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Outline of the talk

» Several measurements of jet fragmentation and substructure recently published by the
ATLAS Collaboration:

» Soft-drop jet observables - Phys. Rev. D 101 (2020) 052007

» Hadronic event shapes in high-p; multijet final - JHEP 01 (2021) 188

» Lund jet plane using charged particles - Phys. Rev. Lett. 124 (2020) 2 22002

» b-quark fragmentation properties - 2108.11650 (submitted to JHEP)

» Motivation for such measurements:

» Sensitive to parton shower and fragmentation models in MC simulations
» Compare to resummed theoretical predictions beyond leading logarithm
» Gain understanding in quark/gluon jet separation

» Interesting from the theoretical point of view

» Experimentally useful to reduce JES uncertainties


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.052007
https://link.springer.com/article/10.1007/JHEP01(2021)188
https://arxiv.org/abs/2004.03540
https://arxiv.org/abs/2108.11650
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Soft-drop jet observables

» Dijet (anti-k; algorithm, R = 0.8) events with pr;/ pr, < 1.5 are selected
» Two inputs for jet substructure: cluster and tracks (py > 500 MeV)
» Jet constituents (tracks, cluster) are resclustered using Cambridge-Aachen (C/A) algorithm

» The last step of clustering is undone, producing subjets 1 and 2

min(pr1, p72) (ARH)B
> Zcut
P11+ P12 R

» Subjets 1 and 2 are evaluated using the soft-drop condition:

» Remove the lower pr subjet and iterate until the condition is fulfilled

J1 4[ : [
—— v




(1/0gmdo/dp

Ratio to Data

F. Giuli - francesco.giuli@cern.ch - 4

Soft-drop jet observables

Measurements are performed for z.,; =0.1and 8 =0,1,2 Phys. Rev. D 101 (2020) 052007

Higher values of § imply larger non-perturbative (NP) effects
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» Similar results found for calorimeter-based jets


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.052007
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Soft-drop jet observables

> =0. -
Measurements are performed for z.,;, = 0.1 and  =0,1,2 Phys. Rev. D 101 (2020) 052007

» Higher values of 8 imply larger non-perturbative (NP) effects

» Angular distance for subjet fulfilling soft-drop condition: r, = \/(yl — y2)? 4 (¢1 — ¢2)?
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» Similar results found for calorimeter-based jets


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.052007

» Comparison with resummed predictions, including NP corrections
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Soft-drop jet observables

Phys. Rev. D 101 (2020) 052007

» LO+NNLL (based on SCETIib)
» NLO+NLL matched to NLOJet++

>

NLO+NLL provides an
accurate model of the
data at high p

LO+NNLL and NNLL
calculations do not
because fixed-order
effects are dominant

In the region where NP
effects are small, data
and predictions agree
within uncertainties

In the region where NP
effects are large, the
prediction is higher
than data


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.052007
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Soft-drop jet observables

Phys. Rev. D 101 (2020) 052007

» Quark and gluon distributions obtained by solving a per-bin system of equations

— quh:q + (1 - qu)h?
feh? + (1 — f)h

» As expected, gluon jets are more massive and wider than quark jets
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.052007
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Event shape variables

» Sensitive to the details of the hadronisation process and useful to determine ag and MC tune

parameters and search for new physics phenomena

> Six event-shape variables measured as a function of jet multiplicity in three interval of Hr ,

N s - A
> Thrust major/minor | 1| = 2i |pT’i 7|

5 Tm —

> |pryi X ey

» Sphericity and aplanarity from linear combinations of the eigenvalues of

Pi; DPx Py il
Py.iPx,i py, py,zpz i
Pz,iPx,i Pz,iPy,i pz )

1

1
Ma:z:
Y Z|pz’2’

Dil

» Cand D from cubic and quartic combinations

C' = 3(A1 A2 + A A3 + A2 3),
D = 27(A1A2A3)

» 3-jets (5-jets) event with high (low) values of T, and S

g —

3 3
— . A=-—
2()\2+)\3), 2)\3

ATLAS




> Jet (anti-k; algorithm, R = 0.4) with pr > 100 GeV, |n| < 2.4 and Hr ,

Event shape variables

TeV are selected

» Dominant systematics:

