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Motivation for the Analysis

• At high transverse momentum (𝑝𝑇), Higgs boson 
production becomes sensitive to the loop structure 
in the gluon-gluon Fusion (ggF).

• Ability to probe Higgs-gluon couplings and conduct 
an EFT interpretation.

• Regions of phase-space where BSM effects can be 

enhanced by 𝑝𝑇
2

Λ2 .

• Deliverables: inclusive Higgs signal strength for 
𝑝𝑇 > 450 𝐺𝑒𝑉, inclusive Higgs signal strength for 
three 𝑝𝑇 bins.

𝜇 =
𝜎 ∙ 𝐵𝑅 𝑜𝑏𝑠

𝜎 ∙ 𝐵𝑅 𝑆𝑀

• Compared to the previous Run 2 analysis 
arXiv:2111.08340, sensitivity improves by 7-10x.
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Dataset and Event Reconstruction 

• Data recorded by the ATLAS detector during: Run 2 (2015-2018) 
at 13 TeV and part of Run 3 (2022-2024) at 13.6 TeV.

• Total integrated luminosity: 301 𝑓𝑏−1 (largest dataset so far)

• Triggers: Unprescaled single large-R jet High Level Triggers (HLT) 
with (without) mass cuts and lowest jet 𝑝𝑇  cuts 420 (460) GeV. 
• Different trigger chains for each year, adjusting to machine 

conditions.
• Offline thresholds unified to 𝑝𝑇 > 450 𝐺𝑒𝑉, 𝑚𝐽 > 45 𝐺𝑒𝑉.
• Data/MC scale factors correct the sub-plateau regions.

• Hadronic Jets: Unified Flow Objects (UFO) 
• Combination of particle flow objects and calorimeter 

clusters. 

• Jet Tools:
• Flavour Tagging: GN2X (next slide).
• bJR regression: calibrates the large-R jet mass and 𝑝𝑇, 

improving their resolutions by 30% and 20%. 3



Flavour Tagging

• GN2X algorithm (version v02), using a transformer neural network architecture.

• Significant improvements in the rejection of background jets.

• 15% improvement in the Higgs signal efficiency at equal QCD mis-identification 
probability and is trained on a mixture of mc20 (Run 2-like) and mc23 (Run 3-like) 
simulation samples.

• Pile-Up (PU): GN2X exhibits a flat response, independent of PU conditions in both 
data and simulation.

• Working Point (WP): computed to provide a constant                                                       
efficiency as a function of the large-R jet mass on                                                                             
di-jet QCD background events.

• Studied the response of GN2X to 4 MC generators: Pythia 8, Herwig 7, Sherpa 2.2.14 
and POWHEG + Pythia 8. 

• Relative differences up to 30% (uncorrelated with the predicted bb content of the 
QCD large-R jets).
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Tag Rate and Evolution with Time
• Response varies as a function of the data taking period and MC campaigns.
• In Run 2 the increase of Tag Rate is not predicted by the MC
• Pixel radiation damage not present in MC samples simulating 2017 and 2018 conditions.
• Produced custom MC samples for 2018 conditions with radiation damage (presented in 

gray) and shifted the GN2X LLR.

Be
fo

re

Af
te

r

Year-by-year 
variations can be 

absorbed by tuning 
the WPs for each 

MC campaign.
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Flavour Tagging Calibration
MC Variations 

• Used to evaluate systematic uncertainties.

• MC variations of tracking and pixel 
response, b-hadron production and decay 
and fragmentation modeling.

Scale Factors
• Extracted by fitted yields of 𝑍 → 𝑏 ത𝑏 + 𝑗𝑒𝑡(𝑠) 

events, normalized to 𝑍 → 𝜇+𝜇− + 𝑗𝑒𝑡 𝑠 . 
Effects related to the modeling of Z+jet(s) 
processes cancel out in the ratio.

• Simulation – to data bb tagging efficiency corr.

