling was used for the W™ splitting, and only one is left.
Notice also that there are cases where the same particles
can merge into a different one, as for the # and & merging
case, and all these new inputs are passed to the recursive
resonance-searching algorithm.

— By proceeding with the recursion, we will reach a point
when no further merging is possible. Following the exam-
ple at hand, we may find that the uu pair is merged into
a gluon

flav = [1, 2, 11, -12, 2, -2, -24, 01,
flavres= [0, 0, 7, 7, 8, 8, 0, 01,
powst = 1,

powew = 1,

followed by a gu merging into a u

flav =[1, 2,11,-12, 2,-2,-24, 0,21,
flavres=[0, 9, 7, 7, 8, 8, 0, 9,0],

powst =0,
powew =1,

finally followed by a u W™ merging into a d

flav =[1, 2,11,-12, 2,-2,-24,21, 2, 11,
flavres=(0, 9, 7, 7, 8, 8, 10, 9,10, 0],
powst =0,

powew =0.

At this point three conditions are checked: whether no
pairs can be further merged, whether no more powers
of the coupling constants are available, and whether the
last added particle coincides with the first one, mean-
ing that all outgoing particles have been merged into the

incoming one. If any of these conditions are not met, the
configuration is abandoned.

The list just found represents a tree diagram for the process
at hand. As such, there is always a unique path in the tree
that joins any two external particles. The path joining the
two incoming particle is the #-channel one. It can be found
starting from particle 2 and going recursively through its
ancestors, until particle 1 is reached.

The list is processed further, by the subroutine clean_
resonance_structure, that performs the following
operations. It first examines the z-channel structure of the
flavour list. If it finds a 7-channel fermion line that emits
two electroweak bosons (W, Z or H) that can directly cou-
ple to each other through a triple-boson vertex, with any
intermediate emission of photons or gluons, it abandons the
configuration. This is because another configuration with a
richer resonance structure must exist, i.e. the structure where
the two electroweak bosons arise from the decay of a single
electroweak boson, with splittings involving the trilinear vec-
tor coupling, or the Higgs coupling to a vector boson. This
richer configuration is well suited to represent the one where
the two electroweak bosons do not originate from another
electroweak boson, and thus the latter configurations need
not be considered. It then carries out a similar operation on
s-channel lines. If we find a fermion line that emits two elec-
troweak bosons, there must be a richer configuration where
the two bosons originate from a single electroweak boson,
and we thus abandon this configuration. Care is taken to han-
dle the special case when the fermion line becomes a top
quark, since the top is treated as a resonance, and the emis-
sion of a Higgs from the fermion line, since it must come
from a top, in this case.

After the elimination procedure is carried out, all ¢-
channel resonance entries, and all s-channel resonance
entries corresponding to a massless particle are deleted from
the list. The list is then put in a standard form: the reso-
nances are moved just after the two incoming particles, and
the final-state particles follow. The clean_resonance_
structure exits. If the examined flavour structure is to
be kept, the program calls a subroutine that stores it in a
temporary array structure, provided there are no other equiv-
alent configurations already stored. Once all configurations
are found and stored, the subroutine pwhg_res_histos_
born or pwhg_res_histos_real is called, and the
configurations are transferred from the temporary storage to
the global arrays f1st_born* or f1st_real*, that are
overwritten with the Born and real flavour structure including
resonance-history information.

The procedure that we have illustrated so far should be
appropriate for most Standard Model processes. We checked
that it works also in the case of single-top production studied
in Ref. [57], by replacing the hand-written resonance histo-
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ries that we used there with those automatically generated
with the procedure presented here.

Appendix A.2: Colour assignment

In the POWHEG-BOX, colour assignment is mainly per-
formed at the level of the underlying Born process. Given
a Born flavour configuration and kinematics, one considers
the colour subamplitudes that contribute to the squared Born
amplitude, computed in the large colour limit. A color flow
is then chosen with a probability proportional to the values
of the subamplitudes, for that particular phase-space point.
The POWHEG-BOX then generates the QCD radiation for a
particular collinear region, through the splitting process. The
colour configuration for the generated real-emission ampli-
tude is obtained from the one of the underlying Born by
attaching the colour flow that corresponds to that splitting.

