
This is a repository copy of Search for dark matter produced in association with a dark 
Higgs boson in the b¯ b final state using pp collisions at ffiffi s p =13TeV with the ATLAS 
detector.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/225109/

Version: Published Version

Article:

Aad, G. orcid.org/0000-0002-6665-4934, Aakvaag, E. orcid.org/0000-0001-7616-1554, 
Abbott, B. orcid.org/0000-0002-5888-2734 et al. (2919 more authors) (2025) Search for 
dark matter produced in association with a dark Higgs boson in the b¯ b final state using 
pp collisions at ffiffi s p =13TeV with the ATLAS detector. Physical Review Letters, 134 
(12). 121801. ISSN 0031-9007 

https://doi.org/10.1103/physrevlett.134.121801

eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk/

Reuse 

This article is distributed under the terms of the Creative Commons Attribution (CC BY) licence. This licence 
allows you to distribute, remix, tweak, and build upon the work, even commercially, as long as you credit the 
authors for the original work. More information and the full terms of the licence here: 
https://creativecommons.org/licenses/ 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 



Search for Dark Matter Produced in Association with a Dark Higgs Boson in the bb̄ Final

State Using pp Collisions at
ffiffi

s
p

= 13 TeV with the ATLAS Detector

G. Aad et al.
*

(ATLAS Collaboration)

(Received 19 July 2024; accepted 20 February 2025; published 26 March 2025)

A search is performed for dark matter particles produced in association with a resonantly produced pair
of b-quarks with 30 < mbb < 150 GeV using 140 fb−1 of proton-proton collisions at a center-of-mass
energy of 13 TeV recorded by the ATLAS detector at the LHC. This signature is expected in extensions of
the standard model predicting the production of dark matter particles, in particular those containing a dark
Higgs boson s that decays into bb̄. The highly boosted s → bb̄ topology is reconstructed using jet
reclustering and a new identification algorithm. This search places stringent constraints across regions of
the dark Higgs model parameter space that satisfy the observed relic density, excluding dark Higgs bosons
with masses between 30 and 150 GeV in benchmark scenarios with Z0 mediator masses up to 4.8 TeV at
95% confidence level.
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Multiple astrophysical observations [1–4] indicate that a
large fraction of the matter density of the universe is in the
form of dark matter (DM). Its nature is a major open
question in physics, for the standard model (SM) of particle
physics does not provide any suitable DM candidates.
Many extensions of the SM propose DM candidates that are
stable, neutral, massive weakly interacting particles [4],
which determine the DM relic abundance via thermal
freeze-out. The search for DM candidates is being pursued
actively in direct and indirect detection experiments in
addition to collider experiments [5–11]. Once produced in
colliders, DM would be undetected and must be inferred
from the imbalance of the transverse momentum p⃗miss

T , [12]
with magnitude Emiss

T , observed from the detected SM
particles.
This Letter presents a novel DM search using a X þ Emiss

T
signature in which X is a hypothetical particle that decays
into a b-quark pair, bb̄. This signature of large Emiss

T and
resonant bb̄ production has not been probed directly for
invariant massesmbb < 150 GeV, except for when X is the
SM Higgs boson, h [13,14]. Signal regions (SRs) are
defined by requiring significant Emiss

T consistent with the
presence of DM, in association with a bb̄ decay, which is
usually the dominant branching fraction for a low mass X
with SM Higgs boson couplings. The background is

dominated by vector-boson production in association with
jets, referred to as V þ jets, with top quark pair (tt̄)
production also significant at lower Emiss

T values. To
constrain and improve the modeling of these background
contributions, control regions (CRs) are defined that require
either a single muon (μ) or a pair of charged leptons l�l∓

(l ¼ e, μ) in the final state.
The optimization and interpretation of the search is based

