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Physics motivation

Branching fractions 
of the the two Higgs

Di-Higgs production is a critical target,  
gives handle on Higgs self-coupling

Improving the reconstruction of  
b-quark jets has huge impact

70%!

Measuring  constrains bottom YukawaH → bb̄

Limited by poor jet momentum resolution  
and large continuum multi-jet and  bkgZ → bb̄

PLB 786 (2018) 59

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2018-04/
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Jet reconstruction
✦ Jets are the most complex objects produced at colliders 

• Needs careful combination of signatures in tracker and calorimeters 

✦ Cluster constituents  
using anti-kT algorithm 
• Use different radius parameters 

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

4Why jets are so important?
H→bb̅ decay example

Romain Bouquet APC - LPNHE - Paris romain.bouquet@cern.ch

Jet = hadronization of a parton (quark or gluon) 
leading to a spray of collimated hadrons in the detector

Angular distance between 2 particles i & j

Low energy Higgs decay
→ Resolved topology   

High energy Higgs decay
→ Boosted topology   

Higgs main decay (58%): H→bb̅ 

→ Reconstruct the Higgs with small radius or large radius jets
depending on the regime

→ Jets are one of the most basic objects used by many SM & BSM analyses 
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Angular distance between 2 particles i & j

Low energy Higgs decay
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High energy Higgs decay
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→ Reconstruct the Higgs with small radius or large radius jets
depending on the regime

→ Jets are one of the most basic objects used by many SM & BSM analyses 

Resolved (R=0.4)

Boosted (R=1.0)

ΔR(b, b̄) ∼
2mH

pH
T
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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 
• Avoid double-counting energy/momentum, boosts performance at low-pT (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)689 Page 32 of 49 Eur. Phys. J. C (2021) 81 :689

(a) (b)

Fig. 30 The relative jet energy resolution for fully calibrated PFlow+JES jets (blue curve) and EM+JES jets (green curve) a as a function of pjet
T

and b as a function of η. The fit to the resolution as a function of pjet
T for the PFlow+JES jets shows an improvement in resolution over EM+JES

jets at low-pT

(a) (b)

Fig. 31 Fractional jet energy resolution systematic uncertainty summed across all components for anti-kt R = 0.4 jets a as a function of jet pT at
η = 0.2 and b as a function of η at pT = 30 GeV. The total JER uncertainty is shown for both EM+JES and PFlow+JES jets

σNP > 0 and applied to the data when σNP < 0. It should
be noted that the nominal data remains unchanged as this
applies only to the application of systematic uncertainties.
In the case that data statistics are too low to safely smear,
pseudo-data may be smeared instead.

Differences in resolution between data and MC simulation
are already accounted for by the application of additional
smearing to the simulation when the resolution in simulation
is better than in data. When the JER is smaller in data, this
difference is accounted for by applying its full value as an
additional systematic uncertainty:

σNP = σ data
nom − σMC

nom .

This term is defined by the dijet asymmetry measure-
ments of Sect. 6.1 and is zero for the central η slice shown
in Fig. 29b, but for some pT ranges in more forward detector
regions it can be significant. A large value of this uncertainty
for PFlow jets at η ∼ 3.2 is the source of the peaks visible
in Fig. 31b.

7 Conclusions

The calibration of the jet energy scale and resolution for jets
reconstructed with the anti-kt algorithm with radius parame-
ter R = 0.4 is presented. Jets are built from either the energy
deposits that form topological clusters of calorimeter cells
or a combination of charged-particle tracks and topological
clusters. The measurements discussed here use 36–81 fb−1

of data recorded with the ATLAS detector during 2015–2017
in pp collisions at a centre-of-mass energy of 13 TeV at
the Large Hadron Collider. It is the first full calibration of
PFlow jets performed by the ATLAS collaboration, the first
jet energy scale measurement in the high pile-up conditions
of late Run 2 data-taking, and the first jet energy resolution
measurement in 13 TeV data.

A sequence of simulation-based corrections removes the
contribution to the jet energy from additional proton–proton
interactions in the same or nearby bunch crossings, cor-
rects the jet so that it agrees in energy and direction with
particle-level jets and, improves the jet energy resolution.

123

TITLE TEXTPARTICLE FLOW IN ATLAS (PFLOW)

13

Eur. Phys. J. C 77 (2017) 466

Each track is associated with one or more 
topo-clusters 

Measure the energy, without double counting. 
Subtract calorimeter energy deposits that match an extrapolated track. 

