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energy

Jet substructure measurements =

* probe of perturbative and non-perturbative
QCD regimes (resummation methods, parton
showers, hadronization, underlying event) 10 GeV -

100 GeV =

* can be used for tagging objects, mitigating
effects of pile-up and underlying events

1GeV -

* This presentation focuses on 4 recent measurements:

hard process ' time

parton
shower

hadronisation
KnnKnmn

G. Salam’s sketch

« Measurement of the primary Lund jet plane density in proton-proton collisions at +/s = 13TeV

(CMS, JHEP 05 (2024) 116)

« Measurement of the Lund jet plane in hadronic decays of top quarks and W bosons with the ATLAS

detector (arXiv:2407.10879, submitted to EPJC)

« Measurement of jet track functions in pp collisions at +/s = 13 TeV with the ATLAS detector

(arXiv:2502.02062, submitted to Physics Letters B)

» Measurement of event shape variables using charged particles inside jets in proton-proton

collisions at+/s = 13 TeV (CMS-PAS-SMP-22-004)
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https://link.springer.com/article/10.1007/JHEP05(2024)116
http://arxiv.org/abs/arXiv:2407.10879
http://arxiv.org/abs/arXiv:2502.02062
https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-004/index.html

The Lund jet plane (LJP)

F. Dreyer, G. Salam, G. Soyez, JHEP12(2018)064

* 2D representation of the phase space of splittings (emissions)
within a jet

* Constructed by following the Cambridge—Aachen clustering tree in
reverse; at each step we can calculate kinematic variables
describing the branching:

* emission opening angle:

AR = \/(ysofter — yharder)z + (d)softer — ¢harder)2

* momentum fraction of the emitted particle:

softer

pr
arder softer
+ Pr

7 =

h
Pt
* transverse momentum of emitted particle relative to the emitter:

kt — ARP%Ofter

(in the limit p3ofter « pharder gng AR « 1)

 The primary LJP is constructed only from the emissions along the
hardest branch
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https://link.springer.com/article/10.1007/JHEP12%282018%29064

P ri m a ry LJ P d e n S ity ; QCD jets, averaged primary Lund plane

Vs =14 TeV, p; > 2 TeV
Pythia8.230(Monash13)

* Average density of emissions per jet and per .
unit area:

In(k:/GeV)

2
d Nemissions

p(kT; AR) = 0
N, kr R !
jets d ln (m) d ln (—)

AR
* At leading order and for AR < 1,

0.0 05 1.0 15 20 25 3.0 35 40 45 5.0
In(1/A)

<1, C— T —

0.0 0.2 0.4 0.6 0.8
p(A, Ke)

kt
pT,jetAR

p(kr, AR) = - Cras(KT)  whereCy = 3forg—ggorCy = 4/3 forq - qg

F. Dreyer, G. Salam, G. Soyez, JHEP12(2018)064
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https://link.springer.com/article/10.1007/JHEP12%282018%29064

Factorisation of physical effects

* Different regions of the LJP are dominated by QCD emissions of
different physical origins

* Measurements of the LJP are useful tools for providing MC generator

tunes

CMS: kr vs AR

* showerand
hadronization
regions more
clearly separated
(by cutting on k)

* more sensitive to
detector smearing
effects
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large angle In(1/AR) small angle IN(R/AR)

CMS, JHEP 05 (2024) 116 ATLAS, PRL 124, 222002 (2020)
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ATLAS: zvs AR

* more resilientto
smearing effects
(cancel in z since
it’s a ratio)


https://link.springer.com/article/10.1007/JHEP05(2024)116
https://link.springer.com/article/10.1007/JHEP05(2024)116

LJP measurements at the LHC

* Primary LJP densities:
 ATLAS in dijet events: PRL 124, 222002 (2020)
* ALICE ininclusive low-pT jets: ALICE-PUBLIC-2021-002
e CMSininclusive jets: JHEP 05(2024) 116
* ATLAS intop and W jets: arXiv:2407.10879, submitted to EPJC

