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l. Introduction




Jets are probe of the underlying process

But we need to define what we call “jet".

® Cone algorithms
® Sequential recombination algorithms



Gen-k; recombination algorithms

® Take the particles in the events as our initial list of objects. <

® From this list build the inter-particle distance as
. 2 2 2
d;; = min (pTZ,pr» A7

where we introduced

Ajj = \/(sz’ — @5)2 + (s +1n;)?
and the beam distance as
2
dB,i = pTZ‘R2

with R the jet radius.

® [teratively find the smallest among all the two distances:

o |f dz’j < dB,i then remove i and j and recombine them into

a new object k which is added to the new list.

o |f dB,i < dz‘j then it is called a jet and removed from the list.

(Aidws s11s1) )911ym
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Grooming: Soft Drop

Larkoski et al. (2014)

Picture taken from
Caletal. (2022)

min 5 ; Az 1
(pT, pT,J) > Zeut < J
P, + P15

- 60

- 40

1. Break the jet j into two subjets by undoing the last stage of C/A <«

clustering and label them as j1 and j2.

2. 1fj1 and j2 pass the SD condition then deem j to be the final soft-drop

jet.

3. Else: redefine

j — maX[j17j2]

pT

while(! SD)

Pr


https://arxiv.org/pdf/2106.04589.pdf
https://inspirehep.net/files/a1d6d565d826bdad7c0a3ce11275e7e2
https://inspirehep.net/files/18e53af1b077e13ec33be732c0a1225a
https://inspirehep.net/files/18e53af1b077e13ec33be732c0a1225a

Experimental definition of flavoured jet

b-jet
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® Heavy-quark-initiated jets are
experimentally identified exploiting
B hadron lifetime, i.e. the display

e Take the 4-momenta of
vertex. reconstructed anti-kt jets and B
. : : hadrons with pt > ptcut ~bGeV
® Jets are defined with anti-k..

e« AssignaBtoajetif AR<Rp~0.3

« If at least one B is assigned to
jet J, then J is a b-jet


https://cds.cern.ch/record/2771727/plots

What can go wrong?

e Infra-Red and Collinear Safety! IRC safety is mandatory 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) does not change:

O(Xapla o s PnyPn+1 — 0) — O(Xaplzr :pﬂ,)
O(X;pla s Pn H pn+1) — O(X;pl,... » Pn ernJrl)

e An IRC-unsafe HF jet definition with massless partons, leads to divergent results in perturbation theory (and cannot
be used)

« 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

Consider the Z+b (or c) jet process

Problematic configuration at NLO: g— bb is collinear
divergent (with zero mass).

The corresponding singularity is canceled when we add
the virtual correction, which happens if and only if real and
virtual are in the same flavour bin (i.e. this is a gluon = no
net flavour)

This is particularly relevant for observables that are
inclusive over the b-jet substructure, like the pt

Important effects at high-pt



The ptcut on hadrons

Pr 1Y)

e Furthermore, g — gg collinear splittings with a hard gluon leads
to a flavourless jet because of the cut over the pt of the B
hadron

e |f we implement it at parton level, the soft quark may fail the
cut, turning the jet into a gluon one — collinear unsafe!

o With ptcut it requires a fragmentation function, as we are
identifying the particle.
Without the ptcut, any IRC safe flavour agnostic algorithm will
recombine the qg pair together.

Gauld et al. (2023)



Flavour recombination schemes

 However, the NLO issues
can be easily fixed from the

theory point of view using a simplest experimentally
recombination scheme “any flavour” b b b (but collinear unsafe for
my — 0)
theoretically “ideal”

. elgiesr i‘ﬁg;“ﬂiglv\éiatgégggee net flavour b g 2b definition; but not robust

(ertecc)onstruction, mistag, wrt B-Bbar oscillations
flavour theoretically OK; robust

modulo 2 b 8 & wrt B-Bbar oscillations

From Gavin Salam'’s talk at Durham workshop
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Issue n.2: NNLO

Gauld et al. (2023)

e Things are more complicated at NNLO, because soft large-
angle g— bb splittings can alter the flavour of the jet

e This leads to an IRC divergence for massless quarks
e Counting the net flavour is not enough and there is no way

of fixing this with a flavour-agnostic jet algorithm. We need
to reconsider the algorithm itself.

12



The first solution: flavour-kt

Introduce a flavour-sensitive metric that reflects the absence of soft quark singularities

/

2 . .
dBSZ (Am] L Ag2 ) max (/{:tl, ktj) , if the softer ofi, jis flavored,

~N

min (k7 kfj) , if the softer of, jis flavorless.

