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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 H →
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 

√
s = 13 TeV at the LHC. In combination with the results at 

√
s = 7 TeV and 

8 TeV, an upper limit on the H → 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, 
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its nature is still unknown and poses one of the central questions 
in modern physics. A possible candidate for DM is a massive, sta-
ble and electrically neutral particle χ , 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 trans-
verse momentum (Emiss

T )1 in the interaction. This decay channel is 
therefore called “invisible.” In the SM, the branching fraction to in-
visible final states is about 0.1% [24] arising from the decay of the 
Higgs boson via Z Z∗ → 4ν .

Direct searches for invisible decays of the Higgs boson were car-
ried out with the ATLAS detector [25,26] during Run 1 of the LHC, 
using up to 4.7 fb−1 of pp collision data at a centre-of-mass en-
ergy of 

√
s = 7 TeV and up to 20.3 fb−1 at 8 TeV. Various event 

topologies were considered: vector boson fusion (VBF) [27], pro-
duction in association with a Z boson (Z H) that decays into a 
pair of electrons or muons [28], and with a W or Z boson that 
decays into hadrons [29]. A statistical combination of these AT-
LAS searches resulted in an observed (expected) upper limit at the 
95% confidence level (CL) on the invisible Higgs boson branch-
ing ratio of BH→inv < 0.25 (0.27+0.10

−0.08) [30]. These searches 
were expanded with up to 36 fb−1 of Run 2 data and their 
combination, including Run 1 results, yielding an upper limit of 
BH→inv < 0.26 (0.17+0.07

−0.05) at the 95% CL [31]. A combination 
from the CMS experiment using a similar dataset reported an ob-
served (expected) upper limit of 0.19 (0.15) [32].

More recently, new direct searches for invisible decays of the 
Higgs boson using the full Run 2 data of up to 139 fb−1 were 
performed, covering most of the Higgs boson production modes, 
by ATLAS [33–37] and CMS [38–40]. In both experiments the VBF 
final state is the most sensitive channel resulting in an upper limit 
of 0.145 (0.103) for ATLAS and 0.18 (0.12) for CMS.

A partial combination of the ATLAS VBF and Z H searches to-
gether with the analyses targetting visible decays of the Higgs 
boson was carried out [41] and its results reduce the observed 
(expected) upper limit on BH→inv to 0.13 (0.08). Such a combi-
nation considers the impact of BH→inv on the Higgs boson total 
decay width and simultaneously determines BH→inv, together with 
the coupling of the Higgs boson to all the SM particles as well as a 
potential contribution to undetected Higgs boson decays not gener-
ating missing transverse energy. The approach relies on a different 
set of assumptions to what is used in this letter.

This letter presents the statistical combination of all ATLAS di-
rect searches for invisible decays of the Higgs boson using the full 
Run2 dataset. This includes the gluon–gluon fusion, VBF, Z H and 
tt H production modes, represented in Fig. 1 and assumes the pro-
duction cross-sections of the Higgs boson does not deviate from 
the SM predictions [24,42–47]. In addition, a statistical combina-
tion with the combined Run 1 result [30] from ATLAS is included, 
yielding the most sensitive direct constraint to invisible Higgs bo-
son decays in ATLAS.

1 ATLAS uses a right-handed coordinate system with its origin at the nominal in-
teraction point (IP) in the centre of the detector and the z-axis along the beam 
pipe. The x-axis points to the centre of the LHC ring, and the y-axis points up-
ward. Cylindrical coordinates (r, φ) are used in the transverse plane, φ being the 
azimuthal angle around the z-axis. The pseudorapidity is defined in terms of the 
polar angle θ as η = − ln tan(θ/2). The distance between two objects in η–φ space 
is 
R = √

(
η)2 + (
φ)2. Transverse momentum is defined by pT = p sin θ .

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 + Emiss
T ) [33]

• associated production with a Z boson decaying into electrons 
or muons (Z(→ ��) + Emiss

T ) [36]
• associated production with a tt̄ pair, using all top-quark de-

cay modes except those with hadronically decaying τ–leptons 
(tt̄ + Emiss

T ) [48]
• VBF topology in association with an emitted photon (VBF +

Emiss
T + γ ) [34]

• gluon–gluon fusion, in association with a high pT jet (Jet +
Emiss

T ) [37]

all of which use the full data sample, corresponding to an inte-
grated 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, pho-
ton, 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 + Emiss

T and 
VBF + Emiss

T searches, which select events with large missing trans-
verse 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) sam-
ples) events selected by the Jet + Emiss

T analysis. The impact of the 
overlap on the final combined result is negligible, altering the up-
per limit on BH→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 + Emiss
T search

In the VBF production mode, the H → invisible signal is char-
acterised 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 
Emiss

T . Events are further selected if their two jets with the highest 
pT fulfill the VBF topology requirements: lying in opposite longitu-
dinal hemispheres, being well separated in η, and not back-to-back 
in the transverse plane. In order to reduce the contribution from 
W , Z +jets and tt̄ production, and to ensure orthogonality with the 
other analyses, events containing leptons or photon candidates, or 
two or more jets identified as b-tagged jets [49] are vetoed.

In this signature, the dominant background sources are Z(→
νν) + jets and W (→ �ν) + jets production, where in the latter pro-
cess the charged lepton � is not detected or mis-identified. These 
backgrounds are evaluated simultaneously using high-statistics 
control regions in the 1-lepton and 2-leptons channels. A dedi-
cated theoretical calculation at next-to-leading order in the phase 
space relevant for this analysis [50] allows the estimation of the 
total irreducible background with a precision of few-percent. The 
multijet background is directly estimated from data.