 ALICE dead-cone effect observation: Nature 605 (2022) 440-446
 ATLAS Lund subjet multiplicities (PLB 859 (2024) 139090)
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https://doi.org/10.1103/PhysRevLett.124.222002
https://cds.cern.ch/record/2759456?ln=it
https://link.springer.com/article/10.1007/JHEP05(2024)116
http://arxiv.org/abs/arXiv:2407.10879
https://doi.org/10.1038/s41586-022-04572-w
https://doi.org/10.1016/j.physletb.2024.139090

JHEP 05 (2024) 116

CMS primary LJP density measurement in
Inclusive jet production

pr > 700 GeV
* charged particle tracks used for substructure
* first measurements in large-radius jets = mitigates clustering effects
* multidimensional unfolding

R =0.4 (standard for Run 2) R=0.8 (access to large AR and high k)
CMS 138 fb (13 TeV) CMS 138 fb™ (13 TeV)
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https://link.springer.com/article/10.1007/JHEP05(2024)116

CMS Lund plane slices

Low k; (~ 1 GeV) - hadronization region,
comparison to several Pythia8 tunes
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PYTHIA8 CP5
overestimates the
number of emissions
by 15-20%

(default CMS PYTHIA
8 underlying-event
tune)

Possibility forimprovement: include FSR cutoff k1
as a free parameter in future event generator tuning
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Large-angles,

JHEP 05 (2024) 116

comparison to different Herwig7 recoil schemes
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https://link.springer.com/article/10.1007/JHEP05(2024)116

JHEP 05 (2024) 116

Comparison to parton-level pQCD  as ..
pre d |Ct| ons oo om0

. Data

~— NLO+NLL+NP

(Lifson, Salam, Soyez)

* NLL accuracy, matched to NLO, with non- T

perturbative corrections m =
* parton-level calculations corrected to the hadron i S e
level using bin-by-bin corrections derived from MC BT R eV

* nonperturbative corrections mostly affect k; <5 GeV . [GeV] "
Cms _  18W(13Tev)
4.87 < ky <8.03GeV - pQCD calculation reliable and g oot
hadronisation corrections not large T Zom— B oaa 3
« resummation of nonglobal logarithms — increased density % 025 oo
at large AR £ 0z —_———
I_IEJO.15 . ,g

Pred./Data

* predictions consistent with unfolded data
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https://link.springer.com/article/10.1007/JHEP05(2024)116

Lund plane from top and W jets X’ﬂf,;

* The first measurement of the Lund jet plane in top-jets and W-jets
* First LJP study in large-R jets in ATLAS and firstwith R=1.0

Top jet selection
mLR] > 140 GeV
AR(bjet,LR]) < 1.0

AR(%,LR]) > 2.3

W jet selection

AR(g,bjet) <1.5 « 1 60 GeV < myg; < 100 GeV
AR(b jet,LR]) > 1.0
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http://arxiv.org/abs/arXiv:2407.10879

Lund plane from top and W jets ALLAR

arXiv:2407.10879
top jets W jets

ATLAS Vs=13TeV, 140 b’ ATLAS Vs=13TeV, 140fb”
Lund Jet Plane, measured data, top jets Lund Jet Plane, measured data, W jets
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Measurement of jet track functions ATEIR

arXiv:2502.02062

e Track functions characterize the transverse momentum fraction

___Charged ,_ a3l
rq— pT /pT

carried by charged hadrons from a fragmenting quark or gluon
* Track functions are non-perturbative > must be measured

* 1 distributions measured in high-pr jets in dijet events

* Moments of 7, as a function of pr extracted
* moment higher than first moment not previously measured
* encode interesting correlations in the hadronization process
* scale evolution provides a test of QCD beyond the DGLAP paradigm
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http://arxiv.org/abs/arXiv:2502.02062

Extracting moments of distributions ATLAS

arXiv:2502.02062

* nth moment is expectation value of rq”, estimated using central

bin values:
m,, = z aniNi
i
* The data are corrected for detector effects using IBU