Contributions that do not have singular regions (i.e. reg-
ular contributions) are instead treated as the Born term
itself. In Ref. [84] a corresponding interface was developed
such that this colour information could be extracted from
MadGraph4 [85]. In Appendix A.3, we describe an anal-
ogous implementation in OpenLoops. Thanks to this new
functionality, OpenLoops supports the complete matrix-
element input that is required in the POWHEG-BOX frame-
work.

When resonance histories are being considered, a modi-
fication of this scheme becomes necessary. In fact, the ran-
domly generated colour assignment may not be compatible
with the resonant structure being considered. Consider for
example the process gg — qqV'V, where V is a vector
boson, illustrated in Fig. 17. If the process proceeds via the
exchange of a gluon in the s-channel, then the correspond-
ing colour flow is illustrated in the bottom-left diagram in

Fig. 17 Different resonance

histories (top) for identical

processes, and associated colour

flows (bottom) q

Q|
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the figure, and initial- and final-state quarks are colour con-
nected. Whereas if the exchanged particle in the s-channel
is a colourless vector boson, then the color flow is depicted
in the bottom-right diagram, where it is evident that initial-
and final-state quarks are not colour connected, but there is
a colour connection between the quarks in the initial state,
and another colour connection between the quarks in the final
state.

In the POWHEG-BOX framework, colour assignment is
independent of the resonance structure, and thus one may
end up assigning the colour flow in the left of the figure to
the resonance history on the right, or vice versa. In order to
remedy to this, we keep generating random colour configu-
rations, and accept the first one that is compatible with the
resonance history.

Appendix A.3: OpenLoops interface and settings

The OpenLoops program is based on a fast numerical recur-
sion for the generation of tree and one-loop scattering ampli-
tudes [86]. Combined with the OPP reduction method [87]
implemented in CutTools [67] and the scalar one-loop
library OneLOop [68], or with the tensor integral reduc-
tion methods [88-90] implemented in COLLIER [66], the
employed recursion permits to achieve very high CPU per-
formance and a high degree of numerical stability. The small
fraction of numerically unstable one-loop matrix elements
is automatically detected and rescued through re-evaluation
with CutTools in quadruple precision.

The new POWHEG-BOX+OpenLoops interface is imple-
mented via a FORTRAN9O module called openloops_
powheg, which is included in the POWHEG-BOX-RES
framework. Internally the POWHEG-BOX+OpenLoops fra-
mework automatically compiles, loads and manages all
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required OpenLoops amplitude libraries. The new
interface provides the subroutines openloops_born,
openloops_real, and openloops_virtual with
interfaces identical to the corresponding POWHEG-BOX rou-
tines setborn, setreal, and setvirtual. In partic-
ular the openloops_born routine returns, besides the
squared tree-level amplitude £, the corresponding colour-
and spin-correlated tree-level amplitudes %;; and %,
in the format required by the POWHEG-BOX [59]. Addi-
tionally, the interface provides the routines openloops_
init, openloops_borncolour and openloops_
realcolour. The former synchronizes all parameters
between OpenLoops and the POWHEG-BOX and should
be called at the end of the init_processes subroutine
of the POWHEG-BOX. The latter two provide the required
colour information as outlined in Appendix A.2, i.e. they
return a colour-flow of the squared Born and real matrix
elements in the large colour limit, on a probabilistic basis.
Since the probability priors are determined from the colour-
flow decomposition of the corresponding matrix elements at
a given phase-space point, the colour-trace basis employed
internally in OpenLoops is converted into a colour-flow
basis.

Several OpenLoops internal options and switches can be
passed directly from the powheg. input file to the code.
In particular, OpenLoops offers the possibility to switch
between the tensor-integral reduction methods implemented
in COLLIER and OPP reduction methods implemented in
CutTools. By default COLLIER is used, while inserting
the line

olpreset 1

in the powheg . input file, reduction via CutTools can
be selected. In a similar way, inserting the line

olverbose <OpenLoops verbosity level>

allows one to select the verbosity level of OpenLoops.
While all relevant input parameters are automatically
passed by POWHEG-BOX to OpenLoops, further internal
OpenLoops parameters can be set directly via the routine
(member of the FORTRAN90O module openloops)

set_parameter (parameter, value)
character (* intent (in) parameter

)
TYPE, intent (in) value

Here, TYPE can either be integer, double or character(*)
according to the parameter to be set, as detailed on http://
openloops.hepforge.org/parameters.html.

