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Probing Higgs Production with 𝐻 → 𝑊𝑊∗

• Second largest Higgs 
branching ratio.

• Leptonic decay useful for 
distinguishing signal.

Why 𝐻 → 𝑊𝑊∗?
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Preselection

0 jets 1 jet Ø 2 jets

ggF
¸¸

WH

¸¸¸

ZH

¸¸¸¸

ggF
¸¸

ggF
¸¸

VBF
eµ/µe

VBF
ee/µµ

V H

¸¸

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
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Branching ratio for 
𝐻 → 𝑊𝑊∗ at 
mH=125 GeV.
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Analyses Featured Today
• Come from data collected by the ATLAS detector at 𝑠 = 13 TeV.
• Measurement of ggF and VBF STXS cross-sections (139 fb-1): ATLAS-CONF-2021-014
• EFT interpretation of 𝑊𝑊 and 𝐻 → 𝑊𝑊∗ results (36 fb-1): ATL-PHYS-PUB-2021-010

Beyond Signal Strengths
• Standard in Higgs boson 

measurements: production cross-
section(s) and signal strength.

• More recently: differential, fiducial and 
Simplified Template Cross Sections 
(STXS) measurements. 
Ø Big advantage: interpretable 

(more easily), eg. in the Effective 
Field Theory (EFT) framework.

https://arxiv.org/abs/1307.1347
https://cds.cern.ch/record/2759651
http://cdsweb.cern.ch/record/2758785/files/ATL-PHYS-PUB-2021-010.pdf
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ggF & VBF 𝐻 → 𝑊𝑊∗ STXS
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• ggF and VBF production of Higgs bosons in the 𝐻 → 𝑊𝑊∗ → 𝑒𝜈𝜇𝜈 decay channel.
• Measure 11 cross-sections in phase spaces defined by the STXS framework, using full Run 2 data. 

Analysis Scope: ATLAS-CONF-2021-014
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• Targets features of H → 𝑊𝑊∗ → 𝑒𝜈𝜇𝜈 decay and reduces some common backgrounds:
ü Single-lepton and dilepton triggers used
ü 2 different-flavour, opposite-charge leptons
ü 𝑝%&'() > 22 GeV, 𝑝%*+,&'() > 15 GeV
ü 𝑚-- > 10 GeV
ü 𝑝%./** > 20 GeV (ggF channels only)

Common Preselection:
1 Introduction

This Letter presents a measurement of the inclusive Higgs boson production cross-sections via gluon–
gluon fusion (ggF) and vector-boson fusion (VBF) through the decay H!WW⇤! e⌫µ⌫ using 36.1 fb�1

of proton–proton collisions at a centre-of-mass energy of 13 TeV recorded by the ATLAS detector. Higgs
boson couplings have been studied in this channel with Run-1 data by the ATLAS [1] and CMS [2] exper-
iments and recently with Run-2 data by the CMS experiment [3]. The H!WW⇤ decay channel has the
second-largest branching fraction and allowed the most precise Higgs boson cross-section measurements
in Run-1 [4]. The measured cross-section of the ggF production process probes the Higgs boson couplings
to gluons and heavy quarks, while the VBF process directly probes the couplings to W and Z bosons. The
leading-order diagrams for the ggF and VBF production processes are depicted in Figure 1.
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Figure 1: Diagrams for the leading production modes (ggF and VBF), where the VVH and qqH coupling vertices
are marked with shaded and empty circles, respectively. The V represents a W or Z vector boson.

2 ATLAS detector

ATLAS is a particle detector designed to achieve a nearly full coverage in solid angle1 [5, 6]. It
consists of an inner tracking detector surrounded by a thin superconducting solenoid, electromagnetic
and hadronic calorimeters, and a muon spectrometer incorporating three large superconducting air-core
toroidal magnets. The inner tracking detector (ID) is located in a 2 T magnetic field and is designed
to measure charged-particle trajectories up to a pseudorapidity of |⌘ | = 2.5. Surrounding the ID are
electromagnetic and hadronic calorimeters, which use liquid argon (LAr) and lead absorber for the
electromagnetic central and endcap calorimeters (|⌘ | < 3.2), copper absorber for the hadronic endcap
calorimeter (1.5 < |⌘ | < 3.2), and scintillator-tile active material with steel absorber for the central
(|⌘ | < 1.7) hadronic calorimeter. The solid angle coverage is extended to |⌘ | = 4.9 with forward
copper/LAr and tungsten/LAr calorimeter modules. The muon spectrometer comprises separate trigger
chambers within the range |⌘ | < 2.4 and high-precision tracking chambers within the range |⌘ | < 2.7,
measuring the deflection of muons in a magnetic field generated by the three superconducting toroidal
magnets. A two-level trigger system is used to select events [7].
1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the

detector and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis
points upward. Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-
axis. The pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). The distance in (⌘,�) coordinates,
�R =

p
��2 + �⌘2, is also used to define cone sizes. Transverse momentum and energy are defined as pT = p sin ✓ and

