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ABSTRACT: Flavour tagging is technically challenging on the experimental side. However,
it suffers from a more fundamental problem from the theoretical point of view, in particular
when implemented in fixed-order perturbation theory. It turns out that an infrared-safe
definition of a flavoured jet is intricate due to the singularities induced by the emission
of flavoured quark-anti-quark pairs of negligible energy. Although this issue has been
addressed by a modification of the standard kp jet algorithm, the situation is not entirely
satisfactory as most measurements rather use the anti-kp jet algorithm. In this work, we
propose a flavour-aware infrared-safe modification of the anti-k7 jet algorithm that is easy
to implement within perturbative Monte Carlo frameworks and has minor impact on jet
phenomenology when flavour tagging is not required. Besides the numerical verification
of the infrared safety of the proposed algorithm at next-to-next-to-leading order, we also
present results for the hadro-production of a lepton pair in association with a b-jet, and of
a top-quark pair decaying into b-jets and leptons.
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1 Introduction

Jets! are a staple of the research program at high-energy hadron colliders. As suitably
defined sets of highly-energetic particles, they constitute a useful tool to establish a link
between Quantum Chromodynamics (QCD) of quarks and gluons and the realm of actual
strongly-interacting particles, baryons and mesons.

Besides the general importance of jets for collider phenomenology, there is a growing
interest in studying jet substructure in order to disentangle various QCD effects governing
jet dynamics [2, 3]. One particular aspect concerns the separation of jets into different
categories defined by the underlying partons. For example, the tagging of quark and gluon
jets [4] has received substantial attention. Similarly, jets of definite flavour discussed in
the present work, allow to access the partonic structure of the hard scattering event, which
in turn can be used for Standard Model measurements, Parton Distribution Function fits,
New Physics searches and tuning/improvement of Monte Carlo simulations.

Experimentally, the definition of b- or c-flavoured jets, i.e. the flavour tagging of jets, is
based on the presence, in a given event, of intermediate heavy long-lived B- or D-hadrons
decaying at displaced vertices, and their association to a jet according to kinematically-
defined criteria. A similar procedure can be pursued within Monte Carlo event and/or

'For a classic review see ref. [1].



detector simulations thanks to the resummation of multi-parton radiation effects and hadro-
nisation modelling. On the other hand, obtaining predictions for corresponding observables
using partonic computations at fixed-order of perturbation theory in QCD is not as straight-
forward. Firstly, a prescription that relates partons within a jet to the flavour tag must
be introduced. To this end, one assumes that a b- or c-quark within a jet is related to a
b- or c-jet tag based on B- or D-hadrons. Secondly, the disparity of energy scales between
the collision energy and the mass of flavoured quarks calls for resummation of large loga-
rithms of the ratio of the two scales. This resummation is typically achieved by considering
the massless limit and using Renormalisation Group techniques. Unfortunately, flavoured
massless quarks might introduce unphysical singularities if the flavour of hard jets is not
correctly determined. The assignment of flavour is non-trivial due to the occurrence of
pairs consisting of a quark and anti-quark of the same flavour and vanishingly small en-
ergy. In the limit of collinear momenta of the quarks belonging to such a pair, any sensible
flavour definition would correctly count the pair as flavourless, since the partons cannot be
resolved based on angular separation. On the other hand, if the momenta of the partons
have a large angular separation, a careless treatment might lead to hard jets acquiring or
losing flavour due to association with only one of the flavoured quarks. This results in an
infrared (IR) divergence in the case of flavour-sensitive observables calculated in fixed-order
perturbation theory, because the flavour of the pair is resolved while its constituents cannot
be observed separately. This problem, originally discussed in ref. [5], first occurs at the
next-to-next-to leading order (NNLO) of perturbation theory, where two simultaneously-
soft partons are allowed. We stress that resummation resolves the issue, since in actuality
all soft radiation is exponentially suppressed and states with dangerous incorrect flavour
assignment have a negligible contribution to the cross section. This is a prime case where
fixed-order perturbation theory is a good model if and only if the observable is IR safe.
This IR safety can be practically achieved by using an IR-safe flavour-aware jet definition

The first flavour-aware infrared-safe jet algorithm has been proposed in ref. [5]. It
consists of a modification of the kr jet algorithm, see section 2, and has been adopted in a
multitude of studies of flavoured-jet production starting from refs. [6, 7] (see also [8]) by the
authors of the original proposal. Independent applications of the flavoured kr algorithm
at NNLO QCD began with ref. [9] concerned with the forward-backward asymmetry at
electron-positron colliders. Another asymmetry defined with the help of the new algorithm
was studied in the context of muon decay in ref. [10]. Recently, several pertinent hadron-
collider analyses have appeared, in particular for processes with the following final states:
V + H(— bb) [11-14] (see also ref. [15] for comparison with predictions using a finite b-
quark mass), Z + b-jet [16], W + c-jet [17], W + b and b-jets [18]. The algorithm has also
been used in the context of b-quark fragmentation into a B-hadron to construct a proxy of
a fragmentation function in ref. [19].

