Jet fragmentation and
substructure at the LHC

Andy Buckley, University of Glasgow
for the ATLAS & CMS collaborations

PANIC 2021, 8 September 2021

M Universit
ATLAS of Glasgovz

nnnnnnnnnnnnnn



Jet fragmentation

In leading-order QCD, well-separated
jets and partons are exactly equivalent

Broken by evolution from fixed-order to “real”
jets, including both perturbative QCD radiation
and non-perturbative hadronisation

Collectively this process can be considered
as the fragmentation of a parton into
the multi-hadron spray of a particle-level jet

Measuring jet fragmentation = understanding
the emergence of jet structure from a mixture
of parton flavours and configurations



Light-jet fragmentation



Earlier jet fragmentation measurements

Previous LHC measurements of jet fragmentation:

Eur. Phys. J. C 76 (2016) 322 — Measurement of the charged-particle multiplicity
inside jets from Vs = 8 TeV pp collisions with the ATLAS detector

Phys. Rev. D 93 (2016) 052003 — Measurement of jet charge in dijet events from
Vs=8 TeV pp collisions with the ATLAS detector,

Eur. Phys. J. C 71 (2011) 1795 — Measurement of the jet fragmentation function
and transverse profile in proton-proton collisions at a center-of-mass energy of
7 TeV with the ATLAS detector,

Phys.Rev.D 83 (2011) 052003 — Study of jet shapes in inclusive jet production at
7 TeV with the ATLAS detector,



ATLAS jet fragmentation at 13 TeV — arXiv:1906.09254
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Unfolded average observables
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Average observables vs p_.

generally well-described by

main shower MC codes

(Pythia8.1xx, Herwig++ and Sherpa 2.1)

Hints of deviation from Sherpa,
particularly in radial profiles —
standard component of MC via 7 TeV

jet shapes ... for jet p. < 500 GeV!

Need to check vs Sherpa 2.2.x
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Unfolded observable moments & welghted sums
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And more!

Differential distributions of every core variable in bins of jet p_

A treasure-trove of data for jet modelling & resummation studies! Rivet soon
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CMS quark & gluon jet substructure

CMS-PAS-SMP-20-010

36 fb', 13 TeV pp dataset, using akT4 & 8 jets
with p- > 30 GeV, |y| < 1.7 (cf. tracker acceptance)

Dual event selection: dijets and Z+jets
(two OS muons, p. > 26 GeV, |mleJ -m,| <20 GeV)

JJ and ZJ asymmetry and separation required

Compare to LO event simulations with MG5+Py8 (+ <
4 partons) and H++. Higher multiplicity MG5+Py8
unsurprisingly describes p_. spectra better = used as
nominal MC

5 x generalised angularity observables cf. diagram:
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https://cds.cern.ch/record/2759616

CMS quark & gluon jet substructure

CMS-PAS-SMP-20-010

Observables
distinguished by:

event-selection

central/forward
dijet-event jet

p;-bin, and

reco method:
particle-flow,
charged-only, and
groomed
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CMS quark & gluon jet substructure

CMS-PAS-SMP-20-010
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Selections identified with
q/g enhancement:

e “gluon” = central jet in
dijet events
e ‘“quark” = Z+tjet at low-p..

(regions 1,3-5), and
forward jet of dijet system
at high p_.

Mean rates: MCs follow
data trends, some large

spreads. g worse? = tuning



b-jet fragmentation



b-jet fragmentation

Heavy quark/jet production crucial both for
QCD and EW/BSM physics

EW/BSM: b-jet signatures ubiquitous in many
BSM models, top-quarks, and SM & BSM
H—bb channels

QCD: sensitivities to, for example...

- hard-scatter formalism between PDF / ME

- PS scale choices and mass effect on
radiation pattern

- b-hadron production fractions

—3 tracks

------ b hadron

------ impact

parameter

light jet

do_

b jet

secondary
vertex

Se_- primary vertex

Aightjet
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Earlier b-tagged jet fragmentation measurements

Previous measurements of b-jet fragmentation:
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ATLAS-CONF-2020-050

ATLAS b-fragmentation in ft

b-jet fragmentation moments, via secondary vertices and track-jets
13 TeV analysis, partial Run 2 dataset of 36/fb

- R =0.4 calo jets with standard ATLAS b-tagging (70% eff)

- Event selection: =2 OS e+, = 2 jets, ARJ.J. > (0.5; tag & probe, both ways
- Variable-radius track jets ghost-associated to calo jets

