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Combination of searches for invisible decays of the

Higgs boson using 139 fb−1 of proton-proton

collision data at
√
s = 13 TeV collected with the

ATLAS experiment

The ATLAS Collaboration

Many extensions of the Standard Model predict the production of dark matter particles at the

LHC. Sufficiently light dark matter particles may be produced in decays of the Higgs boson

that would appear invisible to the detector. This Letter presents a statistical combination

of searches for � → invisible decays where multiple production modes of the Standard

Model Higgs boson are considered. These searches are performed with the ATLAS detector

using 139 fb−1 of proton–proton collisions at a centre–of–mass energy of
√
B = 13 TeV at

the LHC. In combination with the results at
√
B = 7 TeV and 8 TeV, an upper limit on the

� → invisible branching ratio of 0.107 (0.077) at the 95% confidence level is observed

(expected). These results are also interpreted in the context of models where the 125 GeV

Higgs boson acts as a portal to dark matter, and limits are set on the scattering cross-section of

weakly interacting massive particles and nucleons.
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1 Introduction

Compelling astrophysical evidence suggests that dark matter (DM) comprises most of the matter in the

universe [1–4]. However, its nature is still unknown and poses one of the central questions in modern

physics. A possible candidate for DM is a massive, stable and electrically neutral particle j, interacting

weakly with the known particles of the Standard Model (SM).

Several theoretical frameworks predict the production of DM particles in proton–proton collisions at the

Large Hadron Collider (LHC) [5–7]. In a wide class of those models, the 125 GeV Higgs boson [8, 9] acts

as a portal between a dark sector and the SM sector, either through Yukawa-type couplings to fermionic

DM, or other mechanisms [10–23]. If kinematically allowed, pairs of DM particles can then be produced

via the decay of the Higgs boson. The DM particles would traverse the detector without interacting and are

inferred indirectly through the presence of missing transverse momentum (�miss
T

)1 in the interaction. This

additional decay channel is therefore called “invisible.” In the SM, the branching fraction to invisible final

states is about 0.1% [24] arising from the decay of the Higgs boson via //∗ → 4a.

Direct searches for invisible decays of the Higgs boson were carried out with the ATLAS detector [25, 26]

during Run 1 of the LHC, using up to 4.7 fb−1 of ?? collision data at a centre-of-mass energy of
√
B = 7 TeV

and up to 20.3 fb−1 at 8 TeV. Various event topologies were considered: vector boson fusion (VBF) [27],

production in association with a / boson (/�) that decays into a pair of electrons or muons [28], and with a

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 I-axis along the beam pipe. The G-axis points to the centre of the LHC ring, and the H-axis points upward. Cylindrical

coordinates (A, q) are used in the transverse plane, q being the azimuthal angle around the I-axis. The pseudorapidity is defined

in terms of the polar angle \ as [ = − ln tan(\/2). The distance between two objects in [–q space is Δ' =

√

(Δ[)2 + (Δq)2.

Transverse momentum is defined by ?T = ? sin \.
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2 Combination inputs

The inputs to the combination for the Run 2 result consist of searches for invisible decays of the Higgs

boson, with the following production modes:

• VBF topology (VBF + �miss
T

) [33]

• associated production with a / boson decaying into electrons or muons (/ (→ ℓℓ) + �miss
T

) [36]

• associated production with a CC̄ pair, using all top-quark decay modes except those with hadronically

decaying g–leptons (CC̄ + �miss
T

) [48]

• VBF topology in association with an emitted photon (VBF + �miss
T

+ W) [34]

• gluon–gluon fusion, in association with a high ?T jet (Jet + �miss
T

) [37]

all of which use the full data sample, corresponding to an integrated luminosity of 139 fb−1.

These analyses target different production modes of the Higgs boson and so their event selection criteria

are made to be largely orthogonal by using different requirements on lepton, photon, jet and b-tagged jet

multiplicity. The level of residual non-orthogonality was evaluated by considering both the data events

and signal samples for all the Higgs boson production modes. The largest set of shared events is between

the Jet + �miss
T

and VBF + �miss
T

searches, which select events with large missing transverse energy, no

reconstructed leptons, and multiple jets in the final state. The number of overlapping events corresponds to

0.2% (1.5%) of the total data (expected signal Monte Carlo (MC) samples) events selected by the Jet+�miss
T

analysis. The impact of the overlap on the final combined result is negligible, altering the upper limit on

B�→inv by less than 0.001. A brief overview of the Run 2 analyses and the inputs to the Run 1 combined

result [30] is given below.