ET = E sin ✓, respectively.
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• Channels split by number of jets with 𝑝% > 30 GeV 
after preselection:
Ø 𝑁0'1* = 0 and 𝑁0'1* = 1 channels to target ggF
Ø 𝑁0'1* ≥ 2 channels to target ggF and VBF

• Motivated by differing background compositions in 
each region.

• Remaining cuts are targeted to each analysis 
category.

Defining Analysis Channels:

Preselection and Analysis Channels

Jet multiplicity distribution at preselection

Higgs 2021, Oct. 18-22 2021

Figure 2.5: As seen from the rest frame of the Higgs, the direction of emission of leptons from the W
bosons is constrained by the spin-0 nature of the Higgs and the chirality of the weak interaction.

for the decay products of the W . W bosons decay to hadrons about 67% of the time, and to a lepton and
a neutrino the rest of the time [13]. The hadronic decay channel of the W is swamped by the large QCD
background of the LHC, so its leptonic decay mode is used instead. The W boson can decay leptonically to a
muon, an electron or a tau lepton (or the corresponding antiparticles), where each lepton is also accompanied
by its antineutrino (or the corresponding neutrino). The tau is unstable and will further decay, typically to
hadrons (which are not included in the H ! WW (⇤) channel) but sometimes to an electron or muon and
two more neutrinos. With two W bosons from the Higgs, the observable leptons in the final state can
therefore have the same flavour (two electrons, or two muons) or different flavours (one electron and one
muon). In order to exclude backgrounds from Z boson or g decays, which produce same-flavour leptons,
the H !WW (⇤) analysis looks only at different-flavour events.

The H ! WW (⇤) ! `nl`nl channel has another distinctive feature owing to the spin-0 nature of the
Higgs. Conservation of angular momentum requires that the spin-1 W bosons have opposite spins. The
spin- 1

2 leptons from each W must in turn have spins that add up to the W boson spin. The chiral nature of the
weak interaction means that the W boson couples to left-handed particles and right-handed antiparticles. In
the high-energy events at the LHC, the energy E far exceeds the mass m, so chirality and helicity states are
essentially the same. For particles, the W boson therefore couples to left-handed helicity states - ones with
spin and momentum vectors anti-aligned - while for antiparticles it couples to right-handed helicity states -
ones with spin and momentum aligned. This results in the situation depicted in Figure 2.5. The two leptons
are preferentially emitted in the same direction, with the two neutrinos travelling in the other direction. This
results in a narrow opening angle between the two leptons, which the analysis can use by requiring a small
Dfll , the separation in f between the two leptons.

The small angular separation of the two leptons also has implications for the invariant mass of the
dilepton system, m``. Taking p`1 = (E`1 ,~p`1) as the four-vector of the first lepton, p`2 = (E`2 ,~p`2) as the
four-vector of the second, and Dy as the angular separation of the two leptons (Dy =

p
(Df)2 +(Dq)2),

the squared invariant mass is

11

Spin 
correlations 
lead to small 
opening angle 
between 
leptons.

