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Motivation
❖ Higgs Boson properties (mass, production rates, spin/CP) are 

predominantly constrained by measurements of the bosonic decay modes

❖ However, Higgs decays to third generation fermions (taus, b-quarks), 
while experimentally more challenging, offer a unique opportunity to 
directly probe the Standard Model Yukawa couplings

❖ Such measurements are highly complementary, as they provide important 
inputs to the global Higgs fits and allow to constrain Beyond the Standard 
Model phenomena

❖ Both b-jets and hadronically-decaying taus are complex physics objects 
which require an excellent understanding of both tracking and calorimeter 
observables, and their combination through the use of multivariate 
techniques

❖ The large dataset provided by Run-II means these measurements are 
transitioning from the ‘observation’ regime to ‘precision measurements’
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CP Properties in VBF production 
(𝜏𝜏 final state) covered in Alena 

Loesle’s talk tomorrow afternoon!



Third Generation Decays
❖ Covered in this talk:

❖ H→𝜏𝜏 (BR ~ 6.3%)
❖ Presence of neutrinos in the tau decays leads to a 

degradation in the mass resolution which leads to 
significant backgrounds from Z sources

❖ Large multi-jet induced backgrounds in all 
channels containing hadronically-decaying taus

❖ H→bb (BR ~ 58%)
❖ Significant multi-jet induced background means 

that the predominant gluon-gluon fusion 
production mode cannot be exploited

❖ Requires excellent performance for the 
identification of b-jets, and precise determination 
of the associated systematics
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2nd generation decays 
covered in Jan Kretzschmar’s 

talk this afternoon!
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Fig. 12: Left: Feynman graphs for the dominant Higgs production channels: gluon fusion via (dominantly) a top
quark triangle (top left), weak boson fusion (top right), associated production with a weak boson (bottom left)
and with a heavy quark pair (bottom right). Right: branching fractions predicted for an SM Higgs boson of mass
125 GeV [36]. Considering only leptonic decays to e,µ , the exploitable branching fractions to WW ⇤ and ZZ⇤ are
1.1% and 0.012%, respectively.

fraction. The fermionic modes H ! tt and H ! bb have mass resolutions of about 10% and 15%,
respectively, and are more challenging to detect due to large backgrounds. The decays H ! µµ and
H ! Z(! ``)g have excellent mass resolution but too low branching fractions to be in reach with the
current datasets.

It is fortunate that at mH = 125 GeV many decays of the Higgs boson are experimentally accessible. The
phenomenological aspects of that mass might appear less appealing as we will see later. The dominant
H ! bb mode is only exploitable in association with W/Z or tt. Their leptonic decays provide a trigger
signal and help to reduce the overwhelming background from strong interaction bb continuum produc-
tion, s(bb) ⇠ O(100 µb). A boost of the Higgs boson helps to improve the signal purity at the expense
of reduced efficiency.

There is no doubt about the discovery of the Higgs boson. Each of the most sensitive bosonic channels
H ! gg , H ! 4` and H ! 2`2n from ATLAS and CMS have achieved an independent observation
(cf. Fig. 13) [38–43]. The combination of ATLAS and CMS mass measurements gives mH = 125.09 ±
0.21stat ± 0.11syst GeV [44]. There are very different experimental challenges in each Higgs channel.
All analyses have constantly increased their sensitivity during Run-1 owing to improved understanding
of lepton reconstruction and calibration, as well as improved background modelling and signal against
background discrimination.

In addition to sophisticated individual analyses, ATLAS and CMS have joined forces and combined their
Higgs mass and coupling measurements [44, 45]. These combinations represent the full picture of what
the experiments have learned in a framework that consistently treats all processes in terms of production
mechanism and decay. Figure 14 shows as an example the ratios of measured to predicted signal strengths
per production process (left panel, assuming the Higgs decays to proceed according to the SM), and
vice versa per decay channel (middle panel, assuming SM Higgs production) [45]. The overall signal
strength, assuming an overall scale for all individual signal strengths, is measured to be µ = 1.09±0.11.
The right hand panel of Fig. 14 shows the results of a fit of leading order coupling modifiers [46] to
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The Measurements
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H→𝜏𝜏 (36 fb-1)
[Phys. Rev. D 99 (2019) 072001]

https://link.aps.org/doi/10.1103/PhysRevD.99.072001


Measurement Strategy
❖ All tau decay combinations are exploited, giving rise to 

three channels (𝜏lep𝜏lep, 𝜏lep𝜏had, 𝜏had𝜏had)