Tighter/Higher purity WP

𝜅𝑏𝑏
𝐺𝑁2𝑋 =

𝜇𝑍→𝑏𝑏

𝜇𝑍→𝜇𝜇
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Event Selection
• Candidate Jet: A large-R jet fulfilling:

• 𝑝𝑇 > 450 𝐺𝑒𝑉

• 𝜂 < 2.0

•
2𝑚𝐽

𝑝𝑇
< 1 (boosted jet)

• Contains at least two Variable 
Radius (VR) jets with 𝑝𝑇 > 10 𝐺𝑒𝑉

• Events criteria:
• Trigger at least one of the HLT
• Leading large-R jet has 𝑝𝑇 >

450 𝐺𝑒𝑉 and 𝑚𝐽 > 45 𝐺𝑒𝑉

• Subleading large-R jet has 𝑝𝑇 >
200 𝐺𝑒𝑉

• At least one of the two leading 
large-R jets passes the candidate 
jet criteria.
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Event Categorization and 𝑝𝑇  bins
• Candidate jets are organized according to the GN2X 

output into the regions:
• Signal Region (SR): the jets are b tagged.
• Control Region (CR)/ Validation Region (VR): the jets 

failing the b tagging. Used to constrain the shape of 
the multijet background shape in the SR/ test the 
multijet background model. CR has 10 times the SR 
yield; remaining 97.5% of anti-tagged jets form the VR.

• Control Region 𝒕 ҧ𝒕 (𝑪𝑹𝒕 ҧ𝒕): isolated muon associated 
with b tagged jet recoils against a large-R jet. Used to 
measure the 𝑡 ҧ𝑡 background rate.

Bin Values in GeV

𝑝𝑇
𝑎𝑙𝑙 >450

𝑝𝑇
02 450-650

𝑝𝑇
03 650-1000

𝑝𝑇
04 >1000

All regions are divided in three 𝑝𝑇  bins
GN2X tagging decision Jet’s assigned region

Leading jet Subleading jet Leading jet Subleading jet

Pass Pass SRL --

Pass Fail SRL CRS/VRS

Fail Pass CRL/VRL SRS

Fail Fail CRL/VRL CRS/VRS
8



Muon-In-Jet Correction (1/3)

• b,c quarks decay semileptonically.

• Muons escape calorimeters and 
their energy is not captured.

• Mass and 𝑝𝑇  distributions shift to 
lower values and get wider (effect 
larger in SRS).

𝐵𝑅 𝑏 → 𝜇𝜈𝑋 ≅ 20%

Need for the Correction

• Muon selection: Locating the two leading Variable 
Radius (VR) jets, inside the large-R jet and applying 
cuts to the muons: 𝑝𝑇 > 10 𝐺𝑒𝑉, 𝜂 < 2.4.

• Associating muons to one of the VR jets, using: 

ΔR = Δη 2 + Δ𝜑 2 < min 0.4, 0.04 +
10 GeV

p𝑇
jet

• Applying correction to the four-momentum of the jet: 
𝑝𝐽,𝑐𝑜𝑟𝑟

𝜇
= 𝑝𝐽

𝜇
+ 𝑝𝑚𝑢𝑜𝑛

𝜇

(𝜇 represents the indices of the four momentum; not the muon.)

Method

9



Sample CorrRate SRL CorrRate SRS

MC ggH 0.179 0.331

MC Zbb 0.189 0.345

MC QCD 0.178 0.312

Data 2022 (10 𝑓𝑏−1) 0.153 0.305

Muon-In-Jet Correction (2/3)

Quantity Before MIJ After MIJ Improvement

𝜎(𝐺𝑒𝑉) 12.21 10.37 15%

𝑀𝑃𝑉 (𝐺𝑒𝑉) 116.07 119.35 2.7%

*Correction Rate (All Years for SRL and SRS) Hbb MC sample before (histogram) and after (points) MIJ

bJR mass

(∗)𝐶𝑜𝑟𝑟𝑅𝑎𝑡𝑒 =
𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑙𝑎𝑟𝑔𝑒 − 𝑅 𝑗𝑒𝑡𝑠

𝐴𝑙𝑙 𝑙𝑎𝑟𝑔𝑒 − 𝑅 𝑗𝑒𝑡𝑠
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Muon-In-Jet Correction (3/3)

𝜇Ζ = 1.37368 ±  0.348315 𝜇𝑍 = 1.15955 ±  0.295806

Improvement by 15% of the statistical uncertainty in the extraction of 𝝁𝒁.