The final discrimination is obtained by splitting signal and con-
trol region events into 16 bins based on Emiss

T , the invariant mass 
of selected dijet pair, their separation in φ, and jet multiplicity 
to maximise the 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 BH→inv.
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Fig. 1. Diagrams illustrating the Higgs boson production mode targetted for the Run 2 searches.

2.2. Z(→ ��) + Emiss
T search

The search targetting the Higgs boson production in associa-
tion with a Z 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 Z boson mass for the events to satisfy 
the signal selection requirements.

The dominant backgrounds for this signature are Z Z , where 
one of the Z bosons decays into a neutrino–antineutrino pair, and 
W Z production. Contributions from tt̄ and W W production are 
estimated from data, using events with two identified different-
flavour charged leptons (electrons and muons).

Beyond the signature selections, sensitivity for the H →
invisible model is enhanced using a boosted decision tree (BDT) 
discriminator to improve the separation between signal and back-
ground. A profile likelihood fit to the BDT output distribution 
results in an observed (expected) upper limit on BH→inv of 0.185 
(0.185) at the 95% CL, assuming the SM production cross-section 
for this process.

2.3. tt̄ + Emiss
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 produc-
tion mode are characterised by the presence of b-tagged jets and 
different charged lepton multiplicities, depending on the decay 
mode of the two W bosons from the tt̄ decays. In addition, a rel-
evant amount of Emiss

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 mul-
tiplicity, resulting in different dominant background contributions 
from SM processes: tt̄ and Z(→ νν) + jets in the 0-lepton chan-
nel, tt̄ in the 1-lepton channel and tt Z in the 2-lepton channel. For 
all the combined analyses, background-enriched selections are de-
fined in order to allow the data to aid in estimating the dominant 
backgrounds, and validation regions are used to verify the robust-
ness of these estimates.

The combination of the three analyses of each lepton multi-
plicity, considered in this document as a single combined analysis, 
places an observed (expected) upper limit on BH→inv of 0.376 

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

2.4. VBF + Emiss
T + γ search

The VBF topology is further investigated by a dedicated analysis 
targetting the final states with an emitted photon. The event signa-
ture 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 V γ +jets production, 
where V is either a Z boson decaying into a neutrino pair or a W
boson decaying leptonically, where the charged lepton is missed.
A dense neural network was designed and trained to separate 
such backgrounds from the H → invisible signal by using kine-
matic properties of the events. The residual SM contribution to 
the signal regions is estimated with the aid of specific control re-
gions requiring the presence of electron or muon candidates, to set 
the normalisation of the MC simulation for V γ +jets processes. As-
suming the SM production cross-section on the signal model, an 
observed (expected) upper limit on BH→inv of 0.375 (0.346) at the 
95% CL is evaluated.

2.5. Jet + Emiss
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 Emiss

T and events 
are vetoed if any charged lepton or photon is reconstructed.
The dominant SM background for this search arises from the irre-
ducible process Z → νν or W → �ν in association with jets, where 
the W boson decays into either hadronically decaying τ -leptons or 
undetected electrons or muons. Additional contributions include 
tt̄ 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 pT 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) up-
per limit on BH→inv of 0.329 (0.383) at the 95% CL is achieved.

3
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2.6. Run 1 combination

The Run 1 ATLAS H → invisible combination utilises 4.7 fb−1 of 
pp collision data at 

√
s = 7 TeV and 20.3 fb−1 at 

√
s = 8 TeV [30]. 

This combination considers inputs from direct detection of H →
invisible through Higgs bosons produced via VBF or in associa-
tion with a vector boson V , where the vector boson decays ei-
ther leptonically (Z → ��) or hadronically (W /Z → j j). All of the 
signal and control regions are utilized in a maximum-likelihood 
fit resulting in an observed (expected) upper limit of BH→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 con-
structing the product of their respective likelihoods and maximis-
ing the resulting profile likelihood ratio [54]:

�(β; θ) =
L
(
β,

ˆ̂
θ(β)

)

L
(
β̂, θ̂

)

where β and θ are the parameter of interest and the nuisance pa-
rameters respectively. In the numerator, the nuisance parameters 
are set to their fitted values ˆ̂

θ(β), which maximise the likelihood 
function for fixed values of the parameter of interest, β . In the 
denominator, both the parameter of interest and the nuisance pa-
rameters are set to the values β̂ and θ̂ which jointly maximise the 
likelihood. This is done following the implementation described in 
Ref. [55,56], with BH→inv as the parameter of interest, β . System-
atic uncertainties are modelled in the likelihood function as nui-
sance parameters, θ , constrained by Gaussian or log-normal prob-
ability density functions. Upper limits on BH→inv are determined 
following the C Ls 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 sys-
tematic uncertainties, as well as the uncertainty on the integrated 
luminosity and the modelling of additional pp collisions in the 
same and neighbouring bunch crossings (pile-up), are correlated 
across all search channels. The assessment of some of the un-
certainties 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 parameteri-
sation choices. For this reason, the uncertainty components stem-
ming from identical methodologies are presumed to be correlated, 
while the rest of the uncertainties are treated as uncorrelated. Fi-
nally, 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 ef-
fect on the BH→inv limit of the order of 0.003.

The uncertainties related to background predictions are consid-
ered 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 tech-
niques. The systematic uncertainties in the prediction of Higgs bo-
son 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 factori-
sation and renormalisation scales) and parton shower/hadronisa-
tion 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 H → invisible decays. The adopted correlation scheme 
follows closely the statistical combination of the partial Run 2 re-
sults 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 condi-
tions, reconstruction algorithms, which are calibrated using data, 
and treatment of systematic uncertainties, the correlations be-
tween the two LHC runs are not clearly identifiable. Hence, no 
correlations between Run 1 and 2 are assumed for most instru-
mental 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 η re-
gions, and the uncertainties related to the JES of b-quark jets. Such 
components are treated as correlated given that the same method-
ology was applied to compute them in both of the datasets.