2.1 VBF + Kmiss
T

search

In the VBF production mode, the � → invisible signal is characterised by two jets with a large separation in

pseudorapidity and missing transverse momentum arising from the invisible decays of the Higgs boson. The

analysis targetting this signature selects events collected with a trigger selection based on the presence of

�miss
T

. Events are further selected if their two jets with the highest ?T fulfill the VBF topology requirements:

lying in opposite longitudinal hemispheres, being well separated in [, and not back-to-back in the transverse

plane. In order to reduce the contribution from , , /+jets and CC̄ production, and to ensure orthogonality

with the other analyses, events containing lepton or photon candidates and two or more jets identified as

b-tagged jets [49] are vetoed.

In this signature, the dominant background sources are / (→ aa) + jets and , (→ ℓa) + jets production,

where in the latter process the charged lepton ℓ is not detected or mis-identified. These backgrounds are

evaluated simultaneously using high-statistics control regions in the 1-lepton and 2-leptons channels. Such

extrapolation is made possible due to the use of a dedicated theoretical calculation at next-to-leading order

in the phase space that is relevant for this analysis [50]. The multĳet background is directly estimated from

data.

The final discrimination is obtained by splitting signal and control region events into 16 bins based on

�miss
T

, the invariant mass of selected dĳet pair, their separation in q, and jet multiplicity to maximise the
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signal/background separation. Assuming the SM cross-section for the VBF production mode, an observed

(expected) upper limit of 0.145 (0.103) at the 95% CL is placed on B�→inv.

2.2 `(→ ℓℓ) + Kmiss
T

search

The search targetting the Higgs boson production in association with a / boson selects events containing a

pair of electrons or muons and significant missing transverse momentum. The two charged leptons are

required to have an invariant mass within a narrow window around the / boson mass for the events to

satisfy the signal selection requirements.

The dominant backgrounds for this signature are // , where one of the / bosons decays into a neutrino–

antineutrino pair, and ,/ production. Contributions from CC̄ and ,, production are estimated from data,

using events with two identified different-flavour charged leptons (electrons and muons).

Beyond the signature selections, sensitivity for the � → invisible model is enhanced using a boosted

decision tree (BDT) discriminator to improve the separation between signal and background. A profile

likelihood fit to the BDT output distribution results in an observed (expected) upper limit on B�→inv of

0.185 (0.185) at the 95% CL, assuming the SM production cross-section for this process.

2.3 t t̄ + Kmiss
T

search

The production mode of the Higgs boson in association with a top-quark pair is targetted by reinterpreting

the combination of several searches for new phenomena in association with heavy flavour quarks [51–53].

The final states arising from this production mode are characterised by the presence of 1-tagged jets and

different charged lepton multiplicities, depending on the decay mode of the two , bosons from the CC̄

decays. In addition, a relevant amount of �miss
T

is present, coming from the invisible decay products of the

Higgs boson and from neutrinos.

A targetted event selection is developed for each lepton multiplicity, resulting in different dominant

background contributions from SM processes: CC̄ and / (→ aa) + jets in the 0-lepton channel, CC̄ in the

1-lepton channel and CC/ in the 2-lepton channel. For all the combined analyses, background-enriched

selections are defined in order to allow the data to aid in estimating the dominant backgrounds, and

validation regions are used to verify the robustness of these estimates.

The combination of the three analyses of each lepton multiplicity, considered in this document as a single

combined analysis, places an observed (expected) upper limit on B�→inv of 0.376 (0.295) at the 95% CL,

assuming the SM production cross-section for this process.

2.4 VBF + Kmiss
T

+ $ search

The VBF topology is further investigated by a dedicated analysis targetting the final states with an emitted

photon. The event signature is characterised by significant missing transverse momentum and one photon

in the final state, in addition to a pair of forward jets. In the SM this topology can arise from +W+jets

production, where + is either a / boson decaying into a neutrino pair or a , boson decaying leptonically,

where the charged lepton is missed.

A dense neural network (DNN) was designed and trained to separate such backgrounds from the
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� → invisible signal by using kinematic properties of the events. The residual SM contribution to the

signal regions is estimated with the aid of specific control regions requiring the presence of electron or

muon candidates, to set the normalisation of the MC simulation for +W+jets processes. Assuming the SM

production cross-section on the signal model, an observed (expected) upper limit on B�→inv of 0.375

(0.346) at the 95% CL is evaluated.

