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The precise measurement of a jet’s kinematics is a critical component of the physics program
based on proton—proton collision data recorded by the ATLAS detector at the Large Hadron
Collider. The determination of the energy and mass of jets containing bottom quarks b-jets is
particularly difficult as, for example, they have different radiation patterns compared to the
average jet and can contain heavy-flavour decays into a charged lepton and an unobserved
neutrino. This document reports on a novel calibration technique for jets focusing on b-jets
using transformer-based neural networks trained on simulation samples to correct reconstructed
jet properties to the true values. Separate simulation-based regression methods have been
developed to estimate the transverse momentum of small-radius jets and the transverse
momentum and mass of large-radius jets. In both cases, the regression methods move the
median measurement closer to the true value. A relative resolution improvement with respect
to the nominal calibration between 18% and 31%, depending on the transverse momentum, is
demonstrated for small-radius jets. Both the large-radius jet transverse momentum and mass
resolution are shown to improve by 25-35%.
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Physics motivation ———SLAS

Measuring H — bb constrains bottom Yukawa Di-Higgs production is a critical target,

gives handle on Higgs self-coupling
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Jet reconstruction ———SLAE

+ Jets are the most complex objects produced at colliders
e Needs careful combination of signatures in tracker and calorimeters
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Parton jet

+ Cluster constituents

using anti-kt algorithm
e Use different radius parameters

depending on the target phase
space (e.g. low/high-pt Higgs)
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Jet constituents

+ Originally ATLAS only used calorimeter cells for jets

+ Now we are using particle flow objects: combine tracks and calo-clusters
e Avoid double-counting energy/momentum, boosts performance at low-pr (used for Small-R)

+ Recently developed unified flow objects,

leverage angular resolution of

tracker and energy resolution of calorimeter at high-pt (used for Large-R jets)

Eur. Phys. J. C 81 (2021) 689
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https://arxiv.org/pdf/2007.02645
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Physics of b-jets —————SLAE

+ B-jet signatures are unique due to secondary vertex
e The B-hadron carries >80% of the jet energy
e Semi-leptonic decays (~15% BR), v carries 20% of the jet energy

+ Baseline strategy: p-in-jet addition to jet 4-mom, apply PtReco correction to jet p
e Coarse-grained correction binned in jet pr, split into leptonic and hadronic decays
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Jet definitions —————————————————— St A¢

+ Define jets at truth-level and match to reco-level using AR matching

e Small-R: include neutrinos and muons in truth jet definition
* Large-R: not including neutrinos and muons, only correcting hadronic activitytfor now)

+ Low-pt1/mass thresholds for jets to avoid bias in the training

e Small-R: 7 (10) GeV for truth (reco)-level jets — will calibrate pt > 20 GeV
e Large-R: 200 < pt < 1500 GeV, jet mass between [20, 300] GeV

Reco |ets

Soft truth jet .
Select truth jet with largest (mismatch)

ot within AR < 0.4 (0.75)

— robust to presence of

AR

nearby soft radiation

. /
Correct truth jet ™

~ /
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Constituent definitions ———SLAE
+ Apply tight selection requirements for tracks and charged flow

+ Use soft muon and soft electron taggers for small-R jets

e Boosted decision trees using lepton kinematic variables relative to the jet
e Enhance sensitivity to semi-leptonic decays of B-hadrons
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https://inspirehep.net/files/16f9a8ab1cd0af2861288cbc8291f83e

Soft muon features*
Kinematics, perigee,
o7 balance in ID/MS,

Jet features

PT, 4, Mass™™

Soft electron features*

Kinematics, perigee,
E/p: EEC8|/EHC8|I |ayer
cluster ratios, pur

Flow object features**

p1, ET, di, d¢, dR

Track features

- Perigee parameters & uncertainties

* = used in small-R jets only

- Number of hits in pixel/strip layers ** = ysed in large-R jets only

- Track used for reconstructing lepton Detailed list in backup

Brendon Bullard b-jet momentum calibration with transformers 9



Training samples
Small-R jets

~260 million jets tt (90%)

