Experimental aspects of jet

flavour definition
LHC EW WG General Meeting — 10t July 2024

Federico Sforza (University and INFN Genoa)

INFN @ @

ATLAS Universita

EEEEEEEEEE di Genova



The importance of Beauty anche Charm (quarks)

Heavy-flavour (HF) quarks, b & c, are important for exploring fundamental physics: /;/W
= A window on the Higgs properties: ng.gs o
e Dominating H —bb decay, allow high stat. test of rare production modes BR:
e Test of Yukawa coupling to Znd generation using H —c¢ decay

= Grucial for top-quark identification and present in many BSM models

= Frobe qf complex aco p I‘UG.BSSBS-' o E.g. L0 for Z+bin QCD Flavour Schemes (FS ):
e How toinclude HF-quark mass in pQCD predictions?

e Reliability of state-of-the-art MC+PS generators at LHC? ﬁsﬁl: ?;p“ﬁmg & .
e Jest the HF content and models of proton PDFs? :
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How LHC experiments deal with high-p. HF-jet identification

HF-jet identification, i.e. tagging, relies on detectable HF-hadron characteristics inside reco-jets:

3 tracks b jet

— Long lifetime, O(10 % s), and complex decay chains
give secondary/tertiary decays displaced from primary vertex
— |nv. mass of B- & D-meson using charged particle tracks

—s Charged hadron trajectories with impact parameter> 0

secondary
vertex

light Jet primary vertex

— Information recorded by state-of-the-art tracking detectors ‘ "7\
extremely close to beamlme (E.g. ATLAS IBL or LHCb VeLo)

TR\

lohtjet

e P~ — (ften advanced machine-learning (ML) algorithms used to condense
= tracking & jet info for optimal separation b- vs c- vs light-jets

e (“Reco tag” added on top of reconstructed & calibrated anti-k. jet
"MC truth tag” added if 21 HF-hadron lies within anti-k  jet
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https://arxiv.org/abs/1803.00844

How does it look a high-p. b-jet from the Higgs boson?

3 CMS Experiment at LHC, CERN
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- 4 pile-up vertices from

— multiple pp collisions

— muon Reconstructed tracks in H—bb decay
= AKS ict pr = 20.1 GeV ; .

: By 2009/ GEV 7o candidate in boosted event

== /" CMS, 13 TeV pp collision data, 2016
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http://cds.cern.ch/record/2281816?ln=en

Flavour is now also part of QGD pheno NNLO revolution!
Beautiful NNLO predictions that started to became ava//ab/e since 2020/

—_ NNLOJET pp—> Z+b-jet Vs =8 TeV
8 % ilem o I IIIIIIIIIIIIIIIIII I T D LH( 7 T \’
S S 107 = flavour-ky, R =0.5, 00 =2 4~ Unfolded CMS data S pp —HW* et
— = = = ronLL o2 ~ :
=] & = e ’ = =
an-2 =
S 210 et — FONLL o} = =
iy g = i
D < oy =) &
= o T : :
— 10° Fige = ¢ 5
[de) = = —] ~— NNLO PDF unc. :
pay =y — T T ATLAS (antikr)
o - _ =
2 [+h-jets 5 S
= =
o s —
o < =)
N 2 <
= g =
> 5 =
f— ~ — o
[9e] S =)
- - Zb
= & <%
—-— n -
;) Q @©
= z =
= =] L
(dla) g S
& [

100 200 300

Py y [GeV] (7

= drastic reduction of scale uncertainties to ~% level going from NLO to NNLO !