Background modelling uncertainties are considered to be un-
correlated 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 
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 ex-
act 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(�)(BH→inv; θ) as a function of BH→inv of the individ-
ual analyses and of the combined Run 2 result are shown in Fig. 2
(left). The combined best-fit value for BH→inv is 0.04 ± 0.04. Good 
agreement among the best fit values of the individual analyses, re-
ported in Table 1, is observed.

The best-fit values for BH→inv together with the 95% CL ex-
pected and observed upper limits for each individual Run 2 anal-
ysis 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 ex-
cess in data. Relative to the most sensitive single analysis, the VBF 
final state, the Run 2 combination brings a relative sensitivity im-
provement of 22%.

Overall, the leading systematic uncertainty of the result is due 
to the modelling uncertainties of the W /Z +jets prediction in the 
VBF + Emiss

T search [33]. Subdominant uncertainties with similar 
contribution are related to the statistical precision of the data sam-
ple; the number of simulated MC events, in particular for the 
W /Z +jets process; the reconstruction and identification of jets and 
leptons; and the modelling of background processes other than 
from W /Z +jets production.

The observed −2 ln(�)(BH→inv; θ) scan of the combined
Run 1+2 result is represented in Fig. 2 (right), alongside the 
individual Run 1 and Run 2 combinations. A best-fit value of 
BH→inv = 0.04 ± 0.04 is obtained for the Run 1+2 combination, 
corresponding to an observed (expected) upper limit of BH→inv
< 0.107 (0.077) at the 95% CL. The result is dominated by the 
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Fig. 2. The observed value of −2 ln(�) as a function of BH→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).

Table 1
Best fit value, observed and expected 95% upper limit on BH→inv for each individual 
Run 2 analysis, their combination, the Run 1 combination and the full Run 1+2 
combination.

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

Jet + Emiss
T −0.09+0.19

−0.20 0.329 0.383+0.157
−0.107

VBF + Emiss
T + γ 0.04+0.17

−0.15 0.375 0.346+0.151
−0.097

tt̄ + Emiss
T 0.08 ± 0.15 0.376 0.295+0.125

−0.083

Z(→ ��) + Emiss
T 0.00 ± 0.09 0.185 0.185+0.078

−0.052

VBF + Emiss
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

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. 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 com-
bination, the Run 1 combination and the overall Run 1+2 combined 
result are summarised in Fig. 3. The current combination improves 
the constraints on BH→inv by more than a factor of two as com-
pared 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 BH→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] (σWIMP-Nucleon), to allow the comparison of 
the results with the ones from experiments based on different de-
tector technologies. The translation is performed in the context of 
Higgs portal models [15,60] using an effective field theory frame-
work, 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 
(mWIMP < mH/2) and that the WIMP particle is either a scalar, a 

Fig. 3. The observed and expected upper limits on BH→inv at 95% CL for the Run 2 
analyses targetting the Jet + Emiss

T , VBF + Emiss
T + γ , tt̄ + Emiss

T , Z(→ ��) + Emiss
T , 

VBF + Emiss
T final states and their combination, the Run 1 combination and the full 

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

Majorana fermion, or a vector-like state.2 In addition, in the case 
of vectorial DM states, various ultraviolet-complete (UV) models 
were proposed [62–64]. In such scenarios, the vector DM candi-
date 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 gen-
erate the vector boson mass via the Higgs spontaneous symmetry 
breaking mechanism. This adds at least two free parameters to the 
model: the mass m2 of the additional dark Higgs boson and its 
mixing angle α with the SM Higgs boson.

The constraint from the combined observed Run 1+2 exclusion 
limit of BH→inv < 0.093 at 90% CL is compared to the results from 
representative direct DM detection experiments [65–68] in Fig. 4. 
The excluded σWIMP-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 m2

H [27], ex-
cluding cross-section values down to 2 × 10−47 cm2 for low WIMP 
masses; σWIMP-Nucleon values down to 10−54 cm2 can be excluded 
for the vector WIMP hypothesis. For UV-complete models, Fig. 4
also shows the upper limit cross-section behaviour for a mixing 

2 The value of f N = 0.308 ± 0.018 [61] is used as nuclear form factor.
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Fig. 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 H → 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 (m2) and a mixing angle α=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 (dotted 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.

angle α = 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 m2 in the range [65, 1000] GeV [64]. This comparison il-
lustrates the complementarity in coverage by the direct-detection 
experiments and the searches at colliders, such as the presented 
analysis.