on a dark Higgs model [15] that explains mass generation
for DM particles (χ) through a Higgs mechanism in the
dark sector and Yukawa interactions with a new massive
dark Higgs boson (s). This model satisfies the observed
DM relic density as, when the dark Higgs boson s is lighter
than the DM particle χ, additional annihilation channels
such as χχ → ss can be dominant. Thus it offers a wide-
spread, generic ability to reproduce the observed relic
density. In this two-mediator DM model, Majorana DM
particles interact with the SM via the exchange of new
spin-1 “mediator” particles carrying a new Uð1Þ0 gauge
symmetry (e.g., a new Z0 gauge boson), which can be
probed at colliders [15] through s-channel processes. Since
large dark sector couplings usually reproduce the relic
density, the probability for a Z0 to radiate a dark Higgs
boson can be large. Annihilation signals in these models are
suppressed, as is direct detection sensitivity for Majorana
DM particles; thus colliders provide unique discovery
potential. The key model parameters are the Majorana
DM candidate’s mass mχ , the Z0 mass mZ0 , the dark Higgs
boson massms, the two couplings of the Z0 boson to quarks
gq and to DM gχ , and the mixing angle between the SM and
dark Higgs bosons θ. In this model, the Z0 decays
dominantly into DM, which recoils against the dark
Higgs boson and its visible decay products. If the dark
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Higgs boson is the lightest dark sector state, exploring the
dominant decays of low-mass s bosons is vital. For
ms < 150 GeV, decays into a b-quark pair dominate, with
the Lorentz boost and collimated decay, generating a
merged topology signature of a single large-radius
(large-R) jet containing two b-quarks. The experimental
challenges of this final state are identifying the massive jet
and its b-quarks and maintaining sensitivity to
ms < 50 GeV. For mZ0 < 2 TeV and ms > 70 GeV, the
greater separation of the b-quark pair motivates a resolved
topology of two small-radius (small-R) b-quark jets.
The analysis is performed using 140 fb−1 of pp colli-

sions at
ffiffiffi

s
p ¼ 13 TeV recorded with the ATLAS detector

[16,17] in 2015–2018 during good operating conditions
[18]. Monte Carlo (MC) simulations are used to model the
kinematics of SM background processes and the sþ χχ

signal. A detailed simulation of the ATLAS detector [19]
based on GEANT4 [20] was used to simulate the detector
response for MC event samples. Further description of the
ATLAS detector and the triggers used, along with a signal
diagram and details of the event simulation configurations
used for signal and background processes, can be found in
the Appendix.
Signal simulations for the pp → Z0

→ sχχ → bb̄χχ
process in three interpretation scenarios are used to inves-
tigate interesting phase spaces of the model. Scenario 1
simulations were generated in the ðmZ0 ; msÞ plane, covering
30–150 GeV in ms and mZ0 up to 4 TeV. Other parameter
values were mχ ¼ 200 GeV to avoid s → χχ decays, gq ¼
0.25 [21,22], gχ ¼ 1.0, and sin θ ¼ 0.01 [15], defining a
conventional benchmark used in previous studies in differ-
ent final states [23–25]. Two other scenarios are developed,
where the coupling parameter gχ is varied (instead of being
set to unity) to ensure that all signal points are compatible
with the observed relic density, Ωh2 ¼ 0.12 [26], calcu-
lated using MADDM [27]. This requirement usually indi-
cates large gχ couplings, especially for larger mZ0, which
enhances the sensitivity of dark Higgs boson signatures and
reduces that of others, e.g., where the Z0 decays into quarks.
Signal simulations for scenario 2 were generated in the
ðmZ0 ; msÞ plane, but withmχ ¼ 900 GeV to enable a match
with the relic density across the investigated parameter
plane. Finally, scenario 3 explores the ðmZ0 ; mχÞ plane for a
fixed dark Higgs boson mass ms ¼ 70 GeV that coincides
with the highest analysis sensitivity. The other parameters
(gq and sin θ) in these scenarios match those of scenario 1.
At least one pp collision vertex reconstructed from at

least two inner detector (ID) tracks with pT > 0.5 GeV is
required in each event. The vertex with the highest

P

ðpTÞ2
is designated the primary vertex (PV) [28]. Electrons are
reconstructed by matching a cluster of energy in the
calorimeter to an ID track. Electron candidates are iden-
tified using a likelihood-based method and must satisfy the
“loose” requirement [29] and have jηj < 2.47. Muons are
reconstructed by matching a track or track segment found

in the muon spectrometer to an ID track. Muons must
satisfy “loose” requirements [30] and have jηj < 2.5.
Electrons and muons must be isolated according to the
track proximity criteria defined in Ref. [31]. Hadronic
τ-lepton decays are identified by an algorithm based on a
boosted decision tree [32] that combines calorimeter and ID
information. Events with τ-leptons satisfyingpT > 20 GeV
and “very loose” requirements [33] within jηj ¼ 2.5 are
rejected.
Small-R jets are formed with the anti-kt algorithm