ggF & VBF 𝐻 → 𝑊𝑊∗ STXS
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Figure 15: Post-fit mT distributions (upper panels) with the binning used in the STXS fit for the Njet = 0 channel (top
row) and for the Njet = 1 channel (bottom row). The middle panels show the ratio of the data to the sum of the fitted
signal and background. The bottom panels display the di�erence between the data and the estimated background
compared to the distribution for a SM Higgs boson with mH = 125 GeV. The hatched bands indicate the combined
statistical and systematic uncertainty for the fitted signal plus background.
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Figure 15: Post-fit mT distributions (upper panels) with the binning used in the STXS fit for the Njet = 0 channel (top
row) and for the Njet = 1 channel (bottom row). The middle panels show the ratio of the data to the sum of the fitted
signal and background. The bottom panels display the di�erence between the data and the estimated background
compared to the distribution for a SM Higgs boson with mH = 125 GeV. The hatched bands indicate the combined
statistical and systematic uncertainty for the fitted signal plus background.
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Figure 15: Post-fit mT distributions (upper panels) with the binning used in the STXS fit for the Njet = 0 channel (top
row) and for the Njet = 1 channel (bottom row). The middle panels show the ratio of the data to the sum of the fitted
signal and background. The bottom panels display the di�erence between the data and the estimated background
compared to the distribution for a SM Higgs boson with mH = 125 GeV. The hatched bands indicate the combined
statistical and systematic uncertainty for the fitted signal plus background.
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Figure 15: Post-fit mT distributions (upper panels) with the binning used in the STXS fit for the Njet = 0 channel (top
row) and for the Njet = 1 channel (bottom row). The middle panels show the ratio of the data to the sum of the fitted
signal and background. The bottom panels display the di�erence between the data and the estimated background
compared to the distribution for a SM Higgs boson with mH = 125 GeV. The hatched bands indicate the combined
statistical and systematic uncertainty for the fitted signal plus background.
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Figure 16: Post-fit mT distributions (upper panels) with the binning used in the STXS fit for the Njet � 2 channel
targeting the ggF production mode. The middle panels show the ratio of the data to the sum of the fitted signal and
background. The bottom panels display the di�erence between the data and the estimated background compared to
the distribution for a SM Higgs boson with mH = 125 GeV. The hatched bands indicate the combined statistical and
systematic uncertainty for the fitted signal plus background.
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Figure 16: Post-fit mT distributions (upper panels) with the binning used in the STXS fit for the Njet � 2 channel
targeting the ggF production mode. The middle panels show the ratio of the data to the sum of the fitted signal and
background. The bottom panels display the di�erence between the data and the estimated background compared to
the distribution for a SM Higgs boson with mH = 125 GeV. The hatched bands indicate the combined statistical and
systematic uncertainty for the fitted signal plus background.
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Figure 16: Post-fit mT distributions (upper panels) with the binning used in the STXS fit for the Njet � 2 channel
targeting the ggF production mode. The middle panels show the ratio of the data to the sum of the fitted signal and
background. The bottom panels display the di�erence between the data and the estimated background compared to
the distribution for a SM Higgs boson with mH = 125 GeV. The hatched bands indicate the combined statistical and
systematic uncertainty for the fitted signal plus background.

30th March 2021 – 15:43 40

ATLAS DRAFT

500

1000

1500

2000

Ev
en

ts
 / 

bi
n

Data Uncertainty

 = 1.53)SMσ/σ (ggH
targetH

ggHH qqHEW H

HOther Wt/tt

WW *γ/Z

Mis-Id VVOther 

 1− = 13 TeV, 139 fbs
νµνe →* WW → H

 2≥ jetNggF SR, 
 30 GeV≤ llm10 < 

 < 200 GeVH
Tp

ATLAS     Preliminary

0.6

0.8

1

1.2

1.4

Da
ta

 / 
Pr

ed
.

[0, 90] [90, 100] [100, 110] [110, 120] [120, 130] [130, +inf)

 [GeV]Tm

20
40
60
80

100

 B
kg

.
−

To
ta

l 

(a)

 1− = 13 TeV, 139 fbs
νµνe →* WW → H

 2≥ jetNggF SR, 
 30 GeV≤ llm10 < 

 < 200 GeVH
Tp

ATLAS     Preliminary

[0, 90] [90, 100] [100, 110] [110, 120] [120, 130] [130, +inf)

 [GeV]Tm

20
40
60
80

100

 B
kg

.
−

To
ta

l 

 1− = 13 TeV, 139 fbs
νµνe →* WW → H

 2≥ jetNggF SR, 
 < 55 GeVllm30 < 

 < 200 GeVH
Tp

ATLAS     Preliminary

[0, 90] [90, 100] [100, 110] [110, 120] [120, 130] [130, +inf)

 [GeV]Tm

0

50

100

 B
kg

.
−

To
ta

l 

100

200

300

Ev
en

ts
 / 

bi
n

Data Uncertainty

 = 2.17)SMσ/σ (ggH
targetH

ggHH qqHEW H

HOther Wt/tt

WW *γ/Z

Mis-Id VVOther 

 1− = 13 TeV, 139 fbs
νµνe →* WW → H

 2≥ jetNggF SR, 
 30 GeV≤ llm10 < 

 200 GeV≥ HTp

ATLAS     Preliminary

0.6

0.8

1

1.2

1.4

Da
ta

 / 
Pr

ed
.

