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Combining individual measurements of Higgs boson properties provides enhanced sensitivity and
enables precise tests of the Standard Model. These proceedings present a recent combination of
ATLAS analyses based on the full LHC Run 2 dataset comprising 140 fb−1 at 13 TeV, yielding
the most precise ATLAS results so far of Higgs boson couplings and production and decay
cross-sections. In addition, four dedicated analyses of Higgs boson decays to (vector) bosons
are discussed. Two of these focus on 𝐻 → 𝑊𝑊∗ using the full Run 2 dataset, while the other
two present the first Run 3 measurements of 𝐻 → 𝑍𝑍∗ with 56 fb−1 of early data collected at
√
𝑠 = 13.6 TeV. All results presented agree with predictions, attesting to the remarkable precision

with which the Higgs boson continues to conform to the Standard Model expectations.
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1. Introduction

Since the discovery of the Higgs boson in 2012 [2, 3], understanding its properties has remained
one of the central goals of the LHC physics programme. While the Standard Model (SM) makes
precise predictions for Higgs boson couplings, production and decay rates, many of these have not
yet been measured with sufficient precision to rule out possible deviations. Any departure from SM
expectations could provide the first indication of new physics.

A particularly powerful strategy for probing Higgs boson properties is to combine multiple
individual measurements into a single global analysis. Individual analyses typically focus on a
specific production or decay mode and use only a subset of the full dataset, while a combination
exploits the statistical power of the entire dataset and provides a coherent treatment of correlated
systematic uncertainties. The ATLAS [1] Run 2 Higgs boson combination presented in these
proceedings uses the full 140 fb−1 of 𝑝𝑝 collision data at

√
𝑠 = 13 TeV, delivering the most precise

measurements of Higgs boson couplings and cross-sections to date [6].
In addition to the combination, this work discusses four dedicated analyses of Higgs boson

decays to vector bosons and photons in fully leptonic final states. Two of these target the 𝐻 → 𝑊𝑊∗

decay mode, one focusing on gluon gluon fusion (ggF) and vector boson fusion (VBF) production
[8], and the other on associated production with a vector boson (𝑉𝐻) [9]. Both are based on the
complete Run 2 dataset and provide sensitivity to Higgs boson production mechanisms. The other
two analyses focus on 𝐻 → 𝑍𝑍∗ → 4ℓ, using the first Run 3 data collected in 2022–2023 [21, 22].
While the 𝐻 → 𝑊𝑊∗ decay has a higher branching fraction, the presence of neutrinos in the
final state limits the achievable precision. In contrast, the 𝐻 → 𝑍𝑍∗ → 4ℓ channel offers a fully
reconstructible final state with excellent mass resolution, making it the golden channel for precision
measurements, and therefore the natural choice for the first Run 3 studies. These results mark the
beginning of Higgs boson measurements at the increased LHC centre-of-mass energy of 13.6 TeV,
compared to 13 TeV in Run 2.

2. Higgs combination

Both the ATLAS and CMS collaborations published comprehensive combinations of Higgs
boson measurements in 2022, marking ten years since its discovery [4, 5]. Since then, several new
ATLAS analyses have been completed, providing additional sensitivity and warranting an updated
combination. That updated combination, based on the full Run 2 dataset, is presented here [6].

The combination includes all major Higgs boson production mechanisms: gluon gluon fusion
(ggF), vector-boson fusion (VBF), associated production with a vector boson (𝑉𝐻), and associated
production with heavy quarks (𝑡𝑡𝐻, 𝑏𝑏𝐻, and 𝑡𝐻). The decay channels considered are 𝐻 → 𝑏𝑏̄,
𝐻 → 𝑊𝑊∗ → ℓ𝜈ℓ𝜈, 𝐻 → 𝜏𝜏, 𝐻 → 𝑐𝑐, 𝐻 → 𝑍𝑍∗ → 4ℓ, 𝐻 → 𝛾𝛾, 𝐻 → 𝑍𝛾, and 𝐻 → 𝜇𝜇.
Compared to the 2022 ATLAS combination [4], six channels are either new or updated, leading
to substantial improvements in the precision of the 𝐻 → 𝜏𝜏, 𝐻 → 𝑊𝑊∗, 𝑉𝐻 (→ 𝑏𝑏̄, 𝑐𝑐), and
𝑡𝑡𝐻 (→ 𝑏𝑏̄) results. A full overview of the inputs to the combination is given in Table 1.