6. Conclusion

In summary, searches for invisible decays of the Higgs boson 
using 139 fb−1 of pp collision data at 

√
s = 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 
BH→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 
H → invisible searches using up to 4.7 fb−1 of pp collision data 
at 

√
s = 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 BH→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 σWIMP-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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J.P. Mandalia 94, I. Mandić 93, L. Manhaes de Andrade Filho 82a, I.M. Maniatis 168, J. Manjarres Ramos 102, 
D.C. Mankad 168, A. Mann 109, B. Mansoulie 135, S. Manzoni 36, A. Marantis 152, G. Marchiori 5, 
M. Marcisovsky 131, C. Marcon 71a,71b, M. Marinescu 20, M. Marjanovic 120, E.J. Marshall 91, Z. Marshall 17a, 

12



The ATLAS Collaboration Physics Letters B 842 (2023) 137963

S. Marti-Garcia 162, T.A. Martin 166, V.J. Martin 52, B. Martin dit Latour 16, L. Martinelli 75a,75b, 
M. Martinez 13,s, P. Martinez Agullo 162, V.I. Martinez Outschoorn 103, P. Martinez Suarez 13, 
S. Martin-Haugh 134, V.S. Martoiu 27b, A.C. Martyniuk 96, A. Marzin 36, S.R. Maschek 110, 
D. Mascione 78a,78b, L. Masetti 100, T. Mashimo 153, J. Masik 101, A.L. Maslennikov 37, L. Massa 23b, 
P. Massarotti 72a,72b, P. Mastrandrea 74a,74b, A. Mastroberardino 43b,43a, T. Masubuchi 153, T. Mathisen 160, 
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J. Wu 14a,14e, M. Wu 64a, M. Wu 113, S.L. Wu 169, X. Wu 56, Y. Wu 62a, Z. Wu 135,62a, J. Wuerzinger 110, 
T.R. Wyatt 101, B.M. Wynne 52, S. Xella 42, L. Xia 14c, M. Xia 14b, J. Xiang 64c, X. Xiao 106, M. Xie 62a, 
X. Xie 62a, S. Xin 14a,14e, J. Xiong 17a, I. Xiotidis 146, D. Xu 14a, H. Xu 62a, H. Xu 62a, L. Xu 62a, R. Xu 128, 
T. Xu 106, Y. Xu 14b, Z. Xu 62b, Z. Xu 14a, B. Yabsley 147, S. Yacoob 33a, N. Yamaguchi 89, Y. Yamaguchi 154, 
H. Yamauchi 157, T. Yamazaki 17a, Y. Yamazaki 84, J. Yan 62c, S. Yan 126, Z. Yan 25, H.J. Yang 62c,62d, 
H.T. Yang 62a, S. Yang 62a, T. Yang 64c, X. Yang 62a, X. Yang 14a, Y. Yang 44, Z. Yang 62a,106, W-M. Yao 17a, 
Y.C. Yap 48, H. Ye 14c, H. Ye 55, J. Ye 44, S. Ye 29, X. Ye 62a, Y. Yeh 96, I. Yeletskikh 38, B.K. Yeo 17a, 
M.R. Yexley 91, P. Yin 41, K. Yorita 167, S. Younas 27b, C.J.S. Young 54, C. Young 143, Y. Yu 62a, M. Yuan 106, 
R. Yuan 62b,k, L. Yue 96, M. Zaazoua 35e, B. Zabinski 86, E. Zaid 52, T. Zakareishvili 149b, N. Zakharchuk 34, 
S. Zambito 56, J.A. Zamora Saa 137d,137b, J. Zang 153, D. Zanzi 54, O. Zaplatilek 132, C. Zeitnitz 170, 
H. Zeng 14a, J.C. Zeng 161, D.T. Zenger Jr 26, O. Zenin 37, T. Ženiš 28a, S. Zenz 94, S. Zerradi 35a, D. Zerwas 66, 
M. Zhai 14a,14e, B. Zhang 14c, D.F. Zhang 139, J. Zhang 62b, J. Zhang 6, K. Zhang 14a,14e, L. Zhang 14c, 
P. Zhang 14a,14e, R. Zhang 169, S. Zhang 106, T. Zhang 153, X. Zhang 62c, X. Zhang 62b, Y. Zhang 62c,5, 
Z. Zhang 17a, Z. Zhang 66, H. Zhao 138, P. Zhao 51, T. Zhao 62b, Y. Zhao 136, Z. Zhao 62a, A. Zhemchugov 38, 
X. Zheng 62a, Z. Zheng 143, D. Zhong 161, B. Zhou 106, C. Zhou 169, H. Zhou 7, N. Zhou 62c, Y. Zhou 7, 
C.G. Zhu 62b, J. Zhu 106, Y. Zhu 62c, Y. Zhu 62a, X. Zhuang 14a, K. Zhukov 37, V. Zhulanov 37, N.I. Zimine 38, 
J. Zinsser 63b, M. Ziolkowski 141, L. Živković 15, A. Zoccoli 23b,23a, K. Zoch 56, T.G. Zorbas 139, O. Zormpa 46, 
W. Zou 41, L. Zwalinski 36

1 Department of Physics, University of Adelaide, Adelaide; Australia
2 Department of Physics, University of Alberta, Edmonton AB; Canada