Testing the effect of 
the MIJ in the 
extraction of 𝜇𝑍 with  
10 𝑓𝑏−1 of 2022 data 
in the SRS region.

Statistical fit only 
before (left) and after 
(right) the 
application of MIJ.

Muon-In-Jet 
correction is applied 
to all the samples 
and data of the 
subleading region.
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Control Region 𝑡 ҧ𝑡 (1/3)
• In Higgs mass peak region, contribution from 𝑡 ҧ𝑡 is 

comparable to Higgs signal. The purpose of this 
region is to estimate the 𝑡 ҧ𝑡 background.

• Selecting events where one top quark decays to a 
muon. We use the GN2X tagger, this time 
targeting top quarks. 

• LLR discriminant is:

• Split the region into two sub-regions: 
the “Hbb-like” with 𝐷𝑡𝑜𝑝 < −3 
(resembling our signal region and the 
“Top-like” with 𝐷𝑡𝑜𝑝 > −3.

• Perform 12 statistical fits on each 
subregion for Run 2 and Run 3 and for 
all 𝑝𝑇 bins (the two upper 𝑝𝑇 bins are 
merged here).

• Extract the Scale Factors: 𝑆𝐹𝑡 ҧ𝑡 =
𝐷𝑎𝑡𝑎

𝑀𝐶

• Apply the SFs to the SR and VR/CR:

• 25% uncertainty → 5% on 𝜇Η

Method
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Control Region 𝑡 ҧ𝑡 (2/3)

𝑝𝑇
𝑎𝑙𝑙: > 450 𝐺𝑒𝑉 𝑝𝑇

02: 450 − 650 𝐺𝑒𝑉

𝑆𝐹𝑡 ҧ𝑡  for Run 2 and Run 3 and for two 𝑝𝑇  bins
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Control Region 𝑡 ҧ𝑡 (3/3)

Hbb-like Top-like

Statistical fits of the 𝐶𝑅𝑡 ҧ𝑡, for 𝑝𝑇
02 of Run 2.
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Background Modeling
• Subdominant Background: Z+jets (SR), W+jets, 

Z+ jets and 𝑡 ҧ𝑡 (VR and 𝐶𝑅𝑡 ҧ𝑡) → Modeled by MC.
• Dominant Background (93%): QCD → Modeled 

in a data-driven way (both mass spectra shape 
and normalization). 

• VR data slices: subsets of the VR having the 
same statistics with the SR (randomly selected 
events).

• Hybrid VR slices to test the linearity of the fit. 
We use 3 ≤ 𝑁 ≤ 5, 0 ≤ 𝑀 ≤ 2.                              
Optimal: N=4, M=2.

Fitting Model

x

• Polynomial-exponential function: CR QCD 
spectrum 

• Transfer function: Differences between SR 
and CR, arising from flavour composition 
and jet substructure.

Subtract 𝑉, 𝑡 ҧ𝑡 SM rate 
(=1) resonances using 

MC VR samples.

Multiply by 
ratio of 𝑓(𝑁) fit 
to SR over 
𝑓(𝑁) fit to CR

Inject H → 𝑏 ത𝑏,
𝑍 → 𝑏ത𝑏 
templates at 
varying signal 
rates

− 𝑥 + = Hybrid 
VR Slice
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Final Fit for μΗ Extraction
• A simultaneous profile-likelihood fit is performed to the 𝑚𝐽  distributions in 12 SR – CR 

pairs: leading/subleading categories, three 𝑝𝑇  bins and Run 2, Run 3 datasets.

• Compared to SR-alone fits, including the CR:
• reduces uncertainties on 𝑓𝑁 parameters by 20-30%
• improves statistical precision on 𝜇Η by 15-20%
• reduces correlations between 𝜇Η and Jet Mass Resolution (JMR), Jet Mass Scale (JMS) 

by 15-40%, leading to smaller systematic uncertainties.