✴ Pile-up tracks are removed at the end: Charged Hadron Substraction (CHS) 
✴ Final set of constituents is a combination of tracks and remaining clusters TITLE TEXTTRACK CALO CLUSTERS (TCC)

16

Improve angular resolution of high pT particles 
✴ Reconstruction of highly boosted t/W/Z/H decays 
✴ Tracks can resolve structure within clusters due to their spatial resolution. 

1. Match tracks to clusters 
2. Build 4-vector from matched objects 

✴ Spatial information from the tracker (eta, phi) 
✴ Energy measurements from the calorimeter (pt, m)

Combined Charged

Neutral

ATL-PHYS-PUB-2017-015 

Eur. Phys. J. C 77 (2017) 466
Eur. Phys. J. C 81 (2021) 689

ATL-PHYS-PUB-2017-15

https://arxiv.org/pdf/2007.02645
https://cds.cern.ch/record/2275636/files/ATL-PHYS-PUB-2017-015.pdf
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Physics of b-jets
✦ B-jet signatures are unique due to secondary vertex 

• The B-hadron carries >80% of the jet energy 
• Semi-leptonic decays (~15% BR),  carries 20% of the jet energy 

✦ Baseline strategy: µ-in-jet addition to jet 4-mom, apply PtReco correction to jet pT 
• Coarse-grained correction binned in jet pT, split into leptonic and hadronic decays

ν

Hadronic Calibration Workshop 2024 Andrius Vaitkus

b-jets at ATLAS

22024 ATLAS-CMS Flavour Tagging Workshop Andrius Vaitkus

• b-jets are important physics object for top, single Higgs & diHiggs analyses 

• b-jet response different from light-flavor or gluon jets
o Wider cone compared to light quark jets
o Semileptonic decay, with neutrino carrying 15-10% of b-jet energy 

→ Different treatment needed for b-jet calibration

• Worth doing a specialised b-jet calibration 
o Some attempts made by analyses, e.g. adding μ-momentum to jet (μ-in-jet) 

and PtReco corrections
o JetEtMiss built a task force to develop an official b-jet calibration scheme

Missin
g ν(E)

Out-of-co
ne
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Jet definitions
✦ Define jets at truth-level and match to reco-level using  matching 

• Small-R: include neutrinos and muons in truth jet definition 
• Large-R: not including neutrinos and muons, only correcting hadronic activity(for now) 

✦ Low-pT/mass thresholds for jets to avoid bias in the training  
• Small-R: 7 (10) GeV for truth (reco)-level jets — will calibrate pT > 20 GeV 
• Large-R: 200 < pT < 1500 GeV, jet mass between [20, 300] GeV

ΔR

ΔR

Reco jets Soft truth jet 
(mismatch)

Correct truth jet

Select truth jet with largest 
pT within  < 0.4 (0.75) 

 robust to presence of 
nearby soft radiation

ΔR
→
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Constituent definitions
✦ Apply tight selection requirements for tracks and charged flow 

✦ Use soft muon and soft electron taggers for small-R jets 
• Boosted decision trees using lepton kinematic variables relative to the jet  
• Enhance sensitivity to semi-leptonic decays of B-hadrons

PoS(EPS-HEP2017)768

A new Soft Muon Tagger for ATLAS Run2 Andrea Sciandra

In addition to DR, d0 and p
rel
T , the SMT algorithm makes use of three observables defining the

quality of the muon track. The scattering neighbour significance (S) is computed by considering
pairs of adjacent hits along the track and evaluating the significance of the angular difference Df
between the two half tracks ending/starting at each of them, summing significances up over the
whole track times the particle charge (q):

S= q⇥Â
i

Df i

scat
sDf i

scat

.

A higher significance is more likely to correspond to a p or K decay in flight. The momentum
imbalance significance (M ) is defined as follows:

M =
pID � p

extr
MS

sEloss

,

where pID is the muon momentum measured by the Inner Detector, p
extr
MS is the momentum measured

by the MS and extrapolated to the vertex and sEloss is the uncertainty on the energy loss measured
by the calorimeters. Another quantity sensitive to muons originating from these decays through the
pID to pMS comparison is:

R =
(q/p)ID
(q/p)MS

,

where (q/p)ID is the charge-to-momentum-ratio, i.e. track curvature, measured by the Inner De-
tector and (q/p)MS is the same measured by the MS. Figure 1 shows SMT discriminating variables
for b-, c- and light-flavour jets in simulated tt̄ events.
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Figure 1: Normalised distributions of the six discriminating variables for reconstructed muons
associated to b-jets (blue), c-jets (green) and light-flavour jets (red) [4].
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PoS(EPS-HEP2017)768