Train on b-jets Z + jets (10%)
and light jets

Jet pr

c1 AR
o b NN\

Large-R jets
H—qqg/cc/bb
80 million jets QCD multijet

Using flat mass samples

Mass: 25-200 GeV
Width: 400 GeV
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Neural network architecture ————SL AL

+ Based on ATLAS flavor-tagging architecture

e anti-kt R=0.4 PFlow (small-R) jets use track constituents
e anti-kt R=1.0 UFO (large-R) jets use track and flow object constituents

Constituent embedding

Attention-weighted sum of Regression

Transformer . :
all constituent representations t3 rg ets

encoders

" Pooled graph

Jet mass

= e — e
Pooled graph
\ representation e
— | MLP | —» J T p
Conditional track _ D T

representation

. Only for large-R jets

—

Additional Loose Tracks
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Response distributions ————SLAE

+ Key Obse rvable IS pT ATLAS Simulation Preliminary | o |
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Small-R performance vs. jet pr ——SLAE
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+ Median response flattens with regression

+ Relative resolution improves up to 30%, only 20% for PtReco
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Small-R performance vs. flavor tag—SLAS
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+ Even though they are independent algorithms, clear correlation

between flavor-tagging discriminant and regression performance
* Honing in on the same signatures — B-decay length, track multiplicity, etc.
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Resonance resolution
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+ Evaluation on key di-jet resonances leads to 23% reduction in

relative resolution on the Higgs peak!

* More modest gain of 5% relative to PtReco corrections

e Can be improved via optimization (e.g. using Z/H samples in training)
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1 A7/

Large-R resonance spectrum SLAC
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Outlook —————SL A€

+ Further algorithm optimizations (including lepton

4 Z bosonory

corrections for large-R, adding flow objects to small-R)

+So far the model has only been trained on simulation

e Good performance across processes+algorithms, but
needs calibration on data for ultimate use for physics!

Reconstructed
jets pile-up correction

correction

pr-density-based ]

Jet finding applied to Applied as a function of
tracking- andy/or event pile-up p; density dependence, as a
calorimeter-based inputs. and jet area.

Absolute MC-based
calibration

Global sequential
calibration

Residual pile-up

Removes residual pile-up
function of i1 and Ny,

Residual in situ
calibration

Corrects jet 4-momentum ~ Reduces flavour dependence “Aresidual calibration

to the particle-level energy and energy leakage effects is applied only to data

scale. Both the energy and ~ using calorimeter, track, and to correct for data/MC
direction are calibrated. muon-segment variables. differences.

Brendon Bullard

b-jet momentum calibration with transformers




Thanks for

your attention!



Training datasets ————SLAE

Process (Generator Parton shower PDF set

Training, validation and test samples

PyTHIA 8.230 [23]
with A14 [32]

PyTHIA 8.245 with A14 NNPDF3.0NLO

pp — tt fully/semileptonic =~ POWHEG [29,30,31]
MADGRAPH5_AMCQNLO [33]

NNPDF3.0NLO [24]

Small-R

pp — Z(pp)+jetsy

+ FxFx [34]
Evaluation samples
- PowHEG Box v2 [29,30,31] PyTHIA 8.230 with

pp — Z(EO)H (b_b) + MINLO [35,36,37] AZNLO [38] NAPDES.ONLO
pp — Z(40)Z(bb) SHERPA [27] SHERPA 2.2.11 NNPDF3.0NNLO

Jet type Process Event generator and tune PDF set

Training, validation and test samples

H (bb) qf > ZH,Z — p''p PYTHIA 8.306 [23| with A14 [32] NNPDF3.0NLO [24]

H (cc) qq — ZH,Z — pn" " PYTHIA 8.306 with A14 NNPDF3.0NLO

QCD 7 Multijet PyTHIA 8.235 with A14 NNPDF2.3L0

_ Multijet (bb),
Large-R ™% N4 N, >0

PyTHIA 8.235 with Al14 NNPDF2.3L0

Evaluation samples

. qq/99 — ZH, POWHEG v2 +PYTHIA 8.212 [30]
H{(0b) 7 — 00/vir/qq with AZNLO [38] NAPDES.OnLO
Top 7' > tt PyTHIA 8.235 with A14 NNPDF2.3L0
Z (bb) Z — bb SHERPA 2.2.11 [27] NNPDF3.0NNLO
QCD ¥ Multijet PyTHIA 8.235 with Al14 NNPDF2.31.0
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Model input features

