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Introduction
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Measurements of Higgs boson Yukawa couplings are stringent 
tests for the validity of the SM

In the quark sector:

● H➝bb plays a crucial role in Higgs physics
○ BR(H➝bb)∼58% (the highest)
○ yb has the largest impact on the Higgs boson’s width 
○ most sensitive decay channel to study rare Higgs 

boson processes
○ fundamental in double-Higgs searches

● H➝cc much more challenging to measure:
○ BR(H➝cc)∼3% 
○ more difficult to identify c-jets, higher backgrounds
○ BSM phenomena can significantly enhance the BR

Nature 607, 52–59 (2022)

https://www.nature.com/articles/s41586-022-04893-w
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The V(lep)H process
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pp➝Z(νν)H pp➝W(lν)H pp➝Z(ll)H

● The VH (qq/gg-induced) production channel is the most sensitive mode to access the H➝bb and 
H➝cc decays

○ Significant reduction of overwhelming multijet background obtained by requiring the leptonic 
decay of the vector boson 

○ Cleaner signatures with 2 b/c-jets, charged leptons and/or ET
miss

cds.cern.ch/record/2771693

http://cds.cern.ch/record/2771693


Gabriele D’Anniballe - SM@LHC 2025

The ATLAS 
VH(bb/cc) analysis
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The ATLAS VH(bb/cc) Run2 analysis 
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HIGG-2020-20

● Idea: exploit similarities between VH(bb) and VH(cc) topologies to re-analyze the full Run2 dataset 
with a single harmonized strategy

○ previous results: resolved VH(bb), boosted VH(bb),VH(cc) 

● Orthogonal regions in flavour-tagging / pT
V: ● Three analysis channels:

0 lepton

1 lepton

2 lepton

ℓ=e,μ,τ(had)

ℓ=e,μ

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/#auxiliary_header
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/
https://link.springer.com/article/10.1140/epjc/s10052-020-08677-2
https://www.sciencedirect.com/science/article/pii/S0370269321001441?via%3Dihub
https://link.springer.com/article/10.1140/epjc/s10052-022-10588-3
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Jet flavour-tagging: PCFT approach
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● Key experimental ingredient:  to be able to efficiently 
distinguish b/c-jets from light-jets (u/d/s- or 
gluon-initiated) 

● Jet flavour tagging performed employing DL1r 
algorithm

○ DNN architecture, output [pb, pc, pu]
○ b-tag and c-tag scores:

● Pseudo-Continous-Flavour-Tagging approach (PCFT):

○ orthogonal regions defined in the (Db, Dc) plane 
for fixed efficiency working points (PCFT bins)

○ dedicated calibrations for each PCFT bin 
derived on ttbar samples 

HIGG-2020-20

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/#auxiliary_header
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/
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Higgs candidate selection
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Resolved (pT
V < 400 GeV):

Boosted VH(bb) (pT
V > 400 GeV):

● Reconstructed jets ordered in pT, first two are the 
Higgs candidate jets (j1, j2)

○ VH(bb): exactly two b-tagged jets (BB)

○ VH(cc): at least one c-tagged jet, no 
b-tagged jets:

■ CTC = CTCT + CTCL 
■ CTCN

○ BCT and CLN used as control-regions

Higgs candidate: leading large-R jet with mJ > 50 GeV
 

● At least two matched track-jets (anti-kT with R ∝1/pT)
○ exactly two b-tagged 

PCFT bins

HIGG-2020-20

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/#auxiliary_header
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/
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Vector boson candidate (main) selections
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0-lepton 1-lepton 2-lepton

ℓ=e,μℓ=e,μ,τ(had)

● ET
miss trigger

● No 𝜇, e, τhad-vis
● ET

miss > 150 GeV
● Anti-QCD topological cuts

Z⇾vv selection

● Single lepton / ET
miss trigger

● Exactly one 𝜇 or e or τhad-vis
● ET

miss > 30 GeV (e channel)

W⇾ℓv selection
● Single lepton / ET

miss trigger
● Exactly 2𝜇 or 2e

○ OS (μ-channel)
● 81 GeV < mll< 101 GeV

Z⇾ℓℓ selection

The detailed event selection is in the backup.
Requirements on min[Δφ(ET

miss, jets)], 
Δφ(ET

miss, Higgs candidate), 
Δφ(Higgs candidate jet 1, Higgs candidate jet 2)

(large ET
miss

 values can be produced by unreconstructed QCD radiation)
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Main backgrounds
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Main:
● Z+jets
● W+jets
● tt production 