[0, 90] [90, 100] [100, 110] [110, 120] [120, 130] [130, +inf)

 [GeV]Tm

0

10

20

30

 B
kg

.
−

To
ta

l 

(b)

 1− = 13 TeV, 139 fbs
νµνe →* WW → H

 2≥ jetNggF SR, 
 30 GeV≤ llm10 < 

 < 200 GeVH
Tp

ATLAS     Preliminary

[0, 90] [90, 100] [100, 110] [110, 120] [120, 130] [130, +inf)

 [GeV]Tm

20
40
60
80

100

 B
kg

.
−

To
ta

l 

1000

2000

3000

4000

5000

Ev
en

ts
 / 

bi
n

Data Uncertainty

 = 1.53)SMσ/σ (ggH
targetH

ggHH qqHEW H

HOther Wt/tt

WW *γ/Z

Mis-Id VVOther 

 1− = 13 TeV, 139 fbs
νµνe →* WW → H

 2≥ jetNggF SR, 
 < 55 GeVllm30 < 

 < 200 GeVH
Tp

ATLAS     Preliminary

0.6

0.8

1

1.2

1.4

Da
ta

 / 
Pr

ed
.

[0, 90] [90, 100] [100, 110] [110, 120] [120, 130] [130, +inf)

 [GeV]Tm

0

50

100

 B
kg

.
−

To
ta

l 

(c)

 1− = 13 TeV, 139 fbs
νµνe →* WW → H

 2≥ jetNggF SR, 
 30 GeV≤ llm10 < 

 < 200 GeVH
Tp

ATLAS     Preliminary

[0, 90] [90, 100] [100, 110] [110, 120] [120, 130] [130, +inf)

 [GeV]Tm

20
40
60
80

100

 B
kg

.
−

To
ta

l 

 1− = 13 TeV, 139 fbs
νµνe →* WW → H

 2≥ jetNggF SR, 
 < 55 GeVllm30 < 

 < 200 GeVH
Tp

ATLAS     Preliminary

[0, 90] [90, 100] [100, 110] [110, 120] [120, 130] [130, +inf)

 [GeV]Tm

0

50

100

 B
kg

.
−

To
ta

l 

 1− = 13 TeV, 139 fbs
νµνe →* WW → H

 2≥ jetNggF SR, 
 30 GeV≤ llm10 < 

 200 GeV≥ HTp

ATLAS     Preliminary

[0, 90] [90, 100] [100, 110] [110, 120] [120, 130] [130, +inf)

 [GeV]Tm

0

10

20

30

 B
kg

.
−

To
ta

l 

100

200

300

400

500

Ev
en

ts
 / 

bi
n

Data Uncertainty

 = 2.17)SMσ/σ (ggH
targetH

ggHH qqHEW H

HOther Wt/tt

WW *γ/Z

Mis-Id VVOther 

 1− = 13 TeV, 139 fbs
νµνe →* WW → H

 2≥ jetNggF SR, 
 < 55 GeVllm30 < 

 200 GeV≥ HTp

ATLAS     Preliminary

0.6

0.8

1

1.2

1.4

Da
ta

 / 
Pr

ed
.

[0, 90] [90, 100] [100, 110] [110, 120] [120, 130] [130, +inf)

 [GeV]Tm

0

20

40 B
kg

.
−

To
ta

l 

(d)

Figure 16: Post-fit mT distributions (upper panels) with the binning used in the STXS fit for the Njet � 2 channel
targeting the ggF production mode. The middle panels show the ratio of the data to the sum of the fitted signal and
background. The bottom panels display the di�erence between the data and the estimated background compared to
the distribution for a SM Higgs boson with mH = 125 GeV. The hatched bands indicate the combined statistical and
systematic uncertainty for the fitted signal plus background.
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Figure 17: Post-fit DNN output distributions (upper panels) with the binning used in the STXS fit for the Njet � 2
channel targeting the VBF production mode. The middle panels show the ratio of the data to the sum of the fitted
signal and background, while the bottom panel displays the signal to background ratio. Since the best-fit signal
strength in the STXS category defined by 350 < mj j < 700 GeV and 0 < pH

T < 200 GeV is negative, the signal
to background ratio in (a) is depicted as negative in the bottom panel. The hatched bands indicate the combined
statistical and systematic uncertainty for the fitted signal and background.
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Figure 17: Post-fit DNN output distributions (upper panels) with the binning used in the STXS fit for the Njet � 2
channel targeting the VBF production mode. The middle panels show the ratio of the data to the sum of the fitted
signal and background, while the bottom panel displays the signal to background ratio. Since the best-fit signal
strength in the STXS category defined by 350 < mj j < 700 GeV and 0 < pH

T < 200 GeV is negative, the signal
to background ratio in (a) is depicted as negative in the bottom panel. The hatched bands indicate the combined
statistical and systematic uncertainty for the fitted signal and background.
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Control regions for top, 𝑍/𝛾∗ backgrounds.

ggF & VBF 𝐻 → 𝑊𝑊∗ STXS
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�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
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Ratio of measured cross-section to SM prediction shown for all 11 cross-sections:

Results are compatible with the SM.
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Most analysis categories are statistically-limited, 
with some ggH modes affected predominantly by 
background theory uncertainties.