Although not needed for infrared-finite predictions, the flavoured k7 algorithm has also
been used at next-to-leading order (NLO) QCD in ref. [20] concerned with Wbb production
in association with light (unflavoured) jets. Of course, the lack of singularities at NLO with
jets defined with flavour-blind algorithms does not mitigate the fact that singularities would
appear at higher orders for the same process. Hence, using a jet algorithm that guarantees



sensible results to all orders is a well-motivated strategy. Similarly, although cross section
predictions including resummation of multi-parton emissions do not require the use of a
flavour-aware jet algorithm, several studies made use of the flavoured kp algorithm in the
context of parton showers [21-24] and analytic resummation [25, 26].

Regardless of these successes, ref. [6] points out a major problem in using the flavoured
kr algorithm when performing comparisons with data: the algorithm is defined in terms
of partons and cannot be trivially translated to hadron-based events. The main issue is
the limited efficiency of flavour tagging (correct identification of a jet as originating from a
flavoured quark) and non-vanishing probability of mis-tagging (incorrect identification of a
jet originating from non-flavoured partons as flavoured). The problem is exacerbated by the
necessity to determine the charge of the original flavoured quarks within the hadrons, which
introduces its own uncertainties. Ref. [6] discusses the consequences of these factors within a
simplified model, and concludes with the statement that the algorithm could, in principle,
be applied in experimental analyses at the cost of additional systematic uncertainties.
Despite the constant progress in flavour tagging since the publication of ref. [6], imperfect
tagging efficiency, mis-tagging and charge identification inefficiency remain. Hence, even
if the algorithm were applied at the hadron level in the experimental setting, it would not
match one-to-one onto the same algorithm applied at the parton level in the theoretical
calculation. The fact that the experimental collaborations did not adapt the flavoured kp
algorithm is, however, a consequence of lack of motivation. Indeed, the usage of a flavour-
blind jet algorithm with subsequent flavour tagging would still be necessary in practice,
see details in ref. [6]. The flavour-aware jet algorithm would have to be applied in a second
step. This procedure is very similar to unfolding.

In order to compensate for the difference between the flavoured kp algorithm and the
flavour tagging in experiment, it is necessary to unfold the measurement data, i.e. translate
from experimental to theory definitions. This is achieved by comparing the results of parton
shower simulations employing two different jet definitions: 1) flavoured-k7 to match the
theoretical predictions; 2) standard anti-kp with usual flavour tags to match experimental
measurements. This procedure has been studied carefully in ref. [16], and yields in that par-
ticular case a ~ 10% change of b-jet distributions. Due to the inherent differences between
the kp and anti-kp algorithms the effect in other processes might be further enhanced.

Alternatives to the flavoured kr algorithm are rare. One approach consists of using
the flavoured kr algorithm to determine the flavour of otherwise anti-k7-clustered [27] jets.
This has been tried at NLO in ref. [28] and in the context of resummation in ref. [29]. A
more sophisticated flavour assignment along similar lines has been proposed in ref. [30]. It
is also worth mentioning that machine learning techniques have also been explored as an
alternative, see ref. [31]. The latest proposal of an alternative for flavour identification has
appeared while the present publication was being prepared [32, 33]. Here, in an extension
of ref. [29], it is proposed to use soft-jet grooming for flavour tagging.

In the present publication, we propose a modification of the anti-kp algorithm with
the following properties: 1) it renders jet-flavour infrared safe; 2) it is easy to implement in
a fixed-order Monte Carlo calculation; 3) it only leads to slight differences with respect to
predictions based on the standard anti-k7p algorithm for non-flavour-sensitive observables.



This work is structured as follows. In section 2, we describe the proposed flavour-
aware infrared-safe modification of the anti-kr algorithm. In section 3, we illustrate the
infrared safety of the algorithm with two different numerical methods. In the following
section 4, we present phenomenological results for the processes pp — Z/v*(— £f) + b-
jet and pp — tt — Llvp + 2b-jets. We close in section 5 with a discussion and outlook.

Unfolding corrections in the case of pp — Z/~*(— ¢¢) + b-jet are provided in an appendix.

2 The jet algorithm

2.1 Infrared safety and flavour

Before discussing jet flavour, let us first recapitulate the fundamental properties of infrared-
safe jet algorithms.

