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Flavour jets

Jets are stable concepts: jets defined at

• fixed order

• parton level

• hadron level

• detector level

roughly correspond to each other

It is interesting to assign flavour to a jet

• Access to essential information about hard

scattering (and potentially the initial state)

• Signature for many important signals

(top, Higgs, intrinsic charm?, …)

However: flavour assignment is a non-trivial task
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IRC safety

collinear splitting

soft radiation

• Infrared and collinear safe observables must be the same when

• a particle splits into two collinear particles

• an additional soft particle is radiated

• Ensures that observables can be calculated in fixed-order perturbation theory

(otherwise IR poles do not cancel between real and virtual corrections)

• Not only theoretical issue: IR sensitive observables pick up more dependence on

long-distance / low-energy physics

3



IRC safety and flavour

Flavour dependent observables can easily violate IRC safety

“…we require at least one b-tagged jet with pt,b ≥ 25 GeV …”
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Flavour dependent observables can easily violate IRC safety

“…we require at least one b-tagged jet with pt,b ≥ 25 GeV …”

Collinear g → bb̄ splitting

• Problematic if presence of “any” b quark determines jet flavour

• Collinear splitting influences flavour assignment

• Problem starts at NLO

• Fix: Change flavour recombination scheme

Table: [Salam ’24]
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IRC safety and flavour

Flavour dependent observables can easily violate IRC safety

“…we require at least one b-tagged jet with pt,b ≥ 25 GeV …”

Collinear b → bg splitting

• Causes logarithmic sensitivity if flavoured hadron must pass, e.g.,

pt,cut > 5 GeV cut

• Such a cut cannot be implemented on parton level

→ requires hadronisation/fragmentation function

4



IRC safety and flavour

Flavour dependent observables can easily violate IRC safety

“…we require at least one b-tagged jet with pt,b ≥ 25 GeV …”

Soft g → bb̄ splitting

• Causes problems when wide angle b quarks are clustered into jets

• Soft splitting influences flavour assignment

• Problem starts at NNLO

• Fix requires flavour-aware jet algorithms

4
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Abstract. It is
common, in b

oth theoretica
l and experim

ental studies,
to separately

discuss quark
and gluon

jets. However
, even at part

on level, wide
ly-used jet alg

orithms fail to
provide an inf

rared-safe wa
y of making

this distinctio
n. We examin

e the origin of
the problem a

nd propose a
solution in te

rms of a new
“flavour-kt”

algorithm. As
well as being

of conceptual
interest this c

an be a powe
rful tool whe

n combining
fixed-order

calculations w
ith multi-jet

resummation
s and parton

showers. It al
so has applica

tions to studi
es of heavy-

quark jets.

1 Introductio
n

A search thro
ugh the SPIR

ES database
reveals over 3

50

articles whose
titles contain

the expression
s “quark jet(s

)”

or “gluon jet
(s)”

1 The idea of q
uark and glu

on jets ap-

pears so intuit
ive that it har

dly seems nece
ssary to exam

ine

the question
of what it me

ans. Yet, whe
n going beyo

nd

leading-order
perturbative Q

CD, the conce
pt of quark an

d

gluon jets is o
nly meaningfu

l once a proced
ure has been d

e-

fined to classi
fy an ensemb

le of partons
into a set of j

ets,

each with a w
ell-defined fla

vour – a flavo
ur that is inse

n-

sitive to the a
ddition of ext

ra soft or coll
inear branchin

gs.

To our knowle
dge the theore

tical question
of how to do th

is

has not been a
ddressed in th

e literature.

In contrast t
here has been

much experim
ental work

on the identifi
cation of jet fl

avour. Some s
tudies attemp

t

to extract sep
arate unbiase

d samples of q
uark and gluo

n-

induced jets so
as to examine

the differences
between them

.

For example
in three-jet (q

q̄g) events in
e+e

−, b-tagging

and knowledg
e of leading-o

rder QCD kin
ematic distrib

u-

tions can be u
sed to determ

ine which is t
he gluon jet [

1].

While success
ful, such a pro

cedure applies
only to e

+e−→

qq̄g events an
d cannot be re

adily generali
sed to more co

m-

plex events, e.
g. in hadron–h

adron collision
s. Another kin

d

of study explo
its known diff

erences betwe
en typical qua

rk

a e-mail: andre
a.banfi@mib.

infn.it

1 It would be
excessive to

cite them all
here. Instead

the

reader may
examine them

by submittin
g the spires

search

“FIND T jet
# AND (T

quark OR T
gluon)” and

then ex-

tracting from
the results on

ly those articl
es whose title

contains

“quark jet(s)”
or “gluon jet(

s)”.

and gluon jet
s (notably th

eir different d
istributions f

or

the jet profile
and subjet m

ultiplicity) in
order to tag t

he

two kinds of j
ets [2]. This c

an be done in
any process a

nd

is quite prom
ising as an o

perative discr
iminator in r

eal

events, but do
es not provide

an infrared-sa
fe definition o

f

the flavour: it
defines a quar

k jet as being
one that is su

f-

ficiently narro
w and with a

sufficiently sm
all subjet mul

ti-

plicity – so in
the limit of th

ere being only
soft and collin

ear

radiation, a gl
uon jet will alw

ays be misclas
sified as a qua

rk

jet. This mea
ns that the d

efinition has
no sense at fi

xed

perturbative o
rder.