NB: but misleading comparison against data, which is unfolded using anti-k jets while predictions need
IRC-safe flavour assignation... here using flavour-k. jet algorithm [arXiv:hep-ph/0601139] (2006)



https://arxiv.org/abs/hep-ph/0601139
https://arxiv.org/abs/2005.03016
https://arxiv.org/abs/2011.01011

The (many) IRC safe (possible) solutions to jet flavour labelling

Four IRC Safe algorithms (tincluding post-IRC safety test adaptations)

An algorithm is IRC safe if able to correctly
label jet flavour in these and similar cases

Genuine b-jet

Most of jet’s ptis in
the b-quark
(large pt,bl pl,je()

b and b-bar tend to
be well separated
(large AR) b

Fake b-jet

Little of jet's pt is in
the b-quark
(small p(_b/ p'_m)

b and b-bar tend to l‘ /
be separated by
AR~1

FlaV'kt
hep-ph/06011397

modified k-like
distance when
quark is softer

Flavoured jets have
different effective
radius & kinematics

replaces k; alg

Banfi, GPS, Zanderighi

CMP
2205.11879°

modified anti-k; like
distance for low-p,
quark pairs

Jets with flavour #
anti-k; also have #
kinematics

replaces
anti-k; alg

K Czakon, Mitov, Poncelet

Flav-Dressing
2208.11 138TG HS

after-burner on jets
above p; threshold

Identical kinematics
to reference alg.

works with anti-kg,
C/A & k¢

Gauld, Huss, Stagnitto

IFN \

2306.07314

separates flavour-
recomb. from
kinematic recomb.

Identical kinematics
to reference alg.

works with anti-k,
C/A (incl.
substructure)

Caola, Grabarczyk, Hutt,
GPS, Scyboz, Thaler /

Flavour-k; algorithm cannot be used for experimental jet definition = push from pheno community for a
(maybe too wide) set of IRC-safe & (possibly) experimentally suitable jet flavour labelling algorithms!

Issues: each jet algo has 1-3 free settings, may need anti-k . jet changes, may need extensive truth-info, etc..
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A workshop to use and discuss new flavoured jets algorithms

Feasibility studies, algorithm comparisons, and best practices need to be developed in order to
bridge experimental and theoretical communities = Workshop@IPPP organized last month!

Flavoured Jets at the LHC ,
Jun 11, 2024, S:.00 AM - Jun 12, 2024, 6:00 PM turope/London httDS//ConferenceIDDDduraCUk/event/]SO]/

Q PH8 (Physics)
Joey Huston (Mick ), Michael Spannowsky (IPPF Durham University)
= Simone Marzani ( INFN Sezione di Genova)

Description Heavy-flavour jets play a central role in LHC phenomenology, ranging from Higgs boson physics, searches for new particles, as
well as measurements of Standard Model properties.

Rapid progress on the experimental side has been matched by novel high-precision theoretical calculations, which include
NNLO corrections in QCD. In order to exploit this progress, new jet algorithms that allow for jet flavour labelling in an infra-

red and collinear (IRC) safe way have been proposed.

This workshop aims to bring together theorists and experimentalists working on this topic to assess the experimental feasibility
of these new jet algorithms quantitatively.

Summarizing later a few findings of the many, still in progress, ~ Durham
studies done by colleagues for the workshop:

= Test of jet flavour labelling effects in various contexts
NB: results mostly taken from authors, no big work from my side



https://conference.ippp.dur.ac.uk/event/1301/

Analysis of jet-flav algorithms in practical terms Studies by
R. Grabarczyk: talk

How to test the effect of new IRC safe flavour-labels in experiments?

Compare vs default jet-label used by experiments in HF-tagging ML training in MC with b-/c-jets

Default ATLAS cone-label: HF-hadrons with Do 5 GeV and AR(jet,HF-had.) < 0.3.
Label anti-k jet as b-jet if = 1if b-had. is found, label anti-k. jet as c-jet if =1 c-had. is found and no b- had

Default CMS ghost matching: HF-hadrons with p, > 5 GeV. *"—:_
Set p, to 10 GeV, count HF-content in anti-k. jet after new clustering |\ | /

Parameters choice for IRC safe algorithms in FASTIET:
* Flavour anti-k; (CMP): @ = 2,a = 0.1

* Flavour dressing (GHS): f = |, Ryt = Zeut = | Q .
o wave?t:edtcf:::“;tog ) with veto!