16



The ATLAS Collaboration Physics Letters B 842 (2023) 137963

3 (a) Department of Physics, Ankara University, Ankara; (b) Division of Physics, TOBB University of Economics and Technology, Ankara; Türkiye
4 LAPP, Univ. Savoie Mont Blanc, CNRS/IN2P3, Annecy; France
5 APC, Université Paris Cité, CNRS/IN2P3, Paris; France
6 High Energy Physics Division, Argonne National Laboratory, Argonne IL; United States of America
7 Department of Physics, University of Arizona, Tucson AZ; United States of America
8 Department of Physics, University of Texas at Arlington, Arlington TX; United States of America
9 Physics Department, National and Kapodistrian University of Athens, Athens; Greece
10 Physics Department, National Technical University of Athens, Zografou; Greece
11 Department of Physics, University of Texas at Austin, Austin TX; United States of America
12 Institute of Physics, Azerbaijan Academy of Sciences, Baku; Azerbaijan
13 Institut de Física d’Altes Energies (IFAE), Barcelona Institute of Science and Technology, Barcelona; Spain
14 (a) Institute of High Energy Physics, Chinese Academy of Sciences, Beijing; (b) Physics Department, Tsinghua University, Beijing; (c) Department of Physics, Nanjing University, Nanjing; 
(d) School of Science, Shenzhen Campus of Sun Yat-sen University; (e) University of Chinese Academy of Science (UCAS), Beijing; China
15 Institute of Physics, University of Belgrade, Belgrade; Serbia
16 Department for Physics and Technology, University of Bergen, Bergen; Norway
17 (a) Physics Division, Lawrence Berkeley National Laboratory, Berkeley CA; (b) University of California, Berkeley CA; United States of America
18 Institut für Physik, Humboldt Universität zu Berlin, Berlin; Germany
19 Albert Einstein Center for Fundamental Physics and Laboratory for High Energy Physics, University of Bern, Bern; Switzerland
20 School of Physics and Astronomy, University of Birmingham, Birmingham; United Kingdom
21 (a) Department of Physics, Bogazici University, Istanbul; (b) Department of Physics Engineering, Gaziantep University, Gaziantep; (c) Department of Physics, Istanbul University, Istanbul; 
(d) Istinye University, Sariyer, Istanbul; Türkiye
22 (a) Facultad de Ciencias y Centro de Investigaciónes, Universidad Antonio Nariño, Bogotá; (b) Departamento de Física, Universidad Nacional de Colombia, Bogotá; Colombia
23 (a) Dipartimento di Fisica e Astronomia A. Righi, Università di Bologna, Bologna; (b) INFN Sezione di Bologna; Italy
24 Physikalisches Institut, Universität Bonn, Bonn; Germany
25 Department of Physics, Boston University, Boston MA; United States of America
26 Department of Physics, Brandeis University, Waltham MA; United States of America
27 (a) Transilvania University of Brasov, Brasov; (b) Horia Hulubei National Institute of Physics and Nuclear Engineering, Bucharest; (c) Department of Physics, Alexandru Ioan Cuza 
University of Iasi, Iasi; (d) National Institute for Research and Development of Isotopic and Molecular Technologies, Physics Department, Cluj-Napoca; (e) University Politehnica Bucharest, 
Bucharest; (f ) West University in Timisoara, Timisoara; (g) Faculty of Physics, University of Bucharest, Bucharest; Romania
28 (a) Faculty of Mathematics, Physics and Informatics, Comenius University, Bratislava; (b) Department of Subnuclear Physics, Institute of Experimental Physics of the Slovak Academy of 
Sciences, Kosice; Slovak Republic
29 Physics Department, Brookhaven National Laboratory, Upton NY; United States of America
30 Universidad de Buenos Aires, Facultad de Ciencias Exactas y Naturales, Departamento de Física, y CONICET, Instituto de Física de Buenos Aires (IFIBA), Buenos Aires; Argentina
31 California State University, CA; United States of America
32 Cavendish Laboratory, University of Cambridge, Cambridge; United Kingdom
33 (a) Department of Physics, University of Cape Town, Cape Town; (b) iThemba Labs, Western Cape; (c) Department of Mechanical Engineering Science, University of Johannesburg, 
Johannesburg; (d) National Institute of Physics, University of the Philippines Diliman (Philippines); (e) University of South Africa, Department of Physics, Pretoria; (f ) University of Zululand, 
KwaDlangezwa; (g) School of Physics, University of the Witwatersrand, Johannesburg; South Africa