Other experim
ental studies

are carried ou
t in the con-

text of proces
ses in which e

ach jet origina
tes from a qua

rk

(e.g. in e
+e−→ qq̄) and

try to identify
the specific fla

vour

or charge of th
at quark, gene

rally using the
hardest hadro

n

in the jet (e.
g. [3, 4]), or a

momentum-w
eighted sum

of

charges (e.g.
[5, 6]). Such a

pproaches are
collinear unsa

fe

because the m
omentum of t

he leading qu
ark can be si

g-

nificantly mod
ified by collin

ear splittings.
In practice th

is,

together with
hadronisation

, means that
the measured

flavour, or cha
rge, has only a

limited correl
ation with tha

t

of the original
quark. This co

rrelation cann
ot be calculate

d

theoretically,
though it can

be modelled a
nd/or measur

ed,

as was done f
or the determ

inations of fo
rward–backw

ard

asymmetries [
3, 5].

In this article
we will restric

t our attentio
n to the most

basic theoreti
cal question a

bout jet flavou
r – that of how

to

define it for pa
rtonic events.

As well as bein
g of intrinsic i

n-

terest, this is
becoming of i

ncreasing pra
ctical importa

nce

as the study o
f QCD is exten

ded to multi-j
et ensembles (

by

jets we mean
both incomin

g and outgoin
g ones): in stu

d-

ies of e
+e− → jets one

knows that th
e basic two-je

t Born

First proposal for flavoured jet algorithm:

Flavour-kt algorithm [Banfi, Salam, Zanderighi ’06]

• Based on kt algorithm

• Modification of distance measure depending on

flavour, e.g.,

dij = ∆Rij

{
max(k2t,i, k

2
t,j) softer of i, j is flavoured,

min(k2t,i, k
2
t,j) softer of i, j is flavourless

• Prefers clustering soft quark pairs together

5

https://arxiv.org/abs/hep-ph/0601139
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Abst
ract

An infrared and collinear (IRC) safe definition

of the partonic flavour of a jet is vital for precision predic-

tions of quantum chromodynamics at colliders. Jet flavour

definitions have been presented in the literature, but they are

typically defined through modification of the jet algorithm to

be sensitiv
e to partonic flavour at every stage of the cluster-

ing. While this does ensure that the sum of flavours in a jet is

IRC safe, a flavour-sensitiv
e clustering procedure is difficult

to apply to realistic
data. We introduce a distin

ct and novel

approach to jet flavour that can be applied to a collection

of partons defined by any algorithm. Our definition of jet

flavour is the sum of flavours of all partons that remain after

Soft Drop grooming, reclustered with the JADE algorithm.

We prove that this prescription is IRC safe through next-

to-next-to-leading order (NNLO), and so can interface with

the most precise fixed-order calculations for jets available at

present. We validate the IRC safety of this definition with

numeric fixed-order codes and further show that jet flavour

with Soft Drop reclustered with a generalised kT algorithm

fails to be IRC safe at NNLO.

1 Intr
oduc

tion

One of the most important and, at the same time, difficult

challenges that we have to tackle in order to accurately

describe fundamental particles and their interactions in high-

energy collisio
ns is posed by strong interactions. To date, the

most effective way we have to address this issue relies on fac-

torisation, i.e. on the ability
of separating long-distance, non-

perturbative, physics of both initial- and final-sta
te hadrons,

a e-mail: simone.caletti@
ge.infn.it

b e-mail: larkoski@slac.stanford.edu

c e-mail: simone.marzani@ge.infn.it (corresponding author)

d e-mail: daniel.reichelt@durham.ac.uk

from the hard interaction, which can be tackled exploiting

perturbative quantum field theory. Although very success-

ful, this approach inevitably introduces complications. For

instance, we have to map, in a quantitative way, the measur-

able degrees of freedom, e.g., the colliding protons or the

final-sta
te hadrons which are reconstructed by the experi-

mental apparatuses, to the partonic degrees of freedom, i.e.,

quarks and gluons, that we use to describe hard interactions.

While it is clear that quarks and gluons are not measur-

able degrees of freedom, many physics analyses at the CERN

Large Hadron Collider (LHC), are often designed having

in mind the imprint left by particular partonic flavour on

a measurable final-sta
te object, such as a hadron or a jet.

Furthermore, the issue of jet flavour acquires particular rele-

vance when discussing heavy quarks. In this case indeed one

can meaningfully assign a flavour-label to a jet exploiting

kinematic features of D and B meson decays, such as, for

instance, displaced vertices.

Naively one would be tempted to call jet flavour the net

flavour of the jet after the generalised kT -clustering [1–6],

i.e., simply to compute the total number of quarks minus anti-

quarks for each quark flavour. However, this procedure is not

infrared and collinear (IRC) safe at next-to-next-to
leading

order (NNLO), as pointed out in [7] (BSZ). The problematic

configuration is depicted in Fig. 1, where we show an O(α
2
s)

configuration characterised by the emissio
n of a soft gluon,

which splits into a quark–anti-quark pair, qq̄
. In this config-

uration, the jet algorithm clusters together the hard quark Q

and q and so the jet flavour is determined by the soft gluon

splittin
g, rendering the flavour assignment IRC unsafe. BSZ

solved this problem by modifying the metric of the clustering

algorithm so that clustering of soft pairs are favoured only if

the softer parton is flavoured. This so-called flavour-kT
algo-

rithm has been used in precision calculations [8,9] (see also

[10]).
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Abstract: Flavo
ur tagg