Minor:
● single top
● diboson
● multijet (data-driven in 1-lepton)

HIGG-2020-20

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/#auxiliary_header
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/
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Event categorization
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● Categorization based on 
○ the number of 𝑏- and 𝑐-tagged jets, 
○ the value pT

V , 
○ the number of additional jets

● Signal regions (SRs)
○ (resolved) continuous cut in ΔR(j1,j2) - pT

V

○ (boosted) no additional  𝑏-tagged track-jet outside the large-R jet

● Control regions (CRs) 
○ needed to have a handle on V+jets and Top production
○ ΔR(j1j2)-based:  j1j2 with the same flavours as in the signal
○ Tag based CRs: j1j2 with the different flavours

j1

j2

In total: 59 SRs, 97 CRs.
Full event categorization 
in backup.

HIGG-2020-20

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/#auxiliary_header
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/
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Analysis strategy
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1. MVA based on a set of boosted decision trees (BDTs) 
○ innovative approach for VH(cc) and boosted VH(bb) - previously based on mH

2. Global (binned) maximum likelihood fit used to extract parameters of interests (POIs).
○ Complex likelihood structure due to large number of regions and variables.

Stat. unc. on MC predictions
Floating normalizations

POIs

 Eur. Phys. J. C 81, 178 (2021)

Modelling and experimental unc.

3. Targeted measurements:
○ global signal strengths for VH(bb) and VH(cc)

■ WH(bb), ZH(bb) signal strengths
○ STXS differential measurements of ZH(bb) and WH(bb)
○ κ-framework reinterpretation: κb,  κc, |κb/κc|

Nuisance 
Parameters

https://link.springer.com/article/10.1140/epjc/s10052-020-08677-2
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Results
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Diboson cross-check
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Alternative set of BDTs trained to extract V(lep)Z(bb/cc) diboson 
processes from background.

● BDTs evaluated on the same events categorized in the SRs
● Powerful test to validate the V(lep)H(bb/cc) analysis

Compatible results with SM expectations.

VZ(bb):
● WZ(bb): 6.4σ (6.5σ) obs. (exp.) ➝ First observation
● ZZ(bb): more than 10σ

VZ(cc):
● WZ(cc): 3.9σ (2.7σ) obs. (exp.)
● ZZ(cc): 3.1σ (4.3σ) obs. (exp.)

Combination: 5.2σ (5.3σ) obs. (exp.) ➝ First observation 

HIGG-2020-20

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/#auxiliary_header
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/
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VH signal strength results
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Simultaneous extraction of VH(bb) and VH(cc) signal strengths. VH(bb) also decorrelated in WH(bb) and ZH(bb).
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VH signal strength results
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HIGG-2020-20

Simultaneous extraction of VH(bb) and VH(cc) signal strengths. VH(bb) also decorrelated in WH(bb) and ZH(bb).

● 15%-level of precision reached on VH(bb) - obs (exp) 7.4σ (8.0σ)  
○ 4.9σ (5.6σ) on ZH(bb) 
○ 5.3σ (5.5σ) on WH(bb) ➝ First observation

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/#auxiliary_header
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/
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VH signal strength results
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HIGG-2020-20

Simultaneous extraction of VH(bb) and VH(cc) signal strengths. VH(bb) also decorrelated in WH(bb) and ZH(bb).

● 15%-level of precision reached on VH(bb) - obs (exp) 7.4σ (8.0σ)  
○ 4.9σ (5.6σ) on ZH(bb) 
○ 5.3σ (5.5σ) on WH(bb) ➝ First observation

● obs (exp) 11.5 (10.6) 95% upper limit on VH(cc)
○ more than a factor 2x better wrt previous VH(cc) round 
○ most stringent upper limit on μVH(cc) to date

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/#auxiliary_header
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/
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STXS VH(bb) measurements
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HIGG-2020-20

New 
bins

Differential VH(bb) cross section 
measurement in  pT

V 
 bins (STXS 

Reduced stage 1.2)
 
 

● New bin at low pT
V (75-150 GeV) 

for WH(bb)
● New splitting for boosted regime

○ >400 ➝ 400-600, > 600

Overall compatibility with SM: 90%

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/#auxiliary_header
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/
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STXS VH(bb) measurements

Differential VH(bb) cross section 
measurement in  pT

V 
 bins and Nadd-jets 

(STXS Reduced stage 1.2)
 
 