J

-
IR L S B LA

e Flavour-ktis IRC safe, because it recombines together the = fovorkr.R=05.0=2 = Unfoled €M dus_3
problematic NNLO soft pair I === M FONLL of 3
3 — % __m —— FONLL o} 3
« However, it is far from straightforward to implement in g B TS IE
experimental analysis, because it is not anti-kt so the jets < I . S
have = ﬁﬁiﬁ—f
a different kinematics and it requires a knowledge of the B, L L L L ]
flavour at each step of the clustering procedure g 1 2[R AARARAAS o T A=
_ _ ¢ ME] L e |3
« NNLO calculations have been performed with flavour-kt have S 09F-| [ I 5% =
been done in the past years, but they required an extra j O-Sﬁ::::::|:::::::::|:::::::::|:::::::::|:::::::—=
unfolding procedure to connect theory and experiment " — Lot | ' ' 3
Z B —
% 09, 000y T Livivanis Doveiinens Lovuss _:

S 05 1 L5 2
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https://arxiv.org/pdf/hep-ph/0601139.pdf
https://inspirehep.net/files/b0b271cbde406ab1ba83f0217c0554d6
https://inspirehep.net/files/18e53af1b077e13ec33be732c0a1225a

ll. Jet Flavour Algorithms

14



The “jet flavour gate”

® Groom jets with SD after JADE ® Define a flavor algorithm ® Construct a flavor dressing and ® Introduce a neutralization
reclustering __.......... i that resembles anti-kr associate the flavour to a given jet distance
LIIC 13 TeV PDF: NNPDF3L Durham (ky) jets et e - jets
'_?Z‘“' Scale: pr = pp = mr(Z) 12 T ! ! T T T ! !
= Order:| NLO+PS 15 | naive )
S E dress [a=2]
= > 8r dress [a=1] .
o 104 2
£ S I
ﬁ«; _gg ir 7
. 1.05 4 f‘\E 2 - -
L& i i i i i | . éﬁ Y L
1 % 0.;}“_ * t t t ' I A coeff of (as/2n)? 7 ‘% rég
= 0554 ) 1 1 I 1 1 1 1 I
e ‘ | | 28 -18 -16 -14 -12 -18 -8 -6 -4 -2 12 3
0.0 0.5 Lo L5 20 25 log(ys3)
|Tf(bl)‘

. o o Caola, Grabarczyk, Hutt, Salam,
Caletti, Reichelt, Larkoski, Marzani (2022) diCjMP—dijx{Sij’ if both ¢and j have non-ero flavor of opposite sign (5,14 Hyss, Stagnitto (2022) Scyboz, Thaler (2023)

1, otherwise

Czakon, Mitov, Poncelet (2022)

Applied to W+c-jet production

Applied to W+c-jet and Wbb production

® All of them implemented as a contrib in Fastjet and
soon available (goal of the LH23 workshop) 15


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

Soft Drop Flavour (SDF)

[SC, Larkoski, Marzani, Reichelt (2205.01117) and (2205.01109)]

this system has the
smallest invariant mass
and passes SD

soft quark can
alter the flavour

@ 350 =T T T 1 I R I N T T 1 T T T

= 300 1) =

~ | 1 _

' . ' Qb 250 E_:I-;]—"-r"-—"_-""'l. _____ . _E

1. gllug,ﬁietl;wjrits with any IRC safe clustering = o = color singlet g7 production v e E
g — groomed Durham jets (§ = 2) "'-._ =

_ 2 . R [N —

2. Recluster the jet with JADE 150 £ O(ag) contribution e =
o0 B gluon-gluon I E

3. At each stage require that particles i and j - — gluon-quark ’ ]
pass the SD condition for B>0. 50 |— multiple flavours —

- === (C/A recluster) ]

4. Return the net flavor of the groomed jet as OF =
the flavor of the initial jet -50 ; é
-25 -20 -15 -10 -5 0

5
<
W

—
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Flavour anti-kt (CMP)

[Czakon, Mitov, Poncelet (2205.11879)]

standard anti-k; measure

7\
7 N

2 : . . o
N EAY . o oy ) Sij, if both ¢ and j have non-zero flavor of opposite sign
di;~ = <i) min(kz;, kT,j) ’

1, otherwise
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Flavour dressing (GHS)

[Gauld, Huss, Stagnitto (2208.11138)]

« Input flavour-agnostic jets (e.g. anti-kt) and fl,avour information (e.g. b or ¢ quarks, stable heavy flavour hadrons, etc)

« Preliminary step: build flavour clusters recombining flavour inputs with radiation close in angle, but without touching
the soft particles (thanks to the Soft Drop condition)

« Dressing step: in order to assign flavour to jets, run a sequential recombination algorithm with flavour-kt like
distances between jets and flavour clusters.

Durham (kr) jets e’ &7 = jets Durham (R7) jets e* e” — jets
2808 T T T T T ; T T 12 T T T T T T T T

18 k naive i

1588 ;i .