ing is tech
nically

challen
ging on the exp

erimental s
ide. H

owever
,

it suffe
rs from

a more fun
damental p

roblem
from the the

oretica
l point

of view
, in particu

lar

when implemented
in fixed-o

rder pertur
bation

theory.
It turns out that an infrare

d-safe

definit
ion of a flavour

ed jet is intrica
te due to the singula

rities induce
d by the emission

of flavour
ed quark-

anti-qu
ark pairs of negligi

ble energy
. Althou

gh this issue has been

addres
sed by a modifica

tion of the
standa

rd kT
jet alg

orithm
, the si

tuation
is not

entirel
y

satisfa
ctory as most measurem

ents ra
ther us

e the anti-kT
jet alg

orithm
. In this wo

rk, we

propos
e a flavour

-aware
infrare

d-safe
modifica

tion of the
anti-kT

jet algo
rithm

that is
easy

to implement wi
thin pertur

bative
Monte Carlo

frameworks
and has minor impact o

n jet

phenom
enolog

y when flavour
tagging

is not require
d. Beside

s the numerical
verifica

tion

of the
infrare

d safety
of the

propos
ed algorit

hm at nex
t-to-ne

xt-to-l
eading

order,
we also

presen
t resul

ts for t
he had

ro-prod
uction

of a lepton
pair in

associa
tion with a b-jet

, and of

a top-qu
ark pair de

caying
into b-

jets an
d leptons

.

Keywords: Higher
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Identifying the flavor of recons
tructed hadronic jets is critical for preci

sion phenomenology and the

search for new physics at collide
r experiments, as it allows

one to pinpoint s
pecific scattering

processes and

reject backgroun
ds. Jet measurements at the LHC are almost universally performed using the anti-kT

algorithm; however, no approach exists to define the jet flavor for th
is algorithm that is infrared and

collinear safe. W
e propose a new

approach, a flavo
r-dressing algori

thm, that is infrared a
nd collinear safe

in

perturbation theory and can be combined with any definition of a jet. We test the algorithm in an eþe−

environment and consider the pp → Z þ b-jet process as
a practical applica

tion at hadron colliders.

DOI: 10.1103/P
hysRevLett.130.

161901

Introduction.—The confining property of the strong

interactions—described by quantum chromodynamics

(QCD)—prohibits the observation of free quarks and

gluons: in high-energy particle collisions, such
as those

at the Large Hadron Collider (LHC), they give rise to

collimated sprays of ha
drons inside the

detector, denoted
as

jets. A jet is defined by the associated reconstruction

algorithm and plays a crucial ro
le as the interfac

e between

experiment and theory. In
this regard, a cor

e property of any

jet algorithm is infrared and collinear (IRC) s
afety, i.e., the

insensitivity to soft (low-energy
) emissions and collinear

(small angle) splittin
gs. Only if such a property is satisfied

can a comparison between measurements and theoretical

predictions based
upon fixed-order pertu

rbation theory be

reliably carried out.

Further identifyi
ng the “flavor” of the jets is critical to

pinpoint specific scattering processes and reject back-

grounds. An important example is the identification of a

jet which is consistent with
being initiated by a heavy-

flavor (charm or beauty) quark
. The identificati

on of such

signatures provides a window into the interactions of

heavy-flavor qua
rks with other fundamental particles fr

om

GeV to TeV energy scales. This in turn provides a uniqu
e

opportunity to perform (flavor-specific)
direct searches f

or

new physics phenomena [1,2], test the mechanism for

generating the mass of elementary particles [3–7], and

probe the internal flavor s
tructure of hadrons [8–10].

Jet measurements at the LHC are almost universally

performed using the anti-kT algorithm [11] owing to the

geometrically regular shape of the jets and desirable

properties that d
erive from it. Use of anti-kT jets persists

in identifying jet
flavor, which cur

rently follow IRC-unsafe

flavor assignment procedures.
As such, no robust com-

parison between data and the available pre
cise fixed-order

calculations can
currently be carried out.

The issue of IRC
safety in the flav

or assignment was first

pointed out in Re
fs. [12,13] with a

solution that modifies the

jet definition itself to ensure IRC safety. This algorithm,

however, require
s the flavor information of all particles a

s

input, thus making an experimental realization
challenging.

Very recently, further
approaches were

proposed to assign

heavy-flavor qua
ntum numbers to jets: based on soft drop

grooming techniques [14], through the alignment of fla-

vored particles along the winner-take-all a
xis [15], or by

modifying the anti-kT algorithm [16]. Other pres
criptions

have also been proposed [17–21]. However,
no approach

exists that reprod
uces the same jets as a flavor-

agnostic anti-

kT algorithm, can be applied to generic processes with

multiple jets, and at the same time is IRC safe to all orders.

In this Letter, we p
ropose a new approach which allows

us to assign heavy-flavor quantum numbers to a set of

flavor-agnostic
jets. This algorithm has the following

properties: (i) it
is IRC safe to all orders in perturbation

theory and can therefore be applied in fixed-order predi
c-

tions, (ii) it can b
e combined with any IR

C-safe definition
of

a jet, such as anti
-kT jets, as th

e flavor assignment procedure

is factorized from the jet reconstruc
tion, and (iii) the flavor

assignment can be applied at the level of quarks,
heavy-

flavor hadrons, o
r with proxy particles that can

be recon-

structed in an exp
erimental environment [such as seco

ndary

vertices (SVs)]. T
he procedure we

propose can ther
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We propose extensions of the anti-kt and Cambridge/Aachen hierarchical jet clustering algorithms that

are designed to retain the exact jet kinematics of these algorithms, while providing an infrared-and-

collinear-safe definition of jet flavor at any fixed order in perturbation theory. Central to our approach is a

new technique called interleaved flavor neutralization (IFN), whereby the treatment of flavor is integrated

with, but distinct from, the kinematic clustering. IFN allows flavor information to be meaningfully accessed