❖ Analysis targets both gluon-gluon fusion and VBF production 
modes through dedicated signal region (SRs) selections
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❖ Dedicated Control Regions (CRs) are 
defined to control Z→ll and Top  
contributions

❖ In total: 13 SRs and 6 CRs
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Fig. 12: Left: Feynman graphs for the dominant Higgs production channels: gluon fusion via (dominantly) a top
quark triangle (top left), weak boson fusion (top right), associated production with a weak boson (bottom left)
and with a heavy quark pair (bottom right). Right: branching fractions predicted for an SM Higgs boson of mass
125 GeV [36]. Considering only leptonic decays to e,µ , the exploitable branching fractions to WW ⇤ and ZZ⇤ are
1.1% and 0.012%, respectively.

fraction. The fermionic modes H ! tt and H ! bb have mass resolutions of about 10% and 15%,
respectively, and are more challenging to detect due to large backgrounds. The decays H ! µµ and
H ! Z(! ``)g have excellent mass resolution but too low branching fractions to be in reach with the
current datasets.

It is fortunate that at mH = 125 GeV many decays of the Higgs boson are experimentally accessible. The
phenomenological aspects of that mass might appear less appealing as we will see later. The dominant
H ! bb mode is only exploitable in association with W/Z or tt. Their leptonic decays provide a trigger
signal and help to reduce the overwhelming background from strong interaction bb continuum produc-
tion, s(bb) ⇠ O(100 µb). A boost of the Higgs boson helps to improve the signal purity at the expense
of reduced efficiency.

There is no doubt about the discovery of the Higgs boson. Each of the most sensitive bosonic channels
H ! gg , H ! 4` and H ! 2`2n from ATLAS and CMS have achieved an independent observation
(cf. Fig. 13) [38–43]. The combination of ATLAS and CMS mass measurements gives mH = 125.09 ±
0.21stat ± 0.11syst GeV [44]. There are very different experimental challenges in each Higgs channel.
All analyses have constantly increased their sensitivity during Run-1 owing to improved understanding
of lepton reconstruction and calibration, as well as improved background modelling and signal against
background discrimination.

In addition to sophisticated individual analyses, ATLAS and CMS have joined forces and combined their
Higgs mass and coupling measurements [44, 45]. These combinations represent the full picture of what
the experiments have learned in a framework that consistently treats all processes in terms of production
mechanism and decay. Figure 14 shows as an example the ratios of measured to predicted signal strengths
per production process (left panel, assuming the Higgs decays to proceed according to the SM), and
vice versa per decay channel (middle panel, assuming SM Higgs production) [45]. The overall signal
strength, assuming an overall scale for all individual signal strengths, is measured to be µ = 1.09±0.11.
The right hand panel of Fig. 14 shows the results of a fit of leading order coupling modifiers [46] to
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gluon-gluon  
fusion (43.9 pb) VBF (3.75 pb)

had-had
42%

lep-had
45%

lep-lep
13%

cross sections taken from LHCHXSWG

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageAt1314TeV2014


Interlude: ATLAS Tau Performance
❖ High jet and light-lepton induced background rejection, low pT thresholds, 

and good energy resolution are crucial ingredients in maximizing sensitivity 
in channels with hadronically-decaying taus
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Multivariate Energy Calibration  
(Particle Flow Inputs)

Di-hadronic Tau Trigger  
With ~40 and 30 GeV offline thresholds

Uses topology requirements to control rates

BDT-based tau  
identification algorithm



Dominant Backgrounds
❖ Z+jets production: Estimated from Sherpa NLO MC simulations  

(normalization floated in the fit, decorrelated in VBF and boosted phase spaces)  
Main challenge: Ensuring proper modelling of the recoiling jet system in both high boost and high di-
jet mass phase space [in-depth scrutiny in dedicated Validation Regions]

❖ Misidentified (‘fake’) taus: Estimated using data-driven methods  
Main challenge: Ensuring the phase space dependencies are well taken into account [Fake-factor & 
ABCD extrapolation methods]
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Z+jets Validation Region lep-had fakes Validation Region had-had fakes Validation Region



Fit & Results
❖ Simultaneous likelihood fit in all SRs and CRs with both Higgs signal strength and individual gluon-

gluon fusion and VBF production rates as Parameters of Interest

❖ Missing Mass Calculator distribution (m𝜏𝜏
MMC) used as the fit variable (uses ET

miss and tau mass/decay 
kinematics to form neutrino hypotheses [ref.])