A jet algorithm clusters partons, if applied within QCD, or particles, if applied at the
level of physical final states. Infrared safety is a sine qua mon requirement for the former
case, and can be stated as follows: the quantitative properties of a jet, in particular its
four-momentum, must not change in case its members emit additional particles of negligible
energy (soft emissions) or split into several particles travelling in nearly the same direction
(collinear emissions). If this condition is fulfilled then soft and/or collinear singularities
of virtual and real corrections in a fixed-order perturbative cross section calculation cancel
each other at the level of jets.

All algorithms used in practice at hadron colliders? consist of iterative two-to-one
recombination steps based on a distance measure. Each iteration merges two elements with
the smallest distance out of a list of pseudo-jets initialised with the final state particles.
The algorithm proceeds until a stopping condition is fulfilled. For ezclusive algorithms
this condition amounts to requiring a given number of jets. Inclusive algorithms, on the
other hand, remove pseudo-jets that fulfill a certain property until the list is empty. Jet
algorithms rely on an angle-dependent distance measure that vanishes for collinear pseudo-
jet momenta in order to capture the singular scaling of QCD amplitudes in the collinear
limit. The handling of soft emissions varies substantially between algorithms, because there
is no need to cluster soft emissions in order to ensure infrared safety, as long as the only
relevant jet property is its four-momentum. Indeed, an emission at vanishing energy, hence
also four-momentum, would not change a jet’s four-momentum anyway. Nevertheless, the
dependence of the distance measure on pseudo-jet’s energy leads to different recombination
patterns. That, in turn, may yield observables that have attractive properties as far as
phenomenological applications are concerned. This is, for instance, the reason for the
prevalent use of the anti-kp jet algorithm in comparison to the older kp jet algorithm.

Let us now turn to jet flavour. Infrared safety demands that this quantum number,
just as jet momentum, be constant in all infrared limits. In a fixed-order cross section
calculation, the concept of jet flavour relies on the flavour of the clustered partons. As
usual, we define it to be the difference of the number of flavoured quarks and that of
flavoured anti-quarks, possibly modulo two. It is understood that charm (anti-)quarks

2Prior to the operation of the LHC, cone-based algorithms have also been in use, for a review see ref. [1].



and bottom (anti-)quarks are counted separately, which yields values for ¢- and b-flavour
respectively. Clearly, there is a crucial difference between momentum and flavour: flavour
is a discrete quantity. In consequence, while arbitrary emissions of soft pairs of flavoured
quarks and anti-quarks do not change the momentum of a jet in the vanishing-energy limit,
they might incorrectly affect its flavour. These emissions are predominantly generated by
the splitting of virtual gluons which results in a singularity of the cross section at fixed
order of perturbative QCD starting from NNLO. The singularity is cancelled by virtual
corrections assuming that both real and virtual contributions yield the same value of the
studied observable in the strict soft limit. This requirement must be taken into account
by the jet algorithm. Jet flavour is clearly only then infrared safe if soft flavoured quark-
anti-quark pairs of zero net flavour are clustered together. This condition establishes a link
between the so-far unrelated concepts of kinematics and flavour. For non-flavour-aware
standard jet algorithms, infrared safety may only be violated by soft flavoured quarks and
anti-quarks that are far from collinear to each other. In the collinear case, they would be
clustered together irrespective of the energy. For wide-angle emissions, it may happen that
the two partons are clustered within two different jets altering their flavour in the process.
These real-radiation contributions will then potentially yield a different value of a given
flavour-sensitive observable compared to the value for the contribution with the pair being
virtual, and there would remain an uncancelled divergence.

We now formulate criteria for infrared safety in the presence of flavour tagging. Let d;;
be a distance measure between the pseudo-jets ¢ and j. Furthermore, let the pseudo-jets
have energies F;, F;, transverse momenta k7, kr j, rapidities y;,y; and azimuths ¢;, ¢;.
The angular separation is defined as:

Rzzj = AR?j/R2 ) AR?j = (yi — )+ (di — 85)°, (2.1)
with R an arbitrary parameter called the jet radius. Infrared safety is ensured if the
following two conditions are met in the wide-angle double-soft limit, £;, E; — 0 with ¢ and
j of opposite-sign flavour:

1) d;j vanishes for arbitrary Rjj;
2) d;; vanishes faster than the distance of either i or j to the remaining pseudo-jets.

Both conditions are necessary, since otherwise a flavoured parton that actually belongs to a
soft flavourless pair can be recombined with a hard pseudo-jet, resulting in a hard pseudo-
jet of altered flavour. The incorporation of these conditions in existing jet algorithms leads
to non-trivial modifications. Below we first recall the flavoured k7 jet algorithm introduced
in ref. [5], and then present our proposal for a flavoured anti-kp jet algorithm.