34 Department of Physics, Carleton University, Ottawa ON; Canada
35 (a) Faculté des Sciences Ain Chock, Réseau Universitaire de Physique des Hautes Energies – Université Hassan II, Casablanca; (b) Faculté des Sciences, Université Ibn-Tofail, Kénitra; 
(c) Faculté des Sciences Semlalia, Université Cadi Ayyad, LPHEA, Marrakech; (d) LPMR, Faculté des Sciences, Université Mohamed Premier, Oujda; (e) Faculté des sciences, Université 
Mohammed V, Rabat; (f ) Institute of Applied Physics, Mohammed VI Polytechnic University, Ben Guerir; Morocco
36 CERN, Geneva; Switzerland
37 Affiliated with an institute covered by a cooperation agreement with CERN
38 Affiliated with an international laboratory covered by a cooperation agreement with CERN
39 Enrico Fermi Institute, University of Chicago, Chicago IL; United States of America
40 LPC, Université Clermont Auvergne, CNRS/IN2P3, Clermont-Ferrand; France
41 Nevis Laboratory, Columbia University, Irvington NY; United States of America
42 Niels Bohr Institute, University of Copenhagen, Copenhagen; Denmark
43 (a) Dipartimento di Fisica, Università della Calabria, Rende; (b) INFN Gruppo Collegato di Cosenza, Laboratori Nazionali di Frascati; Italy
44 Physics Department, Southern Methodist University, Dallas TX; United States of America
45 Physics Department, University of Texas at Dallas, Richardson TX; United States of America
46 National Centre for Scientific Research “Demokritos”, Agia Paraskevi; Greece
47 (a) Department of Physics, Stockholm University; (b) Oskar Klein Centre, Stockholm; Sweden
48 Deutsches Elektronen-Synchrotron DESY, Hamburg and Zeuthen; Germany
49 Fakultät Physik , Technische Universität Dortmund, Dortmund; Germany
50 Institut für Kern- und Teilchenphysik, Technische Universität Dresden, Dresden; Germany
51 Department of Physics, Duke University, Durham NC; United States of America
52 SUPA – School of Physics and Astronomy, University of Edinburgh, Edinburgh; United Kingdom
53 INFN e Laboratori Nazionali di Frascati, Frascati; Italy
54 Physikalisches Institut, Albert-Ludwigs-Universität Freiburg, Freiburg; Germany
55 II. Physikalisches Institut, Georg-August-Universität Göttingen, Göttingen; Germany
56 Département de Physique Nucléaire et Corpusculaire, Université de Genève, Genève; Switzerland
57 (a) Dipartimento di Fisica, Università di Genova, Genova; (b) INFN Sezione di Genova; Italy
58 II. Physikalisches Institut, Justus-Liebig-Universität Giessen, Giessen; Germany
59 SUPA – School of Physics and Astronomy, University of Glasgow, Glasgow; United Kingdom
60 LPSC, Université Grenoble Alpes, CNRS/IN2P3, Grenoble INP, Grenoble; France
61 Laboratory for Particle Physics and Cosmology, Harvard University, Cambridge MA; United States of America
62 (a) Department of Modern Physics and State Key Laboratory of Particle Detection and Electronics, University of Science and Technology of China, Hefei; (b) Institute of Frontier and 
Interdisciplinary Science and Key Laboratory of Particle Physics and Particle Irradiation (MOE), Shandong University, Qingdao; (c) School of Physics and Astronomy, Shanghai Jiao Tong 
University, Key Laboratory for Particle Astrophysics and Cosmology (MOE), SKLPPC, Shanghai; (d) Tsung-Dao Lee Institute, Shanghai; China
63 (a) Kirchhoff-Institut für Physik, Ruprecht-Karls-Universität Heidelberg, Heidelberg; (b) Physikalisches Institut, Ruprecht-Karls-Universität Heidelberg, Heidelberg; Germany
64 (a) Department of Physics, Chinese University of Hong Kong, Shatin, N.T., Hong Kong; (b) Department of Physics, University of Hong Kong, Hong Kong; (c) Department of Physics and 
Institute for Advanced Study, Hong Kong University of Science and Technology, Clear Water Bay, Kowloon, Hong Kong; China
65 Department of Physics, National Tsing Hua University, Hsinchu; Taiwan
66 IJCLab, Université Paris-Saclay, CNRS/IN2P3, 91405, Orsay; France
67 Centro Nacional de Microelectrónica (IMB-CNM-CSIC), Barcelona; Spain
68 Department of Physics, Indiana University, Bloomington IN; United States of America
69 (a) INFN Gruppo Collegato di Udine, Sezione di Trieste, Udine; (b) ICTP, Trieste; (c) Dipartimento Politecnico di Ingegneria e Architettura, Università di Udine, Udine; Italy
70 (a) INFN Sezione di Lecce; (b) Dipartimento di Matematica e Fisica, Università del Salento, Lecce; Italy