Higgs 2021, Oct. 18-22 2021

Results
ggF & VBF 𝐻 → 𝑊𝑊∗ STXS
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Combined EFT Interpretation of 𝑊𝑊 and 𝐻 → 𝑊𝑊∗

Higgs 2021, Oct. 18-22 2021 Robin Hayes

Analysis Scope: ATL-PHYS-PUB-2021-010
• Standard Model Effective Field Theory (SMEFT): New physics enters at an energy scale Λ.

o SM Lagrangian extended with higher-dimensional operators suppressed by powers of Λ and multiplied by 
Wilson coefficients 𝑐H. 

o Measuring the coefficients probes BSM effects in a model-independent way.

o This analysis uses the Warsaw basis.
o Simplified SMEFT formulation of the Lagrangian ignores odd-dimensional terms, truncates expansion at its leading 

order terms:

http://cdsweb.cern.ch/record/2758785/files/ATL-PHYS-PUB-2021-010.pdf
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Measurements Used

Higgs 2021, Oct. 18-22 2021 Robin Hayes

Combining 𝑊𝑊 and 𝐻 → 𝑊𝑊∗

• This interpretation uses two measurements:
Partial Run 2 (36 fb-1) equivalent of the 𝐻 → 𝑊𝑊∗ →
𝑒𝜈𝜇𝜈 analysis described earlier in this talk, but only 
measuring total cross-sections (no STXS) [see 
backup].

ü Both sensitive to many SMEFT operators.
ü Interpretation provides a case study in combining measurements to 

obtain constraints in the SMEFT framework.

Partial Run 2 (36 fb-1). Use unfolded differential

cross-section as a function of 𝑝%
3.29'/: 3.;06/

due to its sensitivity to 𝒪<= operators [see 
backup].

1. Total cross-sections of ggF and VBF Higgs production in the 𝐻 → 𝑊𝑊∗ → 𝑒𝜈𝜇𝜈 channel at 𝑠=13 TeV [arXiv: 1808.09054]
2. Fiducial and differential cross-sections of 𝑊I𝑊5 production at 𝑠=13 TeV [arXiv: 1905.04242]

https://arxiv.org/abs/1808.09054
https://arxiv.org/abs/1905.04242
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From Lagrangian to Cross-Section

Starting from the simplified SMEFT formulation of the Lagrangian:

Scattering cross-section becomes:

SM matrix 
element

Contains 𝒪<= Contains 𝒪<
>; 

neglected

Linearized cross-section times branching ratio for a process p:

SM cross-section 
times BR

Linear effect of the operator associated with 
𝑐< on 𝜎 or the partial or total Higgs width.

Contains 𝒪<>; 
neglected
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Ingredients for a Combined EFT Interpretation

• Operators: 24 Warsaw basis operators affect the signal processes (WW production, and ggF and VBF Higgs production)
ü All CP-even; CP-odd operators have no effect in the linearized approximation.

• Orthogonal SRs and CRs: The HWW 0-jet and 1-jet WW CRs overlap with the WW SR.
ü Remove the HWW WW CRs from the fit; use the WW SR to constrain the WW background in HWW instead.

• Acceptance corrections: The HWW measurement includes acceptance effects (not fiducial).
ü Calculate acceptance effects for each SMEFT interference sample.
ü Correct via linear coefficients of operators that have acceptance effects.

• Combined likelihood:
ü Likelihood functions for HWW and WW re-parameterized as functions of the Wilson coefficients.

Likelihood for observing N events 
in the 𝐻 → 𝑊𝑊∗ analysis bins, 
and measuring differential cross-
section of 𝑥 in the 𝑊𝑊 analysis.
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• Simultaneously measure 𝜇KKL, 𝜇MNL, and 14 𝜇 values for WW 

𝑝%
&'()/OP &'Q1RO bins.

• Results are compatible with standalone analyses. 
• Non-identical results come from removal of the WW CR from 

ggF HWW, and pulls on correlated nuisance parameters in 
the new fit.

Signal strength measurements �0.04 �0.02 0 0.02 0.04
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• Fit for each coefficient, with all others fixed to SM value of 0.
• Resulting constraints agree with SM within 2𝜎 or better.
• See sensitivity gain from combining for most operators.

Results (1)
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Results (2)

• Not enough information to constrain all coefficients in a maximum likelihood fit.
Ø Determine modified basis of Warsaw vectors following [ATL-PHYS-PUB-2019-042, ATLAS-CONF-2020-053]

• Results in 8 physically-interpretable parameter groupings.