❖ Combination with Run-I result adds up to single experiment observation (significance of 6.4σ [5.4 exp.])
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Results are in agreement with the SM 
predictions with relative uncertainties of 

~16% (stat.) and ~23% (syst.) [~28% total]

Recent MMC studies covered 
in Krystsina Petukhova’s 

talk this afternoon!

https://arxiv.org/abs/1012.4686


Fit & Results
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Results are in agreement with the SM 
predictions with relative uncertainties of 

~51% (VBF) and ~61% (ggF)

❖ Simultaneous likelihood fit in all SRs and CRs with both Higgs signal strength and individual gluon-
gluon fusion and VBF production rates as Parameters of Interest

❖ Missing Mass Calculator distribution (m𝜏𝜏
MMC) used as the fit variable (uses ET

miss and tau mass/decay 
kinematics to form neutrino hypotheses [ref.])

❖ Combination with Run-I result adds up to single experiment observation (significance of 6.4σ [5.4 exp.])

Recent MMC studies covered 
in Krystsina Petukhova’s 

talk this afternoon!

https://arxiv.org/abs/1012.4686


Uncertainties
❖ Systematic uncertainties are a significant component of the total uncertainty
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Table 9: Observed event yields and predictions as computed by the fit in the ⌧had⌧had signal regions. Uncertainties
include statistical and systematic components.

⌧had⌧had VBF ⌧had⌧had boosted

Loose Tight High-p⌧⌧T Low-p⌧⌧T High-p⌧⌧T

Z ! ⌧⌧ 67.3± 9.2 100 ± 12 141 ± 12 3250 ± 130 3582 ± 82
Misidentified ⌧ 45.0± 5.4 96.4± 9.2 20.0± 2.9 1870 ± 140 364 ± 53
Other backgrounds 4.4± 1.4 11.6± 1.7 4.4± 0.7 281 ± 21 109.9± 9.2

ggF, H ! ⌧⌧ 1.1± 0.4 2.0± 0.7 3.5± 1.0 41 ± 11 48 ± 14
VBF, H ! ⌧⌧ 1.4± 0.5 6.4± 1.8 11.2± 3.0 9.0± 3.4 10.7± 2.9
WH, H ! ⌧⌧ < 0.1 < 0.1 < 0.1 3.3± 0.9 4.4± 1.2
ZH, H ! ⌧⌧ < 0.1 < 0.1 < 0.1 2.4± 0.7 2.9± 0.8
ttH, H ! ⌧⌧ < 0.1 < 0.1 < 0.1 1.6± 0.5 1.9± 0.5

Total background 116.7± 9.4 208 ± 12 165 ± 12 5401 ± 78 4057 ± 64
Total signal 2.6± 0.8 8.6± 2.4 14.9± 3.8 57 ± 15 68 ± 18

Data 121 220 179 5455 4103

Table 10: Summary of di�erent sources of uncertainty in decreasing order of their impact on �H!⌧⌧ . Their
observed and expected fractional (%) impacts, both computed by the fit, are given, relative to the �H!⌧⌧ value.
Experimental uncertainties in reconstructed objects combine e�ciency and energy/momentum scale and resolution
uncertainties. Background statistics includes the bin-by-bin statistical uncertainties in the simulated backgrounds
as well as statistical uncertainties in misidentified ⌧ backgrounds, which are estimated using data. Background
normalization describes the combined impact of all background normalization uncertainties.

Source of uncertainty Impact ��/�H!⌧⌧ [%]
Observed Expected

Theoretical uncert. in signal +13.4 / ≠8.7 +12.0 / ≠7.8
Background statistics +10.8 / ≠9.9 +10.1 / ≠9.7
Jets and Emiss

T +11.2 / ≠9.1 +10.4 / ≠8.4
Background normalization +6.3 / ≠4.4 +6.3 / ≠4.4
Misidentified ⌧ +4.5 / ≠4.2 +3.4 / ≠3.2
Theoretical uncert. in background +4.6 / ≠3.6 +5.0 / ≠4.0
Hadronic ⌧ decays +4.4 / ≠2.9 +5.5 / ≠4.0
Flavor tagging +3.4 / ≠3.4 +3.0 / ≠2.3
Luminosity +3.3 / ≠2.4 +3.1 / ≠2.2
Electrons and muons +1.2 / ≠0.9 +1.1 / ≠0.8

Total systematic uncert. +23 / ≠20 +22 / ≠19
Data statistics ±16 ±15
Total +28 / ≠25 +27 / ≠24
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Dominant Effects:
ggF Higgs production rate in boosted regime

Statistics of MC Samples
Effect of JES/JER on acceptance and MMC shape



H→bb (80 fb-1)
[Phys. Lett. B 786 (2018) 59]  