2.5 Jet + Kmiss
T

search

The gluon–gluon fusion production mode of the Higgs boson is targetted by a search for new phenomena

in events with at least one jet and large missing transverse momentum. Data are collected with a

trigger selection based on the presence of �miss
T

and events are vetoed if any charged lepton or photon is

reconstructed.

The dominant SM background for this search arises from the irreducible process / → aa or , → ℓa in

association with jets, where the , boson decays into either hadronically decaying g-leptons or undetected

electrons or muons. Additional contributions include CC̄ pair or single-top production, diboson production,

and non-collision and multĳet backgrounds. The estimate of the major SM processes in the analysis

selection is based on a profile likelihood fit to the distribution of the ?T of the system recoiling against

the jets reconstructed in the event, performed simultaneously in the signal region and in orthogonal

control regions enriched with the targetted backgrounds. Assuming the SM cross-section for Higgs boson

gluon–gluon fusion production, an observed (expected) upper limit on B�→inv of 0.329 (0.383) at the 95%

CL is achieved.

2.6 Run 1 combination

The Run 1 ATLAS � → invisible combination utilises 4.7 fb−1 of ?? collision data at
√
B = 7 TeV and

20.3 fb−1 at
√
B = 8 TeV [30]. This combination considers inputs from direct detection of � → invisible

through Higgs bosons produced via VBF or in association with a vector boson + , where the vector

boson decays either leptonically (/ → ℓℓ) or hadronically (,// → 9 9). All of the signal and control

regions are utilized in a maximum-likelihood fit resulting in an observed (expected) upper limit of B�→inv

< 0.252 (0.265) at the 95% CL. The sensitivity is driven by the VBF channel.

3 Statistical Model

The statistical combination of the analyses is performed by constructing the product of their respective

likelihoods and maximising the resulting profile likelihood ratio [54]:

Λ(V; \) =
!
(

V, ˆ̂\ (V)
)

!
(

V̂, \̂
)

where V and \ are the parameter of interest and the nuisance parameters. In the numerator, the nuisance

parameters are set to their fitted values ˆ̂\ (V), which maximise the likelihood function for fixed values of the

parameter of interest, V. In the denominator, both the parameter of interest and the nuisance parameters are

set to the values V̂ and \̂ which jointly maximise the likelihood. This is done following the implementation
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described in Ref. [55, 56], with B�→inv as the parameter of interest, V. Systematic uncertainties are

modelled in the likelihood function as nuisance parameters, \, constrained by Gaussian or log-normal

probability density functions. Upper limits on B�→inv are determined following the �!B formalism [57]

using the profile likelihood ratio as a test statistic.

3.1 Uncertainty correlation in Run 2 combination

In the combination of Run 2 results, most experimental systematic uncertainties, as well as the uncertainty

on the integrated luminosity and the modelling of additional ?? collisions in the same and neighbouring

bunch crossings (pile-up), are correlated across all search channels. The assessment of some of the

uncertainties associated with the calibration of the jet energy scale (JES) and the jet energy resolution

varies between the different analyses in terms of jet reconstruction algorithms and parameterisation choices.

For this reason, the uncertainty components stemming from identical methodologies are presumed to be

correlated, while the rest of the uncertainties are treated as uncorrelated. Finally, a few experimental

systematic uncertainties that are tightly constrained in a given analysis are not correlated in order not to

introduce any potential phase space specific biases. The impact of these assumptions on the combined

result is estimated by using alternative correlation models and found to have an absolute effect on the

B�→inv limit of the order of 0.003.

The uncertainties related to background predictions are considered to be uncorrelated among analyses due

to the different nature of the leading backgrounds, the variety of kinematic phase space covered by the

various analyses, and the usage of data-driven techniques. The systematic uncertainties in the prediction of

Higgs boson production follow the recommendations in Ref. [24]. Variations connected to the choice of

parton distribution functions (PDF) are considered as correlated among channels while effects of missing

higher-order contributions (estimates through variations of factorisation and renormalisation scales) and

parton shower/hadronisation models are considered independently for each Higgs boson production mode

and therefore uncorrelated across the analyses.

3.2 Uncertainty correlation in Run 1 and Run 2 combination

The Run 2 result described above is combined with the Run 1 searches for � → invisible decays. The

adopted correlation scheme follows closely the statistical combination of the partial Run 2 results with the

Run 1 combination [31].