* Interleaved Flavour Neutralisation (IFN), w = 2, a = |
+inherited flavour problems from anti-k;...


https://conference.ippp.dur.ac.uk/event/1301/contributions/6820/attachments/5341/6932/grabarczyk.pdf

Entries

New algo/DeltaR ratio

Analysis of jet-flav algorithms in Top-quark decay

—s Jets from top decay are well separated and do not origin from gluon

— However small differences appear at medium p., for b-jets, and earlier for c-jets
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Analysis of jet-flav algorithms for high-mass Z/—bb or /’—cc

—> Similar pattern for £ —bb or ' —cc, but additional effect at low p, (stronger for c-jets)
— Reduced after veto of g—cc in c-jet (N=2 ¢-had.) = Origin from g— cc with out-of-jet emission!?

c-tagging

—e— DeltaR label

c-tagging with ATLAS double c-tag veto Difference from:
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An other side of jet-flavour comparison: LHCb exclusive states

M4 M5
M3

SSSSSS

— LHCh has special kinematic coverage: 2<n<b

—s Excellent single-hadron reconstruction and 1D

— Common LHCb analyses select QCD multi-jet
final states for exclusive HF-decay reconstruction

— Testing IRC-safe jet-flavour algorithm in c-jets with exclusive decay: DO — KE ¢+

|
|
|
|
|
g \‘,:I«“I%f:{gb,
N\ .

53
q
S N

|

|

| g, 43
: 1 gy

]

B
| e
! E

7 po .« PyBusedtogenerate LO 2—2

”‘< __ MC+PS events for di-jet and
- @

/+jets productionin2<n <5

~ @
~°, Studies presented by E. Lesser [talk]
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https://conference.ippp.dur.ac.uk/event/1301/contributions/6822/attachments/5346/6938/2024-06-11%20--%20Flavored%20jets%20on%20LHCb.pdf

An other side of jet-flavour comparison: LHCb exclusive states

- * """"" LHCb unofficial | & A Sae g T LHCb unofficial | & awky,
i /A + WTA i - o iy
EQ_ ) *PythlaRSi/lgnsasfleﬁelti %%ﬁé“ﬂ £ | sls*PythlaSMonash 2013 _'k_f;/s(a\ivz'l)'A NB: two additional
=" * _ & Cue (acon) =t +mf o ) :
= & V5=502TeV = ™ e < I_%45 - jet-flavour label
, w12 jet] < % [ .
“ER=o05fuljes  Fg— 0= algorithm shown:
Vs = 5.02 TeV fff .
. ' Z+jet (quark enhanced) ff:,;E — SD+JADE
c p Freeeeasea e et e s - _ [arXiv:2205.01117]
<< < E E
S S R
s o WEEEEE e ‘f#i:#ﬁiﬁ — G/AWTA
2 2 Ah s a3 [anXivi2205.01109]
up to ~5% difference E
. = not fully IRC-safe
[between algorithms E y
- | S :
PTjet PTjet

Striking difference depending on tested process = Consequence of quark/gluon content in MC!
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https://arxiv.org/abs/2205.01117
https://arxiv.org/abs/2205.01109

Normalized area

var. / nominal

Jet flavour test as close as possible to real measurements: Rivet

Testing jet-flav. algorithms in Z+bb "ATLAS-style” Rivet analysis on Z+jets MGaMC LO+PS:

1. Anti-k; jets with CMS-style ghost flavour labelling
2. Anti-k; jets with ATLAS-style AR flavour labelling

3. IFN algorithm 5. GHS algorithm NB: work in progress,
4. CMP algorithm 6. SDFlav algorithm by A. Rescia [talk]
ozsf- . . g o BLACK — ATLAS
02l - leadmg b-jet P, % “E M BLUE — CMS
= L I SR N bb RED — IFN
= s ™ E o P9 GREEN — CMP
o | L S o, CYAN — GHS
| o T | o L. MAGENTA — SDFlav
L — & s e 5 "k ' '
P | L g 142—_5 .
IS U NI T A I B == S
ul T LT TS B W
; ; ; : ; . M s 4 5

pT (GeV)


https://conference.ippp.dur.ac.uk/event/1301/contributions/6904/attachments/5342/7286/flavStudy.pdf