>
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JHEP 01 (2021) 188
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https://link.springer.com/article/10.1007/JHEP01(2021)188

Event shape variables

MC normalised to data in each

Hr , bin (Pythia8 xsec +30%,
aMC@NLO -35%)

Sherpa overestimates high
multiplicities

Herwig dipole model
underestimates high
multiplicities - better when
considering Herwig with
angular ordered Parton
Shower (PS)

Pythia8 (A14 tune) describes
data well for intermediate
thrusts only

aMC@NLO gives the best
description - importance of

including beyond LO terms in

Matrix Element (ME)
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JHEP 01 (2021) 188
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None of the MC provide a good description of the data in all the
regions


https://link.springer.com/article/10.1007/JHEP01(2021)188
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Lund Jet Plane measurement

The LJP is an abstract description of
jet development, with each entry
corresponding to the transverse
momentum and angle of any given
emission with respect to the emitter

Regions of plane point to various
physical processes

Dijet (anti-k; algorithm, R = 0.4)
events with py;/ pr2< 1.5

Reconstructed by reversing the C/A
clustering algorithm

Only charged tracks in jets with
p3" > 675 GeV

In(1/2)

emission

Pr

<= —
emission core

Py + pS

ARZ = ()’emission - ycore)2 +

+ (¢emission - ¢core)2

C-A clustering steps

(AR, z)
(AR, z,)
g (AR, z,)
. . L“. Jet inputs

. . . (Tracks)

AR
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Lund Jet Plane measurement

Phys. Rev. Lett. 124 (2020) 2 22002

» Sensitivity to the ME calculation, PS and hadronization models

Parton Shower Hadronisation

Herwig 7.1.3 (Ang. ord.) / Herwig 7.1.3 (Dipole) Sherpa 2.2.5 (String) / Sherpa 2.2.5 (AHADIC)
ATLAS Simulation Vs=13TeV, P> 675 GeV

ATLAS Simulation Vs =13 TeV, P> 675 GeV

LN 1.5 — LN 15 —

e T T 5. = T
Q -1 < g 14 <
+ o oc + o o
- £ s - ° 13 E
2 10°F o £ q02F >
a:Ql— N oQI— 12 N
| T = | 4 =4
5 T 5 LS
3 L — 3 L —
S+ L S 5+ L 1 ~
= L 5 = L 3 S
I ] 1l i 0.9 ]
N L € N C ] X £
- [} - [0}

10 F £ 107~ 1os €

© N . ©
—_— 2 — —
2 107 2

L = - b Pz

~ . ~
- A - o6 T

: 0.5
0O 05 1 15 2 25 35 4 0O 05 1 15 2 25 3 35 4
In(R/AR) In(R/AR)
l I — 1 1 1 1 l I — l ) 1 1 l )
10™ ~ 107 107 . 107
AR = AR(emission, core) AR = AR(emission, core)

» These plots show the ratios for different shower and hadronization models
» Angle-ordered PS present more hard, wide-angle activity than dipole PS

» String model presents more hard collinear activity than cluster model


https://arxiv.org/abs/2004.03540
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Lund Jet Plane measurement
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In(1/2)

_ pemission emission
z=p; /(P

» Probing PS (wide angle, left) to hadronization (collinear, right)

z = pemission / (pemission + pcore)

T

» Hard wide angle: differences in PS algorithms in Herwig7, as well as Pythia8 and Sherpa

» Soft collinear: different hadronization models in Sherpa

» Most MC good in describing jet core, but fail at small z e.g. large angle emission


https://arxiv.org/abs/2004.03540
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b-quark fragmentation properties

> I|dentify B hadron from B* - J/YK* - utu~K* "
M} Jhy
» Associate B meson to jet and compute B
PBDPj . |PBXDl =500 pm
i=""=53 > Pr = —=
D;l pjl K+

> Unfold at particle level in different bins of z, p¥¢* and p% for 50 < p7j, <70 GeV, 70 < p{, <100
GeV and p7. > 100 GeV

