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1. Cell time cut

2. Single E/p measurements

3. Using pile-up events

4. Large-R regression with DNN

5. b-jet regression with transformer

6. Missing Transverse Energy

Performance gains on hadronic objects are achieved by different ideas shown in this presentation



What do we mean by hadronic objects?

• Jets are the outcome of the partons after showering and hadronisation giving the hadronic activity in pp collisions

• Jets need to be calibrated to take into account detector effects

• We use the response 

• Jet Energy Scale (JES): response mean

• Jet Energy Resolution (JER): response width

• The Missing Transverse Energy uses energy conservation to compute the  of undetected objects

⟨ℛx⟩ = ⟨ xreco

xtrue ⟩
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Introduction
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• In ATLAS, they are built with the anti-k  algorithm 
of cone size R=0.4 or 1.0 (Small-R or Large-R) 
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Improving topo-clusters using calorimeter cell timing 
[2310.16497]

• Seed cut: if  and >12.5 ns rejected

• Seed Extended: reject cells failing the time cut 
during seed neighbour clustering

• Seed Ext+UpperLimit X: if , we skip the 
time cut to retain long-lived-particle signals

ζEM
cell > 4 | tcell |

ζEM
cell > X

• Method: use cell timing information on the cell level before 
forming the clusters to reduce out-of-time (OOT) pile-up 

• Topo-clustering is based on cell signal significance 

; different cuts are studied:ζEM
cell =

EEM
cell

σEM
noise,cell

https://arxiv.org/abs/2310.16497
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Improving topo-clusters using calorimeter cell timing 
[2310.16497]

✓ Reduce OOT 50% for 20 GeV 
and 80% for 50 GeV, while 
HardScatter not changed

✓ Also beneficial for size on disk, with 
an 8% reduction

∼ pT =
∼ pT ≳

• Method: use cell timing information on the cell level before 
forming the clusters to reduce out-of-time (OOT) pile-up 

• Topo-clustering is based on cell signal significance 

; different cuts are studied:ζEM
cell =

EEM
cell

σEM
noise,cell

• Seed cut: if  and >12.5 ns rejected

• Seed Extended: reject cells failing the time cut 
during seed neighbour clustering

➡ Seed Ext+UpperLimit 20: if , we skip 
the time cut to retain long-lived-particle signals

ζEM
cell > 4 | tcell |

ζEM
cell > 20

https://arxiv.org/abs/2310.16497
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Precise measurement of JES using E/p single 
particles

• E/p single measurement corrections using: 

•   GeV: single charged hadrons using minimum bias sample (low )

•  GeV: single isolated pions from   

• Deconvolution method: propagates E/p corrections to the constituents of the jet

• E/p combination with  balance in Small-R: 

• Both methods are in good agreement and they are uncorrelated

✓ Improved JES uncertainty: 0.3% at 300 GeV and 0.6% at 4 TeV (last 
studies were 4.0%)

pT < 10 μ

10 < pT < 300 W → τν

pjet
T

pT = pT =

[2407.15627]

https://arxiv.org/abs/2407.15627
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[2407.10819]
Using pile-up collisions as source of low-energy 
hadronic physics for JER

• Pile-up as abundant source of dijet events at low- , using single lepton trigger

• Complex problem of selecting pile-up Primary Vertices

• Prioritise good quality of jets  no overlap between different vertices jets

pT

→

https://arxiv.org/abs/2407.10819
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Using pile-up collisions as source of low-energy 
hadronic physics for JER

[2407.10819]

• Pile-up as abundant source of dijet events at low- , using single lepton trigger

• Complex problem of selecting pile-up Primary Vertices

• Prioritise good quality of jets  no overlap between different vertices jets

• Dijet analysis: 

✓ Method provides superior statistical precision for < 60 GeV

✓ We can constraint 40% better the noise term  and 20% the stochastic S

pT

→

σ(pT)
pT

=
N
pT

+
S
pT

+ C

plead
T

N

https://arxiv.org/abs/2407.10819
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Energy and Mass calibration of Large-R jets using a 
DNN  

