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Why the Higgs Boson?

Robin HayesCAP Congress, June 7 2021

Precision measurements of its 
properties test the limits of the SM 

and could reveal signs of new physics.

The Higgs boson is the most 
recently-discovered particle of the 

Standard Model (SM).

It’s completes the SM and 
is crucial to making it work 

as well as it does.... 

... which is very well, but 
not perfectly.

𝜈

Neutrino masses?Gravity?Dark matter?

ATLAS-CONF-2020-027

ATLAS-CONF-2012-091

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-027/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2012-091/
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How Can We Study the Higgs Boson? 

Robin HayesCAP Congress, June 7 2021

We need to produce it à Only possible at one place in the world: the Large Hadron Collider (LHC).

Large Hadron Collider (LHC):

Two beams of protons are 
accelerated in opposite directions to 
COM energy of 𝑠 = 13 TeV.

ATLAS Detector:

7,000-tonne detector
40M proton-proton collisions 
per second at its centre

27 km circumference ring
4 main detectors

Data collected by the ATLAS detector 
from 2015 to 2018 is analyzed for 
signs of the Higgs boson.
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Higgs Production and Decay

Robin HayesCAP Congress, June 7 2021

The Higgs boson decays before it reaches the 
detector, so we look for its decay to two W bosons.

Focus on VBF production followed by 𝐻 → 𝑊𝑊∗ decay.
Ø Never previously observed by ATLAS.
Ø Theoretical importance: 

o Diagrams needed to prevent unitarity violation in W+W- scattering.
o Sensitive to Higgs–vector boson coupling, a parameter predicted by the SM.

Ø Ultimately we measure Higgs production in both the ggF and VBF channels.

protons at the LHC primarily consist of gluons and light quarks. Consequently, the most
probable methods of producing a Higgs boson involve either heavy quarks or massive vector
bosons. The quantum mechanical probability of a specific process occurring is quantified
by the cross section.

The leading Higgs boson production mechanism at the LHC is gluon-gluon fusion (ggF)
and it was the first to be discovered at the ATLAS and CMS experiments. The ggF Higgs
boson is produced via a heavy quark loop originating from two high energy gluons as
illustrated in the left Feynman diagram in figure 1.2. Loops in Feynman diagrams represent
higher order corrections in the theoretical predictions. Since the Higgs boson does not couple
directly to gluons, the loop corrections are essential to producing a Higgs boson via gluon-
gluon fusion. For the vast majority of events, the quark loop is made up of top quarks but
there is also a small contribution to the total ggF cross section coming from b-quark loops.
In principle, there is also a contribution from lighter quarks, but this contribution becomes
more and more suppressed as the quark mass decreases. Since the loop can potentially also
be made up of heavy particles beyond the SM, measuring the ggF cross section provides an
important probe for new physics beyond the SM.
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Figure 1.2: Feynman diagrams for the dominant Higgs boson production modes at the LHC,
ggF H æ WW

ú
æ ¸‹¸‹ (left) and VBF H æ WW

ú
æ ¸‹¸‹ (right).

With a cross section that is more than 10 times smaller than that of ggF, vector boson
fusion (VBF) is the subleading Higgs boson production mode at the LHC. As shown in the
right Feynman diagram of figure 1.2, two high energy quarks radiate weak vector bosons that
fuse into the Higgs boson. The two quarks tend to leave characteristic energy depositions
in the areas of the detector close to the beam pipe which makes it possible to probe for
VBF despite its smaller cross section. Since electroweak interactions are better understood
theoretically than strong interactions, the theoretical uncertainties on the VBF cross section
are smaller than those of ggF.

Together, ggF and VBF drive the sensitivity of Higgs boson measurements at the LHC.
Under the assumption that there are no corrections to the quark loop from particles not
included in the SM, the ggF production mode makes it possible to probe the Higgs Yukawa
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Preselection

0 jets 1 jet Ø 2 jets
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Figure 4.1: Schematic overview of analyses within the H æ WW
ú

æ ¸‹¸‹ analysis group.
The categories with red borders include data from Run-I and Run-II, while the other cat-
egories only include data from Run-I. The categories described in this thesis are marked
with a bold border. The lepton final state is indicated below each production mode, where
¸ represents either an electron or a muon.

4.2 Signal and Background Features

Figure 4.2 (left) shows a Feynman diagram for a VBF H æ WW
ú event. As described in

sections 1.3 and 1.4, they are characterized by two forward jets, two charged leptons with
a small opening angle caused by the V ≠ A structure of the weak interaction, and missing
transverse energy coming from the neutrinos. In addition, the mass of the WW system
coming from the Higgs boson decay is bounded by the Higgs boson mass. These properties
are used to define a region that is enriched in signal.
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Figure 4.2: Feynman diagrams for VBF H æ WW
ú

æ ¸‹¸‹ (left) and ggF H æ WW
ú

æ

¸‹¸‹ (right) as expected to contribute in the VBF analysis.

