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+ …or how I became fascinated by hadronic 
Higgs-boson decays
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3Why Particle 
Physics?

Time

Structure size

Big 
Bang

A look back in time to 
very early universe

Study of early universe 
matter formation and 
long term stability of the 
universe



Elisabeth Schopf 18.12.2025

4

ZW

The Particles of the Standard Model
(before 2012)

Atoms

weak

electro-
magnetic

strong
?

?

?
?

??

?

?

Masses of particles 
span >10 orders of 
magnitude

à How is mass 
generated in the SM?



Elisabeth Schopf 18.12.2025

5

(Most) particles have non-zero mass

Higgs field present everywhere 
n When “switched on” (10-12 s after Big Bang)  W 

and Z boson masses generated by construction

forces

interactions 
via forces

Higgs 
mechanism

particle-Higgs 
interactions

?

The Higgs Mechanism

à New particle observable in experiments: Higgs boson 

Interactions of particles with Higgs field 
generate masses à added ad-hoc for fermions

n The more they interact, the heavier 
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6Putting it all together…

Free parameter of the theory: mass of Higgs boson
à Discovery in 2012
à Mass measurement (today): mH=125.11±0.11 GeV 

Knowledge of mass fixes predictions for Higgs-boson 
decay rates and production cross-sections

However, new (beyond SM) couplings or unknown particles 
interacting with Higgs boson would alter these rates
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bb
58%WW

gg

ττ

cc 
3% ZZ

Expected Higgs 
boson branching ratios

Hàbb is most abundant decay (BR~60%)
§ Dominates Higgs decay width
§ Allows probing rare production modes and kinematic regimes 

Hàcc is a rare decay (BR~3%)
§ But, largest yet undiscovered Higgs-boson coupling

Probing both (simultaneously) tests theories that predict:
§ The same couplings for all quarks?
§ Different coupling mechanisms for 2nd and 3rd generation quarks?
§ Different coupling mechanisms for up-type and down-type quarks?

Why Study Higgs-Boson Decays to Bottom 
and Charm Quarks?



+ Experimental Setup: LHC and ATLAS
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proton

proton

Large Hadron Collider:
Proton-proton collision energy = 13 TeV (2015-2018)
à1 in 1 billion pp-collisions produces Higgs boson 

ATLAS 
Detector
(40x25 m)

ATLAS 2015-2018 data set:
140 fb-1 à ~8 million Higgs bosons

Higgs

LHC 
(27 km)

Higgs boson lifetime ~10-22 s
à Only detect its decay products



+ ATLAS: A Higgs Detection Machine
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Inner 
detectors

Hadronic 
calorimeter

Electromagnetic calorimeter

Muon 
system Inner detectors: high precision tracking 

(trajectories + momentum) and vertexing

EM calorimeter: electron and photon 
energy measurements

Hadronic calorimeter: hadron energy 
measurements, esp. “jet” reconstruction

Muon system: muon tracking and 
identification



+ Challenge 1: “Jets Everywhere”

18.12.2025Elisabeth Schopf

10

0.1 1 10
10

-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10
7

10
8

10
9

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10
7

10
8

10
9

σσσσ
ZZ

σσσσ
WW

σσσσ
WH

σσσσ
VBF

M
H
=125 GeV

WJS2012

σσσσ
jet

(E
T

jet
 > 100 GeV)

σσσσ
jet

(E
T

jet
 > √√√√s/20)

σσσσ
ggH

LHCTevatron

e
v
e

n
ts

 /
 s

e
c
 f

o
r 
L

 =
 1

0
3

3
 c

m
-2
s

-1

 

σσσσ
b

σσσσ
tot

proton - (anti)proton cross sections

σσσσ
W

σσσσ
Z

σσσσ
t

σ
   

σ
   

σ
   

σ
   

(( ((n
b

)) ))

√√√√s  (TeV)

{

b

VH

H

W/Z

n Production of quarks (leading to jets) 
abundant in proton-proton collisions

à Impossible to record all events containing jets
à Overwhelming amount of background events