A new Soft Muon Tagger for ATLAS Run2 Andrea Sciandra

Figure 3: Event display of a tt̄ dilepton candidate event from proton-proton collisions recorded by
ATLAS with LHC stable beams at a collision energy of 13 TeV. In addition to two prompt leptons
(an electron of 107 GeV and a muon of 268 GeV) a soft muon (7 GeV) is associated to a b-jet
candidate (in DR < 0.4) tagged by the new BDT-based Soft Muon Tagger algorithm. On the right
a zoom on the reconstructed primary vertex (PV, two tracks) and secondary vertex (SV, six tracks)
in the z�r plane. The track of the muon within the jet tagged by new BDT-based SMT b-tagging
algorithm is showed in red. The distance between PV and SV is about 2 mm [6].
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Figure 5: Light-flavour and c-jet rejection as a function of b-jet efficiency for MV2 (black line),
MV2Mu (red line), MV2MuRnn (blue line). The latter is a variant of MV2 including both SMT
and RNN inputs [7]. The algorithm evaluation is performed on tt̄ events. The ratio reported on
the bottom of the figure is calculated for two MV2 variants with respect to MV2. A 20� 25%
improvement in light-jet rejection is expected in the 70�85% b-jet efficiency range [4].

4

EPS-HEP-2017

https://inspirehep.net/files/16f9a8ab1cd0af2861288cbc8291f83e
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Neural network input features
Jet features 
pT, , mass**η

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

Soft electron features* 
Kinematics, perigee,  
E/p, EECal/EHCal, layer 

cluster ratios, pHF

Track features 
  - Perigee parameters & uncertainties  
  - Number of hits in pixel/strip layers 
  - Track used for reconstructing lepton

Flow object features** 
pT, ET, d , d , dRη ϕ

* = used in small-R jets only 
** = used in large-R jets only 
     Detailed list in backup

Calorimeters



b-jet momentum calibration with transformersBrendon Bullard 10

Training samples
Small-R jets

 (90%)tt̄
 (10%)Z + jets

Jet pT

~260 million jets

Train on b-jets 
and light jets

Large-R jets
H qq/cc/bb→

Jet Mass

80 million jets
Using flat mass samples 
Mass: 25-200 GeV 
Width: 400 GeV

QCD multijet

Details in backup
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Neural network architecture
✦ Based on ATLAS flavor-tagging architecture 

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

Constituent embedding

Transformer  
encoders

Attention-weighted sum of 
all constituent representations

Regression  
targets

MLP

MLP

Only for large-R jets

Jet mass

Jet pT
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Response distributions
✦ Key observable is pT 

(and mass) response 
• Defined by  

✦ Study NN performance 
as a function of Nmuons  
• Proxy for B-decay channel 

✦ Looking for narrow 
peaks in the response 
distribution around 1.0

preco
T /ptruth

T
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Small-R performance vs. jet pT

✦ Median response flattens with regression 

✦ Relative resolution improves up to 30%, only 20% for PtReco

Median response Relative resolution 
IQR(15.9 % ,84.1%)

50 % -ile

RSD = sgn(σ′ − σ) |σ′ 2 − σ2 |
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Small-R performance vs. flavor tag

✦ 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.

Median response Relative resolution
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Resonance resolution

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

Z(bb̄)

H(bb̄)
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Large-R resonance spectrum
✦ Evaluate on SM 

resonances (Z/H/top) 
• Significant sharpening 

of Z/H mass peaks 
• Still a long way to go to 

reach truth-level  

✦ No mass sculpting in 
the QCD continuum 
• Use of flat-mass 

samples eliminates  
SM mass point bias

15% (10%) improvement in Z/H (top) 
Could reach 30% with truth definition
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Outlook
✦ Further algorithm optimizations (including lepton  

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

✦ So far the model has only been trained on simulation 
• Good performance across processes+algorithms, but  

needs calibration on data for ultimate use for physics!

GN1 Architecture

13
  

Deep Sets 
Architecture Graph Neural Network, 

with multihead attention

Auxiliary Task Heads

Layers 3

Num nodes 128

Attention heads 2

Layers 3

Num nodes 64

Details in backupCrucial integration work with 
ATLAS Software from Nilotpal 
Kakati and Dan Guest



Thanks for 
your attention!
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Training datasets

Small-R

Large-R
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Model input features