» Measurements using all the Run2 data (139 fb-1) compared to several MC samples

Generator ME order Scales uy, us | Parton shower PDF set Tune Hadronisation

Al4 Lund-Bowler

CTEQOLL | \14rs | Lund-Bowler

Pytnia8 | 2—2@LO | (my3 - mma)? pr-ordered

NNPDF2.3 | Monash | -und-Bowler

Peterson
SHERPA | 2—>2@LO | H(s,t,u) CSS (dipole) CT14 - Cl“Ste_f model
Lund string model
Herwic7 | 2 — 2 @ LO 2stu Angle-ordered |y 1 g4 - Cluster model

s2+12+u? Dipole



» J/:20S uwithpr >6 GeV, |[n| <2.5
and 2.6 <my, <3.6 GeV (displaced
vertex)

> K%*: third track from the same vertex,
pr >4 GeV, n| <25

> Assume PDG masses for / /i and K=,
require 5.0 <my,x < 5.7 GeV

» Assuming PDF mass for B-meson,
T = MyugLyy /Dr > 20 ps

Entries / 0.0175 GeV

(Data - Fit) / Error

Entries / 0.0175 GeV

(Data - Fit) / Error
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b-quark fragmentation properties

2108.11650
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b-quark fragmentation properties

» B meson reconstruction
» Purity corrections (from different

2108.11650
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ATLAS Vs =13 TeV, 139 fb™
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» Muon momentum scale and 0L --Pileup  —Total E
resolution 10C T e E

» Muon identification
» Trigger and kaon reconstruction

Systematic uncertainty [%]

> Jets .
. 8
» Jet Energy Scale and Resolution Pl [GeV]
» Jet Angular Resolution = L
> Jet Vertex Tagger for pileup z  40f ATLAS (s=13TeV, 139 fb” =
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b-quark fragmentatlon propertles

Disagreement with
due to larger gluon splitting
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Conclusion and outlook

QCD is an essential ingredient of SM, its apparent formal simplicity covers a very complex
phenomenology

Important to improve precision on other measurements, but a very interesting and
intellectually challenging problem/process by itself

Enormous theory effort to improve precision, now being matched by important
measurements in specific regions of phase space

Comparison with MC predictions over a large phase space
HepData and Rivet routines are available for the presented measurements

Despite many improvements, still many divergences exist, and more corners of phase space
need to be measured

Many more clever measurements needed, | just presented some of them

Stay tuned for more measurements to be released soon!


https://www.hepdata.net/
https://rivet.hepforge.org/
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Soft-drop jet observables

> =0. -
Measurements are performed for z.,,;=0.1and £ =0,1,2 Phys. Rev. D 101 (2020) 052007

» Higher values of 8 imply larger non-perturbative (NP) effects

_ : - - min
> Splitting scale for subjet fulfilling soft-drop condition: (P71, P12)
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» Similar results found for calorimeter-based jets


https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.052007
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Soft-drop jet observables

» Comparison between track and cluster observables Phys. Rev. D 101 (2020) 052007

» Distributionsfor f =0and f =2

» Overall, B = 0 presents a better agreement between both observables
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Sample composition [%]
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b-quark fragmentation properties

T ATLAS \s=13TeV, 139 fb™

» The B-meson invariant mass is fitted in each
z, pre! bin using components from MC
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=N Riea s i distribution functions fractions
03 04 05 06 07 08 09 1
V4
» Fits show:
120_I I I [T I I I ] . . o
[ ATLAS Vs =13 TeV, 139 fo” ] » Signal purity ~70%
100— pT>1OOGeV - . 0
E ~#= Signal 3= Combinatorial . > Lost pion 15%
80~ MEB—JyX B~y . » Combinatorial background 12%
60> = > J/Yym 3%
40 = - . - l
C | .1 » Similar results found as a function of p}°
20 -
09 1




b-quark fragmentatio

» Large differences in the amount of
gluon splitting in the considered models

» Strong correlations between these
differences and the observed
discrepancies with data on the average

values of z, p§¢' VS ps.
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n prope
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