Simultaneous Wilson coefficient limits
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Modifies weak boson couplings

Modifies rate of ggF Higgs production

Modifies rates of WW and VBF Higgs production

Modifies rate of all processes (shifts 𝐺-)

Modifies rate of VBF Higgs production

Modifies tail of 𝑝"
./01$23 ./4562 distribution

Modifies tail of 𝑝"
./01$23 ./4562 distribution

ü Conclusions: Parameters are consistent with the SM, and 
four parameters are determined with a precision <1.

https://cds.cern.ch/record/2694284
https://cds.cern.ch/record/2743067
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Conclusions

• Measurements of STXS and fiducial (differential) cross-
sections have many advantages, including allowing for 
combination and interpretation in an EFT framework.

• 𝐻 → 𝑊𝑊∗ offers a well-understood, sensitive channel that 
lends itself to further precision tests of the SM.

• Completing the landscape of ATLAS 𝐻 → 𝑊𝑊∗ cross-
sections and interpretations:
o arXiv:1903.10052: Measurement of total 𝑍𝐻 and 𝑊𝐻

cross-sections with 36 fb-1 of Run 2 data [see backup].
o arXiv:2109.13808: Measurement of CP properties of 

the effective Higgs-gluon vertex, and polarization-
dependent Higgs coupling strengths to W and Z bosons 
[see Chiara Arcangeletti’s talk].

• The recent results presented here show how 𝐻 → 𝑊𝑊∗

decays can be exploited for sensitive measurements and 
interpretations of Higgs boson physics.

https://arxiv.org/abs/1903.10052
https://arxiv.org/abs/2109.13808
https://indico.cern.ch/event/1030068/timetable/?view=standard
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𝑉𝐻 𝐻 → 𝑊𝑊∗ (1)

Higgs 2021, Oct. 18-22 2021 Robin Hayes

Analysis Scope: arXiv:1903.10052

• 𝑊𝐻 and 𝑍𝐻 production of Higgs bosons in the 𝐻 → 𝑊𝑊∗ → 𝑙𝜈𝑙𝜈 decay channel.
• Uses 36 fb-1 of Run 2 data.

Analysis Strategy

• Channels defined by number of final-state leptons: 3𝑙 channel targets WH, 4𝑙 channel targets ZH.
• Events further split into categories according to the number of same-flavour, opposite-sign (SFOS) pairs:

Number of SFOS pairs 
has a large effect on 
background composition

ZH:
o Events with 2 SFOS pairs
o Events with 1 SFOS pairs

WH: 
o Events with 1 SFOS pair = “Z-dominated”
o Events with 0 SFOS pairs = “Z-depleted”

https://arxiv.org/abs/1903.10052
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𝑉𝐻 𝐻 → 𝑊𝑊∗ (2)

Higgs 2021, Oct. 18-22 2021 Robin Hayes
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Results
• Profile likelihood fit uses binned distributions of WH BDTs, event counts in CRs, and event counts in ZH SRs.
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1D fit results are consistent with the SM within 1.3𝜎 for 𝑊𝐻 and 1.5𝜎 for 𝑍𝐻.



20Robin Hayes

ggF and VBF 𝐻 → 𝑊𝑊∗ 36 fb-1 Measurement

Higgs 2021, Oct. 18-22 2021
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Figure 3: Post-fit mT distributions with the signal and the background modelled contributions in the (a) Njet = 0 and
(b) Njet = 1 signal regions. The hatched band shows the total uncertainty of the signal and background modelled
contributions.
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Figure 4: Post-fit mj j (a) and �yj j (b) distributions with signal and background modelled contributionsin the Njet � 2
VBF signal region. The dashed line shows the VBF signal scaled by a factor of 30. The hatched band shows the
total uncertainty of the signal and background modelled contributions.

5 Background estimation

The background contamination in the SRs originates from various processes: non-resonant WW , top-quark
pair (tt̄) and single-top-quark (Wt), diboson (W Z , Z Z , W� and W�⇤) and Drell–Yan (mainly Z ! ⌧⌧,
hereafter denoted Z/�⇤) production. Other background contributions arise from W+jets and multi-jet
production with misidentified leptons, which are either non-prompt leptons from decays of heavy-flavour
hadrons or jets faking prompt leptons. Dedicated regions in data, identified hereafter as control regions
(CRs), are used to normalise the predictions of some of the background processes. CRs are defined for
the main background processes: WW (only for Njet  1 final states), tt̄/Wt, and Z/�⇤. Table 3 summarises

7
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Figure 5: Post-fit BDT score distribution with the signal and the background modelled contributions in the VBF
signal region. The hatched band shows the total uncertainty of the signal and background modelled contributions.

