
Simone Marzani  
Università di Genova and INFN Sezione di Genova

Flavour jet algorithms:  
a comparative study

BOOST 2025

Brown University 


28th July - 1st August 2025

1



Prototype of current definitions
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https://cds.cern.ch/record/2771727/plots

• take the four-momenta of reconstructed 
(anti-kt) jets and B hadrons 
( )


• Assign a B to a jet if 

• If at least one B is assigned to jet J, then 

J is a b-jet

pT > pTcut ∼ 5 GeV
ΔR < R0 ∼ 0.3

a few things to pay attention to

the  labellingΔR

ΔR

https://cds.cern.ch/record/2771727/plots
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Thy jet definition shall …
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• be simple to implement in an experimental 
analysis; 


• be simple to implement in theoretical calculations; 

• be defined at any order of perturbation theory; 

• yield finite cross-sections at any order of 

perturbation theory;

• yield cross-sections and distributions that are 

relatively insensitive to hadronisation

• jet definitions that respect this Snowmass accord made precision studies of QCD 
possible:


Theorists talk about quarks and gluons, experimentalists talk about (truth-level) 
particles … and things still make sense 

• do current definitions of heavy-flavour (HF) jet follow these rules?

• if not, can we do better? Should we? 



What can go wrong?
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• Infra-Red and Collinear Safety! We need IRC safety if we want to be able to 
compute things beyond LO


• an observable (or a jet definition) is IRC safe if, in the limit of a  collinear 
splitting, or the emission of an infinitely soft particle, the observable (jet) 
remains unchanged:

O(X; p1, . . . , pn, pn+1 → 0) → O(X; p1, . . . , pn)
O(X; p1, . . . , pn ‖ pn+1) → O(X; p1, . . . , pn + pn+1)

• an IRC-unsafe HF jet definition with massless partons, leads to divergent results 
in perturbation theory (you just have to throw them away)


• an IRC-unsafe HF jet definition with massive quarks, leads to finite but IRC-
sensitive results in perturbation theory (large logs of )m /pT



Issue n.1: NLO
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Gauld et. al (2023)
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• let’s consider Z+b (or c) jet

• problematic configuration at NLO:  is collinear 

divergent (with zero mass)

• this singularity cancels when we add the 

corresponding virtual correction, iff real and virtual are 
in the same flavour bin, i.e. gluon = no net flavour

g → bb̄

• this is crucial when looking at distributions that are 
inclusive over the b-jet substructure (e.g. )


• important effect at high- 

• collinear region is avoided if the splitting is resolved 

(e.g. substructure measurement)

pT
pT

https://arxiv.org/abs/2302.12844


Aside: the  on hadronspTcut
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• hadron-level cuts can have 
significant effects on flavour


•  labelling has a cut on the  of 
the B hadron


• if we implement it at parton level, a 
soft quark may fail the cut, turning 
the jet into a gluon one: collinear 
unsafe!


• proper way to deal with this 
requires fragmentation functions

ΔR pT

Gauld et. al (2023)

https://arxiv.org/abs/2302.12844


Flavour recombination schemes
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Gavin Salam Flavoured Jets at the LHC, Durham, June 2024

First: flavour recombination schemes

All algorithms 
in the next 

pages can work 
with these two

13

“any flavour” b b b
simplest experimentally 
(but collinear unsafe for  

mb → 0)

net flavour b g 2b
theoretically “ideal” 

definition; but not robust 
wrt B–Bbar oscillations

flavour  
modulo 2 b g g theoretically OK; robust 

wrt B–Bbar oscillations

b + b̄ b + bb
scheme

jet contents

}
Gavin Salam's talk at Durham workshop

• NLO issues just described are easy to fix in theory-land:

• this comes with large experimental baggage (reconstruction, mistag,…)

• Can we do better? Should we?

https://conference.ippp.dur.ac.uk/event/1301/contributions/6818/attachments/5339/6936/Durham-flav-intro.pdf


Issue n.2: NNLO
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• theoretically, things become rather intricate at NNLO