In the VBF H æ WW
ú

æ ¸‹¸‹ analysis, ggF Higgs boson production (figure 4.2,
right) is treated as a background. As with VBF, the opening angle between the charged

38

Investigate Higgs production by two modes: gluon-gluon 
fusion (ggF) and vector boson fusion (VBF).

This talk:

The branching ratio 
(probability of decay) for 
𝐻 → 𝑊𝑊∗ is the second-
largest for mH=125 GeV.
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• 2 leptons, different flavour, opposite charge.

• ≥ 2 jets, pT>30 GeV, mjj>120 GeV

• Background rejection: No b-jets, and 
𝑚"" < 𝑚# − 25 GeV

• Central jet veto: no jets with pT>30 GeV 
between the two leading jets.

• Outside lepton veto: no leptons outside the 
two leading jets.

Identifying VBF 𝐻 → 𝑊𝑊∗
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Separating Signal from Background

Robin HayesCAP Congress, June 7 2021

After applying selections that target VBF 𝐻 → 𝑊𝑊∗, background events still dominate by a factor of 60!

VBF
ggF
other H
WW
other VV
Z+jets
Top
MisID

Other physics 
processes

This sliver of orange 
is our signal!

Everything else is a 
background.

Simulated 
signal scaled 
by factor of 50.

So we use a deep neural network (DNN) to distinguish signal from background.
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Plot: "CutVBF_SR/Mjj"

-1 Ldt = 139 fb∫ = 13 TeV, s
e channelµ+µe
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Plot: "CutVBF_SR/DPhill"

-1 Ldt = 139 fb∫ = 13 TeV, s
e channelµ+µe
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Plot: "CutVBF_SR/METSig"

-1 Ldt = 139 fb∫ = 13 TeV, s
e channelµ+µe

Ø Trained on simulated events.
Ø Sorts events based on degree of resemblance to signal.
Ø Discrimination based on 15 input variables that target different 

features of our expected signal and background events.

VBF topology HWW decay
Top background 

suppression
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Separating Signal from Background

Robin HayesCAP Congress, June 7 2021

VBF
ggF
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WW
other VV
Z+jets
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VBF
ggF
other H
WW
other VV
Z+jets
Top
MisID

This sliver of orange 
is our signal!

Everything else is a 
background.

Simulated 
signal scaled 
by factor of 50.

VBF and ggF 2jet StatusBenjamin Jäger 21/04/2020

Technical notes and training optimization

48

Infrastructure: keras + TensorFlow 

Inputs: ntuples written out by CAF at b-veto stage 

Inputs weighted according to their fraction of total 
background at b-veto stage (except VBF, weighted 
to contribute to 4%) 

feedforward network architecture with 8 layers 
(use Dropouts to prevent overfitting)

Sample Training Events
VBF 355581
ttbar 1302576

singleton 52665
WW 1723237
ggF 104103
Zjets 340868

Vgamma 3637
otherVV 687755

48

…
256 input 
nodes

...
Output 
layer

Adrian Yeung, SFU

DNN score > 0.94: 
signal dominates 
by nearly 3:1.

Sort events by DNN score
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DNN output G
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After applying selections that target VBF 𝐻 → 𝑊𝑊∗, background events still dominate by a factor of 60!

Other physics 
processes
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ggF and VBF Cross-Section Measurement

Robin HayesCAP Congress, June 7 2021

ATLAS DRAFT
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Figure 12: 68% and 95% confidence level two-dimensional likelihood contours of �ggF · BH!WW ⇤ versus
�VBF · BH!WW ⇤ , compared to the SM prediction shown by the red marker. The red 68% confidence level
on the SM predictions for the ggF and VBF cross sections times branching fraction [11] is indicated by the red ellipse.
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Figure 13: Best-fit values and uncertainties for the cross sections measured in each of the STXS categories, normalised
to the corresponding SM predictions. The black error bars, green boxes and tan boxes show the total, systematic, and
statistical uncertainties in the measurements, respectively. The grey band represents the theory uncertainty on the
signal production corresponding to the STXS category.
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Ø Categorize events into 7 DNN 
bins, increasingly enriched in 
VBF 𝐻 → 𝑊𝑊∗:

Ø Separately apply 
cuts that target ggF 
𝐻 → 𝑊𝑊∗:

Ø Apply a profile likelihood fit to measure the 
cross-sections for both production modes 
simultaneously.