[JHEP 05 (2019) 141]
[Phys. Rev. D 98 (2018) 052003]

https://www.sciencedirect.com/science/article/pii/S0370269318307056
https://link.springer.com/article/10.1007/JHEP05(2019)141
https://link.aps.org/doi/10.1103/PhysRevD.98.052003


Measurement Strategy
❖ Focus on VH production mode to control backgrounds

❖ Dedicated VBF search released in 2018 with 30 fb-1 [Phys. Rev. D 98 (2018) 052003]

❖ Analysis is split into 3 channels based on the number of light leptons:  
ZH→ννbb (0-lepton), WH→lνbb (1-lepton), ZH→llbb (2-leptons)
❖ Additional separation based on number of additional non-b-jets (0, 1+)

❖ Template fit in multivariate discriminant distribution is used to extract VH 
signal
❖ Fit using alternative discriminant also used to extract VZ(→bb) 

contribution
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Fig. 12: Left: Feynman graphs for the dominant Higgs production channels: gluon fusion via (dominantly) a top
quark triangle (top left), weak boson fusion (top right), associated production with a weak boson (bottom left)
and with a heavy quark pair (bottom right). Right: branching fractions predicted for an SM Higgs boson of mass
125 GeV [36]. Considering only leptonic decays to e,µ , the exploitable branching fractions to WW ⇤ and ZZ⇤ are
1.1% and 0.012%, respectively.

fraction. The fermionic modes H ! tt and H ! bb have mass resolutions of about 10% and 15%,
respectively, and are more challenging to detect due to large backgrounds. The decays H ! µµ and
H ! Z(! ``)g have excellent mass resolution but too low branching fractions to be in reach with the
current datasets.

It is fortunate that at mH = 125 GeV many decays of the Higgs boson are experimentally accessible. The
phenomenological aspects of that mass might appear less appealing as we will see later. The dominant
H ! bb mode is only exploitable in association with W/Z or tt. Their leptonic decays provide a trigger
signal and help to reduce the overwhelming background from strong interaction bb continuum produc-
tion, s(bb) ⇠ O(100 µb). A boost of the Higgs boson helps to improve the signal purity at the expense
of reduced efficiency.

There is no doubt about the discovery of the Higgs boson. Each of the most sensitive bosonic channels
H ! gg , H ! 4` and H ! 2`2n from ATLAS and CMS have achieved an independent observation
(cf. Fig. 13) [38–43]. The combination of ATLAS and CMS mass measurements gives mH = 125.09 ±
0.21stat ± 0.11syst GeV [44]. There are very different experimental challenges in each Higgs channel.
All analyses have constantly increased their sensitivity during Run-1 owing to improved understanding
of lepton reconstruction and calibration, as well as improved background modelling and signal against
background discrimination.

In addition to sophisticated individual analyses, ATLAS and CMS have joined forces and combined their
Higgs mass and coupling measurements [44, 45]. These combinations represent the full picture of what
the experiments have learned in a framework that consistently treats all processes in terms of production
mechanism and decay. Figure 14 shows as an example the ratios of measured to predicted signal strengths
per production process (left panel, assuming the Higgs decays to proceed according to the SM), and
vice versa per decay channel (middle panel, assuming SM Higgs production) [45]. The overall signal
strength, assuming an overall scale for all individual signal strengths, is measured to be µ = 1.09±0.11.
The right hand panel of Fig. 14 shows the results of a fit of leading order coupling modifiers [46] to
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Fig. 12: Left: Feynman graphs for the dominant Higgs production channels: gluon fusion via (dominantly) a top
quark triangle (top left), weak boson fusion (top right), associated production with a weak boson (bottom left)
and with a heavy quark pair (bottom right). Right: branching fractions predicted for an SM Higgs boson of mass
125 GeV [36]. Considering only leptonic decays to e,µ , the exploitable branching fractions to WW ⇤ and ZZ⇤ are
1.1% and 0.012%, respectively.

fraction. The fermionic modes H ! tt and H ! bb have mass resolutions of about 10% and 15%,
respectively, and are more challenging to detect due to large backgrounds. The decays H ! µµ and
H ! Z(! ``)g have excellent mass resolution but too low branching fractions to be in reach with the
current datasets.

It is fortunate that at mH = 125 GeV many decays of the Higgs boson are experimentally accessible. The
phenomenological aspects of that mass might appear less appealing as we will see later. The dominant
H ! bb mode is only exploitable in association with W/Z or tt. Their leptonic decays provide a trigger
signal and help to reduce the overwhelming background from strong interaction bb continuum produc-
tion, s(bb) ⇠ O(100 µb). A boost of the Higgs boson helps to improve the signal purity at the expense
of reduced efficiency.

