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Prototype of current definitions
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a few things to pay attention to

N

the AR labelling

« take the four-momenta of reconstructed

(anti-k:) jets and B hadrons
(pT > Pteur ~ S Ge\O

- AssignaBtoajetif AR < Ry ~ 0.3
- If at least one B is assigned to jet J, then

J is a b-jet
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* take the four-momenta of reconstructed

@nti-K» jets and B hadrons
a few things to pay attention to Pr XPra>™ 5 GeV)

- AssignaBtoajetif AR < Ry ~ 0.3

- |f@t_least One B is assigned to jet J, then
J is a b-jet
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Thy jet definition shall ...

K 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

K 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?

- 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(X7p17 co oy PnyPn+1 — O) — O(Xapla .« . 7pn)
O(XBZ?la oy Pn H pn+1) — O(XBZ?la -y Pn _I_pn—l—l)

- 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/p;)
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Issue n.1: NLO

De

P

pq pcj

Gauld et. al (2023)

- let’s consider Z+b (or c) jet

- problematic configuration at NLO: g — bb 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

* this is crucial when looking at distributions that are
inclusive over the b-jet substructure (e.g. p7)

- important effect at high-p,

- collinear region is avoided if the splitting is resolved
(e.g. substructure measurement)


https://arxiv.org/abs/2302.12844

Aside: the p;,. . on hadrons

Dy Pr

- hadron-level cuts can have
significant effects on flavour

- AR labelling has a cut on the p 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

Gauld et. al (2023)


https://arxiv.org/abs/2302.12844

Flavour recombination schemes

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

simplest experimentally
“any flavour” b b b (but collinear unsafe for
mp — 0)

theoretically “ideal”
net flavour b g 2b definition; but not robust
wrt B-Bbar oscillations

flavour b theoretically OK; robust
modulo 2 8 8 wrt B-Bbar oscillations

Gavin Salam's talk at Durham workshop

- this comes with large experimental baggage (reconstruction, mistag,...)

« Can we do better? Should we?
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https://conference.ippp.dur.ac.uk/event/1301/contributions/6818/attachments/5339/6936/Durham-flav-intro.pdf

Issue n.2: NNLO

- theoretically, things become rather intricate at NNLO

- asoftg — bb 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

Gauld et. al (2023)


https://arxiv.org/abs/2302.12844

The old solution: flavour-k;

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

(F) 5 5 max(ky;, ki;),  softer of 4, j is flavoured,
diy " = (B + Bdy) X { min(k;, k7;) , softer of 7, j is flavourless,

Banfi Salam Zanderighi (2006)

- flavour-k: 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-k:, so resulting jets have different kinematics
- it requires knowledge of the flavour at each step of the clustering
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https://link.springer.com/article/10.1140/epjc/s2006-02552-4
https://arxiv.org/pdf/2003.08321

Four(!) new ideas

3. construct a flavour dressing for a given jet

1.

Caletti, Larkoski, SM,
Reichelt (2022)

use Soft Drop to remove soft

quarks  _______

——————

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

2. define a flavour algorithm that
resembles anti-k:
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accumulates the
flavour information
In order to assign
the flavour of a jet

Gauld, Huss, Stagnitto (2022)

4. interleaved flavour neutralisation
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about to cluster|

b b b
1 2 3

based on a neutralisation distance wu;j
cluster

neutralise
—
b b
1 2 3

- - @

1 243

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

Caola, Grabarczyk,
Hutt, Salam, Scyboz,
Thaler (2023)


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

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
iInteresting studies;

many results, here just a few ones to
trigger discussion

11

Flavoured jet algorithms: a comparative study

Arnd Behring, * Simone Caletti, > Francesco Giuli,> Radodaw Grabarczyk,*® Andreas
Hinzmann,® Alexander Huss,” Joey Huston,® Ezra D. Lesser,” Simone Marzani,® Davide
Napoletano, 1° Rene Poncelet,!* Daniel Reichelt, "*? Alberto Rescia,® Gavin P. Salam,>*
Ludovic Scyboz,'® Federico Sforza,® Andrzej Siedmok, "1® Giovanni Stagnitto, 1© James
Whitehead, *® Ruide Xu?’