17



The ATLAS Collaboration Physics Letters B 842 (2023) 137963

71 (a) INFN Sezione di Milano; (b) Dipartimento di Fisica, Università di Milano, Milano; Italy
72 (a) INFN Sezione di Napoli; (b) Dipartimento di Fisica, Università di Napoli, Napoli; Italy
73 (a) INFN Sezione di Pavia; (b) Dipartimento di Fisica, Università di Pavia, Pavia; Italy
74 (a) INFN Sezione di Pisa; (b) Dipartimento di Fisica E. Fermi, Università di Pisa, Pisa; Italy
75 (a) INFN Sezione di Roma; (b) Dipartimento di Fisica, Sapienza Università di Roma, Roma; Italy
76 (a) INFN Sezione di Roma Tor Vergata; (b) Dipartimento di Fisica, Università di Roma Tor Vergata, Roma; Italy
77 (a) INFN Sezione di Roma Tre; (b) Dipartimento di Matematica e Fisica, Università Roma Tre, Roma; Italy
78 (a) INFN-TIFPA; (b) Università degli Studi di Trento, Trento; Italy
79 Universität Innsbruck, Department of Astro and Particle Physics, Innsbruck; Austria
80 University of Iowa, Iowa City IA; United States of America
81 Department of Physics and Astronomy, Iowa State University, Ames IA; United States of America
82 (a) Departamento de Engenharia Elétrica, Universidade Federal de Juiz de Fora (UFJF), Juiz de Fora; (b) Universidade Federal do Rio De Janeiro COPPE/EE/IF, Rio de Janeiro; (c) Instituto de 
Física, Universidade de São Paulo, São Paulo; (d) Rio de Janeiro State University, Rio de Janeiro; Brazil
83 KEK, High Energy Accelerator Research Organization, Tsukuba; Japan
84 Graduate School of Science, Kobe University, Kobe; Japan
85 (a) AGH University of Science and Technology, Faculty of Physics and Applied Computer Science, Krakow; (b) Marian Smoluchowski Institute of Physics, Jagiellonian University, Krakow; 
Poland
86 Institute of Nuclear Physics Polish Academy of Sciences, Krakow; Poland
87 Faculty of Science, Kyoto University, Kyoto; Japan
88 Kyoto University of Education, Kyoto; Japan
89 Research Center for Advanced Particle Physics and Department of Physics, Kyushu University, Fukuoka ; Japan
90 Instituto de Física La Plata, Universidad Nacional de La Plata and CONICET, La Plata; Argentina
91 Physics Department, Lancaster University, Lancaster; United Kingdom
92 Oliver Lodge Laboratory, University of Liverpool, Liverpool; United Kingdom
93 Department of Experimental Particle Physics, Jožef Stefan Institute and Department of Physics, University of Ljubljana, Ljubljana; Slovenia
94 School of Physics and Astronomy, Queen Mary University of London, London; United Kingdom
95 Department of Physics, Royal Holloway University of London, Egham; United Kingdom
96 Department of Physics and Astronomy, University College London, London; United Kingdom
97 Louisiana Tech University, Ruston LA; United States of America
98 Fysiska institutionen, Lunds universitet, Lund; Sweden
99 Departamento de Física Teorica C-15 and CIAFF, Universidad Autónoma de Madrid, Madrid; Spain
100 Institut für Physik, Universität Mainz, Mainz; Germany
101 School of Physics and Astronomy, University of Manchester, Manchester; United Kingdom
102 CPPM, Aix-Marseille Université, CNRS/IN2P3, Marseille; France
103 Department of Physics, University of Massachusetts, Amherst MA; United States of America
104 Department of Physics, McGill University, Montreal QC; Canada
105 School of Physics, University of Melbourne, Victoria; Australia
106 Department of Physics, University of Michigan, Ann Arbor MI; United States of America
107 Department of Physics and Astronomy, Michigan State University, East Lansing MI; United States of America
108 Group of Particle Physics, University of Montreal, Montreal QC; Canada
109 Fakultät für Physik, Ludwig-Maximilians-Universität München, München; Germany
110 Max-Planck-Institut für Physik (Werner-Heisenberg-Institut), München; Germany
111 Graduate School of Science and Kobayashi-Maskawa Institute, Nagoya University, Nagoya; Japan
112 Department of Physics and Astronomy, University of New Mexico, Albuquerque NM; United States of America
113 Institute for Mathematics, Astrophysics and Particle Physics, Radboud University/Nikhef, Nijmegen; Netherlands
114 Nikhef National Institute for Subatomic Physics and University of Amsterdam, Amsterdam; Netherlands
115 Department of Physics, Northern Illinois University, DeKalb IL; United States of America
116 (a) New York University Abu Dhabi, Abu Dhabi; (b) United Arab Emirates University, Al Ain; (c) University of Sharjah, Sharjah; United Arab Emirates
117 Department of Physics, New York University, New York NY; United States of America
118 Ochanomizu University, Otsuka, Bunkyo-ku, Tokyo; Japan
119 Ohio State University, Columbus OH; United States of America
120 Homer L. Dodge Department of Physics and Astronomy, University of Oklahoma, Norman OK; United States of America
121 Department of Physics, Oklahoma State University, Stillwater OK; United States of America
122 Palacký University, Joint Laboratory of Optics, Olomouc; Czech Republic
123 Institute for Fundamental Science, University of Oregon, Eugene, OR; United States of America
124 Graduate School of Science, Osaka University, Osaka; Japan
125 Department of Physics, University of Oslo, Oslo; Norway
126 Department of Physics, Oxford University, Oxford; United Kingdom
127 LPNHE, Sorbonne Université, Université Paris Cité, CNRS/IN2P3, Paris; France
128 Department of Physics, University of Pennsylvania, Philadelphia PA; United States of America
129 Department of Physics and Astronomy, University of Pittsburgh, Pittsburgh PA; United States of America
130 (a) Laboratório de Instrumentação e Física Experimental de Partículas – LIP, Lisboa; (b) Departamento de Física, Faculdade de Ciências, Universidade de Lisboa, Lisboa; (c) Departamento 
de Física, Universidade de Coimbra, Coimbra; (d) Centro de Física Nuclear da Universidade de Lisboa, Lisboa; (e) Departamento de Física, Universidade do Minho, Braga; (f ) Departamento 
de Física Teórica y del Cosmos, Universidad de Granada, Granada (Spain); (g) Departamento de Física, Instituto Superior Técnico, Universidade de Lisboa, Lisboa; Portugal
131 Institute of Physics of the Czech Academy of Sciences, Prague; Czech Republic
132 Czech Technical University in Prague, Prague; Czech Republic
133 Charles University, Faculty of Mathematics and Physics, Prague; Czech Republic
134 Particle Physics Department, Rutherford Appleton Laboratory, Didcot; United Kingdom
135 IRFU, CEA, Université Paris-Saclay, Gif-sur-Yvette; France
136 Santa Cruz Institute for Particle Physics, University of California Santa Cruz, Santa Cruz CA; United States of America
137 (a) Departamento de Física, Pontificia Universidad Católica de Chile, Santiago; (b) Millennium Institute for Subatomic physics at high energy frontier (SAPHIR), Santiago; (c) Instituto de 
Investigación Multidisciplinario en Ciencia y Tecnología, y Departamento de Física, Universidad de La Serena; (d) Universidad Andres Bello, Department of Physics, Santiago; (e) Instituto de 
Alta Investigación, Universidad de Tarapacá, Arica; (f ) Departamento de Física, Universidad Técnica Federico Santa María, Valparaíso; Chile
138 Department of Physics, University of Washington, Seattle WA; United States of America
139 Department of Physics and Astronomy, University of Sheffield, Sheffield; United Kingdom
140 Department of Physics, Shinshu University, Nagano; Japan
141 Department Physik, Universität Siegen, Siegen; Germany
142 Department of Physics, Simon Fraser University, Burnaby BC; Canada
143 SLAC National Accelerator Laboratory, Stanford CA; United States of America
144 Department of Physics, Royal Institute of Technology, Stockholm; Sweden