Implementation of new processes

In order to set up a new processes within the POWHEG-BOX
+ OpenLoops framework, one should run the script

<POWHEG-BOX-RES>/COMMON/OpenLoopsStuff/
generate_process.py

with the following arguments:

./generate_process.py <library name>
-order_ew=<m> -order_gcd=<n> -name
=<..>

Here, <library name> correspondstothe OpenLoops
amplitude library of the desired process and <m> and <n>
denote the order of the Born cross section, O (afogy,), in
terms of powers of the strong and weak couplings. This
will setup a rudimentary POWHEG-BOX process structure
within the directory <POWHEG-BOX-RES> < /COMMON/

name>. For example the call

./generate_process.py pplnjjj -order_ew
=2 -order_gcd=3 -name=Wjjj

will yield the structure for an NLO+PS generator including
all required tree and one-loop amplitudes for pp — W(—
£v) + 3 jet production.

A user has only to provide the list of contributing
flavour structures of the Born and real subprocesses in the
init_processes. f file and the number of intermediate
resonances in the nlegborn.h file. An automatic genera-
tion of these structures is currently being validated and will
soon be included. Currently NLO QCD corrections to any
SM process are supported by this interface, while NLO elec-
troweak corrections will follow in the future.

Appendix A.4: Optimizing the virtual corrections
Fixed-order NLO calculations

If one is interested in fixed-order NLO results, the most
CPU-demanding contributions come from the computation
of the real graphs, that also implement the cancellation of the
collinear and soft singularities. In the POWHEG-BOX-RES
code there are options to separate the virtual contribution
from the rest, in such a way that it can be computed with an
accuracy that matches the one of the real contribution, thus
saving computer time. More specifically, the code can be run
twice: in the first run, the user can set the flag novirtual
to 1 in the powheg . input file. In this way, no call to the
calculation of the virtual corrections is done, and the cor-
responding distributions do not contain the virtual correc-
tions (plus other soft contributions). The code is then rerun
by using the same importance sampling grids used in the first
run, with the flag virtonly set to 1 and with lower statis-
tics with respect to the previous run. In this way, the virtual
contributions are called fewer times with respect to the Born
and real contributions of the first run. Finally, the kinematic
distributions obtained in the two steps can then be combined.
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Details and examples for this procedure are included in the
release of the code.

Generation of Monte Carlo events

If one is interested in generating Monte Carlo events, it is
more convenient to avoid the computation of the virtual cor-
rections for the large number of events that are vetoed during
the generation. This can be done, provided one renounces
to generating events with constant weight. In essence, we
generate events with settings such that the virtual contribu-
tion is not computed, but the cross section and the distribu-
tions are sufficiently similar to the exact result. The events
are then reweighted with the full cross section including the
virtual contribution. With this procedure, the virtual con-
tribution is computed only once for each generated event,
instead of the several tens of event that are computed and
then vetoed in a standard run. In order to do so, one inserts
in the powheg . input file the lines

for_reweighting 1

rwl_file -~

<initrwgt>

<welight id=’'xx’'> some reweight info
</weight>

</initrwgt>

and the program generates events with uniform weight with
no virtual corrections. For each <weight line, a new weight
is generated and added to the event. These weights are all
computed with the inclusion of the virtual corrections.!”

We would like to remark an additional technical issue:
the subtraction term in the case of a massive fermion emitter
(i.e. the subtraction term corresponding to the soft singular-
ity in the b — bg splitting) is modified in such a way that it
becomes closer to the Py, (z) Altarelli-Parisi splitting func-
tion (that is to say, we give it a weight (14 z2)/(1 — z) rather
than the original weight2/(1—z)). In fact, we found that if we
do not include this modification, the kinematic distributions
before reweighting (i.e. those with no soft-virtual contribu-
tions) can develop relatively large, negative values near the
top-mass peak. After reweighting we do get back the correct
results. However, reweighting coefficients can be very large
or negative with the original subtraction term, while, with
the modified one, we get sensible distributions even before
reweighting, and no large reweighting factors.