Table 3: Event selection criteria used to define the control regions. Every control region selection starts from
the selection labelled “Preselection” in Table 2. Nb-jet,(20 GeV<pT<30 GeV) represents the number of b-jets with
20 GeV < pT < 30 GeV.

CR Njet,(pT>30 GeV) = 0 ggF Njet,(pT>30 GeV) = 1 ggF Njet,(pT>30 GeV) � 2 VBF

WW

55<m`` < 110 GeV m`` > 80 GeV
��`` < 2.6 |m⌧⌧ � mZ | > 25 GeV

Nb-jet,(pT>20 GeV) = 0
max

�
m`

T
�
> 50 GeV

tt̄/Wt

Nb-jet,(20 GeV<pT<30 GeV) > 0 Nb-jet,(pT>30 GeV) = 1 Nb-jet,(pT>20 GeV) = 1Nb-jet,(20 GeV<pT<30 GeV) = 0
��(``, Emiss

T ) > ⇡/2 max
�
m`

T
�
> 50 GeV central jet veto

p``T > 30 GeV m⌧⌧ <mZ � 25 GeV
��`` < 2.8 outside lepton veto

Z/�⇤
Nb-jet,(pT>20 GeV) = 0

m`` < 80 GeV
no pmiss

T requirement central jet veto
max

�
m`

T
�
> 50 GeV outside lepton veto

��`` > 2.8 m⌧⌧ > mZ � 25 GeV |m⌧⌧ � mZ |  25 GeV

the event selection for all CRs. For the Njet = 0 and Njet = 1 WW CRs, m`` selections orthogonal to those
of the SRs are applied. For the tt̄/Wt CRs, the b-veto is replaced with a b-tag requirement. For the
Njet = 1 and Njet � 2 VBF Z/�⇤ CRs, the m⌧⌧ selection is inverted, while for the Njet = 0 Z/�⇤ CR the ��``
selection criterion is inverted. Figure 6 presents the post-fit mT distributions in the Njet = 0 and Njet = 1 CRs.
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Analysis Scope: arXiv: 1808.09054

• Measurement of ggF and VBF cross-sections 
and signal strengths in the 𝐻 → 𝑊𝑊∗

channel using partial Run 2 data. 

Analysis Strategy

• Very similar to full Run 2 analysis described in this talk, 
with a few differences: 
o No ggF 2-jet channel.
o BDT as final VBF discriminant.
o Does not target STXS bins.

ggF 0j ggF 1j

VBF ≥ 2j

track parameters for particles originating from secondary vertices e.g. leptons from ⌧ decays.

6 Systematic uncertainties

The sources of uncertainty can be classified into two categories: experimental and theoretical. The
dominant experimental uncertainties are the jet energy scale and resolution [74], and the b-tagging
e�ciency [75]. Other sources of uncertainty are lepton energy (momentum) scale and resolution, identi-
fication and isolation [63, 64, 76], missing transverse momentum measurement [77], modelling of pile-up,
and luminosity measurement [78]. The luminosity uncertainty is only applied to the Higgs boson signal
and to background processes that are normalised to theoretical predictions. For the main processes, the
theoretical uncertainties are assessed by a comparison between nominal and alternative event generators
and UEPS models, as indicated in Table 1. For the prediction of W Z , Z Z , V�⇤, and V� production (VV),
variations of the matching scale are considered instead of an alternative generator. In addition, the e�ects
of QCD factorisation and renormalisation scale variations and PDF model uncertainties are evaluated.

7 Signal region yields and results

The ggF and VBF cross-sections are obtained from a simultaneous statistical analysis of the data samples
in all SRs and CRs by maximising a likelihood function in a fit using scaling parameters multiplying the
predicted total production cross-section of each signal process and applying the profile likelihood method.
The CRs are used to determine the normalisation of the corresponding backgrounds. The systematic
uncertainties enter the fit as nuisance parameters in the likelihood function.
Table 5 shows the post-fit yields for all of the three SRs. Yields in the highest-score VBF BDT bin are also
given. The uncertainties in the total yields are smaller than those of some of the individual background
processes. This e�ect is due to correlations among di�erent data regions, background processes, and
nuisance parameters. The correlations are imposed by the fit as it constrains the total yield to match the
data. For example, for the b-tagging e�ciency, which is the main source of uncertainty in the tt̄/Wt
yields in the SRs as well as in WW CRs, the combination of these two regions in the statistical analysis
leads to an anti-correlation between the SR yields of the WW and tt̄/Wt backgrounds. Changes in the
b-tagging e�ciency simultaneously increase/decrease the yields of tt̄/Wt and WW backgrounds, resulting
in a small uncertainty in the combined yields of the processes but large uncertainties in the individual
components. Figure 8 shows the combined mT distribution for Njet  1. The bottom panel of Figure 8
shows the di�erence between the data and the total estimated background compared to the mT distribution
of a SM Higgs boson with mH = 125 GeV. The total signal observed (see Table 5) of about 1000 events
is in agreement, in both shape and rate, with the expected SM signal. The cross-sections times branching
fractions, �ggF · BH!WW ⇤ and �VBF · BH!WW ⇤ , are simultaneously determined to be:

�ggF · BH!WW ⇤ = 11.4+1.2
�1.1(stat.)+1.2

�1.1(theo syst.)+1.4
�1.3(exp syst.) pb = 11.4+2.2

�2.1 pb
�VBF · BH!WW ⇤ = 0.50+0.24

�0.22(stat.) ± 0.10(theo syst.)+0.12
�0.13(exp syst.) pb = 0.50+0.29

�0.28 pb.

The predicted cross-section times branching fraction values are 10.4±0.6 pb and 0.81±0.02 pb for ggF and
VBF [23], respectively. The 68% and 95% confidence level two-dimensional contours of �ggF · BH!WW ⇤

and �VBF · BH!WW ⇤ are shown in Figure 9 and are consistent with the SM predictions.

11

Results

Figure 9: 68% and 95% confidence level two-dimensional likelihood contours of �ggF · BH!WW ⇤ vs.
�VBF · BH!WW ⇤ , compared to the SM prediction shown by the red marker. The error bars on the SM prediction
represent the ggF and VBF theory uncertainty [23], respectively.

channel are simultaneously determined to be

µggF = 1.10+0.10
�0.09(stat.)+0.13

�0.11(theo syst.)+0.14
�0.13(exp syst.) = 1.10+0.21

�0.20

µVBF = 0.62+0.29
�0.27(stat.)+0.12

�0.13(theo syst.) ± 0.15(exp syst.) = 0.62+0.36
�0.35.

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

Table 6: Breakdown of the main contributions to the total uncertainty in �ggF · BH!WW ⇤ and �VBF · BH!WW ⇤ .
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 ⇤ [%] ��VBF · BH!WW ⇤ [%]
Data statistics 10 46
CR statistics 7 9
MC statistics 6 21
Theoretical uncertainties 10 19

ggF signal 5 13
VBF signal <1 4
WW 6 12
Top-quark 5 5

Experimental uncertainties 8 9
b-tagging 4 6
Modelling of pile-up 5 2
Jet 2 2
Lepton 3 <1
Misidentified leptons 6 9

Luminosity 3 3
TOTAL 18 57

and �VBF · BH!WW ⇤ . The theory uncertainties in the non-resonant WW background produce one of
the largest uncertainties, of the order of 6%, in the measured ggF cross-section. The uncertainty in the
ratio of gg ! WW to qq ! WW comes from the limited NLO accuracy of the gg ! WW production
cross-section [38]. The resulting uncertainty in the cross-section when using acceptance criteria similar
to those in this analysis was evaluated in Ref. [79] for Njet = 0 and for Njet = 1. In the Njet � 2 VBF

13

https://arxiv.org/abs/1808.09054
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𝑊𝑊 36 fb-1 Differential and Fiducial Measurement
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Analysis Scope: arXiv: 1905.04242

• Measurement of differential and fiducial 
cross-sections in the 𝑊𝑊 → 𝑒𝜈𝜇𝜈 channel 
using partial Run 2 data. 

Analysis Strategy

Results

• WW candidate event selection: Similar to 𝐻 → 𝑊𝑊∗ 0j SR 
but with inverted 𝑚7T cut. 

• Main bkg from top: estimated using partially data-driven 
method (extrap. from top CR to SR). 
• Mis-identified lepton bkg also from data-driven method; 

rest from MC.
• b-tagging uncertainty dominates. 

• Fiducial cross-
section 
measured in 
total, and in 
bins of various 
observables 
(𝑝%
&'()/OP &'Q1RO

used for EFT 
interpretation).

https://arxiv.org/abs/1905.04242
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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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Results are compatible with the SM and (for VBF) 
competitive with the Summer 2020 combination of 
all Higgs results measured with the ATLAS detector.

ggF and VBF 𝐻 → 𝑊𝑊∗ STXS Measurement
𝐻 → 𝑊𝑊∗

standalone 
measurement

ATLAS Summer 2020 Higgs 
combination
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