à Target production in association with a 
W or Z (=V) with Vàleptons decays



+ VH(bb/cc) Experimental Signatures
3 V-boson decay channels targeted: 

Jargon Alert: “Lepton” = lepton directly visible in detector = muon or electron (had. 𝜏 considered in WH channel) 18.12.2025
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Exactly 0 (but large missing transverse momentum, ETmiss), 1 or 2 electrons/muons 
+ (at least) 2 jets

Elisabeth Schopf

Kinematic regions with overwhelming background excluded (e.g. very low pT
V)

Coarse selection based on expected correlation amongst objects for signal (e.g. minimum jet pT)

ETmiss

Z(νν)H (“0-lepton”) W(lν)H (“1-lepton”) Z(ll)H (“2-lepton”) 
ETmiss

electron muon

jet

jet

jet
jet jet jet

muon
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à 2-lepton
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Top-quark pairs
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W/Z

g

q q

ν ν
νl

l l2-lepton à 
1-lepton à
0-lepton à

W+jets 
Z+jets

Challenge 2: Still Too Much Background

Sub-dominant contributions from: 
§ WZ/ZZ/WW production
§ Single top-quark production
§ QCD multi-jet production (1 lepton only)

Invariant di-b-jet mass (0 lepton)

Worse for VH(cc) à smaller signal BR, larger 
background cross-section, 𝝈(V+cc)>𝝈(V+bb)



+ Machine Learning for Signal-Background 
Discrimination
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8.13 Boosted Decision and Regression Trees 115

Figure 18: Schematic view of a decision tree. Starting from the root node, a sequence of binary splits using
the discriminating variables xi is applied to the data. Each split uses the variable that at this node gives the
best separation between signal and background when being cut on. The same variable may thus be used at
several nodes, while others might not be used at all. The leaf nodes at the bottom end of the tree are labeled
“S” for signal and “B” for background depending on the majority of events that end up in the respective
nodes. For regression trees, the node splitting is performed on the variable that gives the maximum decrease
in the average squared error when attributing a constant value of the target variable as output of the node,
given by the average of the training events in the corresponding (leaf) node (see Sec. 8.13.3).

8.13.1 Booking options

The boosted decision (regression) treee (BDT) classifier is booked via the command:

factory->BookMethod( Types::kBDT, "BDT", "<options>" );

Code Example 51: Booking of the BDT classifier: the first argument is a predefined enumerator, the second
argument is a user-defined string identifier, and the third argument is the configuration options string.
Individual options are separated by a ’:’. See Sec. 3.1.5 for more information on the booking.

Several configuration options are available to customize the BDT classifier. They are summarized
in Option Tables 25 and 27 and described in more detail in Sec. 8.13.2.

”Fine selection” using machine learning (boosted decision trees)

àInstead of rejecting (potential signal) events assign a signal 
probability based on event kinematics and topology

input: angular distances, ETmiss, momenta, etc.

JHEP 04 (2025) 075



+ A Short History of Hàbb Measurements

18.12.2025Elisabeth Schopf

14

Data set size

VH(bb)

Evidence
JHEP 12 (2017) 024

Observation
PLB 786 (2018) 59

Evolution of VH(bb) sensitivity (in std. deviations)

EPJC 81 (2021) 178

JHEP 04 (2025) 075

§ 2018: observation of Hàbb decays
§ Rejection of background-only hypothesis 5.4𝝈 
§ VH(bb) “contributing” 4.9𝝈 (4.3𝝈 expected)

àDiscovery of Higgs-boson 
couplings to quarks

§ Latest VH(bb) measurement: 7.4 𝝈 
à experimental precision improved 
far beyond “just adding more data”  



+ VH(cc) Enters the Game

n Same experimental signature as VH(bb) but with 2 c-jets instead of 2 b-jets

àShares experimental challenges with VH(bb) but with increased “difficulty level”
à Much worse signal-to-background ratio
à Identification of c-jets more challenging