Best-fit values of 𝜎$%& and 𝜎''& agree with the SM.

𝜎!!" # ℬ#→%%∗ = 12.4 ± 1.5 pb

𝜎&'" # ℬ#→%%∗ = 0.79().+,-).+. pb Also the first 
observation of 
VBF 𝐻 → 𝑊𝑊∗!

ATLAS-CO
N

F-2021-014

ATLAS-CO
N
F-2021-014

ATLAS-CO
N
F-2021-014

ggF

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-014/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-014/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-014/
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Beyond Inclusive Cross-Sections 

Robin HayesCAP Congress, June 7 2021

?

We reduce uncertainty and increase sensitivity by minimizing extrapolation.

We observe a process in a signal region 
defined by our detector’s geometric 
coverage and our kinematic cuts...

... But we aim to measure a cross-
section for the total phase space.

What’s in-between? 
Ø Extrapolation introduces uncertainty.

?

?
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Ø Measure cross-sections in (close to) 
the regions we can actually see.

Total 𝜎$%&Ø Also enhances sensitivity to Beyond 
the SM (BSM) effects that might 
show up only in one part of phase 
space.

How does this look for VBF and ggF?
Ø Define subsets of phase space, 

measure a cross-section for each one.

≥2 jets<2 jets
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ATLAS DRAFT
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Figure 13: Best-fit values and uncertainties for the cross sections measured in each of the STXS categories, normalised
to the corresponding SM predictions. The black error bars, green boxes and tan boxes show the total, systematic, and
statistical uncertainties in the measurements, respectively. The grey band represents the theory uncertainty on the
signal production corresponding to the STXS category.
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We measure cross-sections for ggF and VBF Higgs boson production in 11 kinematic regions. 

Results are compatible with the SM and (for VBF) 
competitive with the latest combination of all Higgs 
results measured with the ATLAS detector.

Beyond Inclusive Cross-Sections 

Our measurement

Combination of all other Higgs 
results from ATLAS so far.

ATLAS-CONF-2020-027

ATLAS-CONF-2021-014

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2020-027/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-014/
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Conclusions

Robin HayesCAP Congress, June 7 2021

• Studying the Higgs boson with the ATLAS detector 
allows us to probe the type of fundamental 
interactions that are possible in the universe, and 
perform precision tests of the Standard Model. 

• This measurement of the VBF and ggF 𝐻 → 𝑊𝑊∗

cross-sections is the most precise to-date, and so far 
shows consistency with the SM. 

• Future measurements will benefit from a larger 
dataset and improving understanding of 
measurement uncertainties to further test the limits 
of the SM.



Backup
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Unitarity Violation in W+W- Scattering

Robin HayesCAP Congress, June 7 2021

𝑠 ≫ 𝑚(: cross-section of W+W- scattering grows proportionally to s, and unitarity is violated. 

Restore unitarity by including new diagrams that modify the W+W- scattering vertices and introduce some 
cancellation:

If the H-W coupling isn’t as predicted by the SM, this could again violate unitarity à Higgs-W coupling is a 
sensitive observable to new physics.



ggF VBF
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DNN Input Variables

Robin HayesCAP Congress, June 7 2021
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Plot: "CutVBF_SR/MT"
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ATLAS Work In Progress

Plot: "CutVBF_SR/DYjj"

-1 Ldt = 139 fb∫ = 13 TeV, s
e channelµ+µe
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ATLAS Work In Progress

Plot: "CutVBF_SR/Mjj"

-1 Ldt = 139 fb∫ = 13 TeV, s
e channelµ+µe
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ATLAS Work In Progress

Plot: "CutVBF_SR/contOLV"

-1 Ldt = 139 fb∫ = 13 TeV, s
e channelµ+µe
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ATLAS Work In Progress

Plot: "CutVBF_SR/Ml0j0"

-1 Ldt = 139 fb∫ = 13 TeV, s
e channelµ+µe
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ATLAS Work In Progress

Plot: "CutVBF_SR/Ml0j1"

-1 Ldt = 139 fb∫ = 13 TeV, s
e channelµ+µe
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ATLAS Work In Progress

Plot: "CutVBF_SR/Ml1j0"

-1 Ldt = 139 fb∫ = 13 TeV, s
e channelµ+µe
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ATLAS Work In Progress

Plot: "CutVBF_SR/Ml1j1"

-1 Ldt = 139 fb∫ = 13 TeV, s
e channelµ+µe
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ATLAS Work In Progress

Plot: "CutVBF_SR/subleadJetPt"