- Track-jet PV and SV tracks: SV/(PV+SV) ~ b-hadron/b-quark

pch
Tb &g sE T T T T T T T 900 =77 T ] I A B B
ZCh — 4 “F% 01 ATLAS Preliminary —+— Data EI 9= —+— Data 3 E 3510 L ATLAS Preliminary —+— Data
T.b ch 8010° £ /5= 13TeV, 36 fo ! —— Total prediction 1 8% e . —— Total prediction E §§ o b VE=13TeV, 3810 —— Total prediction
? pT 4 7010° - with uncertainty | 700 with uncer tainty | with uncertainty E
E ® . ----- Fiducial ebb E 600 ——= Non-tf background | 0t i =
’J et 80-10° £ b . —— - Non-tf background 3 E E
»ch =ch 0-10° |- E =00 ATLAS Preliminary E ot E
C C E 400 = 4 3
p . p 0-10° == - E V5=13TeV, 361t E| o E
Ch b Jet 0.10° |- = 300 — 3 E
— E = E o E
ZL b — 010° = — 200 = = E
= T | =
jet 0 =d- ; g Ea~dopo=g=g e e e L o 0
o 14 I I o 145 | I o 14
h 2 i 2l =
2pc g g ,ctectecieie,.,, s g 5] . g 5
T,b 2 o9 E N R 209 209
— 038 o 08 S 058
— w 0.7 T 0.7 T 0.7
e ¢ 06 | ‘ €06 | ‘ ‘ c 08E
+ 02 o2 . R R R ] T I
pT T 0 5 10 15 20 50 100 150 200 250 0 1 2 3 4 5 [
probe jet gl probe jet pr [GeV] probe jet SV charged mass [GeV] 1 5


https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-050/

ATLAS b-fragmentation in tt
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ATLAS-CONF-2020-050

ATLAS b-fragmentation in ft
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Ratio to data

Ratio to data

ATLAS b-fragmentation in ft

Sensitivities to Sherpa tunes, Pw+Hw versions, Pw+Py8 rytunes, ag variations:
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arXiv:2108.11650

ATLAS b-fragmentation with mesons

Explicit reconstruction of
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ATLAS b-fragmentation with mesons

Systematic uncertainty [%]
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ATLAS b-fragmentation with mesons

Longitudinal and transverse frag functions in jet-p_ bins
= Herwig7 showers and Sherpa cluster hadronisation show deviations wrt data
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ATLAS b-fragmentation with mesons

arXiv:2108.11650

Average values of frag functions vs jet p. = flags O(10%) mismodelling
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CMS b-jet fragmentation from tt decays

CMS-PAS-TOP-18-012

CMS’ version is more directly tied to
the Lund-Bowler fragmentation function
ansatz and fitting of its r, parameter

Explicit reconstruction of J/ and D’
mesons (the latter with and without a
muon-tagged decay)

Use mesons as final-state proxies for
the decayed b-hadron. Distributions of
momentum fractions used to fit r,
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CMS b-jet fragmentation from tt decays

CMS-PAS-TOP-18-012

CMS Preliminary 35.9 fb” (13 TeV) CMS Preliminary 35.9 fb™ (13 TeV)

1/N dN/dx,

Set of three proxy fragmentation fractions
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Phys. Rev. D 99 (2019) 052004,

ATLAS g—bb at small opening angles arXiv:1812.00283

Plot page
Focus on final-state g—bb splitting kinematics in boosted region

p; > 450 GeV R=1 akT jets, 33/fb of 13 TeV pp data

) b

\
g b Observables: 2

To,

[ p vieev b

; - my,/ p N\ //

b oo/ Pr i A i AR(b,b)

- 2py) N IO

q q - AR ‘\ ¥
- Polarisation b
Side :

Require two b-tagged, ghost-assoc VR angle AB = view b p
track-jets as b proxies, 60% working point g e

025 < AR(bb) < 0.3

Events

Flavour fit, via signed-impact-parameter
distributions for subleading track, per
observable bin, e.g. AR, right:

Mostly slight BB-fraction overestimates

Data/MC

oo o=
Lo © L Vo
%

I
o
n
o
o
n
o
N
o



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/STDM-2017-17/

ATLAS g—bb at small opening angles

Flavor Fraction

(1/0) dc/dlog(mbb/pT)