at each stage of the clustering sequence, which enables a consistent assignment of flavor both to individual

jets and to their substructure. We validate the IFN approach using a dedicated framework for fixed-order

tests of infrared and collinear safety, which also reveals unanticipated issues in earlier approaches to

flavored jet clustering. We briefly explore the phenomenological impact of IFN with anti-kt jets for

benchmark tasks at the Large Hadron Collider.DOI: 10.1103/PhysRevD.108.094010

I. INTRODUCTIONThe use of jet clustering algorithms is essential and
ubiquitous at colliders. Jet algorithms relate collimated
sprays of energetic hadrons to the underlying concept of
hard, perturbative quarks and gluons (or, more generally,
partons). In the vast majority of cases, only the kinematics
of the resulting jets are used for analysis. Insofar as jets are
meant to represent the underlying partonic structure of
an event, though, it is natural to ask whether jets can also
reflect the flavor of the underlying partons, for example,
their quark or gluon nature. The question of how to
formulate a jet algorithm where the flavors assigned to
jets are infrared and collinear (IRC) safe was first posed in
2006 [1,2]. The algorithm developed there, flavor kt, based
on a modification of the kt algorithm [3–5], appeared to be
successful in this task. However, one of the characteristics
of flavor kt was that the kinematics of the resulting
jets depended on the flavor of the underlying constituents
being clustered.

In modern jet usage, where the subsequently developed
anti-kt algorithm [6] has found widespread applications,
a flavor-induced modification of the jets’ kinematics is
undesirable. Notably, it has been found to complicate
unfolding corrections [7]. Nevertheless, there are situations
where IRC-safe flavored jet algorithms would be highly
beneficial. For example, the question of IRC-safe jet flavor
has recently come to the fore in the context of heavy-flavor
jets [8–11]. IRC safety in this instance ensures that flavored
jet cross sections do not contain any logarithms of the ratio
of the jet transverse momentum pt to the quark mass mq.
It also makes it possible to use anmq ¼ 0 approximation in
fixed-order perturbative calculations [7,12–21], with an
expectation that any missing contributions are suppressed
by powers of mq=pt.In this article, we present a new strategy for flavored
jet finding called interleaved flavor neutralization (IFN),
which is designed to combine an IRC-safe definition of jet
flavor with the IRC-safe kinematics of sequential cluster-
ing. We will study IFN with two generalized-kt-style jet
algorithms: the anti-kt algorithm, used extensively at the
LHC, and the Cambridge/Aachen (C=A) algorithm [22,23],
widely favored for jet substructure studies. In the case of
the anti-kt algorithm, our objectives are similar to those of
the recent “flavored anti-kt” [10] and “flavor dressing” [11]
algorithms, which respectively achieve approximate and
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New generation of jet algorithms

• SDF (soft drop flavour)

[Caletti, Larkoski, Marzani, Reichelt ’22]

• CMP (flavour anti-kT )

[Czakon, Mitov, Poncelet ’22]

• GHS (flavour dressing)

[Gauld, Huss, Stagnitto ’22]

• IFN (interleaved flavour neutralisation)

[Caola, Grabarczyk, Hutt, Salam, Scyboz, Thaler ’23]

→ Based on/closely resemble anti-kT algorithm

→ Details: see talks by authors at I LHCb public meeting

→ Available as fjcontrib plugins for FastJet

Alternative, fragmentation-based approach:

WTA (winner take all flavour)

[Caletti, Larkoski, Marzani, Reichelt ’22]
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is Diderot – P

aris 7; CNRS
; 75252 Paris

75005, France

5 Theory Grou
p, Fermilab,

P.O. Box 500
, Batavia, IL,

USA

6 Theory Divis
ion, Physics D

epartment, C
ERN, 1211 G

eneva 23, Sw
itzerland

Received: 19
January 2006

/ Revised ver
sion: 10 Marc

h 2006 /

Published on
line: 19 May 2

006 − © Springer-Verl
ag / Società I
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Abstract. It is
common, in b

oth theoretica
l and experim

ental studies,
to separately

discuss quark
and gluon

jets. However
, even at part

on level, wide
ly-used jet alg

orithms fail to
provide an inf

rared-safe wa
y of making

this distinctio
n. We examin

e the origin of
the problem a

nd propose a
solution in te

rms of a new
“flavour-kt”

algorithm. As
well as being

of conceptual
interest this c

an be a powe
rful tool whe

n combining
fixed-order

calculations w
ith multi-jet

resummation
s and parton

showers. It al
so has applica

tions to studi
es of heavy-

quark jets.

1 Introductio
n

A search thro
ugh the SPIR

ES database
reveals over 3

50

articles whose
titles contain

the expression
s “quark jet(s

)”

or “gluon jet
(s)”

1 The idea of q
uark and glu

on jets ap-

pears so intuit
ive that it har

dly seems nece
ssary to exam

ine

the question
of what it me

ans. Yet, whe
n going beyo

nd

leading-order
perturbative Q

CD, the conce
pt of quark an

d

gluon jets is o
nly meaningfu

l once a proced
ure has been d

e-

fined to classi
fy an ensemb

le of partons
into a set of j

ets,

each with a w
ell-defined fla

vour – a flavo
ur that is inse

n-

sitive to the a
ddition of ext

ra soft or coll
inear branchin

gs.

To our knowle
dge the theore

tical question
of how to do th

is

has not been a
ddressed in th

e literature.

In contrast t
here has been

much experim
ental work

on the identifi
cation of jet fl

avour. Some s
tudies attemp

t

to extract sep
arate unbiase

d samples of q
uark and gluo

n-

induced jets so
as to examine

the differences
between them

.