17 When running with the for_reweighting flag set to 1, the
POWHEG-BOX-RES code sets the internal flag f1g_novirtual to
true, and thus the subroutine that computes the full soft-virtual contri-
butions is forced to return zero.
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Appendix B: Phenomenological details
Appendix B.1: Kinematic guess of resonance structures

In this appendix we detail the kinematic procedure for the
construction of resonance information from agnostic events,
i.e. events where no resonance information is available. In
Sect. 6.1 this resonance-guessing approach is applied to
Les Houches events based on standard (resonance-unaware)
POWHEG matching, and the corresponding predictions are
labelled res-guess. Thus the difference between res-guess
and our predictions permits to assess the error due to an incon-
sistent treatment of the first emission.'®

We start at the Les Houches event level and modify each
event as follows:

— The matching [v pairs are assigned to the corresponding
W= bosons, that are added to the event record, with the
corresponding kinematics: py+ = (p,++p,) and py,- =
(P~ + ps)

— If no parton is radiated, or if the radiated parton is not
a gluon, then the top resonances can only be formed by
pairing a W and the corresponding b (i.e. no radiation
from top quarks is present). In this case we compute the
resonance enhancement factors

fi = mf (B.1)
U s+ pue)? — mp]P + (mp?
fi= mf (B.2)
l [(p5 + pw)2 —mp] + (Lim)?
m*
fr = : (B.3)

[(PW+ + pw-)? — m%]z + (Fzmz)z.

We then generate arandom number r:ifr < f,/(f; f7 +
f2) we assume that the event has a resonance history with
the W pair arising from an intermediate s-channel Z. If
not, the W’s are paired with the corresponding » and
assigned to a top and an anti-top. In both cases, the Les
Houches event record is adjusted accordingly.

— If the radiated parton is a gluon, besides the f factors
computed in the previous item, we compute

ry __ m?
= = , (B4
[(ps + pwt + P> —mi]” + (Iimy)?
_(r) m?

(B.5)

t

5 .
[(ps + pw—+ P> —mP]” + (Iym,)?
Furthermore, we also compute:

18 1t should be clear that such a difference cannot be regarded as an
intrinsic uncertainty of the resonance-aware approach.
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— p4: the gluon transverse-momentum relative to the
beams;

- p; b the gluon transverse-momentum relative to the
outgoing b’s in the partonic CM system;

- pgrf;)/};: the gluon transverse-momentum relative to
the outgoing b’s in the /™ frame built under
the assumption that radiation arises from top/anti-top

decay.

— We compute the following weights:

Iz fz Iz

w, = + + , (B.6)
CTPHE T (PR (P!
oo ST ST ow_ S0
[ ) - 5 ) P = )
(P* i (i)?
(B.7)

corresponding to the following resonance histories:

— the two W’s come from the intermediate Z boson
and the gluon is associated to initial- or final-state
radiation (from the b’s);

— the W’s and b’s come from a 77 pair, and the gluon
from initial-state radiation;

— same as before but with the gluon from the top-
resonance decay;

— same as before but with the gluon from the anti-top-
resonance decay.

If the colour of the b is not consistent with the colour
assigned to the gluon, the corresponding weight is set
to zero. Then a resonance history and gluon assignment
are chosen among the four configurations considered
here with probability proportional to the corresponding
wweight.

In order to validate this procedure, we stripped any
resonance information from the Les Houches events of a
resonance-aware res-singlerad sample, i.e. switching off
the multiple-radiation scheme. We indicate the correspond-
ing results with the label res-strip. Then, following the pro-
cedure outlined above, we added back guessed resonance
information. The obtained result, labelled res-strip-guess,
is displayed in Fig. 18. As we can see, the procedure for the
kinematic construction of resonance information reproduces
nicely the correct W jg peak.

Appendix B.2: Comparisons of shower veto schemes
When generating radiation from resonance decay, the tra-

ditional Les Houches generic-user-process interface is no
longer viable. In fact, the standard [91] contemplates only a
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Fig. 18 Comparison of the effect of removing resonance information
and then adding it back according to a guess, based upon kinematics,
in the invariant mass of the W jp system

single scale (called scalup), and it requires that the shower
does not generate any radiation harder than that scale at the
production stage. Radiation in resonance decays remains,
however, unrestricted, while our generator requires it to be
vetoed either by the transverse momentum of the radiation
generated by POWHEG in the decay process (allrad 1
case), or by the hardest radiation scale, irrespective of its
origin (i.e. either from production or from resonance decay)
inthe allrad O case.

The default method for interfacing the bb4 1 generator to
Pythia8 was taken from Ref. [40], and it is described in
Appendix A of that paper. In essence, the procedure was to
examine the showered event, compute the transverse momen-
tum of Pythia8 radiation in top decays, and veto it if higher
than the corresponding POWHEG one.