18



The ATLAS Collaboration Physics Letters B 842 (2023) 137963

145 Departments of Physics and Astronomy, Stony Brook University, Stony Brook NY; United States of America
146 Department of Physics and Astronomy, University of Sussex, Brighton; United Kingdom
147 School of Physics, University of Sydney, Sydney; Australia
148 Institute of Physics, Academia Sinica, Taipei; Taiwan
149 (a) E. Andronikashvili Institute of Physics, Iv. Javakhishvili Tbilisi State University, Tbilisi; (b) High Energy Physics Institute, Tbilisi State University, Tbilisi; (c) University of Georgia, 
Tbilisi; Georgia
150 Department of Physics, Technion, Israel Institute of Technology, Haifa; Israel
151 Raymond and Beverly Sackler School of Physics and Astronomy, Tel Aviv University, Tel Aviv; Israel
152 Department of Physics, Aristotle University of Thessaloniki, Thessaloniki; Greece
153 International Center for Elementary Particle Physics and Department of Physics, University of Tokyo, Tokyo; Japan
154 Department of Physics, Tokyo Institute of Technology, Tokyo; Japan
155 Department of Physics, University of Toronto, Toronto ON; Canada
156 (a) TRIUMF, Vancouver BC; (b) Department of Physics and Astronomy, York University, Toronto ON; Canada
157 Division of Physics and Tomonaga Center for the History of the Universe, Faculty of Pure and Applied Sciences, University of Tsukuba, Tsukuba; Japan
158 Department of Physics and Astronomy, Tufts University, Medford MA; United States of America
159 Department of Physics and Astronomy, University of California Irvine, Irvine CA; United States of America
160 Department of Physics and Astronomy, University of Uppsala, Uppsala; Sweden
161 Department of Physics, University of Illinois, Urbana IL; United States of America
162 Instituto de Física Corpuscular (IFIC), Centro Mixto Universidad de Valencia – CSIC, Valencia; Spain
163 Department of Physics, University of British Columbia, Vancouver BC; Canada
164 Department of Physics and Astronomy, University of Victoria, Victoria BC; Canada
165 Fakultät für Physik und Astronomie, Julius-Maximilians-Universität Würzburg, Würzburg; Germany
166 Department of Physics, University of Warwick, Coventry; United Kingdom
167 Waseda University, Tokyo; Japan
168 Department of Particle Physics and Astrophysics, Weizmann Institute of Science, Rehovot; Israel
169 Department of Physics, University of Wisconsin, Madison WI; United States of America
170 Fakultät für Mathematik und Naturwissenschaften, Fachgruppe Physik, Bergische Universität Wuppertal, Wuppertal; Germany
171 Department of Physics, Yale University, New Haven CT; United States of America

a Also Affiliated with an institute covered by a cooperation agreement with CERN.
b Also at Borough of Manhattan Community College, City University of New York, New York NY; United States of America.
c Also at Bruno Kessler Foundation, Trento; Italy.
d Also at Center for High Energy Physics, Peking University; China.
e Also at Center for Interdisciplinary Research and Innovation (CIRI-AUTH), Thessaloniki ; Greece.
f Also at Centro Studi e Ricerche Enrico Fermi; Italy.
g Also at CERN, Geneva; Switzerland.
h Also at Département de Physique Nucléaire et Corpusculaire, Université de Genève, Genève; Switzerland.
i Also at Departament de Fisica de la Universitat Autonoma de Barcelona, Barcelona; Spain.
j Also at Department of Financial and Management Engineering, University of the Aegean, Chios; Greece.
k Also at Department of Physics and Astronomy, Michigan State University, East Lansing MI; United States of America.
l Also at Department of Physics, California State University, East Bay; United States of America.

m Also at Department of Physics, California State University, Sacramento; United States of America.
n Also at Department of Physics, King’s College London, London; United Kingdom.
o Also at Department of Physics, University of Fribourg, Fribourg; Switzerland.
p Also at Department of Physics, University of Thessaly; Greece.
q Also at Department of Physics, Westmont College, Santa Barbara; United States of America.
r Also at Hellenic Open University, Patras; Greece.
s Also at Institucio Catalana de Recerca i Estudis Avancats, ICREA, Barcelona; Spain.
t Also at Institut für Experimentalphysik, Universität Hamburg, Hamburg; Germany.
u Also at Institute of Applied Physics, Mohammed VI Polytechnic University, Ben Guerir; Morocco.
v Also at Institute of Particle Physics (IPP); Canada.

w Also at Institute of Physics and Technology, Ulaanbaatar; Mongolia.
x Also at Institute of Physics, Azerbaijan Academy of Sciences, Baku; Azerbaijan.
y Also at Institute of Theoretical Physics, Ilia State University, Tbilisi; Georgia.
z Also at Lawrence Livermore National Laboratory, Livermore; United States of America.

aa Also at The Collaborative Innovation Center of Quantum Matter (CICQM), Beijing; China.
ab Also at TRIUMF, Vancouver BC; Canada.
ac Also at Università di Napoli Parthenope, Napoli; Italy.
ad Also at University of Colorado Boulder, Department of Physics, Colorado; United States of America.
ae Also at Washington College, Maryland; United States of America.
af Also at Physics Department, An-Najah National University, Nablus; Palestine.
∗ Deceased.
19


	Combination of searches for invisible decays of the Higgs boson using 139 fb−1 of proton-proton collision data at √s=13 TeV...
	1 Introduction
	2 Combination inputs
	2.1 VBF+EmissT search
	2.2 Z(→ll)+EmissT search
	2.3 tt̄+EmissT search
	2.4 VBF+EmissT+γ search
	2.5 Jet+EmissT search
	2.6 Run 1 combination

	3 Statistical model
	3.1 Uncertainty correlation in Run 2 combination
	3.2 Uncertainty correlation in Run 1 and Run 2 combination

	4 Results
	5 Comparison to direct dark matter detection experiments
	6 Conclusion
	Declaration of competing interest
	Data availability
	Acknowledgements
	References
	The ATLAS Collaboration