There is no doubt about the discovery of the Higgs boson. Each of the most sensitive bosonic channels
H ! gg , H ! 4` and H ! 2`2n from ATLAS and CMS have achieved an independent observation
(cf. Fig. 13) [38–43]. The combination of ATLAS and CMS mass measurements gives mH = 125.09 ±
0.21stat ± 0.11syst GeV [44]. There are very different experimental challenges in each Higgs channel.
All analyses have constantly increased their sensitivity during Run-1 owing to improved understanding
of lepton reconstruction and calibration, as well as improved background modelling and signal against
background discrimination.

In addition to sophisticated individual analyses, ATLAS and CMS have joined forces and combined their
Higgs mass and coupling measurements [44, 45]. These combinations represent the full picture of what
the experiments have learned in a framework that consistently treats all processes in terms of production
mechanism and decay. Figure 14 shows as an example the ratios of measured to predicted signal strengths
per production process (left panel, assuming the Higgs decays to proceed according to the SM), and
vice versa per decay channel (middle panel, assuming SM Higgs production) [45]. The overall signal
strength, assuming an overall scale for all individual signal strengths, is measured to be µ = 1.09±0.11.
The right hand panel of Fig. 14 shows the results of a fit of leading order coupling modifiers [46] to
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❖ Event selection relies on large pTV 
requirement to improve signal to 
background ratio  
pTV > 150 GeV (all channels)  
75 GeV < pTV < 150 GeV  
(extra bin for the 2-lepton channel)

cross sections taken from LHCHXSWG

More details in Giulia Di 
Gregorio’s presentation 

this afternoon!

https://link.aps.org/doi/10.1103/PhysRevD.98.052003
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageAt1314TeV2014


Interlude: ATLAS B-Tagging Performance

❖ Rejection of light-flavour and c-jets and precise measurements of the tagging 
algorithm performance are the crucial ingredients for this analysis
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Tagging efficiency measurement
in tt events

BDT-based b-tagger light-
flavour jet rejection

Light flavour mistag rate  
measurement in data

Working point used in analysis:
b-jet efficiency: ~70%
c-jet mis-ID efficiency: ~12.5%
light-flavour mis-ID efficiency: ~0.3%



Dominant Backgrounds
❖ Main backgrounds from processes involving W and Z bosons decaying to leptons  

(di-bosons, V+jets, top quark processes):
❖ Templates taken from MC simulation at NLO
❖ Dedicated Control Regions established to isolate W+heavy flavour (1-lepton with mbb < 75 GeV & 

mTop > 225 GeV) and Top processes (2-lepton eμ)
❖ Multijet background (1-lepton region only, negligible otherwise):

❖ Data-driven: Fit to mT(W) distribution, multi-jet template from an inverted lepton isolation region

15

W+HF Control Region Top (eμ) Control Region mT(W) fit



Bonus: WZ & ZZ
❖ Full fit is performed, using the alternative discriminant trained to identify VZ(→bb)

❖ Offers an extra handle in validating the results of the main analysis!

16

Results are in good agreement with 
the SM predictions!



Fit & Results
❖ Simultaneous fit to all SRs and CRs to extract H→bb signal strength
❖ Combination performed with Run-I and ttH/VBF H→bb yields a single 

experiment observation at an observed (expected) significance of 5.4σ (5.5σ)
❖ Combination with VH→ɣɣ and VH→ZZ also yields an observation of VH 

production at 5.3σ [4.8σ exp.]

17

Fit distributions

ttH results covered in Peter 
Onyisi’s talk this afternoon!



Fit & Results
❖ Simultaneous fit to all SRs and CRs to extract H→bb signal strength
❖ Combination performed with Run-I and ttH/VBF H→bb yields a single 

experiment observation at an observed (expected) significance of 5.4σ (5.5σ)
❖ Combination with VH→ɣɣ and VH→ZZ also yields an observation of VH 

production at 5.3σ [4.8σ exp.]
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ttH results covered in Peter 
Onyisi’s talk this afternoon!

Results are in good agreement 
with the SM predictions!

Standalone VH Result

2.5σ (2.3σ exp)

4.0σ (3.5σ exp)

4.9σ (4.3σ exp)



Uncertainties
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The ATLAS Collaboration / Physics Letters B 786 (2018) 59–86 67

Table 9
Breakdown of the contributions to the uncertainty in µ. 
The sum in quadrature of the systematic uncertainties 
attached to the categories differs from the total system-
atic uncertainty due to correlations.