2.2 The flavoured k7 algorithm

The distance measure of the standard kp algorithm is:



It already fulfills condition 1), since it vanishes in the double-soft limit independently of
the distance R;;. Condition 2), however, is not fulfilled since the minimum of the two
transverse momenta is used, which yields the same numerical value for soft-soft and soft-
hard pairings, i.e. the transverse momentum of the softer pseudo-jet. The algorithm is
made infrared safe by the following modified distance measure [5]:

{[max(kr”, kr ;)] [min(kr, kT,j)]Q_a, if softer of 7, j is flavoured,
ij ij

min(k%’i, k:% j) , if softer of 4, j is unflavoured,
(2.3)
where 0 < a < 2 and most analyses are performed with o = 2. This jet algorithm
modification prevents the unwanted soft-hard recombination if the softer pseudo-jet is
flavoured, while it still leads to soft-soft recombination. Omne can additionally require
recombination into pseudo-jets of well-defined flavour only, by forbidding, for example,
charm and beauty to be recombined. This is the “bland” version of the algorithm in ref. [5].
Until now, we have ignored initial state radiation and the related singularities. In the
standard kp algorithm, one defines a distance to the beam, dz, 5= k%l If it is minimal,
then the pseudo-jet i is removed from the list of pseudo-jets in the inclusive formulation.
In the flavoured kg algorithm, the distance to the beam is modified as well. Indeed this is
necessary, since if ¢ contains a soft flavoured quark while there is another soft anti-quark of
the same flavour that would not be removed from the list, but rather clustered with a hard
jet, then infrared safety would be spoiled. The beam distance is thus defined in analogy to
the case of final-state pseudo-jets as follows:

(2.4)

P _ { [ max(kr, kTﬁ(yl-))]a [min(kr;, kTﬂé(yi))f*a, if 4 is flavoured,
iB

min(k:%’i, k:; B(yz)) , if ¢ is unflavoured.

The now required transverse momentum of the beam, B, and “anti-”beam, B, is taken to
be [5]:

krB(y) = Z kri (©(yi —y) +O(y —yi) e7Y), (2.5)
krp(y) = Z kri (©(y —yi) + Oy —y) e %), (2.6)
with ©(0) = 1/2.

2.3 The flavoured anti-kr algorithm

The distance measure of the standard anti-kr algorithm [27] is:
dij = R} min(kz7, k7). (2.7)

In this case, condition 1) is not fulfilled, since the double-soft limit, E;, E; — 0, does not
lead to a vanishing d;;. We propose the following modification:

() S;j, if both i and j have non-zero flavour of opposite sign,
dij = dij X (28)
1, otherwise.



In the double-soft limit, the damping function S;; is defined to vanish faster than E? in
order to overcome the scaling d;; ~ 1/E? (E — 0), where E is the energy of the harder of
the two soft flavoured (anti-)quarks. With this assumption, soft flavoured quark-anti-quark
pairs will be clustered before anything else in the double-soft limit with otherwise fixed
angles, as only d;; of such pairs vanishes in that case. In other words, both conditions 1)
and 2) are fulfilled. One may still wonder, what happens if the angular separation between
a flavoured (anti-)quark and another parton vanishes as well. Assume that S;; ~ E"
(E — 0), n > 2. The unwanted clustering of flavoured (anti-)quark ¢ with a pseudo-jet k
will take precedence if R o« 67 < CE?_2 with 6;, the angle between the momenta of i
and k, and for some kinematics-dependent C. The probability of a single-collinear emission
corresponding to the unwanted clustering is proportional to 1/6;;. It is, nevertheless, not
singular in F;. Hence, the resulting logarithmic collinear enhancement is linearly suppressed
by E; and therefore not singular in the double-soft limit where E; — 0. In consequence,
we can neglect this kind of configurations in the discussion of infrared safety.

In order to complete the definition of the flavoured anti-kp algorithm, we propose the

following damping function that yields dgf) ~ E? (E — 0) as in the flavoured k7 algorithm:
T ) 1 k% 4 k‘% .
Sij =1—0(1 — kyj) cos (2/@]) with ki = . 422;2 J

T, max

(2.9)

kT max is set to the kr of the hardest pseudo-jet in a clustering step, but other choices are
possible as well. For example, it could be taken equal to the renormalisation scale as long
as the latter is not jet based. The parameter a, on the other hand, can be used to steer the
turn-on of the damping function. We discuss how to choose its value in the next section.

According to the previous discussion, S;; guarantees IR safety to all orders if it is
defined through the energies of the partons and has appropriate scaling in the double-soft
limit. However, eq. (2.9) defines S;; through transverse momenta. Since the latter are
bounded by energies from above, they must also vanish in the double-soft limit. Unfortu-
nately, a small transverse momentum does not imply small energy. It is therefore necessary
to prove that IR safety is not spoiled due to clustering of soft and hard flavoured-quarks
in case the latter are collinear to an initial state. To this order, let us consider a final state
with three flavoured quarks, b(k;), b(k;) and b(ky), with momenta indicated in the paren-
theses. We assume that b(k;) and b(ky,) are a soft pair, while b(k;) is hard-collinear to an
initial state. This is the configuration that could endanger IR safety of our jet algorithm, if
in the double-soft limit, Ej, ; — 0, at fixed rapidities y; ; = const, with Ey ~ E; < E;, the
quarks b(k;) and b(k;) are clustered instead of b(k;) and b(ky). Indeed, in this case, b(ky)
will not be clustered with the flavourless (b(k;),b(k;)) system anymore if there is nearby
hard jet. Rather, the flavour of this hard jet will be modified by clustering with b(kg).