For example
in three-jet (q

q̄g) events in
e+e

−, b-tagging

and knowledg
e of leading-o

rder QCD kin
ematic distrib

u-

tions can be u
sed to determ

ine which is t
he gluon jet [

1].

While success
ful, such a pro

cedure applies
only to e

+e−→

qq̄g events an
d cannot be re

adily generali
sed to more co

m-

plex events, e.
g. in hadron–h

adron collision
s. Another kin

d

of study explo
its known diff

erences betwe
en typical qua

rk

a e-mail: andre
a.banfi@mib.

infn.it

1 It would be
excessive to

cite them all
here. Instead

the

reader may
examine them

by submittin
g the spires

search

“FIND T jet
# AND (T

quark OR T
gluon)” and

then ex-

tracting from
the results on

ly those articl
es whose title

contains

“quark jet(s)”
or “gluon jet(

s)”.

and gluon jet
s (notably th

eir different d
istributions f

or

the jet profile
and subjet m

ultiplicity) in
order to tag t

he

two kinds of j
ets [2]. This c

an be done in
any process a

nd

is quite prom
ising as an o

perative discr
iminator in r

eal

events, but do
es not provide

an infrared-sa
fe definition o

f

the flavour: it
defines a quar

k jet as being
one that is su

f-

ficiently narro
w and with a

sufficiently sm
all subjet mul

ti-

plicity – so in
the limit of th

ere being only
soft and collin

ear

radiation, a gl
uon jet will alw

ays be misclas
sified as a qua

rk

jet. This mea
ns that the d

efinition has
no sense at fi

xed

perturbative o
rder.

Other experim
ental studies

are carried ou
t in the con-

text of proces
ses in which e

ach jet origina
tes from a qua

rk

(e.g. in e
+e−→ qq̄) and

try to identify
the specific fla

vour

or charge of th
at quark, gene

rally using the
hardest hadro

n

in the jet (e.
g. [3, 4]), or a

momentum-w
eighted sum

of

charges (e.g.
[5, 6]). Such a

pproaches are
collinear unsa

fe

because the m
omentum of t

he leading qu
ark can be si

g-

nificantly mod
ified by collin

ear splittings.
In practice th

is,

together with
hadronisation

, means that
the measured

flavour, or cha
rge, has only a

limited correl
ation with tha

t

of the original
quark. This co

rrelation cann
ot be calculate

d

theoretically,
though it can

be modelled a
nd/or measur

ed,

as was done f
or the determ

inations of fo
rward–backw

ard

asymmetries [
3, 5].

In this article
we will restric

t our attentio
n to the most

basic theoreti
cal question a

bout jet flavou
r – that of how

to

define it for pa
rtonic events.

As well as bein
g of intrinsic i

n-

terest, this is
becoming of i

ncreasing pra
ctical importa

nce

as the study o
f QCD is exten

ded to multi-j
et ensembles (

by

jets we mean
both incomin

g and outgoin
g ones): in stu

d-

ies of e
+e− → jets one

knows that th
e basic two-je

t Born
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Abst
ract

An infrared and collinear (IRC) safe definition

of the partonic flavour of a jet is vital for precision predic-

tions of quantum chromodynamics at colliders. Jet flavour

definitions have been presented in the literature, but they are

typically defined through modification of the jet algorithm to

be sensitiv
e to partonic flavour at every stage of the cluster-

ing. While this does ensure that the sum of flavours in a jet is

IRC safe, a flavour-sensitiv
e clustering procedure is difficult

to apply to realistic
data. We introduce a distin

ct and novel

approach to jet flavour that can be applied to a collection

of partons defined by any algorithm. Our definition of jet

flavour is the sum of flavours of all partons that remain after

Soft Drop grooming, reclustered with the JADE algorithm.

We prove that this prescription is IRC safe through next-

to-next-to-leading order (NNLO), and so can interface with

the most precise fixed-order calculations for jets available at

present. We validate the IRC safety of this definition with

numeric fixed-order codes and further show that jet flavour

with Soft Drop reclustered with a generalised kT algorithm

fails to be IRC safe at NNLO.

1 Intr
oduc

tion

One of the most important and, at the same time, difficult

challenges that we have to tackle in order to accurately

describe fundamental particles and their interactions in high-

energy collisio
ns is posed by strong interactions. To date, the

most effective way we have to address this issue relies on fac-

torisation, i.e. on the ability
of separating long-distance, non-

perturbative, physics of both initial- and final-sta
te hadrons,

a e-mail: simone.caletti@
ge.infn.it

b e-mail: larkoski@slac.stanford.edu

c e-mail: simone.marzani@ge.infn.it (corresponding author)

d e-mail: daniel.reichelt@durham.ac.uk

from the hard interaction, which can be tackled exploiting

perturbative quantum field theory. Although very success-

ful, this approach inevitably introduces complications. For

instance, we have to map, in a quantitative way, the measur-

able degrees of freedom, e.g., the colliding protons or the

final-sta
te hadrons which are reconstructed by the experi-

mental apparatuses, to the partonic degrees of freedom, i.e.,

quarks and gluons, that we use to describe hard interactions.

While it is clear that quarks and gluons are not measur-

able degrees of freedom, many physics analyses at the CERN

Large Hadron Collider (LHC), are often designed having

in mind the imprint left by particular partonic flavour on

a measurable final-sta
te object, such as a hadron or a jet.

Furthermore, the issue of jet flavour acquires particular rele-

vance when discussing heavy quarks. In this case indeed one

can meaningfully assign a flavour-label to a jet exploiting

kinematic features of D and B meson decays, such as, for

instance, displaced vertices.