Source of uncertainty σµ

Total 0.259
Statistical 0.161
Systematic 0.203

Experimental uncertainties

Jets 0.035
Emiss

T 0.014
Leptons 0.009

b-tagging
b-jets 0.061
c-jets 0.042
light-flavour jets 0.009
extrapolation 0.008

Pile-up 0.007
Luminosity 0.023

Theoretical and modelling uncertainties

Signal 0.094

Floating normalisations 0.035
Z + jets 0.055
W + jets 0.060
tt 0.050
Single top quark 0.028
Diboson 0.054
Multi-jet 0.005

MC statistical 0.070

the predicted SM cross-section with an uncertainty of 50%, which 
conservatively encompasses the previous measurement and uncer-
tainty [32].

6.4. Combinations

6.4.1. Run 1
The results of the statistical analysis of the 13 TeV data 

are combined with those from the data recorded at 7 TeV and 
8 TeV [30] to improve the precision of the measurement. Detailed 
studies of the impact of the correlation of systematic uncertain-
ties between the two analyses are reported in Ref. [32]. In most 
cases, the impact of correlations was found to be negligible. Only 
a b-jet-specific jet energy scale, and theory uncertainties in the 
Higgs boson signal (overall cross-section, branching fraction and 
pV

T -dependent NLO EW corrections) are correlated across the dif-
ferent centre-of-mass energies.

6.4.2. H → bb̄
A second combination is performed with the results of the 

searches for the H → bb̄ decay in the tt̄ H [37,39] and VBF [34,
36] production modes carried out with the Run 1 and Run 2 data. 
As the analysis targeting the VBF production mode has a size-
able contribution from gluon–gluon fusion events, it is referred to 
as the VBF+ggF analysis in the following. Constraining the cross-
sections of the production modes to be as predicted by the SM, 
the combination measures the ratio of the branching fraction of 
the Higgs boson into b-quarks to the SM prediction. The only NP 
correlated across the six analyses is the H → bb̄ branching frac-
tion that affects the SM prediction. A few other NPs are correlated 
across some of the analyses, following the studies conducted for 
the combinations of Run 1 results [19], of analyses of the tt̄ H pro-
duction mode [21], and of Run 2 results.

6.4.3. V H
A third combination is also performed combining the Run 2 

V H , H → bb̄ result with other results in the V H production mode, 
but for the case of the Higgs boson decaying into two photons or 
via Z Z∗ into four leptons.

The measurement of V H production in the H→γ γ channel, 
which uses five reconstruction-level categories to target leptonic 
decays of the vector boson, and two categories targeting hadronic 
decays of the vector boson, as described in Ref. [9], is updated us-
ing 79.8 fb−1 of data. Photons are reconstructed from calorimeter 
energy clusters formed using an enhanced dynamical, topological 
cell-clustering-based algorithm [49]. The signal yield is extracted in 
each category using a fit to the diphoton invariant mass distribu-
tion in the range 105–160 GeV. Contamination in these categories 
from non-V H Higgs boson production is constrained using sep-
arate categories designed to measure the tt̄ H [21], VBF, and ggF 
production modes.

The measurement of V H production in the four-lepton final 
state, H → Z Z∗ → 4ℓ, where ℓ = e or µ, was performed with 
36.1 fb−1 [10] and has now been extended to 79.8 fb−1. The main 
enhancements are: improved electron reconstruction [49] and an 
additional event category targeting vector-boson decays that in-
clude missing transverse momentum due to the presence of one 
or two neutrinos in the final state. This results in three V H cate-
gories, targeting the hadronic decays of the vector boson, charged 
leptonic decays of the vector boson and decays of the vector boson 
containing one or more neutrinos.

The combination is undertaken as outlined in Ref. [116]. Con-
straining the branching fractions for the Z Z∗ , diphoton and bb̄
decays to be as predicted by the SM, this combination measures 
the signal strength of the V H production mode.

7. Results

7.1. Results of the SM Higgs boson search at 
√

s = 13 TeV

Fig. 1 shows the BDT output distributions in the most sensitive, 
high-pV

T , region. The background prediction in all post-fit distribu-
tions is obtained by normalising the backgrounds and setting the 
nuisance parameters according to the results of the signal extrac-
tion fit. The post-fit signal and background yields are shown in 
Table 10 for all signal regions.

For a Higgs boson mass of 125 GeV, when all lepton chan-
nels are combined, the probability p0 of obtaining a signal at least 
as strong as the observation from background alone is 5.3 · 10−7, 
whilst the expected value is 7.3 · 10−6. The observation corre-
sponds to an excess with a significance of 4.9 standard deviations, 
to be compared with an expectation of 4.3 standard deviations. 
The fitted value of the signal strength is:

µbb
V H = 1.16+0.27

−0.25 = 1.16 ± 0.16(stat.)+0.21
−0.19(syst.).