Normalized area

Jet flavour test as close as possible to real measurements: Rivet

Difference observed at the level of clustered jet kinematic:

= Reason at low p. : anti-k. jets include HF-hadron decay products (untouched by ghost/cone
labelling). IRC-safe jet-flav. labelling needs undecayed HF-hadrons

= Reason at high p, : g—bb splitting assigned as light-flavour jet
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NB: work in progress,
by A. Rescia [talk]
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https://conference.ippp.dur.ac.uk/event/1301/contributions/6904/attachments/5342/7286/flavStudy.pdf

Last example: Z+HF measurement compared to NNLO predictions

/+HF measurement [arXiv:-2403.15093 [hep-ex]] used IFN flavour-jet algorithm implemented in
FASTJet for comparison vs NNLO predictions calculated with the same IRC-safe algorithm

— Using full Run 2 data and pseudo continuous h-tagging, for kinematic-dependent background fit

— Multi-differential measurement, 3-10% precision, of: Z + 2 1 b-jet, Z + 2 2 b-jets, Z + 2 1 ¢c-jet

— Measurement shows mild gossptt , , : ATAS  Cre@iem Do

£ E ATLAS LB 3 Vs=13TeV,1401b" [DToe [ Cther backgrounds
& 03[ Ys=13Tev, 1401’

sensitivity to Intrinsic Charm (IC) oxt z:2 e =15

Z(-ll) + = 1 tagged jet

3 GaV < p, (lsading tagged Jet) < 60 GeV

0.2

— Analysis presented at the S R
Durham workshop by Y.Yu [talk] — :

NB: paper just re-submitted, _
HEPData and Rivet soon available B E—; :

3 4
b-tagging discriminant bin
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https://arxiv.org/abs/2403.15093
https://conference.ippp.dur.ac.uk/event/1301/contributions/6901/attachments/5347/6943/20240611_ATLAS_ZHF_Measurement.pdf

Effect on ATLAS measured Z+2 1 b-jet cross section

— b-jet p;: 20 GeV to ~1TeV,
compared to many predictions

—> unfolding to antik, jets

— 2 step correction of NNLO
prediction to data unfolding:
1) parton IFN—hadron [FN

2) IFN hadron — cone-hadron

— Sensitive to g—bb at high p;

— HF-decay clustering at low p;
(compared vs MC w/o HF-decay)
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Effect on ATLAS measured Z+2 1 c-jet cross section

— c-jet perange from 20 GeVto 3 pfamas T grobamaswe’ T zonzioE
~1TeV, compared to predictions & gz srem T e ‘:3: it s e
after unfolding to anti k. jets, ~ §_F==e S T

NNLO comparison after jet-flav =~ 1o e e .

IFN algorithm 2-step correction :Z "‘== o] T

— Minor effect of HF-decay :z N e
clustering at low p, (less energy in & "sE 2% H+ NN W e
HF-cascade) but visible MPleffect “ 22— g e e
— Sensitive to g—cc at high p, %o-f:_“ o s HadroneMPIGor. = = Ry
sizable effect, up to 50%! R a———te s e
— May be relevant for IC sensitivity ~— * **° w2 Leadmgc_,-etpT[ééaw T o =

P, (leading c-jet) [GeV]
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Summary and prospects

— Jet flavour physics has rich and only partially explored landscape at the LHC
— Experimental measurements and theoretical NNLO calculations are opening a new precisions
era, but matching the two is not trivial..