The results are interpreted in several ways. A global measurement of the signal strength
parameter,

𝜇 = 1.023+0.056
−0.053 = 1.023 ± 0.028 (stat.)+0.026

−0.025 (exp.)+0.039
−0.036 (sig. theo.) ± 0.012 (bkg. theo.),

2



P
o
S
(
E
P
S
-
H
E
P
2
0
2
5
)
0
6
0

Higgs boson production and properties at ATLAS: decays into boson pairs, and overall combination

Table 1: Summary of the analyses entering the combination, listing their integrated luminosity (L), biblio-
graphic reference, and type of improvement relative to the combination in Ref. [4]. Results originally quoted
at 139 fb−1 have been uniformly rescaled to the updated Run 2 value of 140 fb−1. The last column specifies
whether an input is a New analysis, an updated Full Run 2 result, or a Reanalysis [6].

Analysis Prod. L (fb−1) Reference Improvements
𝐻 → 𝑍𝑍∗ → 4ℓ All 140 [7] -
𝐻 → 𝑊𝑊∗ → ℓ𝜈ℓ𝜈 ggF,VBF 140 [8] Reanalysis
𝐻 → 𝑊𝑊∗ → ℓ𝜈ℓ𝜈 𝑉𝐻 140 [9] Full Run 2
𝐻 → 𝛾𝛾 All 140 [10] -
𝐻 → 𝑍𝛾 All 140 [11] -
𝐻 → 𝜏𝜏 All 140 [12] Reanalysis
𝐻 → 𝜏𝜏 𝑉𝐻 140 [13] New analysis
𝐻 → 𝜇𝜇 All 140 [14] -
𝐻 → 𝑏𝑏 VBF 126 [15] -
𝐻 → 𝑏𝑏, 𝑐𝑐 𝑉𝐻 140 [16] Reanalysis
𝐻 → multileptons 𝑡𝑡𝐻 36.1 [17] -
𝐻 → 𝑏𝑏 𝑡𝑡𝐻 140 [18] Reanalysis

quantifies the overall Higgs boson production and decay rate relative to the (SM). The result is in
agreement with the SM expectation of 1.000+0.055

−0.053.
Beyond this single parameter, 29 combinations of production cross-sections 𝜎𝑖 and branching

ratios 𝐵 𝑓 are extracted simultaneously, providing a detailed mapping of Higgs boson interactions
across production and decay channels, and showing good agreement with SM predictions with a
𝑝-value of 𝑝𝑆𝑀 = 84%. A 𝜅-framework interpretation [19] is also performed, in which modifiers
𝜅𝑖 are applied to the Higgs boson couplings to SM particles. The updated dataset brings notable
improvements compared to the 2022 combination, with the precision on 𝜅𝑐 improving by roughly
a factor of two, and 𝜅𝑡 improving by about 15%. The full set of coupling modifiers is shown in
Figure 1.

Overall, all measurements are consistent with SM expectations, and the increased precision
highlights the remarkable agreement of Higgs boson properties with the SM more than a decade
after its discovery.

3. Measurements of 𝐻 → 𝑊𝑊 in Run 2

Two of the new inputs to the combination described in the previous section are dedicated
analyses in the 𝐻 → 𝑊𝑊∗ decay channel using the full LHC Run 2 dataset, and are further
discussed here.