The correlation schemes of the individual Run 1 and Run 2 combinations are preserved when combined

together. Due to the differences between the detector layouts and data-taking conditions, reconstruction

algorithms, which are calibrated using data, and treatment of systematic uncertainties, the correlations

between the two LHC runs are not clearly identifiable. Hence, no correlations between Run 1 and 2

are assumed for most instrumental uncertainties. Exceptions are made for uncertainties related to the

modelling of the calorimeter response dependence on jet flavour and pile-up, the calibration of the JES

across different [ regions, and the uncertainties related to the JES of 1-quark jets. Such components

are treated as correlated given that the same methodology was applied to compute them in both of the

datasets.

Background modelling uncertainties are considered to be uncorrelated in order to reflect improvements in

the MC simulation tools and general theory predictions that have evolved significantly since Run 1, both on

the side of the hard process simulation and on the side of the parton shower and hadronisation models. For
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similar reasons, the signal modelling uncertainties are considered uncorrelated between the Run 1 and

Run 2 combinations.

The result of the combination shows little sensitivity to the exact correlation scheme between the Run 1

and Run 2 results due to the dominant weight of the latter.

4 Results

The value of twice the negative logarithmic profile likelihood ratio −2 ln(Λ) (B�→inv; \) as a function

of B�→inv of the individual analyses and of the combined Run 2 result are shown in Figure 2 (left). The

combined best-fit value for B�→inv is 0.04 ± 0.04. Good agreement among the best fit values of the

individual analyses, reported in Table 1, is observed.
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Figure 2: The observed value of −2 ln(Λ) as a function of B�→inv for the individual Run 2 analyses and their

combination (left) and the Run 2 combination together with the Run 1 combination and the total Run 1+2 combination

(right).

The best-fit values for B�→inv together with the 95% CL expected and observed upper limits for each

individual Run 2 analysis and their combination are also shown in Table 1. An upper limit of 0.113 is

observed for the combined Run 2 data, while an upper limit of 0.080 was expected in the case of no

observed excess in data. Relative to the most sensitive single analysis, the VBF final state, the Run 2

combination brings a relative sensitivity improvement of 22%.

Overall, the leading systematic uncertainty of the result is due to the modelling uncertainties of the

, //+jets prediction. Subdominant uncertainties with similar contribution are related to the statistical

precision of the data sample; the number of simulated MC events, in particular for the , //+jets process;

the reconstruction and identification of jets and leptons; and the modelling of background processes other

than from ,//+jets production.
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Table 1: Best fit value, observed and expected 95% upper limit on B�→inv for each individual Run 2 analysis, their

combination, the Run 1 combination and the full Run 1+2 combination.

Analysis Best fit B�→inv Observed 95% U.L. Expected 95% U.L.

Jet + �miss
T

−0.09+0.19
−0.20

0.329 0.383+0.157
−0.107

VBF + �miss
T

+ W 0.04+0.17
−0.15

0.375 0.346+0.151
−0.097

CC̄ + �miss
T

0.08 ± 0.15 0.376 0.295+0.125
−0.083

/ (→ ℓℓ) + �miss
T

0.00 ± 0.09 0.185 0.185+0.078
−0.052

VBF + �miss
T

0.05 ± 0.05 0.145 0.103+0.041
−0.028

Run 2 Comb. 0.04 ± 0.04 0.113 0.080+0.031
−0.022

Run 1 Comb. −0.02+0.14
−0.13

0.252 0.265+0.105
−0.074

Run 1+2 Comb. 0.04 ± 0.04 0.107 0.077+0.030
−0.022

The observed −2 ln(Λ) (B�→inv; \) scan of the combined Run 1+2 result is represented in Figure 2 (right),

alongside the individual Run 1 and Run 2 combinations. A best-fit value of B�→inv = 0.04 ± 0.04 is

obtained for the Run 1+2 combination, corresponding to an observed (expected) upper limit of B�→inv

< 0.107 (0.077) at the 95% CL. The result is dominated by the Run 2 analysis with the addition of Run 1

combination improving the expected relative sensitivity by 4%.

The overall picture of the most relevant sources of uncertainty in the Run 1+Run 2 combination is very

similar to that of the Run 2 combination and the upper limit would improve by 50% if all sources of

systematic uncertainties were ignored.

The upper limits for each individual Run 2 analysis, their combination, the Run 1 combination and the

overall Run 1+2 combined result are summarised in Figure 3. The current combination improves the

constraints on B�→inv by more than a factor of two as compared to the previous ATLAS combination from

Run 1 and partial Run 2 results [31].

