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What is jet substructure?

e Although the kinematics of a jet may be of interest, the distribution
of a jet's constituents also contain much information

e In the case of a boosted top quark decaying hadronically, its decay
products will be highly collimated and can be reconstructed as a
single large-R jet

e This jet is expected to have a distinct three-pronged structure

corresponding to the small-R jets from the decay products
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Why measure jet substructure?

Adam Rennie

The substructure of a jet provides valuable information on its origin

Substructure is used extensively for tagging, which is ubiquitous in
experimental HEP analysis

There is significant mismodelling of substructure in many cases

Many searches for new physics expect these sorts of signatures, with
highly-boosted massive objects

Can serve as a probe for QCD calculations
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How does one measure jet substructure?

e There are many substructure observables which have been developed
to probe various aspects of a jet's underlying substructure.

e These look at the constituents which make up a jet in order to
characterise the radiation patterns within.

e Some basic examples would be the number of subjets or the number
of constituents within a jet.
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Analysis overview

e Measurement of jet substructure observables in boosted tt using
ATLAS’ full Run-2 dataset

e Both the lepton + jets and all-hadronic tt decay topologies are
measured

e Results will be unfolded back to particle-level

e Results will be compared against a variety of MC predictions as well

as variations on the nominal prediction
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Event selection

Complete selection details in backup, with some important highlights:

Lepton + jets All-hadronic

e R =1.0 large-R jet reclustered e Two R = 1.0 large-R

from R = 0.4 small-R jets with topocluster jets with

a pt > 350 GeV pt > 350 GeV, one with
e Candidate top-jet to have pr > 500 GeV

110 GeV < m < 230 GeV e b-tagged jet required inside
e One lepton with pt > 27 GeV both large-R jets
o my, < 120 GeV e DNN top-tag required on

non-probe large-R jet
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Selecting substructure observables

e A long list of possible substructure
observables was drawn up, with criteria
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e Useful in recent tagging algorithms

e Good resolution e
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e Minimally correlated with other ATLAS Work in progress
observables
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Observables to be measured

Observable

Description

N-subjettiness

Energy Correlation Func-
tions (ECF)

Generalised Angularities

Probes N-pronged structure. Useful in tag-
ging, sensitive to variations in MC prediction.
Measured: T3, 732, T21

Probes N-pronged structure. Useful in tag-
ging, sensitive to variations in MC prediction.
Measured: ECF2, D, Gs.

Can be configured to probe different aspects
of a jet's structure. Sensitive to variations
in MC prediction. Measured: Les Houches
Angularity, pt dispersion.
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Unfolding strat

e Distributions unfolded to particle-level using lterative Bayesian
Unfolding (IBU)

e The number of iterations of the unfolding mechanism is optimised
for each observable - between 4 and 10 iterations

e The procedure is the validated by:

e Closure test: verifying that the unfolding can recover the underlying
physics against statistical fluctuations

e Pull test: checking for bias in measured bin values at particle-level

and that errors are estimated correctly
e Stress test: evaluate bias from regularization technique
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Particle-level results

732 exhibits sensitivity to variations in the MC predictions as well as

variations of the FSR
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Conclusions

e Analysis currently undergoing ATLAS review, with paper draft
prepared

e Measurements presented in both lepton-+jets and all-hadronic
channels

e Results are compared to various MC generators and variations on
the nominal MC

e With respect to previous ATLAS measurement:
e Full Run-2 dataset analysed

e Additional observables measured
e Reduced uncertainties

e All-hadronic channel also measured
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Lepton + Jets Selection

Objects Detector-level Selection
Electrons Muons
pr > 27 GeV pr > 27 GeV
Inl < 1.37 [n| <2.47

Leptons

eplons 1.52 < |n < 2.47 |do/ordo| < 3

|do/odo| < 5 |Azo| < 0.5mm
|Azo| < 0.5mm

£l EMS > 20 GeV

T EPiss 4 mY > 60 GeV
110 GeV < myei < 230 GeV.
Large-R . | opr> 350 Gev

AR(¢, hadronic top) > 1.0

Neonstituents > 1

Njeis > 1(implicitly)

pr > 25 GeV

Inl <25

JVT > 0.5 (if pr < 60 GeV)

EMPFlow small-R jets

DLIr at 77% WP
At least one b-tagged small-R jet

b-tagging At least one AR(b-jet, £) < 1.5
AR(leptonic b-jet, top-jet) > 1.5
mep mep < 120GeV.