MC/Data

Phys. Rev. D 99 (2019) 052004,
arXiv:1812.09283,

Plot page

Flavour-fraction fits, per bin of each observable
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CMS jet substructure in tt at 13 TeV

arXiv:1808.07340 / Phys. Rev. D 98 (2018) 092014

36 fb! of 13 TeV pp dataset, with
semileptonic top-pair selection

. . ” x10° 35.9fb' (13 TeV)
Exactly 1 tight, isolated lepton; 63% b-tag 2 foms + Data
. . o 250 ui I
working point = 94%-pure tt ncusvojos | Snoet
2:_pT > 30 GeV [ Drell-Yan
akT4 jets, p. > 30 GeV, flavour groups: - —vied
1.5
. . 3gct)otal unc.
- inclusive o 74 MG shape unc.
- b-jet: via tag, incl g—bb
- g-enh: via W-mass window, 50% pure -
- g-enh: neither of the above, 58% pure o g _____to e
g 0'-505.5 0 05 1 15 2 25 3 35 4 45

Particle-level flavour = ghost matching & m. 35 4
] b jet multiplicity
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CMS jet substructure in tt at 13 TeV

arXiv:1808.07340 / Phys. Rev. D 98 (2018) 092014

Lots of substructure observables: §  Lows smuam v S ows smion_ ou
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CMS jet substructure in tt at 13 TeV

arXiv:1808.07340 / Phys. Rev. D 98 (2018) 092014

Exceptional resource for model development & validation!
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CMS jet substructure in tt at 13 TeV

arXiv:1808.07340 / Phys. Rev. D 98 (2018) 092014
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Other jet structure measurements | —————— :

E'go’ 250 E_\‘/AEE‘QTSE\, 36.1fb~" . gtaatteilstical Unc. B
o E Total Unc. ]
TOp'decay 150 i_ == i gg\évgig+Herwig7 _:
o E
Eur. Phys. J. C 78 (2018) 847 — ATLAS 13 TeV :
5 50 —— =
measurement of colour flow between W — qq’ jets 3 . E
in ft with jet-pull observables 5y 105 e i
B2 0.05 - _o% .
0.9 G
Boosted large-R jets T arged parte B (M) |

JHEP 08 (2019) 033 — ATLAS 13 TeV measurements of jet substructure in top-quark,
W-boson, and light jets

JHEP 11 (2018) 113 — CMS 13 TeV jet mass distributions in dijet events,
Phys. Rev. D 86 (2012) 072006 — ATLAS 7 TeV properties of boosted jets
JHEP 1205 (2012) 128 — ATLAS 7 TeV jet mass and substructure
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Conclusions

e Measurements sensitive to jet fragmentation have grown far beyond
direct measurements cf. LEP

o A multitude of angularities, correlation functions, substructure observables from both
ATLAS and CMS

o Use of track-based & all-particle reconstructions, and dig into jet-flavour dependence
o Ghost-association of track-jets or reconstructed hadrons, esp. for b-quark studies

o Grooming algorithms reduce pile-up dependence, provide another facet

o Also large-R jets and boosted phase-space

e Ways to improve syst precision? Most analyses only 36/fb so far!!

e Dawn of Run 3 a good time to revisit 7 TeV MC tunes & studies
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ATLAS g—Dbb fragmentation — arXiv:1812.09283
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Observables

Fragmentation function D defined vs ¢ = p_ fraction
of hadron h wrt its containing jet p., from parton p
= DGLAP pQCD evolution; mirror image of PDFs

0 B ldé/’a's(ﬂ)PpU—p(édaﬂ) s
u@DP(K,u)—;/{ a - Dp'(p“)

This paper uses charged hadrons, but full (calo) jet

= (n_ >and differential 1N, deet/d(nch> <nch><ﬁ:‘):;fp(zf$‘) > / b

fo chazged threshold/p’"
+ summed fragmentation function:
differential in p fraction { and jet p; = extract  rp =Y £ Y Dier
partial fractions, moments & weighted sums d bl

+ Relative transverse momentum prel = pehareed particle iy A gy

Radial profile (non-p -weighted) pen(r, P) = (1/Nieo)dnen [27rdr
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Detector correction & uncertainties