Fig. 2 shows the data, background and signal yields, where 
final-discriminant bins in all regions are combined into bins of 
log10(S/B). Here, S and B are the fitted signal and background 
yields in each analysis bin, respectively.

Table 11 shows the signal strengths, p0 and significance values 
from the combined fit with a single signal strength, and from a fit 
where the lepton channels each have their own signal strength. 
The probability that the signal strengths measured in the three 
lepton channels5 are compatible is 80%.

5 The probability of compatibility between fits differing only in their number of 
parameters of interest is evaluated in the asymptotics regime, where the difference 

Dominant Effects:
b-tagging performance measurements

Signal Acceptance Uncertainties  
Background Modelling

Statistics of MC Samples

❖ H→bb analysis in a regime where systematic uncertainties are becoming 
dominant…



The Interpretations
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Simplified Template Cross Sections
❖ The Simplified Template Cross Section (STXS) framework offers a unified 

methodology to perform fiducial/differential cross section measurements
❖ Bins in phase space defined in a consistent manner across all channels, simplifies 

combinations and theory interpretations significantly

❖ Stage 0: Per production mode cross sections (with ~detector acceptance)

❖ Stage 1: Targeting specific areas of phase space (reduce theory dependences)
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Figure 6: Stage 1 binning for associated production with vector bosons.

· This bin is split further into a Nj = 0 and a Nj � 1415

bin, reflecting the di↵erent experimental sensitivity and416

to avoid the corresponding theory dependence.417

⇤ pVT > 250 GeV is sensitive to BSM contributions.418

– The production via gg ! ZH is split in analogy to production419

from the qq̄ initial state, apart from the pVT > 250 GeV bin, which420

is not split out.421

Stage 2 More splits are introduced at stage 2 as illustrated in Fig. 5.422

While the details need more discussion, this could include423

• Split of the Z ! ``+ ⌫⌫̄ into Z ! `` and Z ! ⌫⌫̄.424

• Split of the pVT < 150 GeV into a Nj = 0 and a Nj � 1 bin, except425

maybe for the Z ! `` channel, which will su↵er from the low Z ! ``426

branching ratio.427

• Split of the pVT > 250 GeV bin into pVT < 400 GeV and pVT > 400 GeV,428

to increase the sensitivity to BSM contributions with very high pVT ,429

potentially apart from the Z ! ``.430
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Figure 3: Stage 1 binning for gluon fusion production.

4.1 Bins for gg ! H production283

Stage 0 Inclusive gluon fusion cross section within |YH | < 2.5. Should284

the measurements start to have acceptance beyond 2.5, an additional bin285

for |YH | > 2.5 can be included.286

Stage 1 Stage 1 refines the binning for |YH | < 2.5. The stage 1 binning is287

depicted in Fig. 3 and summarized as follows:288

• Split into jet bins: Nj = 0, Nj = 1, Nj � 2, Nj � 2 with VBF topol-289

ogy cuts (defined with the same cuts as the corresponding bin in VBF290

production). For the Nj � 2 with VBF topology cuts, pHT < 200 GeV291

is required, which gives priority to the pHT > 200 GeV bin for Nj � 2.292

Otherwise, the Nj � 2 with VBF topology cuts is excluded from the293

Nj � 2 bins. The jet bins are motivated by the use of jet bins in294

the experimental analyses. Introducing them also for the simplified295

template cross sections avoids folding the associated theoretical un-296

certainties into the measurement. The separation of the Nj � 2 with297

VBF topology cuts is motivated by the wish to separately measure298

the gluon fusion contamination in the VBF selection. If the fit has no299

sensitivity to determine the gluon fusion and the VBF contributions300

with this topology, the sum of the two contributions can be quoted as301

result.302

• The Nj � 2 with VBF topology bin is split further into an exclusive303

9

Stage 1
Stage 1



STXS in H→𝜏𝜏
❖ The precision level of the analysis is only sufficient to extract results in a few 

bins (multiple Stage 1 bins merged together)
❖ …but this is still a very useful exercise in understanding the available sensitivity!

❖ Unfortunate mismatch between STXS and analysis binning in Higgs pT artificially 
reduces sensitivity
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Figure 9: Distribution of the reconstructed di-⌧ invariant mass (mMMC
⌧⌧ ) for the sum of (a) all VBF and (b) all

boosted signal regions (SRs). The bottom panels show the di�erences between observed data events and expected
background events (black points). The observed Higgs-boson signal (µ = 1.09) is shown with the solid red line.
Entries with values that would exceed the x-axis range are shown in the last bin of each distribution. The signal and
background predictions are determined in the likelihood fit. The size of the combined statistical, experimental and
theoretical uncertainties in the background is indicated by the hatched bands.