• a soft  splitting can alter the flavour of the jet


• this leads to an IR divergence (sensitivity) for massless 
(massive) quarks


• counting net flavour is not enough for solve this one and 
we have to reconsider the jet algorithm

g → bb̄

Gauld et. al (2023)

https://arxiv.org/abs/2302.12844


• introduce flavour-sensitive metric reflects the absence of soft quark singularities:


• flavour-kt is IRC safe because it tends to recombine together the problematic soft pair;


• however, the use of this algorithm in experimental analysis is far from straightforward:

• obviously, it’s not anti-kt, so resulting jets have different kinematics

• it requires knowledge of the flavour at each step of the clustering

The old solution: flavour-kt
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problems when contaminating the flavour of gluon jets. The flavour algorithms all work
systematically better than the Durham-based algorithms, clearly vanishing faster with yD

3 .
One sees differences in normalisation between the different flavour algorithms and the
blandness requirement provides a non-negligible advantage, especially for α = 2. This
implies that the flavour misidentification involves more than one qq̄ pair. Nevertheless, the
algorithm remains infrared safe even for multiple soft or collinear qq̄ pairs, as discussed
above7 (see also the appendix for a more general outline of the discussion of IR safety).

3 Jet-flavour algorithms for hadron-hadron collisions

For hadron-hadron collisions (and DIS) the kt jet algorithm is similar to that described
in section 2, with a few modifications in the definition of the distances [7, 8]. Given that
there is no unique hard scale Q, instead of examining dimensionless yij ’s one looks at
dimensionful dij’s. These need to be invariant under longitudinal boosts and the most
widespread convention is to take

dij = min(k2
ti, k

2
tj)(∆η2

ij + ∆φ2
ij) , (8)

where ∆ηij = ηi − ηj, ∆φij = φi − φj and kti, ηi and φi are respectively the transverse
momentum, rapidity and azimuth of particle i, with respect to the beam. A particle i can
also recombine with the beam and here too one needs a distance measure, usually taken
to be

diB = k2
ti . (9)

It is the smallest of the diB and the dij that determines which recombination takes place.
If it is diB that is smallest at a given step, then i recombines with the beam (or else gets
called a jet, in the “inclusive” version of the algorithm).

The modification of the dij needed to obtain a flavour-safe jet algorithm is directly
analogous to that used for the e+e− algorithm:

d(F )
ij = (∆η2

ij + ∆φ2
ij) ×

{

max(k2
ti, k

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

min(k2
ti, k

2
tj) , softer of i, j is flavourless,

(10)

where by ‘softer’ we now mean that having lower kt and where temporarily, for simplicity,
we consider only the case α = 2.

It is less obvious how to modify the beam distance. The problem is that diB involves just
a single scale, k2

ti, and so there is no “minimum” that one can replace with a “maximum”.
However one could imagine that diB is actually the minimum of k2

ti and some transverse
scale associated with the beam, k2

tB, which has never been explicitly needed so far because
7Note though that for a fixed degree of softness, the presence of multiple qq̄ pairs, spread densely in

rapidity from large-angles all the way to the hard-fragmentation region can lead to a systematic worsening
of the flavour identification.
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Banfi Salam Zanderighi (2006)
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Figure 3: Reconstructed Higgs boson transverse momentum, see text for details,

calculated at NLO (upper plots) and NNLO (lower plots) for central values of the

renormalization and factorization scales. Lower panes show ratios of massless to massive

results. See text for details.

such a clustering starts to occur earlier in case of the flavor-kt jet algorithm, the massless

result falls off more rapidly than the massive one. To some extent, this difference can be

mitigated if a smaller clustering radius for the flavor-kt jet algorithm is chosen while the jet

radius for the usual anti-kt algorithm is kept fixed. We have verified that such choices lead

to increased values of pt,H(bb̄) at which massive and massless results start to depart from each

other.

Finally, we show the transverse-momentum distribution of the leading b jet in Fig. 4 and the

angular distance between the two b jets �RH(bb̄) in Fig. 5. We observe significant differences

between massive and massless results at large values of pt,b and at �RH(bb̄) ⇠ R. Deviations

at large transverse momenta in the pt,b distribution have the same origin as differences
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Figure 4: The transverse momentum distribution of the leading b jet calculated at NNLO

for central values of the renormalization and factorization scales. Lower panes show ratios

of massless to massive results. See text for details.