-1 Ldt = 139 fb∫ = 13 TeV, s
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ATLAS Work In Progress

Plot: "CutVBF_SR/thirdJetPt"

-1 Ldt = 139 fb∫ = 13 TeV, s
e channelµ+µe
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ATLAS Work In Progress

Plot: "CutVBF_SR/leadJetPt"

-1 Ldt = 139 fb∫ = 13 TeV, s
e channelµ+µe
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ATLAS Work In Progress

Plot: "CutVBF_SR/DPhill"

-1 Ldt = 139 fb∫ = 13 TeV, s
e channelµ+µe
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ATLAS Work In Progress

Plot: "CutVBF_SR/Mll"

-1 Ldt = 139 fb∫ = 13 TeV, s
e channelµ+µe
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Plot: "CutVBF_SR/METSig"
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Further DNN Details (1)

• Performance estimated with quadrature sum of bin-by-bin significance

Variable configuration

• Feedforward network, 8 dense layers
• Infrastructure: keras + TensorFlow 
• Inputs written out at b-veto stage, weighted according to 

their fraction of total background at b-veto stage (except VBF, 
weighted to contribute to 4%, and ggF, assigned weight*10) 

Technical Details

Significance, Z, of observing n events 
given b background events with 
uncertainty 𝜎 on the background.

Binning optimization algorithm

Combine bins until Signal ≥ 10 events, 
Bkg ≥ 10 events, BkgUnc < 20%.
Then set bin boundary once Signal>20 
events.

[0.0, .25, .59, .73, .83, .89, 0.93, 1.00] 
Bins chosen:



VBF, last DNN bin

ggWW
qqWW
Vy
NonWW
Z+jets
Wt
ttbar
MisID
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Background Processes in Couplings Signal Regions
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Results: Total

Robin HayesCAP Congress, June 7 2021

ATLAS DRAFT

measured to be523

�ggF · BH!WW ⇤ = 12.4 ± 1.5 pb
= 12.4 ± 0.6 (stat.) ± 0.9 (exp syst.) +0.7

�0.6 (sig theo.) ± 1.0 (bkg theo.) pb
�VBF · BH!WW ⇤ = 0.79 +0.19

�0.16 pb
= 0.79 +0.11

�0.10 (stat.) +0.06
�0.05 (exp syst.) +0.13

�0.09 (sig theo.) +0.08
�0.06 (bkg theo.) pb,

in comparison to the SM predicted values of 10.4 ± 0.6 pb and 0.81 ± 0.02 pb for ggF and VBF [11],524

respectively.525

Table 6 shows the relative impact of the main uncertainties on the measured values for �ggF · BH!WW ⇤526

and �VBF · BH!WW ⇤ . Both measurements are dominated by systematic uncertainties. For the ggF527

measurement, uncertainties from both experimental and theoretical sources are comparable. For the VBF528

measurement, signal theory uncertainties make up the largest contribution.529

Table 6: Breakdown of the main contributions to the total uncertainty in �ggF · BH!WW ⇤ and �VBF · BH!WW ⇤ ,
relative to the measured value. The individual sources of systematic uncertainties are grouped together. The
sum in quadrature of the individual components di�ers from the total uncertainty due to correlations between the
components.

Source ��ggF ·BH!WW ⇤
�ggF ·BH!WW ⇤ [%] ��VBF ·BH!WW ⇤

�VBF ·BH!WW ⇤ [%]

Data statistical uncertainties 5 13
Total systematic uncertainties 11 18
MC statistical uncertainties 4 3.2
Experimental uncertainties 6 7

Flavour Tagging 2.4 0.9
Jet energy scale 1.4 3.3
Jet energy resolution 2.3 1.9
Emiss

T 1.9 5
Muons 2.1 0.7
Electrons 1.5 0.3
Fake factors 2.4 1.0
Pile-up 2.4 1.3
Luminosity 2.0 2.1

Theoretical uncertainties 8 16
ggF 5 4
VBF 0.7 13
Top 4 5
Z⌧⌧ 2.0 2.1
WW 4 5
Other VV 3 1.2

Background normalisations 5 5
WW 3.1 0.5
Top 2.4 2.2
Z⌧⌧ 3.1 4

TOTAL 12 22

The 68% and 95% confidence level two-dimensional contours of �ggF · BH!WW ⇤ and �VBF · BH!WW ⇤530

are shown in Figure 12 and are consistent with the SM predictions.531

A summary of the cross sections measured in each of the 11 STXS categories and normalised to their532

corresponding SM predictions is provided in Figure 13, while the correlation matrix of the measured533