Naively one would be tempted to call jet flavour the net

flavour of the jet after the generalised kT -clustering [1–6],

i.e., simply to compute the total number of quarks minus anti-

quarks for each quark flavour. However, this procedure is not

infrared and collinear (IRC) safe at next-to-next-to
leading

order (NNLO), as pointed out in [7] (BSZ). The problematic

configuration is depicted in Fig. 1, where we show an O(α
2
s)

configuration characterised by the emissio
n of a soft gluon,

which splits into a quark–anti-quark pair, qq̄
. In this config-

uration, the jet algorithm clusters together the hard quark Q

and q and so the jet flavour is determined by the soft gluon

splittin
g, rendering the flavour assignment IRC unsafe. BSZ

solved this problem by modifying the metric of the clustering

algorithm so that clustering of soft pairs are favoured only if

the softer parton is flavoured. This so-called flavour-kT
algo-

rithm has been used in precision calculations [8,9] (see also

[10]).
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Abstract: Flavo
ur tagg

ing is tech
nically

challen
ging on the exp

erimental s
ide. H

owever
,

it suffe
rs from

a more fun
damental p

roblem
from the the

oretica
l point

of view
, in particu

lar

when implemented
in fixed-o

rder pertur
bation

theory.
It turns out that an infrare

d-safe

definit
ion of a flavour

ed jet is intrica
te due to the singula

rities induce
d by the emission

of flavour
ed quark-

anti-qu
ark pairs of negligi

ble energy
. Althou

gh this issue has been

addres
sed by a modifica

tion of the
standa

rd kT
jet alg

orithm
, the si

tuation
is not

entirel
y

satisfa
ctory as most measurem

ents ra
ther us

e the anti-kT
jet alg

orithm
. In this wo

rk, we

propos
e a flavour

-aware
infrare

d-safe
modifica

tion of the
anti-kT

jet algo
rithm

that is
easy

to implement wi
thin pertur

bative
Monte Carlo

frameworks
and has minor impact o

n jet

phenom
enolog

y when flavour
tagging

is not require
d. Beside

s the numerical
verifica

tion

of the
infrare

d safety
of the

propos
ed algorit

hm at nex
t-to-ne

xt-to-l
eading

order,
we also

presen
t resul

ts for t
he had

ro-prod
uction

of a lepton
pair in

associa
tion with a b-jet

, and of

a top-qu
ark pair de

caying
into b-

jets an
d leptons

.
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Identifying the flavor of recons
tructed hadronic jets is critical for preci

sion phenomenology and the

search for new physics at collide
r experiments, as it allows

one to pinpoint s
pecific scattering

processes and

reject backgroun
ds. Jet measurements at the LHC are almost universally performed using the anti-kT

algorithm; however, no approach exists to define the jet flavor for th
is algorithm that is infrared and

collinear safe. W
e propose a new

approach, a flavo
r-dressing algori

thm, that is infrared a
nd collinear safe

in

perturbation theory and can be combined with any definition of a jet. We test the algorithm in an eþe−

environment and consider the pp → Z þ b-jet process as
a practical applica

tion at hadron colliders.

DOI: 10.1103/P
hysRevLett.130.

161901

Introduction.—The confining property of the strong

interactions—described by quantum chromodynamics

(QCD)—prohibits the observation of free quarks and

gluons: in high-energy particle collisions, such
as those

at the Large Hadron Collider (LHC), they give rise to

collimated sprays of ha
drons inside the

detector, denoted
as

jets. A jet is defined by the associated reconstruction

algorithm and plays a crucial ro
le as the interfac

e between

experiment and theory. In
this regard, a cor

e property of any

jet algorithm is infrared and collinear (IRC) s
afety, i.e., the

insensitivity to soft (low-energy
) emissions and collinear

(small angle) splittin
gs. Only if such a property is satisfied

can a comparison between measurements and theoretical

predictions based
upon fixed-order pertu

rbation theory be

reliably carried out.

Further identifyi
ng the “flavor” of the jets is critical to

pinpoint specific scattering processes and reject back-

grounds. An important example is the identification of a

jet which is consistent with
being initiated by a heavy-

flavor (charm or beauty) quark
. The identificati

on of such

signatures provides a window into the interactions of

heavy-flavor qua
rks with other fundamental particles fr

om

GeV to TeV energy scales. This in turn provides a uniqu
e

opportunity to perform (flavor-specific)
direct searches f

or

new physics phenomena [1,2], test the mechanism for

generating the mass of elementary particles [3–7], and

probe the internal flavor s
tructure of hadrons [8–10].

Jet measurements at the LHC are almost universally

performed using the anti-kT algorithm [11] owing to the

geometrically regular shape of the jets and desirable

properties that d
erive from it. Use of anti-kT jets persists

in identifying jet
flavor, which cur

rently follow IRC-unsafe

flavor assignment procedures.
As such, no robust com-

parison between data and the available pre
cise fixed-order

calculations can
currently be carried out.

The issue of IRC
safety in the flav

or assignment was first

pointed out in Re
fs. [12,13] with a

solution that modifies the

jet definition itself to ensure IRC safety. This algorithm,

however, require
s the flavor information of all particles a

s

input, thus making an experimental realization
challenging.

Very recently, further
approaches were

proposed to assign

heavy-flavor qua
ntum numbers to jets: based on soft drop

grooming techniques [14], through the alignment of fla-

vored particles along the winner-take-all a
xis [15], or by

modifying the anti-kT algorithm [16]. Other pres
criptions

have also been proposed [17–21]. However,
no approach

exists that reprod
uces the same jets as a flavor-

agnostic anti-

kT algorithm, can be applied to generic processes with

multiple jets, and at the same time is IRC safe to all orders.