Figure 5: The distance �RH(bb̄) between the two b jets used for Higgs boson

reconstruction calculated at NNLO for central values of the renormalization and

factorization scales. Lower panes show ratios of massless to massive results. See text for

details.

observed in pt,H(bb̄) distributions. As we discussed earlier, they are related to differences in

the clustering of two b jets into a single jet in the massive and massless cases.

In case of the �RH(bb̄) distributions, the massless to massive ratio is flat for large �RH(bb̄) &
0.75 jet separation but they become different for smaller values of �RH(bb̄). Again, these

features are closely related to the behavior of the pt,H(bb̄) distributions since a small angular

separation of the two b jets corresponds to a boosted configuration from a Higgs boson with

13

Behring et. al (2020)

https://link.springer.com/article/10.1140/epjc/s2006-02552-4
https://arxiv.org/pdf/2003.08321
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NGL logs ~ jet  avour NNLO issue
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~

● The two 
phenomena are 
generated by 
similar kinematical 
contributions

● We know NGLs can 
be eliminated by 
Soft Drop

What’s the impact of 
SD on jet flavour?

x
1. use Soft Drop to remove soft 

quarks

needs JADE as a 
recluster, known 
to fail at 3 loops

Caletti, Larkoski, SM, 
Reichelt (2022)

4. interleaved flavour neutralisation

neutralise = remove 
the (opposite) flavour 
of both 1 & 2 while 
maintaining kinematics 

Caola, Grabarczyk, 
Hutt, Salam, Scyboz, 

Thaler (2023)

3. construct a flavour dressing for a given jet
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Gauld, Huss, Stagnitto (2022)

i.e. the transverse momentum of the softer pseudo-jet. The algorithm is made infrared safe

by the following modified distance measure [5]:

d
(F )
ij = R

2
ij ⇥

(⇥
max(kT,i, kT,j)

⇤↵ ⇥
min(kT,i, kT,j)

⇤2�↵
, if softer of i, j is flavoured,

min(k2
T,i, k

2
T,j) , if softer of i, j is unflavoured,

(2.3)

where 0 < ↵  2 and most analyses are performed with ↵ = 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. One 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 kT algorithm, one defines a distance to the beam, d
iB̄

( ) = k
2
T,i. If it is minimal, then

the pseudo-jet i is removed from the list of pseudo-jets in the inclusive formulation. In the

flavoured kT algorithm, the distance to the beam is modified as well. Indeed this is necessary,

since if i 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:

d
(F )

iB̄
( ) =

8
<

:

⇥
max(kT,i, kT,B̄

( )(yi))
⇤↵ ⇥

min(kT,i, kT,B̄
( )(yi))

⇤2�↵
, if softer of i, j is flavoured,

min(k2
T,i, k

2
T,B̄

( )(yi)) , if softer of i, j is unflavoured.

(2.4)

The now required transverse momentum of the beam, B, and “anti-”beam, B̄, is taken to be

[5]:

kT,B(y) =
X

i

kT,i
�
⇥(yi � y) + ⇥(y � yi) eyi�y

�
, (2.5)

kT,B̄(y) =
X

i

kT,i
�
⇥(y � yi) + ⇥(yi � y) ey�yi

�
, (2.6)

with ⇥(0) = 1/2.

2.3 The flavoured anti-kT algorithm

The distance measure of the standard anti-kT algorithm [27] is:

dij = R
2
ij min(k�2

T,i, k
�2
T,j) . (2.7)

In this case, condition 1) is not fulfilled, since the double-soft limit, Ei, Ej ! 0, does not lead

to a vanishing dij . We propose the following modification:

d
(F )
ij ⌘ dij ⇥

8
<

:
Sij , if both i and j have non-zero flavour of opposite sign,

1 , otherwise.
(2.8)

– 6 –

Figure 3. Comparison of di↵erential distributions of the hardest jet’s rapidity (left panel) and trans-
verse momentum (right panel) for the process pp ! Z/�

⇤(! `¯̀) + b-jet obtained using di↵erent jet
algorithms at NNLO accuracy.
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Figure 4. Same as Fig. 3 but with NLO+PS (parton shower simulation matched at NLO QCD)
accuracy.

in the di↵erence between the flavoured anti-kT and the standard anti-kT algorithm. 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 aMC@NLO [35] v.3.1.1 and refer to the results as NLO+PS. As expected,

the NLO+PS distributions obtained with the new algorithm shown in Fig. 4 are closest to

those of the standard anti-kT algorithm for the smallest value of a, while for the largest value

of a the di↵erences between the distributions obtained with these two algorithms amount to

about 5%. This is consistent with the 10% di↵erence between distributions obtained with the

flavoured kT and the standard anti-kT algorithm.