Pythia8 provides with its own mechanism for veto-
ing radiation from resonance decay. One should imple-
ment a virtual function canSetResonanceScale that
returns a true value if Pythia8 is to use this mecha-
nism. Furthermore, one should also implement a function
scaleResonance that Pythia8 invokes in each event
for each resonance, returning the scale for vetoing radiation
in decay. We also implement this mechanism in our genera-
tor. It is activated by setting the flag pythiaveto 1 inthe
powheg. input file.

We show in Fig. 19 the comparison of results obtained
with the two veto mechanisms. In these plots, as well as in
all the others that we have examined, we have found very
good agreement between the two veto schemes. We notice
that the difference in the ratio of the m j; distribution at small
masses (one of the few distributions where we found mild
discrepancies) is taking place in a region where the cross
section is getting small, and is thus of little relevance.

‘We conclude that the internal Pythiag8 method for veto-
ing resonance radiation in decay is suitable for use with the
bb41 generator, and we can thus recommend its use.
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Fig. 19 Comparison of two veto schemes on the B fragmentation function, on p , . on the mass of the W jz system and on the mass of jg

distributions

Appendix B.3: Impact of the multiple-radiation scheme

Difference in t7 observables induced by the multiple-
radiation scheme of Eq. (6) were already discussed at length
in Ref. [40] for the ttb_NLO_dec generator. It was found
there that, by switching off the multiple-radiation scheme
(allrad 0), radiation from top decays are mostly handled
by the shower generator. In fact, the absolute hardest radia-
tion is more often produced by the initial state, in part because
of the larger colour charge, and in part due to the wider phase
space available. Here we present some comparisons as a brief
reminder of the relevant issues. In this section we apply our
default cuts defined in Egs. (15) and (16). We begin by show-
ing in Fig. 20 the invariant mass distribution of the W j; and

of the / j systems. There is good agreement between the two
distributions, except for the region of low top virtuality in
the left plot. On the other hand, observables that are sensitive
to the B and jp properties display larger differences, as can
be seen in Fig. 21. In view of the large differences in the
fragmentation function and pf . distribution, we compare
in Fig. 22 the same quantities computed using as reference
frame the top quark at the level of Monte Carlo truth (“MC
truth”, usually identified with the last top quark appearing in
the shower output list) rather than the reconstructed top. We
also add to this comparison the output of the hvg generator.
In this last case, we switch off Pythia8 matrix-element cor-
rections (MEC), for the purpose of determining whether the
use of our generator, even if the al 1rad feature is switched
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Fig. 20 Invariant mass of the W jp (fop) and of the / jg (bottom) systems. We compare NLO+PS resonance-aware predictions with (T‘es—default)
and without (res-singlerad) employing the multiple-radiation scheme. In the ratio plot we illustrate relative deviations with respect to Tes-

default
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Fig. 22 Predictions for the B fragmentation function and transverse-
momentum distribution of the B hadron in the top decay frame, p? ..
obtained with the bb41 generator in its default mode employing the
multiple-radiation scheme (Tes-default), without employing this
scheme (Tes-singlerad) and corresponding predictions obtained

off, brings about some improvement with respect to a generic
shower treatment of top decays. We see from the figures that
by using the MC truth for the top reference frame brings the
bb41 and res-singlerad results in better agreement, at least
as far as the p7 .. distribution is concerned.

The comparison of the bb41, res-singlerad and hvg
results for the pf . distribution is particularly enlightening.
If we focus upon radiation in the top decay, in the bb41l
case the hardest radiation is always generated by POWHEG.
In the res-singlerad case, POWHEG is mostly responsible
for radiation with a large value of the pf .. observable, since
it must be harder than the radiation generated in production.
The region of small p? .. is thus more often determined by
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b

with the hvqg generator (¢7). In these predictions the top reference frame
is determined according to the Monte Carlo truth (MC truth) and the
t1 predictions are obtained switching off matrix-element corrections in
Pythia8

the shower. In the hvqg case, radiation in the top decay is
handled only by the shower, that has only leading logarithmic
accuracy, and thus fails at large values of the p? .. observable.
This is why we see a large discrepancy between the hvg and
the res-singlerad at large values of the pg ;.. observable.
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