18.12.2025Elisabeth Schopf
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à2017: first search for Hàcc in the Z(ll)H channel               
à excluded enhancement factors of 110x SM expectation

àNext step: simultaneous study of VH(bb) and VH(cc) to 
reach optimal sensitivity for both

PRL 120 (2018) 211802



+ Challenge 3: b/c-Jet Identification
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Hadrons containing b/c-quarks have measurable lifetimes
b-hadrons: cτ ~450 to 500 µm 
c-hadrons: cτ ~150 to 300 µm 

Zoom

pp-collision
(primary vertex)

hadron decay vertex

Hits in 
tracker

secondary 
vertex (SV)

Displaced track

Combination of jet kinematics, SV and impact parameter information in neural-net algorithm
àb-probability, c-probability, light-probability

àProbabilities combined into a “tagging score” 

ML

b-tagging score

“b-jet”



+ Challenge 3: b/c-Jet Identification
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Hadrons containing b/c-quarks have measurable lifetimes
b-hadrons: cτ ~450 to 500 µm 
c-hadrons: cτ ~150 to 300 µm 

Zoom

pp-collision
(primary vertex)

hadron decay vertex

Hits in 
tracker

secondary 
vertex (SV)

Displaced track

Combination of jet kinematics, SV and impact parameter information in neural-net algorithm
àb-probability, c-probability, light-probability

àProbabilities combined into a “tagging score” 

ML

b-tagging score

“b-jet”

45% c-jet 
efficiency

17% b-jet
7.5% light-jet

70% b-jet 
efficiency

8% c-jet
0.2% light-jet 



+ VH(bb) and VH(cc): Side-by-Side
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Example from 1-lepton
Same kinematic selection, only difference is b- vs. c-tagging

Diverse background 
composition, but the two 
regimes, cc-enriched and 
bb-enriched, “can learn 

from each other”

JHEP 04 (2025) 075



+ Challenge 4: Monte Carlo is not the Reality
n Expected background contribution estimated from simulated samples 

àSimulation inaccuracies (x-section prediction, prediction of kinematic 
distributions) are major contributions to VH(bb/cc) measurement uncertainties
à Known issues: top pT spectrum too hard, V+bb/cc x-section underestimated, regime of small 

distances 𝜟R between 2 b-jets (or 2 c-jets) mismodelled in V+jets, …

àIn addition to using bb-enriched and cc-enriched regions simultaneously, large set of 
“control regions” defined to perform auxiliary measurements of backgrounds to
à Determine normalisation of major backgrounds
à Correct mis-modelled kinematic distributions

18.12.2025Elisabeth Schopf

19

Standalone Simultaneous

WH(bb)
Impact from BG norm 6% 2%
Impact from other BG modelling 10.3% 9.5%

VH(cc)
Contribution of BG norm to tot. unc. 8.6% 1%
Contribution of other BG modelling to tot. unc. 35% 32%



+ don’t attempt to read…
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59 signal-enriched regions
§ Split in lepton channels
§ Split in bb-tagged and cc-tagged
§ Split in pT
§ Split in number of jets

97 background-enriched regions 
§ 𝜟R(j,j) sidebands
§ Varying tagging criteria

JHEP 04 (2025) 075

SR=signal region, CR=control region



+ Results: Simultaneous VH(bb) and VH(cc)
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Signal Strengths 𝜇 =
("∗BR)measured

("∗BR)SM

𝜇%&('') = 0.92	 ± 0.10	(stat.)().++,).+-(syst.)
𝜇%&(..) < 11.5	x	SM	expectation	(95%	CL)

Higgs coupling modifiers (𝛋=1 for SM)

𝜅. ∗ 𝑚. < 𝜅' ∗ 𝑚'   at 3𝝈-level
Higgs-boson coupling to charm quark 

weaker than to bottom quark

No SM 
assumptions 
injected

JHEP 04 (2025) 075



+ Why keep improving VH(bb)?
à“Nail down” the by far biggest piece of the “Higgs-boson decay pie”

àEnable precise measurements of WH and ZH production 
àProbe for new beyond-SM physics