• The 𝑍 → 𝑏 ത𝑏 resonance provides in situ constrains on:
• The 𝜅𝑏𝑏

𝐺𝑁2𝑋 factors (along with 𝑍 → 𝜇𝜇 + 𝑗𝑒𝑡(𝑠)),
• JMR and JMS.

• Likelihood depends on:
• the Higgs signal strength 𝜇Η,

• 12 𝜅𝑏𝑏
𝐺𝑁2𝑋 factors (independent),

• >100 systematic uncertainties parameters and 
• 96 free parameters (𝜑 and 𝜓) modeling the QCD background

16
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Higgs Cross Section Predictions
• Latest theoretical predictions and systematics 

uncertainties found in: arXiv:2005.07762

• ggF is at NNLO QCD with exact NLO top-mass scheme 
effects, VBF, is at NNLO QCD and VH, ttH are at NLO QCD.

• Calculate SFs for each process and 𝑝𝑇 bin to correct small 
deviations of our MC samples (simulated at NLO with 
PowHeg) from the theoretical predictions.

𝑆𝐹 =
𝑀𝐶𝑏𝑒𝑓𝑜𝑟𝑒

𝑇ℎ𝑒𝑜𝑟𝑦

• Within the Higgs mass window ggF constitutes ~50% of the 
signal (reducing to ~40% above 1 TeV), VH ~25% to ~40% 
while VBF and ttH ~20% and ~5% respectively.
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Results (1/2)

• The signal strength μH, for 𝑝𝑇
𝐻 > 450 GeV, is:

𝝁𝚮 = 𝟏. 𝟓𝟑 ± 𝟎. 𝟐𝟕 𝒔𝒕𝒂𝒕. −𝟎.𝟐𝟕
+𝟎.𝟑𝟑 𝒔𝒚𝒔𝒕. ± 𝟎. 𝟏𝟕(𝒕𝒉𝒆𝒐. )

• This corresponds to an observed (expected) 
significance of 3.8σ (2.5σ) relative to the 
background-only hypothesis.

• Measurements also 
performed in the 
three 𝑝𝑇  bins.
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Results (2/2)

𝒑𝑻 (GeV) Fitted 𝝁𝚮 values Significance: Observed (Expected)

450 – 650 𝜇Η = 1.98 ± 0.36 𝑠𝑡𝑎𝑡.  −0.40
+0.53(𝑠𝑦𝑠𝑡. ) ± 0.17(𝑡ℎ𝑒𝑜. ) 3.9σ (1.9σ)

650 – 1000 𝜇Η = 0.23 ± 0.67 𝑠𝑡𝑎𝑡. ± 0.49 𝑠𝑦𝑠𝑡. ± 0.17(𝑡ℎ𝑒𝑜. ) 0.3σ (1.3σ)

>1000 𝜇Η = 2.3 ± 1.4 𝑠𝑡𝑎𝑡.  −1.1
+1.3(𝑠𝑦𝑠𝑡. ) ± 0.2(𝑡ℎ𝑒𝑜. ) 1.3σ (0.5σ)
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Conclusions

• All results are compatible with the Standard Model; measurements in the three 𝑝𝑇  
bins agree with the SM expectation at the 16% level.

• Measured 𝜇Η and observed 3.8σ significance for 𝑝𝑇
𝐻 > 450 GeV.

• Achieved 7-10x improvement in sensitivity to Hbb signal with 𝑝𝑇
𝐻 > 450 GeV, driven by: 

• strong QCD rejection (from GN2X), 
• better mass and 𝑝𝑇  resolution (from regression model), 
• simultaneous fit of SR and CR to constrain the multijet model and 
• more than 2x the Run 2 data set.

• This result provides the most precise determination of Higgs boson production at 
high transverse momentum.
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Back-Up Slides
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Zbb in situ calibration

24

Observed 𝑍 → 𝜇𝜇 + 𝑗𝑒𝑡 𝑠 event rate 
as a function of jet 𝑝𝑇, compared to 

theoretical predictions. Also shown the 
Τ𝑊 𝑍 → 𝑞 ത𝑞 rates. Finally, the 𝑍 → 𝑏 ത𝑏 

uncalibrated rates are shown for 
comparison.