In order to study the influence of the a-parameter on perturbative convergence, we plot

– 12 –

2. define a flavour algorithm that 
resembles anti-kt

Czakon, Mitov, 
Poncelet (2022)

still needs 
some (small) 
unfolding

Four(!) new ideas

https://arxiv.org/pdf/2306.07314.pdf
https://arxiv.org/pdf/2208.11138.pdf
https://arxiv.org/pdf/2205.11879.pdf
https://arxiv.org/pdf/2205.11879.pdf
https://arxiv.org/pdf/2205.11879.pdf


Les Houches 2023 study

11

• it is important to investigate IRC safety, 
resilience against non-perturbative 
effects and experimental viability of the 
4 algorithms;


• a detailed study of these 4 algorithms 
was started at Les Houches 2023;


• regular biweekly meetings led to 
interesting studies;


• many results, here just a few ones to 
trigger discussion
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Impact of flavour recombination scheme
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Biggest impact from change of flavour

recombination scheme


• Illustration for pp !  Z + b jet


• 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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Am I a b-jet or a 
gluon jet?



Fixed-order observables

13

10! 2

100

102

d!
/

dp
T

,H
(b

ø b)

ßavour-kt

IFN
CMP!
GHS
SDF

0 100 200 300 400 500 600 700 800
pT,H (bøb)

0.96

0.98

1.00

1.02

1.04

R
at

io
to

IF
N

pp → Z + c jet pp → WH( → bb̄)

• effects of new algorithms in fixed-order calculations are fairly minor (few %)

• this is true for both central and LHCb-type kinematics

• this is consistent with low flavour multiplicity in final states
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NLO + Parton Shower
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• discrepancies emerge if we add the parton shower: algorithms react differently to 
additional flavour production


• differences reach 20% in high-pt tails (larger for c-jets)

• IFN algorithm is most “aggressive” in eliminating flavour labels, while SDF not IRC 

safe beyond NNLO

Z+b Z+c



Comparing FO and NLO+PS
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• differences in the 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 the parton shower

• IFN appears to be stable against these effects

Z+b Z+c
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Investigating flavour contamination 

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


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


• compare to the flavour of 
the LO process

collinear

so
ft

• Z+b: “genuine” b-jets

• Z+q: soft b-quark contamination

• Z+g: collinear g → bb̄
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Investigating flavour contamination 



Conclusions
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• new IRC safe flavour jet algorithms are available


• implementations as fjcontrib plugins for FastJet are available (you have no 
excuse!)


• biggest effects come from change of flavour recombination scheme


• new algorithms largely yield comparable results, in the bulk of the phase 
space


• scenarios with large amount of flavoured particles can bring out differences



Outlook
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jet calibrations
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! Two different uncertainties on jet modeling: 

! Does the jet calibration apply if you have 
jets of different flavors? 

! Two-point difference between quark and 
gluon jet response, scaled by uncertainty 
on this fraction 

! How uncertain are we of the MC predictions 
used to derive the calibrations? 

! Two-point difference between different 
MC predictions*

Di! erent  ßavors

MC predictions

• new algorithms (but SDF) require information about flavour in the event: this is 
experimentally hard


• what we can hope for? use them as flavour labelling strategies

• what is this going to affect?

training samples for taggers jet calibration
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• new algorithms find a much smaller 
contamination of b jets in a sample that has 
no b quarks from the hard scattering with 
respect to current labelling

• currently large spread in flavour when 
calibrating jets. Can new algorithms 
alleviate this?

Jennifer’s talk @ PSR2025

https://indico.cern.ch/event/1487647/
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THANKS FOR YOUR ATTENTION !