28 b o]
/

1808 -

508 |- | , J

g p-r-mmemmmmmmTT

(1 /UBorn) dcbad/dlog(VE)
I
1

(1/0Born) dopag/dlog(ys)

-500 | naive -
coeff of (as/2m)® e dress " coeff of (as/2n)2

-1808 | 1 | 1 | 1 1 1 = 1 1 1 1 | 1 1 1
-28 -18 -16 -14 -12 -18 -8 -6 -4 -2 -20 -18 -16 -14 -12 -18 -8 -6 -4 -2

log(ys) log(ys) 18




Interleaved Flavour Neutralization (IFN)

[Caola, Grabarczyk, Hutt, Salam, Scyboz, Thaler (2306.07314)]

dmin dmin dmin cluster
] 1 T
q q q q
neutralise
1
q q  — q q _ —_
1 2 3 1 2 3 ‘1 2' 3 \1 243
(a) (b) (c) (d)
Consider a soft g pair We have that AR < R Before the 2+3 clustering, Now 2 is clustered with 3
(particles 1 and 2) and a the flavor of 1 is used to into a 2+3 object with the
hard g (particle 3) with while ARy, > R neutralized the flavor of 2. flavor of 3.

pr1 ~ pr2 K P13

Ui = max(p7 ;, PT. ;) min(p%r,_ia,p%,_ja) X szj

The neutralization metric is given by 1
Q?j =2 E(COSh(uJAyij) — 1) — (COS Agbw — 1)

19



Systematic IRC safety tests

FSR-DS = double-soft
ISR-DS
Numerical framework developed by the IFN group has o .
allowed to discover potentially problematic FC = FS hard-collinear
configurations at higher orders IC = IS hard-collinear
possibly nested
| CMP | GHS | FN1 | FN?2 | anti-k;
FSR-DS
ISR-DS
a? | FCIC
FC FC
IC IC

From Ludovic Scyboz slides at Moriond QCD 2023

20



Pros and cons of massive calculations

In principle, massive calculations do not require an IRC safe flavour

algorithm (screening effect due to mq).
However, presence of large logarithms log(Qz/ mg), spoiling the

convergence of the perturbative series (o, log(m%/ mf) ~ 1).

Benefits of massless calculations with IRC safe jet tagging:
- in the initial-state, a massless calculation allows for a resummation

of log(Qz/mg) by PDF evolution (crucial in some cases e.g. when

probing non-perturbative charm PDF)
- in the final-state, an IRC safe prescription implies a suppressed

sensitivity on log(Qz/ mg), both in fixed order and resummed

calculations / parton showers.

21



lll. Comparison between the algorithms

Disclaimer: all results presented here are preliminary
Particular credits to all the member of the LH23 working
group for this plots
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Les Houches2023

P e 1 L
L ik v ."f"';.!‘- i T

(Thank you Giovanni for the collage)

A lot of discussions (and headaches)
around flavoured jets...

23



Les Houches2023

PART 1

Les Houches, there's a place you can go

I said. Les Houches, when you're short on ideas
You can stay there, and I'm sure you will find
Many ways to have a good time!

PART 2

Les Houches, where we all can discuss

I said, Les Houches, in the beautiful Alps
You can stay there, and then try to combine
truth and reco, then go drink wine!

CHORUS A

We want jet's flavour to be I. R. C. Safe
We want jet's flavour to be I, R. C. Safe
Cannot just count the b's, of an anti-kt
because even a soft gluon splits

PART 1

Les Houches, there's a place you can go

I said, Les Houches, when you're short on ideas
You can stay there, and I'm sure you will find
Many ways to have a good time!

PART 2

Les Houches, where we all can discuss

I said, Les Houches, in the beautiful Alps
You can stay there, and then try to combine
truth and reco, then go drink wine!

CHORUS B

We should reduce the ne-ga-tive weights . _and even the LH2023 Song

and compute processes at N3LO

i Shen wake the hest ot stats T || “.R.C. safe” (to the tune of YMCA)
was dedicated to flavoured jets

CHORUS A x2

We want jet's flavour to be I. R. C. Safe
We want jet's flavour to be I, R. C. 5afe
Cannot just count the b's, of an anti-kt
because even a soft gluon splits

(Thank you Giovanni for the collage)



Les Houches2023

A common framework with FastJet implementation of the four algorithms was required

jetflav

Popular repositories

Implementation of interleaved flavour neutralisation

A FastJet contrib is in preparation

25



LHCDb fiducial cuts

[ATLAS 2024 (2109.08084)]

—

Z bosons  pr(p) > 20GeV, 2.0 < n(p) < 4.5, 60 < m(pTp™) < 120 GeV

Jets 20 < pr(7) < 100 GeV, 2.2 < n(j) < 4.2 Replace by the respective
Charm jets —hrare AR v i : flavour algorithms
Events AR(p,5) = 0.5
Flavoured Jet algorithms Anti-kT for comparison:

SDF (beta=1, zcut =0.1)

GHS (omega = 2, alpha =1, ptcut =15 GeV)
IFN (alpha =2, omega =3 —alpha)

CMP (a=0.17)

All with |#b/B| mod 2 ==1 flavour tag

* ATLAS style truth-level ghost-tagging » CONE
* Anti-kT CMS truth level tag » TAG
* Anti-kT odd #B-hadron tag > AKT

26



Z+b-jet @ NNLO (central rapidity)

Plots from René Poncelet
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« New algorithms agree at the percent

level for most distributions
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» More b-tags reduce the differences,
this because there is less freedom
for the algorithms

Preliminary
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Z+b-jet @ NLO+PS parton level (central rapidity)

Plots from René Poncelet and Daniel Reichelt

—
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= HY angular bias
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LO F1 GHS
NLO FJ GHS
NNLO FJ GHS

Sherpa dipole (fixed)

HY angular bias
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LHC 13 TeV
‘AlgAnalysis, PS level: PARTON

Preliminary

1200

o

We find consistent results at
parton level for all the
algorithms, even at high b-jet pt
(where more bb pairs are
emitted)

We observe a good perturbative
convergence

FO and PS provides a consistent
pictures

Note: H7 AO and SHERPA keep
massive b-quarks in the
shower, while H7 dipole is with
massless b-quarks.
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Z+b-jet @ NLO+PS hadron level (central rapidity)

Plots from René Poncelet and Daniel Reichelt
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Charm VS Beauty

Plots from René Poncelet and Daniel Reichelt
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Comparison to experimental strategies

Plots from René Poncelet and Daniel Reichelt

e Thisis NLO+PS with just anti-kt jets and different strategies to assign flavour label

LHC 13 Te¥
FlavAlgAnalysis, SHERPA
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anti-k: with net flavour
(OK at NLO but not at NNLO
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R

cone with any flavour S

Preliminary
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— k! TAG PARTON

[
(5=
i
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.
.

Rivet b-tagging with any flavour
(proxy to CMS)

e o]
|

ratio to first algorithm

1NV

T T T T T T
M) 100 150 200 250 i

pr(bi) [GeV]

e Large differences between current experimental strategies, likely due to net-flavour
VS any-flavour



Performance studies of FastJet implementation

From Giovanni Stagnitto’s talk in Durham. Plots performed by Ludovic Scyboz.

100

107t 4

103 4

10 4

Clustering time of Z+jet Pythia8 events

ms/event
— AT — CMF 4
— IFNal GHS = <t>=0.0234
- |[FNa2 — SDF
= 1.?!._5
/J\ 0=032 | = 00229
=142
o=0230
/J\ <t= = 0.0263
u=169
=044
f\ <t> = 0.0436
' <t> = 0.0724
148.309 Z+jets (without UE) .'“ — =7
13.6TeV. R=0.4 a =026
§ | il <t> = 0.0467
|
o 1 2 3 4 5 o 2 4 6
logplth [us)

100 4

10°1 4

With

—_— AT — CMP
— |FMal GHS

—=—— [FNa2 —_— SDF

log ol [us]

e GHS and CMP are slower with higher multiplicities, some optimization are currently ongoing

e |FN has already been optimized, while SDF is basically using the SD algorithm already implemented in FastJet
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Performance studies of FastJet implementation

From Giovanni Stagnitto’s talk in Durham. Plots performed by Ludovic Scyboz.

Clustering time of Z+jet Pythia8 events

— AKT — CMP — AKT — CMP
o s — IFNal GHS . . = IFNal —— GHs
PhYSIC&l — IFN82 = SDF Ll Unphysmal: — IFNa2 — SDF
rate of ¢ — bb / ~50% of g into bb
1“3 ol 10‘ E
_ /1/ T
1{:2 . /
/ / =
10! Pythia8.309 Z+jets (with UE) PythiaB.309 Z+jets (with UE)
13.6 TeV, A=0.4 . 13.6 TeV, R=0.4
filter b Lo random flavs filter b
0 20 40 60 80 100 : ; | :

120 /1 40 0 50 100 150 0 10 20 30 40 50 E'[y 0 25 50
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Current implementations of
GHS/CMP scale like N2

Also IFN scaling is worsening
with many flavoured particles



Conclusion: does all of this matter?

[ATLAS 2024 (2109.08084)]
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» At large pt non-perturbative

corrections are small and
comparison to fixed-order
makes sense.

« However, unfolding to IRC safe

algorithms can be sizable
(sometimes bigger than the
NNLO correction)

« Most of the effect is likely due to

any-flavour vs net-flavour

We must do better if we want to do
NNLO phenomenology!
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Thank you for your attention!
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