✓ Overall better performance 
in both tasks

✓ Energy resolution ~30% 
better for  > 500 GeVpT

• Simultaneous calibration of energy and mass of Large-R jets using a Deep Neural Network

• ML is suitable for a multidimensional problem like this

• Motivated by the work on Small-R calibration using a DNN [2303.17312]

• Complex DNN containing:

• Feature annotation: encodes the  distribution of the detector

• Residual connection layers: improve the mass task  

η

[2311.08885]

https://arxiv.org/abs/2303.17312
https://arxiv.org/abs/2311.08885
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Transformer for constituent-based b-jet calibration 

• b-jets are important on many analyses such as  and Higgs 

• Some analyses use muon-in-jet and PtReco methods for Small-R jets, comparisons to this 
methods and Nominal Calibration are performed

• Two transformers (called Regression) based on GN2 and GN2X (flavour tagging)

✓ Regression models bring the median closer to the true value 

✓ Resolution of Small-R  and Large-R  and  improves ~30%

✓ Higgs and Z mass resolution improves by ~22% on Small-R and by ~15% on Large-R

tt̄

pT pT m

[ATL-PH
YS-PU

B-2024-015]

b hadron 
 

Neutrino
μ• They give a distinguished signature, often 

containing leptons and neutrinos 

https://arxiv.org/abs/2505.19689
https://cds.cern.ch/record/2866601
https://cds.cern.ch/record/2905688/files/ATL-PHYS-PUB-2024-015.pdf
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Performance of missing transverse momentum 

•  is a key quantity to study SM processes with neutrinos and BSM with e.g. dark 
matter candidates

 

• First time studying the performance with the  WPs: Loose to Tenacious

• On  sample, containing real : need for supporting the different WPs which 
might give better resolution in different phase space 

• These results are the current method of ,with Tight being the default WP

pmiss
T

pmiss
T = − (∑ pe

T + ∑ pγ
T + ∑ pτ

T + ∑ pμ
T + ∑ pjet

T + ∑ punused track
T )

pmiss
T

tt̄ pmiss
T

pmiss
T

[2402.05858]

track soft term

https://arxiv.org/abs/2402.05858
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✓ Scale and Resolution uncertainties are reduced by up to 76% and 51% w.r.t. 
2015 results, with more luminosity and computation of the systematic 
uncertainty from soft  

• Soft term uncertainty is calculated by projecting it into the hard term

✓ Object-based Significance for fake     using the covariance matrix 
per each object 

pmiss
T

pmiss
T → S(pmiss

T )

[2402.05858]
Performance of missing transverse momentum 

track soft term
•  is a key quantity to study SM processes with neutrinos and BSM with e.g. dark 

matter candidates

 

• First time studying the performance with the  WPs: Loose to Tenacious

• On  sample, containing real : need for supporting the different WPs which 
might give better resolution in different phase space 

• These results are the current method of ,with Tight being the default WP

pmiss
T

pmiss
T = − (∑ pe

T + ∑ pγ
T + ∑ pτ

T + ∑ pμ
T + ∑ pjet

T + ∑ punused track
T )

pmiss
T

tt̄ pmiss
T

pmiss
T

https://arxiv.org/abs/2402.05858


‣ Further improvements are on their way
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Conclusions

Towards higher precision in 
preparation of future HL-LHC

Best  performance 
with reduced uncertainty 
and supported WPs

pmiss
TML methods to improve 

scale and resolution for b-
jets and inclusive Large-R 
jets

Pile-up mitigation 
with cell-time cut

Decreasing JES uncertainty 
with extended E/p single 
measurements

Using pile-up as statistical 
source for improving JER



Back-up
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Pipeline of standard jet calibration 
• Small-R: JETM-2018-05