In this Letter, we p
ropose a new approach which allows

us to assign heavy-flavor quantum numbers to a set of

flavor-agnostic
jets. This algorithm has the following

properties: (i) it
is IRC safe to all orders in perturbation

theory and can therefore be applied in fixed-order predi
c-

tions, (ii) it can b
e combined with any IR

C-safe definition
of

a jet, such as anti
-kT jets, as th

e flavor assignment procedure

is factorized from the jet reconstruc
tion, and (iii) the flavor

assignment can be applied at the level of quarks,
heavy-

flavor hadrons, o
r with proxy particles that can

be recon-

structed in an exp
erimental environment [such as seco

ndary

vertices (SVs)]. T
he procedure we

propose can ther
efore bePublished by the American Physical Society
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We propose extensions of the anti-kt and Cambridge/Aachen hierarchical jet clustering algorithms that

are designed to retain the exact jet kinematics of these algorithms, while providing an infrared-and-

collinear-safe definition of jet flavor at any fixed order in perturbation theory. Central to our approach is a

new technique called interleaved flavor neutralization (IFN), whereby the treatment of flavor is integrated

with, but distinct from, the kinematic clustering. IFN allows flavor information to be meaningfully accessed

at each stage of the clustering sequence, which enables a consistent assignment of flavor both to individual

jets and to their substructure. We validate the IFN approach using a dedicated framework for fixed-order

tests of infrared and collinear safety, which also reveals unanticipated issues in earlier approaches to

flavored jet clustering. We briefly explore the phenomenological impact of IFN with anti-kt jets for

benchmark tasks at the Large Hadron Collider.DOI: 10.1103/PhysRevD.108.094010

I. INTRODUCTIONThe use of jet clustering algorithms is essential and
ubiquitous at colliders. Jet algorithms relate collimated
sprays of energetic hadrons to the underlying concept of
hard, perturbative quarks and gluons (or, more generally,
partons). In the vast majority of cases, only the kinematics
of the resulting jets are used for analysis. Insofar as jets are
meant to represent the underlying partonic structure of
an event, though, it is natural to ask whether jets can also
reflect the flavor of the underlying partons, for example,
their quark or gluon nature. The question of how to
formulate a jet algorithm where the flavors assigned to
jets are infrared and collinear (IRC) safe was first posed in
2006 [1,2]. The algorithm developed there, flavor kt, based
on a modification of the kt algorithm [3–5], appeared to be
successful in this task. However, one of the characteristics
of flavor kt was that the kinematics of the resulting
jets depended on the flavor of the underlying constituents
being clustered.

In modern jet usage, where the subsequently developed
anti-kt algorithm [6] has found widespread applications,
a flavor-induced modification of the jets’ kinematics is
undesirable. Notably, it has been found to complicate
unfolding corrections [7]. Nevertheless, there are situations
where IRC-safe flavored jet algorithms would be highly
beneficial. For example, the question of IRC-safe jet flavor
has recently come to the fore in the context of heavy-flavor
jets [8–11]. IRC safety in this instance ensures that flavored
jet cross sections do not contain any logarithms of the ratio
of the jet transverse momentum pt to the quark mass mq.
It also makes it possible to use anmq ¼ 0 approximation in
fixed-order perturbative calculations [7,12–21], with an
expectation that any missing contributions are suppressed
by powers of mq=pt.In this article, we present a new strategy for flavored
jet finding called interleaved flavor neutralization (IFN),
which is designed to combine an IRC-safe definition of jet
flavor with the IRC-safe kinematics of sequential cluster-
ing. We will study IFN with two generalized-kt-style jet
algorithms: the anti-kt algorithm, used extensively at the
LHC, and the Cambridge/Aachen (C=A) algorithm [22,23],
widely favored for jet substructure studies. In the case of
the anti-kt algorithm, our objectives are similar to those of
the recent “flavored anti-kt” [10] and “flavor dressing” [11]
algorithms, which respectively achieve approximate and
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Abstract: An intuitive d
efinition of the par

tonic flavo
r of a jet i

n quantum
chromodynamics

is often only well-defin
ed in the deep ultraviole

t, where
the strong force becomes a free

theory and a jet consis
ts of a single parton. H

owever, m
easurements are performed in the

infrared,
where a jet consis

ts of num
erous par

ticles and
requires a

n algorithm
ic procedure

to define their phas
e space boundarie

s. To connect t
hese two regimes, we introduce

a novel

and simple partonic
jet flavor definition

in the infrared.
We define the jet flavor to be

the net flavor
of the partons t

hat lie exactly along the direction
of the Winner-Tak

e-All

recombination
scheme axis of th

e jet, which
is safe to all orders

under em
issions of

soft

particles,
but is not

collinear s
afe. Collin

ear diverg
ences can

be absorb
ed into a perturbat

ive

fragmentation
function

that desc
ribes the

evolution
of the jet flavor

from the ultraviole
t

to the infrared.
The evolution

equations
are linear and

a small modificatio
n to traditiona

l

DGLAP and we solve t
hem to leading-lo

garithmic accurac
y. The ev

olution equations
exhibit

fixed points in
the deep infrared, w

e demonstrate q
uantitativ

e agreement with parton shower

simulations, a
nd we presen

t various
infrared and collinear s

afe observ
ables that

are sensit
ive

to this flavo
r definitio

n.
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New generation of jet algorithms