5 Comparison to direct dark matter detection experiments

The combined observed Run 1+2 upper limit on B�→inv can be converted into a limit on the spin-

independent scattering cross-section of a weakly interacting massive particle (WIMP) and a nucleon [13,

18, 58, 59], fWIMP-Nucleon. The translation is performed in the context of Higgs portal models [15, 60]

using an effective field theory framework, where the mediator of new interactions is assumed to be above

the TeV-level and therefore well above the scale probed at the Higgs boson mass. The approach assumes

that Higgs boson decays into a pair of WIMP particles are kinematically possible (<WIMP < <�/2) and

that the WIMP particle is either a scalar, a Majorana fermion, or a vector-like state2. In addition, in the

case of vectorial DM states, various ultraviolet-complete (UV) models were proposed [62–64]. In such

scenarios, the vector DM candidate is introduced as a gauge field of a U(1)′ group which extends the

SM symmetry group and a dark Higgs sector is added to generate the vector boson mass via the Higgs

2 The value of 5# = 0.308 ± 0.018 [61] is used as nuclear form factor.
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Figure 3: The observed and expected upper limits on B�→inv at 95% CL for the Run 2 analyses targetting the

Jet + �miss
T

, VBF + �miss
T

+ W, CC̄ + �miss
T

, / (→ ℓℓ) + �miss
T

, VBF + �miss
T

final states and their combination, the Run 1

combination and the full Run 1+2 result; the 1f and 2f contours of the expected limit distribution are also shown.

spontaneous symmetry breaking mechanism. This adds at least two free parameters to the model: the mass

<2 of the additional dark Higgs boson and its mixing angle U with SM Higgs boson.

The constraint from the combined observed Run 1+2 exclusion limit of B�→inv < 0.093 at 90% CL

is compared to the results from representative direct DM detection experiments [65–68] in Figure 4.

The excluded fWIMP-Nucleon values range from 10−45 cm2 to 10−42 cm2 in the scalar WIMP scenario.

In the Majorana fermion WIMP case, the effective coupling is reduced by a factor <2
�

[27], excluding

cross-section values down to 2× 10−47 cm2 for low WIMP masses; fWIMP-Nucleon values down to 10−54 cm2

can be excluded for the vector WIMP hypothesis. For UV-complete models, Figure 4 also shows the

upper limit cross-section behaviour for a mixing angle U = 0.2 and for masses of the Dark Higgs particle

equal to 65 GeV and 100 GeV corresponding to the worst and best limit for a scan of <2 in the range

[65, 1000] GeV [64]. This comparison illustrates the complementarity in coverage by the direct-detection

experiments and the searches at colliders, such as the presented analysis.
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Figure 4: Upper limit at the 90% CL on the spin-independent WIMP-nucleon scattering cross-section as a function of

the WIMP mass for direct detection experiments and the interpretation of the � → invisible combination result in

the context of Higgs portal models considering scalar, Majorana and vector (WIMP hypotheses. For the vector case,

results from UV-complete models are shown (pink curves) for two representative values for the mass of the predicted

Dark Higgs particle (<2) and a mixing angle U=0.2. The uncertainties from the nuclear form factor are smaller than

the line thickness. Direct detection results are taken from Refs. [65–68]. The neutrino floor for coherent elastic

neutrino-nucleus scattering (solid gray line) is taken from Refs. [69, 70], which assume that germanium is the target

over the whole WIMP mass range. The regions above the limit contours are excluded in the range shown in the plot.

6 Conclusion

In summary, searches for invisible decays of the Higgs boson using 139 fb−1 of ?? collision data at√
B = 13 TeV recorded in Run 2 of the LHC in several Higgs boson production topologies were statistically

combined assuming SM Higgs boson production. An upper limit on the invisible Higgs boson branching

ratio of B�→inv < 0.113 (0.080+0.031
−0.022

) is observed (expected) at the 95% CL. A statistical combination of

this result with the combination of � → invisible searches using up to 4.7 fb−1 of ?? collision data at√
B = 7 TeV and up to 20.3 fb−1 at 8 TeV collected in Run 1 of the LHC yields an observed (expected) upper

limit of B�→inv < 0.107 (0.077+0.030
−0.022

) at the 95% CL. The combined Run 1+2 result is translated into

upper limits on the WIMP-nucleon scattering cross-section for Higgs portal models. The derived limits

on fWIMP-Nucleon range down to 10−45 cm2 (scalar), 2 × 10−47 cm2 (Majorana) and 10−54 cm2 (vector),

highlighting the complementarity of DM searches at the LHC and direct detection experiments.
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