We now demonstrate that, with the specified assumptions, E(k‘j) and b(kx) will be
clustered first. Since E = kr coshy, there is kr ~ krj;, where ~ denotes same scaling in
the limit. In consequence, by egs. (2.7), (2.8) and (2.9):

F
dy) ~ ARYES, . (2.10)



On the other hand:
F
dz('j) ~ ARZ; max(k7,;, k7. ;) - (2.11)

) )

We assume kr; — 0, since otherwise dl(jF cannot be smaller than d,(g in the limit. Taking
the energy of b(k;) as reference energy scale to define the double-soft limit, E; can be
considered fixed since E ~ F; < E;. Hence kr; ~ 1/coshy; and y; ~ Inkg; — oco. This
implies in turn an increasing rapidity gap between b(k;) and b(k;), and thus ARZZJ» ~ In? k.
On the other hand since k7 ; and k7 j vanish together with their respective energies E;

and F), we have AR?k ~ 1. We thus obtain:
diF) ~ ? by max (k3 k2 ) . (2.12)
Finally, therefore, independently of the scaling of k7 ; with respect to kr ;:
F) , o(F
dy) /) — 0. (2.13)

This proves that b(k;) and b(ky) will always be clustered first in the double-soft limit, and
IR safety is not spoiled.
As a final comment, we note that there is no need to modify the distance to the beam,
which in the standard anti-k7 algorithm is:
_ =2 — 4(F)
dos=kp; = dié . (2.14)
With this definition, soft radiation is never clustered to the beam. Hence, there is no

danger of incorrect flavour assignment, where both the beam and a hard jet would acquire
flavour from soft quarks.

3 Tests of infrared safety

In this section, we describe two different classes of tests of IR safety of the proposed
flavoured anti-kp algorithm. The first class exploits fixed order computations at NNLO
QCD, while the second relies on a parton shower to simulate multiple emissions of flavoured
pairs. Both require an IR-sensitive observable to investigate the behaviour of the algorithm.

3.1 Tests based on cutoff dependence

We first consider flavour-sensitive jet cross sections, and study different partonic processes
contributing to double-real NNLO QCD corrections. We are, in particular, interested in
the dependence of the latter on the numerical cutoff parameter? ... Such a parameter
is present in every numerical code to prevent the evaluation of numerically-unstable cross
section contributions at phase space points very close to IR limits. An IR-safe cross section
is regular in the limit of vanishing z.y. In practice, the residual dependence for small but
non-zero values of x.y is hidden within the Monte Carlo integration-error estimate. A

3The exact definition of this parameter is not of importance to the argument and is implementation
specific in any case.



dependence on zyt that can be convincingly observed outside of the Monte Carlo uncer-
tainty indicates an IR-unsafe definition of the observable.* If the jet algorithm is not IR
safe, then there exist jet-based observables that are IR unsafe.

For our investigation, we take the following processes:

I. Contributions to the pp — Z/~v*(— €¢) + b-jet process:

1. gb — llbgg (IR-safe flavour structure);
2. gb — £lbbb (IR-sensitive flavour structure).

ITI. Contributions to the pp — tt process including Narrow Width Approximation decays
of the top quarks in the di-lepton channel:

1. gg — t(— blv)t(— blv)gg (IR-safe flavour structure®);
2. gg — t(— blv)t(— blw)bb (IR-sensitive flavour structure).

As indicated, we also consider partonic processes for which no jet-based observable is IR
sensitive even if the jet algorithm is not IR safe in general. The precise fiducial phase space
definitions used in the calculations are stated in sections 4.1 and 4.2.

The dependence of the fiducial cross sections on the z., parameter is shown in fig-
ure 1. The left panels correspond to Z/v*(— ££) 4 b-jet production, while the right panels
correspond to top-quark pair production and decay in the di-lepton channel. The plots in
the top row depict the contributions that are IR-sensitive in principle, while those of the
bottom row should show a stabilisation of the dependence on the cutoff. In each case, we
compare the standard anti-k7 algorithm to the proposed flavoured version with different
a-parameter choices.