30th March 2021 – 15:43 25

ATLAS DRAFT

measured to be523

�ggF · BH!WW ⇤ = 12.4 ± 1.5 pb
= 12.4 ± 0.6 (stat.) ± 0.9 (exp syst.) +0.7

�0.6 (sig theo.) ± 1.0 (bkg theo.) pb
�VBF · BH!WW ⇤ = 0.79 +0.19

�0.16 pb
= 0.79 +0.11

�0.10 (stat.) +0.06
�0.05 (exp syst.) +0.13

�0.09 (sig theo.) +0.08
�0.06 (bkg theo.) pb,

in comparison to the SM predicted values of 10.4 ± 0.6 pb and 0.81 ± 0.02 pb for ggF and VBF [11],524

respectively.525

Table 6 shows the relative impact of the main uncertainties on the measured values for �ggF · BH!WW ⇤526

and �VBF · BH!WW ⇤ . Both measurements are dominated by systematic uncertainties. For the ggF527

measurement, uncertainties from both experimental and theoretical sources are comparable. For the VBF528

measurement, signal theory uncertainties make up the largest contribution.529

Table 6: Breakdown of the main contributions to the total uncertainty in �ggF · BH!WW ⇤ and �VBF · BH!WW ⇤ ,
relative to the measured value. The individual sources of systematic uncertainties are grouped together. The
sum in quadrature of the individual components di�ers from the total uncertainty due to correlations between the
components.

Source ��ggF ·BH!WW ⇤
�ggF ·BH!WW ⇤ [%] ��VBF ·BH!WW ⇤

�VBF ·BH!WW ⇤ [%]

Data statistical uncertainties 5 13
Total systematic uncertainties 11 18
MC statistical uncertainties 4 3.2
Experimental uncertainties 6 7

Flavour Tagging 2.4 0.9
Jet energy scale 1.4 3.3
Jet energy resolution 2.3 1.9
Emiss

T 1.9 5
Muons 2.1 0.7
Electrons 1.5 0.3
Fake factors 2.4 1.0
Pile-up 2.4 1.3
Luminosity 2.0 2.1

Theoretical uncertainties 8 16
ggF 5 4
VBF 0.7 13
Top 4 5
Z⌧⌧ 2.0 2.1
WW 4 5
Other VV 3 1.2

Background normalisations 5 5
WW 3.1 0.5
Top 2.4 2.2
Z⌧⌧ 3.1 4

TOTAL 12 22

The 68% and 95% confidence level two-dimensional contours of �ggF · BH!WW ⇤ and �VBF · BH!WW ⇤530

are shown in Figure 12 and are consistent with the SM predictions.531

A summary of the cross sections measured in each of the 11 STXS categories and normalised to their532

corresponding SM predictions is provided in Figure 13, while the correlation matrix of the measured533

30th March 2021 – 15:43 25

ATLAS DRAFT

0.4 0.6 0.8 1 1.2 1.4
 [pb]

 WW*→H
B ⋅VBFσ

10

12

14

16

18

20

 [p
b]

 W
W

*
→

HB ⋅
gg

F
σ

 68% CL
 95% CL
 Best fit
 SM 68% CL
 SM

-1 = 13 TeV, 139 fbs
νµνe →* WW → H

ATLAS Preliminary

Figure 12: 68% and 95% confidence level two-dimensional likelihood contours of �ggF · BH!WW ⇤ versus
�VBF · BH!WW ⇤ , compared to the SM prediction shown by the red marker. The red 68% confidence level
on the SM predictions for the ggF and VBF cross sections times branching fraction [11] is indicated by the red ellipse.
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Figure 13: Best-fit values and uncertainties for the cross sections measured in each of the STXS categories, normalised
to the corresponding SM predictions. The black error bars, green boxes and tan boxes show the total, systematic, and
statistical uncertainties in the measurements, respectively. The grey band represents the theory uncertainty on the
signal production corresponding to the STXS category.
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Results: STXS
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ATLAS DRAFT

parameters is shown in Figure 14. Table 7 provides the central values and uncertainties on each of the534

measured STXS cross sections, together with the SM predictions.535

Table 7: Best-fit values and uncertainties for the production cross-section times H!WW⇤ branching ratio (�i⇥BWW )
in each STXS category.

STXS category (�i ⇥ BWW )
Value Uncertainty [fb] SM prediction

[fb] Total Stat. Exp. Syst. Sig. Theo. Bkg. Theo. [fb]
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Figure 19: Contributions of statistical, background theory, signal theory, and experimental systematic uncertainties to
the measured STXS cross-sections, shown relative to the SM predicted cross-section. The relative uncertainty on the
SM cross-section, which is not included in the measurement, is also shown for comparison.
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Branching Ratios
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