• SDF (soft drop flavour)

[Caletti, Larkoski, Marzani, Reichelt ’22]

• CMP (flavour anti-kT )

[Czakon, Mitov, Poncelet ’22]

• GHS (flavour dressing)

[Gauld, Huss, Stagnitto ’22]

• IFN (interleaved flavour neutralisation)

[Caola, Grabarczyk, Hutt, Salam, Scyboz, Thaler ’23]

→ Based on/closely resemble anti-kT algorithm

→ Details: see talks by authors at I LHCb public meeting

→ Available as fjcontrib plugins for FastJet

Alternative, fragmentation-based approach:

WTA (winner take all flavour)

[Caletti, Larkoski, Marzani, Reichelt ’22]
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Selected findings



Impact of changing flavour recombination schemes

pp → Z + b jet in central kinematics

[]

1.0

1.5

2.0

A
lg

o
/
k
−

1
t

Sherpa

k−1
t (cone) k−1

t (ghost) k−1
t

[]

1.0

1.5

2.0

A
lg

o/
k
−

1
t

H7 ang.

[]

1.0

1.5

ra
ti

o

H7 ang. ratio string / cluster hadronization

102 103

pt(b1) [GeV]

0.75

1.00

1.25

ra
ti

o

Sherpa ratio parton / hadron level

Table: [Salam ’24]

• Biggest impact from change of flavour

recombination scheme

• Illustration for pp → Z + b jet

Top two panels compare

• anti-kt with cone matching (any flavour)

• anti-kt with ghost matching (any flavour)

• anti-kt with mod2 flavour

• Hadronisation does not play a major role
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Fixed-order observables

pp → Z + c jet in LHCb kinematics
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• Effects of new algorithms in fixed-order calculations are fairly minor (few %)

• Consistent with low flavour multiplicity in final states
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NLO+PS: Z+b/c jets

pp → Z + b jet in central kinematics
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• Including parton shower exacerbates

differences between algorithms

• Differences reach ∼ 20% in high-pt tails

• Going from b to c quarks further increases

differences

• IFN algorithm is most “aggressive” in

eliminating flavour labels

9



NLO+PS: Z+b/c jets

pp → Z + c jet in central kinematics
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• Including parton shower exacerbates

differences between algorithms

• Differences reach ∼ 20% in high-pt tails

• Going from b to c quarks further increases

differences

• IFN algorithm is most “aggressive” in

eliminating flavour labels
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Comparing fixed-order and parton shower matched calculations

• Differences between FO and PS in threshold

and tail regions

• Threshold region: related to matching and

shower scale dependence (also occur in

flavour-blind calculations for Z + jet)

• High-pt tail: Lots of flavour produced by

parton shower

• IFN appears to be particularly stable against

such effects

pp → Z + b jet in central kinematics
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Comparing fixed-order and parton shower matched calculations

• Differences between FO and PS in threshold

and tail regions

• Threshold region: related to matching and

shower scale dependence (also occur in

flavour-blind calculations for Z + jet)

• High-pt tail: Lots of flavour produced by

parton shower

• IFN appears to be particularly stable against

such effects

pp → Z + c jet in central kinematics
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Investigate effectiveness of g → bb̄ rejection

0 2 4 6 8
Rbb
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Pythia Z + b (1837 evts)
Pythia Z + q (146 evts)
Pythia Z + g (99 evts)

• Pythia LO+PS simulation of pp → Z + jet events

• Select events with at least one b-labelled jet (via anti-kt with net flavour)

• Rough expectation:

• Red dots correspond to events with g → bb̄ splittings

• Grey dots correspond to events with “hard b jet” 11



Investigate effectiveness of g → bb̄ rejection
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Impact on ATLAS heavy flavour tagging training samples
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• Pythia LO+PS simulation of pp → Z
′ → cc̄ events (mZ

′ = 4 TeV)

• Similar to setup used for ATLAS flavour tagger training

• g → cc̄ and g → bb̄ splittings can have sizeable effect on training sample
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Including decays of heavy-flavour hadrons
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• Most flavoured jet algorithms need undecayed hadrons as inputs

• Decayed vs. undecayed inputs have a percent level effect on pp → Z + bb̄(cc̄)
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Exclusive labelling/tagging with Winner Take All (WTA) flavour

• Particle reconstruction abilities of LHCb and ALICE

allow for different approach

• Fully reconstruct exclusive decay mode of a flavoured

hadron

• Use flavour definition based on WTA axis

[Caletti, Larkoski, Marzani, Reichelt ’22]

• Recluster into angularly-ordered tree

• Follow the hardest branch

• Define flavour by particle along the axis

Diagram: [Ezra’s LHC EW WG talk ’25]
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https://arxiv.org/abs/2205.01117
https://indico.cern.ch/event/1537901/#3-new-jet-algorithms-studies-f
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WTA flavour in an LHCb environment
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• WTA flavour behaves similar to new algorithms

• Significant contribution from g → bb̄ splitting

• Jet mass: second peak at mj ∼ 2mB

→ suppressed by flavour recombination schemes
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Conclusions

• New IRC safe flavour jet algorithms are available

• We investigate their use as flavour labelling strategies

• Implementations as fjcontrib plugins for FastJet are available

• Biggest effects come from change of flavour recombination scheme

• Algorithms largely yield comparable results

• Scenarios with large amount of flavoured particles can bring out differences
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Outlook
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• Investigate impact of hadronisation?

• Deeper look into jet substructure?

• Investigate interaction with unfolding and flavour tagging?

• New algorithms as label providers for tagger training?

• Interaction with g → f f̄ modelling?
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