Let us discuss contributions with IR-sensitive flavour structure first. From the top row
of figure 1, it can clearly be seen that the dependence on .y for the IR-safe variant of
the anti kp algorithm is flat in the limit x., — 0, while the standard anti-kp algorithm
demonstrates a logarithmic IR-divergent behaviour. The dependence on the cutoff is so
strong in the latter case that the Monte Carlo integration errors are not visible on the scale
of the plots. As expected, there is noticeable dependence on the jet algorithm parameter
a. We analyse it further in the next section.

In the case of IR-safe flavour structure, there is no divergence at ¢yt — 0 independently
of the jet algorithm used as shown in the bottom row of figure 1. In this case, the size of
the Monte Carlo integration error matters. Interestingly, there is no dependence on the jet
algorithm parameter a in the case of Z/v*(— fg) + b-jet production for the chosen partonic
channel. This is simply due to the fact that there are no (potentially soft) flavoured pairs in
the final state. At variance, a slight dependence is observable for top-quark pair production.
Indeed, in this case the modification of the jet algorithm already changes the Born cross

section, since the recombination of the b and b quarks from the top-quark decays is affected.

4This holds assuming that the subtraction scheme used for the calculation has been correctly imple-
mented.

5The bb-pair from top-quark decays does not imply a singular double-soft limit since it cannot result
from a soft-gluon splitting.
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Figure 1. Cutoff dependence of IR-sensitive (top row) and IR-safe (bottom row) cross sections
for different partonic channels contributing to double-real radiation at NNLO QCD for selected
processes discussed in the text.

3.2 Tests with showered events

Tests along the lines of the previous section, but beyond the case of a single soft flavoured-
pair emission would require access to higher orders of perturbation theory. This is, unfortu-
nately, out of reach with the available computational techniques. The emission of multiple
soft flavoured pairs can, nevertheless, be simulated using a parton shower. By construction,
a leading-log-accurate parton shower yields IR-finite results even for flavour-sensitive jet
observables based on IR-unsafe jet algorithms. However, a judiciously constructed observ-
able may at least show enhanced IR sensitivity in the latter case. Observables that are
dominated by events close to the Born configuration for a given final state are particularly
suited for this purpose. An example of such an observable is the partonic N-jettiness, 7y,
in the process pp — Nj + X. For a Born configuration, the value of N-jettiness is 77 = 0,
and there may be M < N flavoured jets. Any additional emission yields a non-zero value,
7n > 0. Close to the endpoint, 7 ~ 0, IR limits for the additionally emitted partons are
enforced. An IR-safe jet algorithm should therefore yield the same number of flavoured
jets at v = 0 and for 0 # 7y ~ 0.

We demonstrate the above behaviour by considering tree-level events for gg — bb in
13 TeV proton-proton collisions showered using the SHERPA [34] Monte Carlo framework.
We remain at the parton level and do not run the hadronisation stage. We work with
massless u,d, s,c and b quarks in the underlying Born events as well as in the shower.
We choose a sample of events which have pr(ji1) > 1TeV, |n(j1)| < 1 and [n(j2)] < 1
after clustering with the standard kr algorithm with a radius parameter of R = 1. To be
explicit there is no flavour assignment required for this sample. For each selected event we
compute the partonic quantity 7o with respect to the direction of the two leading k7 jets.
Finally, we cluster the selected events with different jet algorithms: the standard anti-kr,
the flavour kp as defined in ref. [5], and the proposed flavoured anti-kp jet algorithm. For
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Figure 2. Upper panel: fraction of events with incorrect flavour assignment, do(*<2) /do and
do™M#1) /do, for the two leading jets after showering of gg — bb (left column) for bg — bg (right
column) events followed by clustering with various jet algorithms. Lower panel: ratio of the fractions
for IR-safe and IR-unsafe jet algorithms.

each set of clustered events we identify the flavour of the two leading jets. If the number
of flavoured jets after clustering is not two, as in the underlying Born process, the event is
considered to have incorrect flavour assignment. The fraction of such events as a function
of 19 is expected to decrease for any jet algorithm. However, the rate of decrease must
be substantially faster for an IR-safe than for an IR-unsafe algorithm. This behaviour is
shown in figure 2 for the algorithms at hand. Clearly, the flavour-aware algorithms perform
as expected. We observe a stronger suppression of incorrect flavour assignment with the
flavoured anti-k7 algorithm than with the flavoured k7 algorithm in the case of the gb — gb
channel, while the suppression is very similar for both algorithms in the gg — bb channel.
These observations further confirm the correctness of our algorithm.