The first analysis focuses on 𝑉𝐻 production with subsequent 𝐻 → 𝑊𝑊∗ decays [9]. Events
with two, three, or four charged leptons are considered, corresponding to the leptonic decays of the
associated vector boson and the 𝑊 bosons from the Higgs boson decay. A multivariate approach is
employed in each channel, combining neural networks and boosted decision trees to discriminate
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Figure 1: Summary of Higgs boson coupling modifiers to fermions and bosons as a function of particle
mass. The upper panel displays 𝜅𝐹𝑚𝐹/𝑣 for fermions and √

𝜅𝑉𝑚𝑉/𝑣 for vector bosons, with 𝑣 = 246 GeV
the Higgs vacuum expectation value. Fermion masses are taken in the MS scheme at 𝑚𝐻 , while pole masses
are used elsewhere. The lower panel shows the extracted values of the coupling modifiers 𝜅. Results are
provided for two scenarios: one with 𝜅𝑐 treated as an independent parameter (light markers) and one where
𝜅𝑐 is assumed equal to 𝜅𝑡 (dark markers) [6].

the Higgs boson signal from backgrounds. The sum of the 𝑊𝐻 and 𝑍𝐻 cross sections times the
𝐻 → 𝑊𝑊∗ branching ratio is measured to be

𝜎𝑉𝐻 × 𝐵(𝐻 → 𝑊𝑊∗) = 0.44+0.10
−0.09 (stat.)+0.06

−0.05 (syst.) pb,

in agreement with the SM prediction of 𝜎SM
𝑉𝐻

× 𝐵(𝐻 → 𝑊𝑊∗) = 0.48 ± 0.01 pb. Differential
cross sections are also extracted in the Simplified Template Cross Section (STXS) framework [20]
and in a dedicated measurement of the vector boson transverse momentum, 𝑝𝑉T . While the STXS
scheme already includes 𝑝𝑉T -defined bins, the dedicated 𝑝𝑉T measurement is otherwise inclusive
and employs a finer binning, providing complementary sensitivity. The limiting factor in these
measurements is the statistical uncertainty. Thus, the increase in the number of events collected in
Run 3 is expected to significantly improve the sensitivity of this analysis.

The second analysis targets ggF and VBF production in the 𝐻 → 𝑊𝑊∗ → ℓ𝜈ℓ𝜈 channel [8].
Events are categorised according to jet multiplicity, with dedicated deep neural network discrimi-
nants trained to optimise signal separation in each topology. The measured inclusive cross-sections
times branching ratio are

𝜎ggF × 𝐵(𝐻 → 𝑊𝑊∗) = 12.4+1.3
−1.2 pb and 𝜎VBF × 𝐵(𝐻 → 𝑊𝑊∗) = 0.79+0.18

−0.16 pb,

which are both in good agreement with the SM predictions of 10.4 ± 0.6 pb and 0.81 ± 0.02 pb,
respectively. For the ggF measurement, no single source of uncertainty is dominant: statistical
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Figure 2: Measured 𝐻 → 𝑊𝑊∗ cross-sections in the STXS categories, normalised to the SM predictions.
Error bars show the total uncertainties, with the upper bands indicating the statistical components, and
the lower bands the systematic components. The shaded areas represent the theoretical uncertainty on the
predicted yields [8].

and systematic components are of similar size, with systematic experimental effects such as muon
reconstruction and flavour tagging (important for suppressing 𝑏-jet backgrounds) providing notable
contributions. In contrast, the VBF measurement is primarily limited by statistical uncertainties
and uncertainties in the theoretical modelling of the VBF signal.

In addition to the inclusive two-parameter fit, differential measurements are performed in 15
STXS fiducial regions, as shown in Figure 2. These results are also interpreted in the framework
of the Standard Model Effective Field Theory (SMEFT), using a modified STXS categorisation
designed to gain sensitivity to CP-odd effects. Constraints are obtained on both CP-even and
CP-odd dimension-six operators modifying the Higgs boson interactions, with all observed results
remaining consistent with SM expectations.

Together, these analyses consolidate the ATLAS Run 2 programme in the 𝐻 → 𝑊𝑊∗ decay
channel, achieving precise cross-section measurements across multiple production modes and
providing direct tests of the structure of Higgs boson interactions.