• Large-R: JETM-2018-02

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/JETM-2018-05/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/JETM-2018-02/
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Precise measurement of JES using E/p single 
particles (details)

• In previous studies uncertainty was bigger than the  -balance method, so it was only used beyond kinematic reach of it

• E/p: ratio of the average energy deposited by an isolated charged particle in the calorimeter to the momentum of its inner detector track

• Electron and gamma uncertainties are reduced by using tag-and-probe in  Z  sample and extrapolating it to photons

• Extrapolation of single-particle response to very high , two methods:

1. Forced agreement up to  = 175 GeV, then the variation of the hadronic shower simulation is studied as function of 

2. Using the JES response of the -balance (up to 2 TeV) to constraint the JES derived by E/p measurements by scanning various assumed 
values of the out-of-range particle uncertainty

• Focus on R=0.4 EMTopo and PFlow, but can be used generic for different R values, and quark/gluon initiated jets

pT

→ eē

pT

pT pT

pT

[2407.15627]

https://arxiv.org/abs/2407.15627
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Using pile-up collisions as source of low-energy 
hadronic physics for JER (selection of PPV)

Select pile-up primary vertex:

• Charged-particle tracks used to form PVs 

1. Select one PV

2. Identified charged PFOs consistent with current PV

3. Adjust all neutral PFO 4-vectors to point to the current PV

4. Run FastJet clustering for the current PV

5. Repeat the procedure for every PV (each charged PFO only match to one PV, all 
neutral PFOs are used on every PV)

• JVT provides substantial discrimination between jets originating from other PVs

• Mitigate overlapping high-momentum signals by 

• PV associated to a trigger-matched electron or muon is removed from the RBC

• The total eff. having at least one PPV satisfying all selections in a given BC is 2.1%

f CPV
jet =

pprobe
T

pprobe
T + ∑ poverlap

T
= 1

[2407.10819]

https://arxiv.org/abs/2407.10819
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Energy and Mass calibration of Large-R jets using a 
DNN (architecture and validation) 

•  annotation encodes 
the region of the jet 
with additional 
features based on 

η

η

• Validations

• Spectrum dependency: give flat   similar performance

• Pileup dependency: less gradient with NPV

• Flavour dependency: better response

• Generator dependency: less dependent than standard 
calibration

pT →

[2311.08885]

• Loss: Mixture-density-network finds the mode of the distr.

 ℒMDN = log(σpred) +
1
2

(rE − μpred)2

σ2
pred

https://arxiv.org/abs/2311.08885
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Energy and Mass calibration of Large-R jets using a 
DNN (input features) 

[2311.08885]

https://arxiv.org/abs/2311.08885
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Transformer for constituent-based b-jet calibration 
(architecture and muon dependence) 

• Small-R
[ATL-PHYS-PUB-2024-015]

• Large-R

• Better response when muon comes from 
the jet

• Muon-in-jet starts failing if there is more 
than one muon

https://cds.cern.ch/record/2905688/files/ATL-PHYS-PUB-2024-015.pdf
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Transformer for constituent-based b-jet calibration 
(input features) [ATL-PHYS-PUB-2024-015]

• †: only Small-R input

• ‡: only for Large-R input

Only Small-R input

https://cds.cern.ch/record/2905688/files/ATL-PHYS-PUB-2024-015.pdf
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[2402.05858]
Performance of missing transverse momentum 
(WPs details and soft term uncertainty ) 

• PFlow

For [30,35] GeV bin

• Parallel scale uncertainty reduced by 52%

• Parallel resolution uncertainty reduced by 
43%

• Perpendicular resolution uncertainty 
reduced by 13%

: longitudinal resolutionσL

: correlation between transverse and longitudinal resolution to ρLT pmiss
T

S(pmiss
T ) =

pmiss
T

σ2
L(1 − ρ2

LT)

• Object-based significance

https://arxiv.org/abs/2402.05858