4 Impact on phenomenology

In this section, we present flavour-sensitive differential distributions for two relevant LHC
processes with the purpose of demonstrating the properties and features of the proposed
flavoured anti-k7 jet algorithm. As a first example, we study the production of a charged
lepton pair created by an intermediate Z/v* gauge boson in association with a b-flavoured
jet. As a second example, we consider the production of a top-quark pair with subsequent
decay into b-flavoured jets and leptons. While this process is well-defined without cuts on
the final states due to the employed Narrow Width Approximation, the definition of b-jets is
of relevance when fiducial phase space cuts are in place, or in the case of b-jet observables,
such as the transverse momentum of the leading b-jet. Both analyses are performed in
the five-flavour scheme with massless b-quarks, which makes an IR-safe flavour-aware jet
algorithm indispensable.
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4.1 pp — Z/~v*(— ££) + b-jet

We impose the following selection cuts:
. pT(jb) > 30GeV, ‘T](]b)‘ <24, R=0.5,

o pr(f) >20GeV, n(0)| < 2.4,

o 71GeV < m(ll) < 111GeV,
. AR(](),E) > 0.5,

which correspond to those assumed in the theoretical analysis of the process provided
in ref. [16]. The observables presented are the hardest b-jet’s rapidity, n(b;), and trans-
verse momentum, pr(by). Jets are clustered using the flavoured anti-kp jet algorithm, the
flavoured k7 jet algorithm up to NNLO and the standard anti-kr jet algorithm up to NLO.
In all cases, we assign flavour according to the difference between the number of flavoured
quarks and flavoured anti-quarks in the jet. We set the renormalisation and factorisation

scale to the transverse mass of the lepton pair (equivalently, the transverse mass of the

intermediate gauge boson), ug = up = mp(ll) = \/M% + (pre + Pro)?.

The considered process is an excellent laboratory to investigate the impact of the
flavoured anti-kp jet algorithm’s parameter a on physical observables. The a-parameter
provides a measure of softness for flavour with respect to other scales in the process, notably
kT max. Clearly, in the limit @ — 0 the IR-safety of the algorithm is lifted. This implies
that in case of small but non-zero a-values, IR-sensitive observables are dominated by large
logarithms of a, which spoils perturbative convergence. On the other hand, a small value of
a is in principle preferred because it leads to a smaller modification of the standard anti-kp
jet algorithm. Conversely, a large a-value protects from large logarithms, but leads to large
modifications of the clustering. The optimal value of a lies in-between these two extremes
and must be determined with a dedicated analysis. For comparison, we also consider the
flavoured k7 algorithm with o« = 2 and the beam distance eq. (2.4) including the lepton
momenta in the sum.

In figure 3, we demonstrate the a-parameter dependence of the hardest b-jet rapid-
ity and transverse momentum distributions at NNLO QCD for moderate to large values
a = 0.1,0.25,0.5. The largest value yields distributions that are closest to those obtained
with the flavoured kp algorithm. For the smallest value of a, the difference between the
distributions amounts to about 5% for most of the plotted range. We are, of course, more
interested, in the difference between the flavoured anti-kp and the standard anti-kp algo-
rithm. This cannot be studied at NNLO QCD, since the standard algorithm is IR safe
only through NLO, but we can still employ a parton shower event-generator matched at
NLO in QCD. We use MADGRAPH5__ AMCQ@NLO [36] v.3.1.1 and refer to the results as
NLO+PS. We use ny = 5 massless quark flavours for the fixed-order NLO component,
which is matched to the Pythia shower, which introduces massive quark flavours. The
hadronisation stage is switched off. As expected, the NLO+PS distributions obtained with
the new algorithm shown in figure 4 are closest to those of the standard anti-k7 algorithm
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Figure 4. Same as figure 3 but with NLO+PS (parton shower simulation matched at NLO QCD)
accuracy in the phase space defined at the beginning of section 4.1.

for the smallest value of a, while for the largest value of a the differences between the dis-
tributions obtained with these two algorithms amount to about 5%. This is consistent with
the 10% difference between distributions obtained with the flavoured kr and the standard
anti-kp algorithm. Of course, this difference might be reduced or increased by varying
the a-parameter and beam distance definition of the flavoured kp algorithm. We did not
perform any tuning of these parameters in order to minimize the difference between the
results obtained with the two algorithms.

In order to study the influence of the a-parameter on perturbative convergence, we
plot in figure 5 the hardest b-jet’s rapidity and transverse momentum distributions at
LO, NLO, NNLO, NLO+PS for a = 0.01 and a = 0.1. We also provide plots for the
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flavoured k7 algorithm, and superimpose the measurement results obtained by the CMS
collaboration [35] in each case. The data has been corrected by a bin-by-bin correction
(indicated by the “unfolded” label) as described in appendix A. Clearly, a value of a = 0.01
shows no satisfactory convergence in the case of the b-jet rapidity distribution, as the theory
error estimate bands do not overlap at higher orders. For a = 0.1, we observe a convergent
behaviour over the full rapidity range. The b-jet transverse momentum distribution is less
sensitive to changes of a.