— The need of IRC-save jet flavour definition have lead to many
options on the market, experiments started to use them

— Discussion just started: choice of the “best” algorithm? L\
Practical issues as computing time and parameter settings? What's your favourite flavour?

—s Test show sizable effect on observables depending on topology and (as expected) on
g—(q contribution, however MC based studies needs to be compared to data: how?

18



Extra slides & Backup Material



Uncertainties on the cross section measurements

L
‘

* x2 improved precision on Z + b-jets measurements with respect to previous ATLAS results

** Dominant uncertainty contributions from

flavour-tagging, jet energy scale and resolution and unfolding

* Statistical uncertainty on data <1%
Differential distributions: total unc. <5% in Z+21 b-jet, ~¥10-15% in Z+22 b-jets and Z+21 c-jet for modest py

Source of uncertainty

Z(— €6) + = 1 b-jet

Z(— () + = 2 b-jets

Z(— t6) + = 1 c-jet

[Fe] [e]
Flavour tagging 3.6 5.7 10.3
Jet 2.4 4.3 6.5
Lepton 0.3 0.3 0.4
Emis 0.4 0.5 0.3
Z+jets background 0.6 1.5 1.6
Top background 0.1 0.3 <0.1
Other backgrounds <0.1 0.2 0.1
Pile-up 0.6 0.6 0.2
[ Unfolding 33 5.8 50
Luminosity 0.8 0.9 0.7
Total [ o] 5.6 9.4 13.2
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Inclusive cross-section results

o(Z+21 b-jet) = 10.49 + 0.02 (stat.) + 0.59 (syst.) pb
o(Z+22 b-jets) = 1.39 + 0.01 (stat.) + 0.13 (syst.) pb
o(Z+21 c-jet) = 20.89 + 0.07 (stat.) + 2.77 (syst.) pb

Z+=>1b-jet
4 Good description from 5FS
4 4FS with large underestimation

Z+=> 2 b-jet
4 4FS and 5FS agrees with data
4 much sizable MHOU for Sherpa

ATLAS
s =13 TeV, 140 fb”
Z(—ll) + = 1 b-jet
~--10492002=059pb
Data (stat.)
——%— ) Data (stat. @ syst )

A MGabC+Py8 FxFx 5FS (NLO)

I & MGAMC+PYB FxFx 5FS (NLO)
¥ Sherpa 5 (NLO) v Sherpa 5FS (NLO)
© MGaMC+9y8 Zth 4FS (NLO)
) it +Py 5FS (NLO) O MGaMC+Py8 Zob 4FS (NLO)
8 T R T 1

ATLAS
{s=13TeV, 140 b’
Z(—ll) + 2 2 b-jets
- ~1.394 20006 = 0.131 pb
Data (stat.)
B Data (stat. © syst )

o(Z + z 1 b-jet) [pdf

2 25 3
o{Z + 22 biets) [pb]

Z+=>1c-jet
4 5FSin agreement with data
4 3FS with large underestimation

ATLAS
V5=13TeV, 140 "
Z{—sll) + 21 c-jet

== 2089+007+£277pb
Data (stat.) [l Osta (stat. +5yst.)

25 MGHMC+Py8 FxFx SFS (NLO)
B Sherps 5FS (NLO)
A MGaMC Py aFS (NLO)
¥ MGG PR Zoo IS (NLO)
O NNPDF4D (pen)
1 NNPDEO (LHCHZE + EMC)
A CTI4NNLO
¢ BHPST (<x=_=0.6%)
o BHPS2 (xn_ = 2.1%)

L L

. L L L L
10 15 20 25 30 35 40 45 50
{2 + 21 cjets) [pb]
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Probing HF content of the proton
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and in particular the heavy flavor
jet algorithm.



Testing JSS with different jet flav algorithms

Lund Jet Plane

Z + bb leading Z + jj leading

Normalized area
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var. /nominal

LJP seems to be mostly independent of choice of algorithm
GHS shows trend in Z + jj
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