Soft Muon Input

Description

Jet feature

Description

Pt
n

¢
dR

q/p
Momentum Balance Significance

Scattering Neighbour Significance

rel

Transverse momentum

Signed pseudorapidity

Azimuthal angle

Angular distance of the soft muon from the small-R jet axis

Muon charge divided by the reconstructed momentum

Ratio of the difference in momentum measured by the ID and MS to the
uncertainty on the energy loss measured by the calorimeters

Sum of the significances of the angular difference A¢ between pairs of adja-
cent hits along the track, multiplied by the particle charge

pr Transverse momentum

n Signed pseudorapidity

m i Jet mass

Track & charged UFO feature Description

q/p Track charge divided by reconstructed momentum

dn Pseudorapidity of track relative to the jet n

do Azimuthal angle of the track, relative to the jet ¢

do Transverse IP: Closest distance from track to beam-line in the transverse plane
2o sin 6 Longitudinal IP: Closest distance from track to PV in the longitudinal plane
o(q/p) Uncertainty on q/p

o(0) Uncertainty on track polar angle 0

o(¢) Uncertainty on track azimuthal angle ¢

s(dyp) Significance of transverse IP

s(zg sin @) Significance of longitudinal IP times the sin of the polar angle
nPixHits Number of pixel hits

nSCTHits Number of SCT hits

nIBLHits Number of IBL hits

nBLHits Number of B-layer hits

nIBLShared Number of shared IBL hits

nIBLSplit Number of split IBL hits

nPixShared Number of shared pixel hits

nPixSplit Number of split pixel hits

nSCTShared Number of shared SCT hits

LeptonID f Information on if the track was used in lepton reconstruction
Charged & neutral UFO feature Description

pr 1 Transverse momentum of charged flow constituent

Frlow T Energy of charged flow constituent

dnpiow & Pseudorapidity of track relative to the large-R jet n

dépiow I Azimuthal angle of the track, relative to the large-R jet ¢
dreow I Angular distance of the track from the large-R jet direction

pT Orthogonal projection of the muon p onto the jet axis

do Transverse IP: Closest distance from track to beam-line in the transverse
plane

20 Longitudinal IP: Closest distance from track to PV in the longitudinal plane

o(dy) Uncertainty on measurement of transverse IP

o(2o) Uncertainty on measurement of longitudinal IP

do/o(dy) Significance of transverse IP

20/0(20) Significance of longitudinal IP

Soft Electron Input Description

P Relative pr of the electron with respect to the jet

dR Angular separation between electron and jet axis

P Isolation variable

| Absolute value of pseudorapidity

s(dy) Transverse IP: Closest distance from track to beam-line in the transverse
plane

z(dg) Longitudinal IP: Closest distance from track to PV in the longitudinal plane

s(do/oq,) Significance of the transverse IP

A¢® The azimuthal angle difference A¢ between the cluster position in the middle
layer and the track.

E/p Ratio of the cluster energy to the track momentum

Ry aa Ratio of Et in the hadronic calorimeter to Et of the EM cluster

Ryaa1 Ratio of transverse energy Er in the first layer of the hadronic calorimeter
to Er of the EM cluster

E.ati0 Ratio of the energy difference between the largest and second-largest energy
deposits in the cluster over the sum of these energies

W Lateral shower width

R, Ratio of the energy in 3 X 7 cells over the energy in 7 x 7 cells centered at
the electron cluster position

fi Ratio of the energy in the strip layer to the total energy in the EM accordion
calorimeter

f3 Ratio of the energy in the back layer to the total energy in the EM accordion
calorimeter

PHF Probability of being from heavy flavour decay

Brendon Bullard
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