Systematic Uncertainties and Contributions to 𝜇Η (last column)
Ranges in magnitude express the envelope of the uncertainty size across 𝑝𝑇. Larger values correspond 
to higher 𝑝𝑇  bins. Magnitudes for shape-only variations express up-down variations in the involved 
quantity, ex. JMR changes the peak width, JMS changes the peak position. 
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Analysis Cut Flows Improvements
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Injection on VR data slices

27

Average 𝜇Η value from fits to VRL data 
slices for large-R jets in the 𝑝𝑇  range 

450 – 1250 GeV corresponding to 
310 𝑓𝑏−1 of statistics as a function of 

the amount of signal injected for 
various orders of the polynomial term 

in the QCD function.



Higgs candidate jet



GN2X response to Pile-Up
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Jets
GN2X – Reduction of QCD background

Apart from the b 
quark 

identification, 
large rejection of 

QCD 
background 

offered by GN2X.

Background:    
• Resonant background: only Zbb and Hbb (Previous analysis had also W+jets and 𝑡 ҧ𝑡 
→ These are now rejected by the GN2X). 

• QCD multijet (modelled in a data driven way).

Before Flavour Tagging After Flavour Tagging
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GN2X discriminant
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Hbb Efficiency Variation with Time Evolution and WP tunning

Before After

Year-by-year 
variations can be 

absorbed by tuning 
the WPs for each 

MC campaign.
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𝑍 → 𝜇𝜇 + 𝑗𝑒𝑡 𝑠  Event Selection

• High 𝑝𝑇 Z bosons recoiling against a large-R jet:
• 2 muons w/ min 𝑝𝑇 50 GeV, 𝜂 < 2.0 and opposite charges.
• Large-R jet w/ 𝑝𝑇 > 450𝐺𝑒𝑉 and 𝜂 < 2.0.
• 𝑝𝑇

𝜇𝜇
> 450𝐺𝑒𝑉.

• The same HLT large-R jet trigger requirements are applied also to the 𝜇𝜇 
channel.

• 𝜇𝑍𝜇𝜇  extraction like 𝜇𝑍𝑏𝑏  where 𝜇𝑍, JMR and JMS are free parameters.
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𝐶𝑜𝑟𝑟𝑅𝑎𝑡𝑒 =
𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑙𝑎𝑟𝑔𝑒 − 𝑅 𝑗𝑒𝑡𝑠

𝐴𝑙𝑙 𝑙𝑎𝑟𝑔𝑒 − 𝑅 𝑗𝑒𝑡𝑠
𝑀𝑅 =

𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝑙𝑎𝑟𝑔𝑒 − 𝑅 𝑗𝑒𝑡𝑠 𝑤ℎ𝑒𝑟𝑒 𝑚𝑢𝑜𝑛 𝑖𝑠 𝐴 𝑂𝑅 𝑖𝑠 𝐵

𝐴𝑙𝑙 𝑙𝑎𝑟𝑔𝑒 − 𝑅 𝑗𝑒𝑡𝑠

Muon-In-Jet Correction: Correction and Mistag Rate

Run 2 Result: CorrRate = 33% for SRS at 10 GeV cut. Run 2 Result: MR = 2.2% for SRS at 10 GeV cut.

𝐴 = 𝑛𝑜𝑡 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑 𝑏𝑦 𝑏 𝑜𝑟 𝑐 𝑞𝑢𝑎𝑟𝑘, 𝐵 = 𝑛𝑜𝑡 𝑡𝑟𝑢𝑡ℎ 𝑚𝑎𝑡𝑐ℎ𝑒𝑑
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VR-SR Differences: Transfer Function Studies

• Alternative QCD generators and flavour-composition variations are used to test the SR/VR 
mass-shape ratio.

