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The Higgs Boson in a Nutshell
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• Central to the Standard Model (SM) of particle physics
• The Higgs’ Role: Interacts with all massive particles

o Higgs mechanism provides a framework for electroweak symmetry breaking (EWSB)
o EWSB is associated with the acquisition of mass by fundamental particles

• Higgs couples strongly to third generation fermions – well tested
• Higgs coupling to second generation fermions much less tested

Phys. Lett. B 716 (2012) 1-29  

Run 1 Discovery of the Higgs Boson: mH = 125.38 ± 0.41 GeV

https://www.sciencedirect.com/science/article/pii/S037026931200857X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S037026931200857X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S037026931200857X?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S037026931200857X?via%3Dihub
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https://arxiv.org/abs/1305.3315


Motivation  for VBF 𝑯 → 𝒄ത𝒄/𝒃ഥ𝒃
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• First search for 𝑯 → 𝒄ത𝒄 in the VBF production mode. 
• Addition of VBF 𝑯 → 𝒃ഥ𝒃 measurement to increase the significance of VBF H(𝒃ഥ𝒃). 
• 2018 installation of NEW inclusive VBF trigger makes searching for VBF H(cതc) possible.
• NEW b- and c-tagger, GN2v01, with improvement in flavor tagging.

Analysis Strategy:
o Large focus on multijet background estimation due to small 

signals on top of dominant multijet background.
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ATLAS Run 2 + Run 3 Data Summary 
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2022 20232018

VBF Trigger 
Installed

Partial Run 2 (2018): 37.5 fb-1

Partial Run 3 (2022+2023): 26.3 fb-1 (2022) + 25.2 fb-1 (2023)

H(𝒄ത𝒄)

H(𝒄ത𝒄) and H(𝒃ഥ𝒃)

TOTAL DATA USED
• H(𝒄ത𝒄): 89 fb-1

• H(𝒃ഥ𝒃): 51.5 fb-1



Improvements in Flavour Tagging
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Nat Commun 17, 541(2026)
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c-jet efficiency ROC curves 
demonstrating GN2’s background 
rejection of b-jets (solid), light-jets 

(dotted-dashed), and 𝜏-jets (dashed). 

GN2 see’s major 
improvement in background 

rejection compared to 
previous DL1d tagger.

GN2 makes searching for 𝑯 → 𝒄ത𝒄 in the 
the VBF production mode possible.

• Jet must pass 77% working 
point to be b-tagged.

• Jets that fail 77% WP but 
pass 50% WP are c-tagged.

https://www.nature.com/articles/s41467-025-65059-6


Analysis Strategy - ANN
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• Adversarial neural network’s (ANNs) are trained to obtain signal (s) vs. background (b) discriminant.

• Classifier is used to categorize events into more s-like or more b-like regions (6 total signal regions) and the 𝑚𝑗ℎ,𝑗ℎ is fit in each 
region simultaneously.

• Signal events are taken from VBF MC samples, background events are taken from data sidebands on either side of Higgs mass 
window (100 < 𝑚𝑗ℎ,𝑗ℎ< 140 GeV) but within range 50 < 𝑚𝑗ℎ,𝑗ℎ< 200 GeV. 

• SR6 is signal depleted and dominated by non-resonant multijet background, SR1 is signal enriched.



Analysis Strategy - 𝒁 → 𝝁ഥ𝝁 CR
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• Dedicated 𝒁 → 𝝁ഥ𝝁 control regions (CRs) are defined to:
o Check subdominant resonant backgrounds. 
o Measure trigger efficiency.

• Same trigger and selection criteria applied.

• VBF jets selected adhere to the same requirements as those 
in the signal region.

• 50% normalization uncertainty applied to V+jets
backgrounds.

• 7% (4%) uncertainty in the VBF trigger selection efficiency 
is applied to Run-2 (Run-3) simulated events.

Post-fit 𝒁 → 𝝁ഥ𝝁 yields in the ANN SR regions used to 
extract norm factors for V+jets backgrounds. 



Post-Fit Distributions
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• Two systematic uncertainties introduced for possible non-
res. bkgd shape differences between SRs derived from the 
data sidebands: 
o Residual uncertainties

▪ Remaining correlations between ANN score and  𝑚𝑗ℎ,𝑗ℎ.

▪ Leads to slight difference in bkgd shapes between SR1-
SR5.

o Bias uncertainties
▪ Training could inadvertently “sculpt” the bkgd shape in 

the mass window.
▪ Could our ANN+non-res. bkgd extraction method create 

or hide signal excess in the mass window?

VBF H → 𝒃ഥ𝒃
Run 3 

VBF H → 𝒄ത𝒄
Run 3 



Higgs Candidate Jet Mass Distributions
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VBF H → 𝒃ഥ𝒃 VBF H → 𝒄ത𝒄

Combination of SRs weight by ln(1+ Τ𝑠 𝑏) and summed for the 𝐻 → 𝑐 ҧ𝑐 and 𝐻 → 𝑏ത𝑏 channels. Signal (s) 
is calculated based on the observed Higgs boson signal for each region and background (b) is 

calculated based on the post-fit background yields in each region. 