The conclusion of this study is that a reasonable value of the flavoured anti-kr jet
algorithm parameter a for the considered process and distributions is a = 0.1.

4.2 Top-quark pair production and decay

As a second example, we study b-jets in the context of the production and decay of a
top-quark pair in the di-lepton channel within the Narrow Width Approximation [37, 38].
We mimic the fiducial phase space cuts used in the experimental measurement of the CMS
collaboration described in ref. [39]. In the context of our calculation at NNLO in QCD,
events are selected by requiring [38]:

o pr(f) > 20 GeV and |n(¢)| < 2.4 for both charged leptons,

o m(0f) > 20 GeV,
o two identified b-jets with pp > 30 GeV, |y| < 2.4, R = 0.4, separated from the leptons
by AR(jp,¢) > 0.4.

The analysis presented in ref. [38] used the standard anti-kp algorithm. In that reference,
it has been argued that the effect of soft b-quark-anti-quark pairs, if treated correctly, must
be numerically small. The dangerous double-real contributions with final state ¢/vibb+ bb
have been included assuming a lower cutoff on the emission energy of bb pairs yielding
numerically finite cross sections. While by no means ideal, this method allowed to achieve
perturbatively stable and physically sensible results.

Here, we would like to compare the results of ref. [38] with the corresponding results
obtained with our IR-safe flavoured anti-k7 algorithm. In figure 6, we show the transverse
momentum of the leading b-jet computed with the cutoff method on the left and the IR-safe
algorithm in the middle panel. The right panel shows a direct comparison of the results at
NNLO. The differences between the results are roughly ~ 1%, generally smaller than the
scale uncertainty. The perturbative corrections are very similar in both cases as they are
driven by partonic channels which are not sensitive to the modification of the algorithm.
An analogous behaviour transpires for other observables which only indirectly depend on
the b-jet definition, as for example the charged lepton transverse momentum, see figure 7,
or the reconstructed top-quark momentum, see figure 8.

5 Conclusions and outlook

In this work, we have presented the flavoured anti-kr jet algorithm - a minimal modification
of the standard anti-kr algorithm that is flavour aware, infrared safe and can be easily
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Figure 8. Same as figure 6 but for the transverse momentum of the reconstructed top quark.

implemented in perturbative fixed-order cross section calculations. Our construction is a
viable alternative to the established flavoured kp algorithm, although it still requires the
determination of unfolding corrections when performing precise comparisons to data.

The new algorithm contains a damping function, S;;, with specific properties. We
have given a particular definition, eq. (2.9), of this function that depends on a “softness
parameter” a. A study of the process pp — Z/v*(— 657)+b—jet leads to a recommended value
for this parameter, a = 0.1. However, the preferred a-value may be application dependent.

Besides the parameter a, the definition of the function S;;, eq. (2.9), depends on a
dimensionful scale, k7 max, which we have chosen to be equal the to hardest pseudo-jet’s
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transverse momentum in a recombination step. Other choices are possible here as well. For

example, in the case of the top-quark pair production process, it could be taken equal to

the top-quark mass, or even the renormalization scale as long as the latter is not jet based.
The tuning of the above details of the algorithm is left to future studies.

Note added. After the preprint version of this article has been published on arXiv, there
appeared another proposal for a flavour-aware jet algorithm [40].
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A Unfolding of Z+b-jet data

Although we have indicated measurement results in figures 3 and 5, a meaningful compar-
ison between theory and data actually requires an unfolding as explained in the Introduc-
tion. In this appendix, we present unfolding corrections for cross sections differential in
In(b1)| and pr(b1). To this end, we evaluate the distributions using an NLO+PS simulation
including hadronisation and experimental flavour tagging, as well as using a NLO+PS sim-
ulation without the hadronisation phase and with clustering and flavour tagging according
to the algorithms considered in the text. We use the same MADGRAPH5 AMCQ@QNLO
setup as in section 4.1. Events with hadronisation enabled are analysed with the RIVET
routine provided together with the data from ref. [35]. In figure 9, we show the differential

k-factors defined as follows: ‘
iy _ do'(z)

k'(z) = daTd(:c) . (A1)
Here, the numerator do’(x) corresponds to the algorithm i. This correction does not
contain bin-to-bin correlations which however are expected to be small, see ref. [16]. In the
case of the leading b-jet rapidity distribution, anti-kr algorithms, both flavoured and non-
flavoured, require a flat correction of about 8%. The flavoured kr algorithm does not require
any correction within the statistics of the calculation. For the leading b-jet transverse
momentum, the corrections required by the anti-k algorithms coincide again, but are not
flat anymore and vary from about +8% at low pr to —8% at pr of the order of 300 GeV. The
unfolding correction of the flavoured k7 algorithm is negligible for low transverse momenta,
but increases to twice the size of that of anti-kp algorithms for large transverse momenta.
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