ATLAS Work in progress
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e No b-matching means not

biasing the substructure

e Higher efficiency than
b-matching at high-pr,
double-ratio:

Signal
( T§ta| )After Cut
(Signal

Total

R =

)Before Cut

e Combined with mass cut on jet
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myp Cut

e This cut not only reduces the fraction of events which are
background, but the proportion of those events which are single top,
a process carrying a large uncertainty.
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All-Hadronic Selection

Objects Detector-level Selection

0 Electrons with
Er > 25 GeV

Inl < 1.37

1.52 <|n| <2.47

0 Muons with
pr > 25 GeV
Inl <2.5

Leptons

Pre-Selection

122.5 GeV < mje < 222.5 GeV
Large-R iefs 1 with pr > 500 GeV
=ZECRIB | 2 with pr > 350 GeV

In] < 2.0

DLI1r at 70% WP
> 2 b-tagged VR track jets

AR(b-jet large—R —jet) < 1.0

(for 2 highest-pr large-R jets)

b-tagging

DNN top-tag on non-probe large-R jet
(JSSWTopTaggerDNN_Contained80)

Signal Selection

Top-Tagging

ATLAS Work in progress
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Substructure Observables: Generalised A

e For a hadron collider, the generalised angularities can be defined:

vi= X (BRERY

ied
e z the fraction of the jet's pr carried by the /' constituent
e 7iis the jet's axis
e AR the distance in n — ¢ space
e R the jet radius parameter

e  and 3 are pr and angular weighting terms, respectively
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Substructure Observables: Generalised A

e Measured in the analysis are:

o The Les Houches Angularity, Ay s, which provides a measure of the
width of a jet.

e The scaled pr dispersion,
)\2* _ d,* _ d __ -
0 PT (pT N)
pS is the standard pr dispersion (A\3) and N is the particle
multiplicity. In this way, A3* — 0 for equally distributed constituents

and A\3* — 1 when most of the momentum is carried by a single
particle.
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Substructure Observables: Energy Correlation Functions

e For a hadron collider, the Energy Correlation Functions (ECFs)
provide a way to probe N-pronged structure in a jet and may be
defined:

N N-1 N p
ECF(N.B) = ). ( p7—7,-a> <H 11 AR(ib,ic))
1

h<ih<..<iy€J \a= b=1 c=b+1

The sum runs over all constituents in the jet

i always denoting a constituent of the jet

N the number of prongs

AR is the distance in 17 — ¢ space between pairs of constituents with

combinations determined by the product terms

e [ is an angular weighting term
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Substructure Observables: Ene Correlation Functions

e Measured in the analysis are:

D) _ ECF(3.8) ECF(1,5)°
2 ECF(2,8)3

with lower values being more consistent with that structure.

. useful for identifying two-pronged structure,

C3(*8) = %: useful for identifying three-pronged structure,

with lower values being more consistent with that structure.

ECF2VORM(3) = ESE20): The normalised version of ECF2.

e For all of the above, 3 is set to one.

Adam Rennie
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Substructure Observables: N-Su

e For a hadron collider, the N-subjettiness variables provide a way to
probe N-pronged structure in a jet and may be defined:

1 .
™ = % Zpt,k min {ARy 1, AR> ke, -+, ARNnk}
K

do = Z Ptk Ro-
K

e Constituents of the jet are reclustered using the exclusive k;
algorithm

e Clustering continues until N subjets are returned

e Calculation of 7n then runs over the constituents of the jet

o pix the pr of the k™ constituent

e ARy, is the distance in 7 — ¢ space between the axis of the N
subjet and the k™ constituent

e Ry is the jet radius parameter
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Substructure Observables: N-Subjettiness

e Measured in the analysis are:

e T73: tends towards lower values when structure is consistent with 3 or
fewer prongs

e 73 = 22 tends to lower values when consistent with 3-pronged

T2
substructure

e 751 = 2: tends to lower values when consistent with 2-pronged
T1

substructure
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Systematics
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Particle-level results

D, exhibits sensitivity to variations in the MC predictions
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