Table 11: Measurement of the VBF and ggF production cross sections in three mutually exclusive regions of phase
space of particle-level events. The number of jets Njets in ggF events comprises all jets with pT > 30 GeV. The cross
section of ggF events that fail the particle-level requirements of the two ggF regions is set to the measured �ggF

H!⌧⌧

value. Results are shown along with the SM predictions in the respective particle-level regions. The definitions of
the regions closely follow the framework of simplified template cross sections [101].

Process Particle-level selection � [pb] �SM [pb]

ggF Njets � 1, 60 < pH
T < 120 GeV, |yH | < 2.5 1.79± 0.53 (stat.)± 0.74 (syst.) 0.40± 0.05

ggF Njets � 1, pH
T > 120 GeV, |yH | < 2.5 0.12± 0.05 (stat.)± 0.05 (syst.) 0.14± 0.03

VBF |yH | < 2.5 0.25± 0.08 (stat.)± 0.08 (syst.) 0.22± 0.01

reported above.
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Otherwise, the Nj � 2 with VBF topology cuts is excluded from the293

Nj � 2 bins. The jet bins are motivated by the use of jet bins in294

the experimental analyses. Introducing them also for the simplified295
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certainties into the measurement. The separation of the Nj � 2 with297
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• The Nj � 2 with VBF topology bin is split further into an exclusive303
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Stage 1

This is still one of the more precise measurements of the very high 
Higgs pT regime (>120 GeV) (~60% relative total uncertainty)

Table 4: Definition of the VBF and boosted analysis categories and of their respective signal regions (SRs). The
selection criteria, which are applied in addition to those described in Table 3, are listed for each channel. The VBF
high-p⌧⌧T SR is only defined for the ⌧had⌧had channel, resulting in a total of seven VBF SRs and six boosted SRs. All
SRs are exclusive and their yields add up to those of the corresponding VBF and boosted inclusive regions.

Signal Region Inclusive ⌧lep⌧lep ⌧lep⌧had ⌧had⌧had

V
BF

High-p⌧⌧T pj2
T > 30 GeV
|�⌘j j | > 3

mj j > 400 GeV
⌘j1 · ⌘j2 < 0

Central leptons

— p⌧⌧T > 140 GeV
�R⌧⌧ < 1.5

Tight mj j > 800 GeV mj j > 500 GeV Not VBF high-p⌧⌧T
p⌧⌧T > 100 GeV mj j > (1550 � 250 · |�⌘j j |)GeV

Loose Not VBF tight Not VBF high-p⌧⌧T
and not VBF tight

Bo
os

te
d High-p⌧⌧T Not VBF

p⌧⌧T > 100 GeV

p⌧⌧T > 140 GeV
�R⌧⌧ < 1.5
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Figure 1: Expected signal and background composition in 6 control regions (CRs) and the 13 signal regions (SRs)
used in the analysis.
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STXS results

Boosted SR selection



STXS in H→bb
❖ STXS interpretation in H→bb is more complex: multi-variate discriminant 

shape depends strongly on the Higgs kinematics (new templates introduced)
❖ Binning defined based on pTV (2 schemes considered, 3 & 5 bins)

❖ Extra granularity not originally included in STXS proposal used here to reduce 
extrapolation uncertainties (introduction of a bin starting at pTV > 75 GeV)
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5 bin schemeTemplate dependency on pTV



EFT in H→bb
❖ The STXS results of the H→bb measurement can also be re-interpreted in a 

generic Effective Field Theory (EFT) framework, to set limits on BSM interactions

❖ Probe all dimension 6 operators which would affect the analysis results
❖ Either through modifications to WH/ZH couplings, or in down-quark Yukawa 

interactions
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Impact of extra operators 
on STXS measurements

Some interactions constrained at 
the few percent level!

Likelihood for W-field operator



Conclusions
❖ Higgs decays into both 3rd generation fermions 

have now been observed in ATLAS (>5σ in both 
cases)

❖ Measurements are in good agreement with the 
Standard Model predictions!

❖ Both channels have begun extracting fiducial cross-
sections through the STXS framework, providing 
sensitivity in the parts of phase space they are 
uniquely sensitive to

❖ Still a significant fraction of the Run-II luminosity 
not included in these measurements - stay tuned!
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The impact of these measurements on the full ATLAS 
Higgs combination will be shown in Nicolas Berger’s 

presentation tomorrow morning!