* OmniFold used for data-driven correction for binning artifacts in
the moment extractions
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Moments of 7, as function of jet pr ALERR

arXiv:2502.02062
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L ATLA
Renormalization group flows ATERS

arXiv:2502.02062

. <« R e e e e e e e e e B £ S e 11800
* Cumulants k,, can be expressedin = | snas o Dato 173

| e = ] -1 [ Data unc.ert.ainties =
terms of central moments, e.g. of TETEIOET e mipresin |8 8
_ _ 2 =
Ky = U, Ky = fg — 3l3,... | |
* Energy dependence of the ! \, | glsoo
relationship between pairs of these | N
cumulants is theoretically -0 TN NG 0
determined by renormalization group | |
flows 30l | 400
* Good data-theory agreement
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CMS-PAS-SMP-22-004

Measurement of event shape variables using
charged particles inside jets

* First CMS study that uses charged particles inside jets to evaluate
event shape variables

* Event shape variables:

* constructed from four-momenta of final-state objects (charged particles
in this case)

* sensitive to QCD predictions in multijet production
* minimal impact of systematic uncertainties

* Multijet events selected using dijet triggers
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-22-004/index.html

CMS-PAS-SMP-22-004

Eve nt S h a pe Va rl a b leS * designed to have highervalues for

multijet, spherical events and lower
values for back-to-back two-jet events

maximizes T, defines « Pdenotes scalar sums
the thrust direction

* Complement of transverse thrust: * Jet broadening:
Y|P -y _ 1
T, =1-T,, T, = max ll ’ Bx=ﬁzpT,i\/(ni_nX)2+(¢i_¢X)2
nr ZiPT,i T /Ty
) more dependent on initial hard scattering X refers to upper part of the event U Wh§re a_)ll particles
« Third-jet resolution parameter: have pr - ny > 0 or lower part Lwherepr - ny <0
BT - BU + BL
2
max( 2 [min( _ _)2 (ARi,j) ) e Jet masses:
Vo = Pt3) Pr,i» PT,j R2 normalized squared invariant mass of the jets in the
23 = p2 upper and lower regions
12 MZ
_ My
. If more than three final-state particles, they are recombined Px = ﬁ
with the distance parameter R = 0.4 until only 3 particles PTot = Pu T+ PL
pseudo-particles (eftin the final state Corresponding quantity in transverse plane: pL

*  sensitive to clustering and substructure . .
& Jet masses and jet broadening depend more on

nonperturbative QCD.
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CMS-PAS-SMP-22-004

Hr , = average pr of the leading and

Event shape variables - results sub-eadingprjets

CMS Prehmmary 138 1b (13 TeV) CMS Preliminary 138 o' (13 TeV

» Pythia 8 and Herwig 7 — good agreement

_L
2

with data for 7, and pt, overestimate P Eol .
spherical, multijet events for prot, Yo3, Br 2 TiEee 2 e -
= improvements needed for modelling of o meseey S e
fragmentation and hadronization g 4 B e -2
= T s e e

* For Pythia 8, agreement with data improves s s li(f):%—zs—z s IR
with Hr 5, but not for Herwig 7 . °

138 fb' (13 TeV) S Preliminary

T Q
- =

* MG5+ Pythia 8 predictions underestlmate R | T
spherical, multijet events for 7, ptot» Prot % w= ] g
, Br; disagreement increases with Hp , R OIS A
* agreement only good for Y33 ; %:W;‘W” ] E %jmimvy
= issues in the combination of matrix element g - 1 s
calculations with the parton showers g = E
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Summary

* Jet track function analysis

* provides results that, when incorporated into theoretical calculations, will enable
precision comparisons between data and theory for track-based jet substructure

observables
* Provides a test of QCD beyond the DGLAP paradigm

* Event shape observables measurements indicate improvements needed for
modelling of fragmentation and hadronization, and issues in the combination

of ME calculations with the PS

* Lund jet plane measurements:
* |In W jets, all predictions are incompatible with the measurement

* Intop quark jets, disagreement with all predictions is observed in smaller subregions of
the plane, and with a subset of the predictions across the fiducial plane

* The ATLAS and CMS measurements could be used to improve different aspects of
thsics modeling in event generators (hadronization, parton showers, better modelling
of hadronic decays of heavy quarks and bosons), or to improve the performance of jet

taggers
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In(1/z)

Lund plane from top and W jets: ATLAS
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