● New bin at low pT
V (75-150 GeV) 

for WH(bb)
● New splitting for boosted regime

○ >400 ➝ 400-600, > 600
● Splitting in Nadd-jets for resolved 

ZH(bb) regime

Overall compatibility with SM: 90%

HIGG-2020-20

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/#auxiliary_header
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/
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κ-framework interpretation
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Fit results reinterpreted in the scope of the κ-modifiers framework.  Only κb and κc parameterization.
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κ-framework interpretation
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HIGG-2020-20

κb= 1, κc floating

not parametrized

|κc| < 4.2 (4.1) @ 95% CL
0.65 (0.72) < |κb| < 1.37 (1.62) @ 95% CL

Fit results reinterpreted in the scope of the κ-modifiers framework.  Only κb and κc parameterization.
1D scans (for |κb| and |κc| limits)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/#auxiliary_header
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/
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κ-framework interpretation
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HIGG-2020-20

κb, κc floatingκb= 1, κc floating

not parametrized

|κc| < 4.2 (4.1) @ 95% CL
0.65 (0.72) < |κb| < 1.37 (1.62) @ 95% CL

Fit results reinterpreted in the scope of the κ-modifiers framework.  Only κb and κc parameterization.
1D scans (for |κb| and |κc| limits), 2D scan

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/#auxiliary_header
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/
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κ-framework interpretation
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|κc/κb| < 3.6 (3.5) @ 95% CL
● < mb/mc @ μR=125 GeV:

Higgs flavour universality excluded 
at 3σ level HIGG-2020-20

κb, κc floatingκb= 1, κc floating

not parametrized

|κc/κb| alternative param.

free parameter

|κc| < 4.2 (4.1) @ 95% CL
0.65 (0.72) < |κb| < 1.37 (1.62) @ 95% CL

Fit results reinterpreted in the scope of the κ-modifiers framework.  Only κb and κc parameterization.
1D scans (for |κb| and |κc| limits), 2D scan, |κc/κb| limit extraction (no dependence on ΓH assumptions)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/#auxiliary_header
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/
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Conclusions
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Overview of the ATLAS VH(bb/cc) analysis 

● combination of VH(bb) resolved, VH(cc), and VH(bb) boosted measurements
○ ad hoc 2D PCFT approach 
○ MVA approach extended to VH(cc) and boosted VH(bb)
○ coherent modelling of main backgrounds in dedicated CRs 

● significant achievements:
○ first observation of WZ(bb), VZ(cc) and WH(bb)
○ >100% improvement in VH(cc) limit, best observed constrain up to date
○ more granular STXS VH(bb) measurements 
○ Higgs flavour universality excluded at 3σ level
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Break
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Backup
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PCFT scale factors
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HIGG-2020-20

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/#auxiliary_header
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/
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Dijet mass corrections
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HIGG-2020-20

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/#auxiliary_header
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/
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Monte Carlo samples
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HIGG-2020-20

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/#auxiliary_header
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/
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Event selection
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HIGG-2020-20

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/#auxiliary_header
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/
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Event categorization
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HIGG-2020-20

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/#auxiliary_header
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/
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MVA input features
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HIGG-2020-20

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/#auxiliary_header
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/
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Variables used in the CRs
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HIGG-2020-20

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/#auxiliary_header
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/
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Some post-fit distributions
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0-lepton 1-lepton 2-lepton

2jets, BB-tag, 150 < pT
V< 250 GeV

HIGG-2020-20

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/#auxiliary_header
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/
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Some post-fit distributions
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0-lepton 1-lepton 2-lepton

2jets, CTC-tag, 150 < pT
V< 250 GeV

HIGG-2020-20

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/#auxiliary_header
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/
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Some post-fit distributions
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0-lepton 1-lepton 2-lepton

2jets, CTC-tag, 150 < pT
V< 250 GeV

HIGG-2020-20

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/#auxiliary_header
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/
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log10(S/B)
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HIGG-2020-20

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/#auxiliary_header
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/
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Post-fit normalizing factors
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HIGG-2020-20

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/#auxiliary_header
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/
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Uncertainties breakdown
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HIGG-2020-20

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/#auxiliary_header
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/
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STXS measurements
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HIGG-2020-20

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/#auxiliary_header
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/
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Lepton channel decorrelation
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VH(bb) VH(cc)

HIGG-2020-20

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/#auxiliary_header
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/
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STXS correlations
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HIGG-2020-20

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/#auxiliary_header
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2020-20/
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VH(cc) projections for HL-LHC
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ATL-PHYS-PUB-2025-012

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-012/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-012/
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VH(bb) projections for HL LHC
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ATL-PHYS-PUB-2025-012

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-012/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PUBNOTES/ATL-PHYS-PUB-2025-012/