18.12.2025Elisabeth Schopf
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ZH  
=

+ anomalous effective couplings?

pTV

Effective field theory expansion of the SM 
Lagrangian (SMEFT) 
à High sensitivity at high transverse momenta

Unexpected loop 
contributions?
à Higher sensitivity 
for ggàZH at higher 
jet multiplicity 

JHEP 11 (2024) 097



+ Introducing: Boosted VH(bb)
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At large transverse momenta, two jets from Higgs-boson decay 
start to overlap
à Reconstruct Higgs-boson decay as one large-radius jet

Reconstruction efficiencies 
(2 small-R jets vs. 1 large-R jet) 

At pT
V ≳ 400 GeV boosted 

reconstruction more efficient
à Switch from resolved to boosted 
to extend high pT reach

ATLAS-CONF-2021-051



+ Results: Differential WH and ZH x-Section
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Most precise WH and 
ZH cross-section 
measurement to date

JHEP 04 (2025) 075



+ ATLAS Higgs-Boson Couplings Landscape
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VH(bb)-VH(cc) is the main contributor to Hàbb, WH and ZH sensitivity and 
sole contributor to Hàcc sensitivity

Current VH(cc) sensitivity allows for couplings measurements 
with fewer assumptions (𝜅c left free floating rather than fixed)

ATLAS-CONF-2025-006



+ Data: more is yet to come…
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In presentation today
Available mid next year

HL-LHC (upgraded accelerator and experiments)

~3 times more data by 
end of 2026

~20 times more data to 
be delivered by HL-LHC



+ Impact of Improving Experimental 
Techniques
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extrapolation

Solely improving 
experimental 
techniques

Improvements 
implemented for 
VH(bb)-VH(cc) 

measurement are 
equivalent to factor 
8.5 increase in data

ATL-PHYS-PUB-2025-012

(2024)

ATL-PHYS-PUB-2025-012



+ Honing Identification of Hadronic 
Higgs-Boson Decays

Boosted Higgs-boson decays: use all 
information about tracks associated to a 
large-radius jet in a transformer neural-net 
algorithm 

n Previously: identify sub-jets with shrinking cone 
and then apply b-tagging to those 

à Significant improvements will boost high 
pT Higgs boson measurements

18.12.2025Elisabeth Schopf
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Individual sub-jets (with correlation) 
Individual sub-jets (no correlation)
Full large-R jet information

H(bb) ID efficiency vs. improvement in BG rejection

ATL-PHYS-PUB-2023-021

top-quark decays

QCD multijet (e.g. gàqq)

Higgs top gluon

Im
pr

ov
em

en
t (

w
rt 

D
X
bb

)



+ What to Expect at HL-LHC
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assuming improved  
c-jet identification

Expected VH(cc) significance
(different scenarios)

>1𝝈 estimated at HL-LHC using latest 
(2025) c-jet identification techniques

ATL-PHYS-PUB-2025-012

Expected ZH(bb) precision
(different scenarios)

assuming MC modelling and 
theory uncertainties are halved

Impact of uncertainties on 
WH(bb) and ZH(bb) precision

Reducing MC modelling uncertainties 
will be key to improve precision
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The Higgs Boson sits at the heart of the Standard Model, playing a crucial role in 
the emergence of mass in the universe

The experimental study of Higgs-boson couplings to bottom and charm quarks 
shines light on quark masses and probes for new beyond-SM effects

Experimental sensitivity with ATLAS 2015-2018 data reached unprecedented 
level due to significantly improved experimental techniques

Setting promising precedent to reach next milestones in Higgs-boson physics 
with (HL)LHC data 



+ Typical Track and Pile-up Density
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+ BDT Input Variables
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+ Background Normalisations
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+ VH(bb)-VH(cc) Breakdown of Uncertainties
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+ VH(bb)-VH(cc) Results: More Numbers
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+ VH(bb) STXS – Migrations and Correlations
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+ Boosted Higgs Tagging
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+ VH(bb) HL-LHC Extrapolation:
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