• A data-driven substructure correction rescales 𝑏 ത𝑏 QCD jets with more than two VR track-
jets by a factor of 1.3 before deriving the GN2X working points.
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Monte Carlo Samples

• Higgs boson production simulated at NLO QCD using POWHEG BOX; parton 
showering & hadronization Pythia 8.

• W/Z + jets simulated using Sherpa 2.2.14

• 𝑡 ҧ𝑡 simulated using POWHEG BOX.

• Detector response modeled by GEANT 4.
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XML Analytic Workspace Builder Workflow
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Accelerator complex and LHC
• LHC is the only place on the world we can 

produce Higgs bosons today!

• The journey of protons is:

Station Run 2 Energy Run 3 Energy

LINAC2 50 MeV --

LINAC4 -- 160 MeV

PSB 1.4 GeV 2 GeV

PS 25 GeV 25 GeV

SPS 450 GeV 450 GeV

LHC 13 TeV 13.6 TeV

• LHC is 27 km long, in 100m depth.
• Dipole magnets to bend protons and quadrupole 

magnets to focus and defocus the beam.
• RF system to accelerate protons.
• 4 main Interaction Points (IP).
• Center of mass energy: 𝑠
• Integrated Luminosity (𝐿𝑖𝑛𝑡): data taken (𝑓𝑏−1) 38



ATLAS detector and sub detectorsMagnet System

Used to bend particles to 
measure their 𝑝𝑇.

Inner Detector (ID) and IBL

Measures charge, momentum 
and paths of charged particles

Calorimeters (ECal + HCal)

Measure energy of particles 
decaying via strong or EM 

force.

Muon Spectrometer (MS)

Tracking and 𝑝𝑇  measurement 
of escaping muons.

• General purpose detector located at IP1.
• 44m long, 25m high.
• Consist of three main sub-detectors plus the 

magnet system. Each subdetector consist of 
smaller sub-systems.

• Updates after Run 2.

Proton-proton collisions are imaged inside the 
ATLAS detector.
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Higgs Boson at the LHC
• 4 main production modes. 
• The cross sections noted are for 13TeV. 

Similar predictions for 13.6TeV.
• Gluon-gluon fusion (ggF) is the dominant 

production mode.
• Many decay modes. Our channel 𝐻 → 𝑏 ത𝑏 is 

the dominant (BR =~ 58%), with a very big 
background.

Decay Channel Branching Ratio Relative Uncertainty

H → b ̅b 5.82 × 10⁻¹ +1.2% / −1.3%

H → W⁺W⁻ 2.14 × 10⁻¹ ±1.5%

H → τ⁺τ⁻ 6.27 × 10⁻² ±1.6%

H → c̅c 2.89 × 10⁻² +5.5% / −2.0%

H → ZZ 2.62 × 10⁻² ±1.5%

H → Zγ 1.53 × 10⁻³ ±5.8%

H → γγ 2.27 × 10⁻³ 2.1%

H → μ⁺μ⁻ 2.18 × 10⁻⁴ ±1.7%

Discovery of 
Higgs by ATLAS

𝜎𝑡𝑜𝑡
13𝑇𝑒𝑉 𝐻 = 55.1 ± 3.3 𝑝𝑏

Our analysis decay channel Branching Ratio: 𝐵𝑅 =
Γ𝑖

σ𝑖 Γ𝑖

Γ𝑖: the width of the decay 
channel
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Jets with a radius that 
varies with 𝑝𝑇, with the 
expression:

Reminder:
Every Large-R jet is 
required to contain 
at least two VR jets 
to be considered in 
our analysis.

Variable-Radius (VR) Jets

𝑅 → 𝑅𝑒𝑓𝑓 𝑝𝑇 =
𝜌

𝑝𝑇

Calculation of the Mistag Rate

• Calculation only for Monte Carlo (MC) 
to find the optimum Muon 𝑝𝑇  cut.

• Associating reconstructed muons to 
truth muons.

• Criteria:  ΔR < 0.2 and 
𝑝𝑇,𝑟𝑒𝑐𝑜 − 𝑝𝑇,𝑡𝑟𝑢𝑒

𝑝𝑇,𝑡𝑟𝑢𝑒
< 0.2
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