1Max-Planck-Institut fur Physik, Boltzmannstrage 8, 85748 Garching, Germany

2Institute for Theoretical Physics, ETH, CH-8093 Zurich, Switzerland

3Dipartimento di Fisica, Universiti degli Studi di Roma Tor Vergata and INFN, Sezione di Roma
Tor Vergata, Via della Ricerca Scientibca 1, Rome 00133, Italy

“Department of Physics, University of Oxford, Keble Road, Oxford, OX1 3RH, UK

SRudolf Peierls Centre for Theoretical Physics, Clarendon Laboratory, Parks Road, Oxford OX1 3PU,
UK

6Deutsches Elektronen-Synchrotron DESY, Notkestr. 85, 22607 Hamburg, Germany
"CERN, 1211 Geneva 23, Switzerland
8Department of Physics and Astronomy, Michigan State University, East Lansing, Ml 48824, USA
9Dipartimento di Fisica, Universii di Genova and INFN, Sezione di Genova, Via Dodecaneso 33,
16146, Italy
OyUniversit degli Studi di Milano-Bicocca & INFN, Piazza della Scienza 3, Milano 20126, Italy
Unstitute of Nuclear Physics, ul. Radzikowskiego 152, 319342 Krakow, Poland
|nstitute for Particle Physics Phenomenology, Durham University, Durham DH1 3LE, UK
Al Souls College, Oxford OX1 4AL, UK
155chool of Physics and Astronomy, Monash University, Wellington Rd, Clayton VIC-3800, Australia
16 Jagiellonian University, ul. prof. Stanislawa Lojasiewicza 11, 30-348 Krakew, Poland
17University of Michigan, Ann Arbor, MI 48109, USA
E-mail: abehring@mpp.mpg.de scaletti@phys.ethz.ch
francesco.giuli@roma2.infn.it , radoslaw.grabarczyk@physics.ox.ac.uk
andreas.hinzmann@desy.de, alexander.huss@cern.ch , huston@msu.edy
ezra.lesser@cern.ch , simone.marzani@ge.infn.it
davide.napoletano@unimib.it , rene.poncelet@ifj.edu.pl
d.reichelt@cern.ch , alberto.rescia@ge.infn.it
gavin.salam@physics.ox.ac.uk , ludovic.scyboz@monash.edu,
federico.sforza@ge.infn.it , andrzej.siodmok@uj.edu.pl
giovanni.stagnitto@unimib.it , james.whitehead@uj.edu.pl ,
ruidexu@umich.edu


https://arxiv.org/pdf/2506.13449

Impact of flavour recombination scheme
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Am | a b-jetora
gluon jet?
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Biggest impact from change of flavour
recombination scheme

lllustration for pp! Z + b jet

anti-k: with cone matching (any flavour)
 anti-k: with ghost matching (any flavour)
e anti-k: with mod2 flavour

Hadronisation does not play a major role
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Fixed-order observables

pp — Z+ c jet
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» 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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* discrepancies emerge if we add the parton shower: algorithms react differently to
additional flavour production
 differences reach 20% in high-p: tails (larger for c-jets)
* IFN algorithm is most “aggressive” in eliminating flavour labels, while SDF not IRC
safe beyond NNLO b



Comparlng 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
* |[FN appears to be stable against these effects
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soft

Investigating flavour contamination

Pt, b/Pt, j
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e Pythia LO+PS simulation of
pp! Z+jetevents

* select events with at least
one b-labelled jet (anti-k:
with net flavour)

e compare to the flavour of
the LO process

 Z+b: “genuine” b-jets

e Z+Qq: soft b-quark Corltamination
« Z+g: collinear g — bb
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Investigating flavour contamination

To=¢e

® CMP b-labelled (2059 evts)
® CMP not b-labelled (23 evts)

F

ol.'ao W.oo- ouo?o.o- oﬂo

06¢ oo o

1.0
0.8
0.6 e o % St
0.4 1

! d/9d

I=mZ=0

IFN b-labelled (1948 evts)
IFN not b-labelled (134 evts)

% o
°
L Ad

o o% o0

1.0
0.8 -
0.6
0.4

Idyaad

ARb5

ARb5

T0="z7=¢g

® SDF b-labelled (2063 evts)
® SDF not b-labelled (19 evts)

1.0
0.8
061
0.4 -

! d/9d

ASD0Z=""3d'Z=m'T=D

® GHS b-labelled (2042 evts)
® GHS not b-labelled (40 evts)

1.0
0.8
0.6 o SR
0.4 1

! d/9d

AR bb

ARpjp

17



Conclusions

* new IRC safe flavour jet algorithms are available

e 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

e scenarios with large amount of flavoured particles can bring out differences
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Outlook

* 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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§ ’ 095 | oo | e : :I.‘w; | | L
30 10> 2x10? 10° 2x10°
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* new algorithms find a much smaller e currently large spread in flavour when
contamination of b jets in a sample that has calibrating jets. Can new algorithms
no b quarks from the hard scattering with alleviate this?
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respect to current labelling


https://indico.cern.ch/event/1487647/

THANKS FOR YOUR ATTENTION !