Unfolding from detector obs to fiducial phase space:
particle-level tracks & jets from particles with
cT, > 10 mm; muons and neutrinos excluded from jets
5 . 600 Arine S 5 Unfolding by 2D iterative
3 % i Te o+s Bayes method (1 iter)
p E = measuremen § . ) )
& s sandwiched by explicit
o § 400F ; - . : :
g3 g T in/out migration corrs.
£ 300[ oisymweas ot <y %’
% 5 Lot T 10_2‘§
o> & 2 — . . .
2% 7 % g2  Main uncertainties:
S & 7 : = ] .
51005—/;225" *  tracking, jet scale,
%00 400 eoo 107 binning & :
More Central Jet ~ More Forward Jet .
Particle-level Bin Number dependlng on observable

(nch> uncertainty [%]

(&) uncertainty [%)]

o

=5 —Tracking —Binning | Data Stats. ]

o
T
>
=
D
1]
|

| fs=13TeV,33f0"
All selected jets

Total —Frag.  --Unfolding —Jet [ T

Jet P, [GeV]

= PR N L PRV S R 0 W W VI DA TRRT WY L
500 1000 1500 2000 2500

rTrr T T T T T T T T T
L ATLAS
s =13 TeV, 33 fb"

More forward jet

Total —Frag. -+ Unfolding —JetpT n
[ —Tracking —Binning | Data Stats.

Jet P, [GeV]

|
500 1000 1500 2000 2500

38



Detector-level variables

Raw distributions of n . track
momentum fraction, track Ps er
and track radial profile

Fora 1 TeV jet, most probable
n. is ~15, and most probable
momentum fraction ~1%

Track p; ., and r (radial profile)
distributions peak at zero since
radiation dominantly collinear
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Unfolded partial sums: n_ fraction in bins of {
o FQdL] [ FQdL = nen( < X)/nen
Fractions of charged particles with £ < 10%, 1%, and 0.1% vs jet p_

Fraction of small-fraction particles increases with jet p_, cf. hadronisation scale
Small mismodelling of 10% by Herwig; with Sherpa & Py8 in less inclusive bins
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Quark/gluon jet discrimination

An important application of jet structure
data is development of methods to extract
information about quark/gluon jet origins

|deally in a well-defined, QCD-aware way!

e Central/forward jet: roughly, central and low-p_.
jets are more likely to be gluon-initiated

e = Extract g/g components with an
MC-template procedure

e New: model-independent g/g extraction by
data-driven “topic” modelling
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Mean observables with central/forward-jet split

Aim of central/forward jet distinction | =

is to bias quark or gluon jet origin s
Biases allow extraction of separate 155
g/g-like fragmentation functions by 10f
comparison of forward and central

jet ones o
Note Pythia mismodelling of split i
n_, distributions, unlike inclusive. |
Most c/f-split mean observables "1
are well-described oL
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Model-dependent quark/gluon jet characterisation
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Model-independent quark/gluon jet characterisation

Novel approach is to use “topic
modeling” extraction.
The categories are defined by data
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Interesting new approach. Limitation: alignment of topics to g and g template ideas

relies on the existence of bins dominated by g or g: applies to n_, distribution only
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Comparing quark/gluon jet characterisations
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ATLAS-CONF-2020-050

ATLAS b-fragmentation
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ATLAS-CONF-2020-050

ATLAS b-fragmentation
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CMS Z+BB cross sections at 7 TeV

Measure the production of a Z boson in association

with B hadrons as a function of angular correlation
especially the B-hadron pair production at small
angular separation where there are significant

theoretical uncertainties in the description of

collinear production

o ARBB direct test of the model
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CMS Z+BB cross sections at 7 TeV
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e ALPGEN well describes data in collinear regions (AR < 0.7) while

MADGRAPH and amc@NLO are lower than data

e Atlarge ARy, all predictions agree with data



CMS Z+BB Cross sectlons at 7 TeV
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e Data are consistent with predictions in minAR___ except for region above 2
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CMS angular correlations between BB at 7 TeV

BB production at 7 TeV
B hadrons are identified
using reconstructed
secondary vertex —
probe small separation
angle

Simulation is normalized
to regions > 2.4

ratio to PYTHIA
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e None of the predictions describe the data very well
e amc@NLO mismodels at small angle where gluon splitting is significant
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CMS jet mass in dijet events at 13 TeV

arXiv:1807.05974

Uses 33 fb™! dataset of 13 TeV pp collisi

Normalized yield (1/GeV)
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CMS jet mass in dijet events at 13 TeV

arXiv:1807.05974

Uses 33 fb™! dataset of 13 TeV pp collisi
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