4. Early Run 3 measurements of 𝐻 → 𝑍𝑍 and 𝐻 → 𝛾𝛾

The first ATLAS Higgs boson measurements at a centre-of-mass energy of
√
𝑠 = 13.6 TeV

were performed using the 𝐻 → 𝑍𝑍∗ → 4ℓ and 𝐻 → 𝛾𝛾 channels [21]. The dataset used in
the measurement of the 𝐻 → 𝛾𝛾 channel was recorded in 2022, corresponding to an integrated
luminosity of 31.4 fb−1. This analysis measures an inclusive fiducial cross-section of 𝜎fid(𝐻 →
𝛾𝛾) = 76+14

−13 fb, in agreement with the SM prediction of 67.6 ± 3.7 fb. The fiducial region
is defined by the requirement on the rapidity of the Higgs boson, 𝑦𝐻 , to be below 2.5. After
extrapolation to the full phase space, the corresponding total Higgs boson production cross-section
is 𝜎(𝑝𝑝 → 𝐻) = 58.2 ± 8.7 pb, consistent with the SM expectation of 59.9 ± 2.6 pb.
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A subsequent ATLAS analysis of 56 fb−1 of Run 3 data, including data collected in 2023,
measures the 𝐻 → 𝑍𝑍∗ → 4ℓ final state [22]. The inclusive fiducial cross-section is measured
as 𝜎fid = 3.5+0.6

−0.5 fb, consistent with the SM prediction of 3.7 ± 0.1 fb, corresponding to a total
cross-section of 𝜎tot = 57+10

−9 pb. The fiducial region is defined at particle level to mirror the
reconstruction-level selection, using electrons and muons within |𝜂 | < 2.7 and 𝑝T thresholds of
7 and 5 GeV, respectively, and requiring a Higgs boson candidate formed from two same-flavour
opposite-charge lepton pairs. In addition, differential cross-sections are presented in bins of the
Higgs boson transverse momentum, rapidity, the invariant mass of the off-shell lepton pair, and jet
multiplicity. For the first time at

√
𝑠 = 13.6 TeV, cross-sections for individual production modes

(ggF, VBF, 𝑉𝐻, 𝑡𝑡𝐻) are extracted, and interpretations are performed both in terms of constaints
on Higgs coupling strength modifiers and coefficients for SMEFT CP-even and CP-odd operators.
All results are compatible with SM predictions.

In both the 𝐻 → 𝑍𝑍∗ → 4ℓ and 𝐻 → 𝛾𝛾 channels, the measurements are primarily limited
by statistical uncertainties, reflecting the modest size of the early Run 3 dataset.

Together, these early Run 3 measurements provide a first validation of the SM predictions at
a collision energy of 13.6 TeV, and open the path towards precision Higgs boson studies with the
much larger dataset expected in the coming years.

5. Conclusion

The Higgs boson continues to be scrutinised with ever-increasing precision at the LHC. The
ATLAS Run 2 Higgs boson combination presented here provides the most comprehensive ATLAS
measurement to date of production and decay cross-sections, as well as constraints on Higgs boson
couplings within the 𝜅-framework. Two recently published dedicated analyses of 𝐻 → 𝑊𝑊∗ are
used in this combination, and contribute with precise cross-section determinations across multiple
production mechanisms.

Early Run 3 analyses in 𝐻 → 𝑍𝑍∗ → 4ℓ and 𝐻 → 𝛾𝛾 mark the beginning of Higgs boson
measurements at

√
𝑠 = 13.6 TeV, confirming the consistency of Higgs boson production and decay

with SM expectations at this new center-of-mass energy, and for the first time combining Run 2 and
Run 3 data in a coupling interpretation.

Altogether, these results underline the remarkable agreement of Higgs boson properties with
SM predictions, while setting the stage for the much larger Run 3 dataset to probe Higgs boson
interactions with unprecedented sensitivity. The continued improvement of experimental techniques
and theoretical precision will be crucial in searching for possible deviations that may reveal new
physics beyond the Standard Model.
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