𝜇 𝐻 → 𝑏ത𝑏 : 𝟎. 𝟗𝟕−0.50
+0.57 𝜇 𝐻 → 𝑐 ҧ𝑐 : 𝟏𝟖−13

+13



Combination Results: H → 𝒃ഥ𝒃
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𝐕𝐁𝐅 𝑯 → 𝒃ഥ𝒃 𝐂𝐨𝐦𝐛𝐢𝐧𝐚𝐭𝐢𝐨𝐧

𝝁𝑽𝑩𝑭
𝒃ഥ𝒃 results for Run 2 + Partial Run 3 

VBF and VBF(+𝜸 ) H → 𝒃ഥ𝒃 combination
Signal strength and significance from 

the performed analysis.

Signal strength and significance after 
performing the combination. Observed (Expected) significance 

of (A)+(B)+(C): 3.2𝝈 (3.6𝝈).



Combination Results: H → 𝒄ത𝒄
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Results of Run 2 + Run 3 VBF 𝑯 → 𝒄ത𝒄
and Run 2 VH 𝑯 → 𝒄ത𝒄 combined 𝜿𝒄

Limits set on Run 2 + Run 3 VBF 𝑯 → 𝒄ത𝒄
and Run 2 VH 𝑯 → 𝒄ത𝒄 combined



Results Summary

Austin Charles Mullins

❖ 𝐻 → 𝑐 ҧ𝑐/𝑏ത𝑏 via the VBF production mode was investigated using partial Run 2 and partial Run 3 datasets for 
a combined integrated luminosity of 89 fb-1

.
• 𝑯 → 𝒃ഥ𝒃

o 𝜇 𝐻 → 𝑏ത𝑏 : 𝟎. 𝟗𝟕−0.50
+0.57

o Observed(Expected) of 𝜇 𝐻 → 𝑏ത𝑏 :  𝟏. 𝟗𝝈 (𝟏. 𝟗𝝈)

• 𝑯 → 𝒄ത𝒄
o 𝜇 𝐻 → 𝑐 ҧ𝑐 : 𝟏𝟖−13

+13

o Observed(Expected) upper limit on 𝜇 𝐻 → 𝑐 ҧ𝑐 :  41 (𝟐𝟖)

❖ Three combinations were performed: VBF 𝐻 → 𝑏ത𝑏 with VBF(+𝛾 ) 𝐻 → 𝑏ത𝑏 , and VBF 𝐻 → 𝑐 ҧ𝑐 with VH 𝐻 → 𝑐 ҧ𝑐.
• VBF 𝑯 → 𝒃ഥ𝒃 Combination

o 𝜇 𝐻 → 𝑏ത𝑏 : 𝟎. 𝟗𝟔−0.30
+0.32

o Observed(Expected) significance of 𝜇 𝐻 → 𝑏ത𝑏 :  𝟑. 𝟑𝝈 (𝟑. 𝟑𝝈)
• VBF 𝑯 → 𝒃ഥ𝒃 with VBF(+𝜸 ) 𝑯 → 𝒃ഥ𝒃 Combination

o 𝜇 𝐻 → 𝑏ത𝑏 : 𝟎. 𝟖𝟕−0.28
+0.28

o Observed(Expected) significance of 𝜇 𝐻 → 𝑏ത𝑏 :  𝟑. 𝟐𝝈 (𝟑. 𝟔𝝈)
• VBF 𝑯 → 𝒄ത𝒄 and VH 𝑯 → 𝒄ത𝒄 Combination

o Observed(Expected) upper limit on 𝜇 𝐻 → 𝑐 ҧ𝑐 :  13 (𝟗. 𝟖)
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READ OUR PAPER!

SCAN ME!

https://arxiv.org/abs/2511.21911


Conclusion

Austin Charles Mullins

❖ First search for 𝐻 → 𝑐 ҧ𝑐 in the VBF production mode.

❖Evidence of 𝐻 → 𝑏ത𝑏 in the VBF production mode, Observed (Expected) significance of 
𝜇 𝐻 → 𝑏ത𝑏 :  𝟑. 𝟐𝝈 (𝟑. 𝟔𝝈) when combining result with previous Run 2 VBF and VBF(+𝛾 ) 𝐻 → 𝑏ത𝑏
measurements.

❖Improved statistics with the inclusion of 2024-2026 will provide major improvements 
(statistics prove to be the largest source of uncertainty). 
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2024 2025

Nearly as much as 
collected in 

2018+2022+2023!



Thank You for Your Attention!

H → 𝒄ത𝒄 Candidate H → 𝒃ഥ𝒃 Candidate



Backup
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List of Uncertainties
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Input Variables Used in ANN Training



Improvements in Flavour Tagging

Austin Charles Mullins

b-jet efficiency ROC curves
demonstrating GN2’s background 

rejection of c-jets (solid), light-jets 
(dotted-dashed), and 𝜏-jets 
(dashed). 

Nat Commun 17, 541(2026)

1
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https://www.nature.com/articles/s41467-025-65059-6


Post Fit Distributions - 𝑯 → 𝒄ത𝒄 Run 2 
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Post Fit Distributions - 𝑯 → 𝒄ത𝒄 Run 3
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Post Fit Distributions - 𝑯 → 𝒃ഥ𝒃 Run 3
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