[34,35], using a radius parameter R ¼ 0.4, from ID tracks
associated with the PV and three-dimensional clusters of
calorimeter cells selected by a particle-flow reconstruction
algorithm [36]. “Central” small-R jets satisfy jηj < 2.5 and
pT > 20 GeV while “forward” jets satisfy 2.5 < jηj < 4.5
and pT > 30 GeV. Corrections for pileup [37] and the jet
energy scale (JES) and resolution (JER) [38] are applied.
The PV origin of central small-R jets with 20 < pT <
60 GeV and jηj < 2.4 is required, using an associated-
track-based discriminant [39]. Small-R jets closer than
ΔR ¼ 0.2 to an e or μ are rejected. Two types of large-R
jets are reconstructed using the anti-kt algorithm with
radius R ¼ 1.0. “Reclustered” large-R jets (J) are derived
by clustering small-R jets (j) [40]; these are used for the
merged analysis with the intention of capturing the dark
Higgs boson decay in full, providing sensitivity and good
mass resolution across the full jet mass range (down to
mJ ¼ 30 GeV). Their flavor content is evaluated through
their associated variable-radius (VR) track-jets [41,42] or
the DXbb discriminant score of the corresponding calorim-
eter large-R jet, as described below. “Calorimeter” large-R
jets are clustered from topological clusters calibrated to the
hadronic scale using the local hadronic cell weighting
scheme [43]. All large-R jets are trimmed [44] to minimize
the impact of pileup and underlying event. The JES and jet
mass scale (JMS) of trimmed jets are calibrated following
techniques described in Ref. [45].
To suppress contributions from processes that involve

light quarks or gluons, two multivariate algorithms are used
to identify jets containing b-hadrons (b-tagging) [46]. The
algorithm DL1r is used at an operating point evaluated to
be 77% efficient at b-jet identification on tt̄ simulation [47],
with a light jet rejection factor of around 200. For
mJ < 50 GeV, this algorithm and operating point are
applied to VR track-jets with pT > 10 GeV and jηj < 2.5
formed from ID tracks using the anti-kt algorithm and a
pT-dependent radius parameter. It is also applied to the
small-R jets in the resolved channel. A second, new tagging
algorithm DXbb [48,49], developed specifically for the
X → bb̄ topology, combines the flavor information of up
to three VR track-jets within the large-R jet. This mass-
agnostic neural network exploits the powerful tagging
capability of individual track-jets and their discriminant
correlations, together with the knowledge of the large-R jet
kinematics. The algorithm is trained on calorimeter large-R
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jets with masses above 50 GeV, where the axes of the
large-R jet and the reclustered large-R jet lie within
ΔR ¼ 1.0. An operating point evaluated to be 50% efficient
at selecting Higgs bosons with pT > 250 GeV and a
multijet rejection factor of around 110 is employed. It is
calibrated using Zð→ bb̄Þ þ jets and Zð→ bb̄Þ þ γ data
samples in four pT regions, supported by tt̄ and g → bb̄

topologies. It is estimated that the DXbb algorithm improves
the sensitivity by a factor of up to 50% in expected median
discovery significance compared with an Emiss

T þ hðbb̄Þ
analysis [13] using VR track-jet b-tagging, neglecting
systematic uncertainties.
The p⃗miss

T is computed as the negative vector sum of the
transverse momenta of the identified and calibrated physics
objects in the event, plus a term accounting for low-energy
charged particles, using the “tight” operating point defined
in Ref. [50]. An object-based Emiss

T significance S [50]
discriminates events with genuine Emiss

T produced by
neutrinos or possible weakly interacting exotic particles
from those events in which Emiss

T is caused by mismeasure-
ments or resolution effects.
The signal is characterized by high Emiss

T from the DM
particle production and substantial hadronic activity from
s → bb̄ decays that results in an invariant mass consistent
with ms. Thus events in the SR are required to have
Emiss
T > 150 GeV, either two b-tagged small-R jets or a

large-R jet containing two b-quarks, and no isolated e or μ.
Events in the SR are rejected if a “loose” electron or muon
with pT > 7 GeV is present.
The smallest azimuthal angle between the p⃗miss

T and any
of the three highest-pT (leading) small-R jets is required to
be at least 20° to reduce the multijet background arising
from mismeasured jet momenta. For signal events the Emiss

T
and the pT of the reconstructed dark Higgs boson candidate
(pjj

T in the resolved region or pJ
T in the merged region) are

correlated through the production process. Their ratio is
required to be between 0.8 and 1.3 to reduce the contri-
butions from tt̄ and W þ jets events.
In the merged channel, to ensure the decay products

are contained in the large-R jet, a 2mJ=p
J
T < 0.6 require-

ment is applied. The dark Higgs boson candidate jet is
required to have at least two nonoverlapping VR track-jets
associated with it. Events with an additional b-tagged VR
track-jet not associated with the large-R jet are rejected to
suppress top quark pair production. In the resolved channel,
the dominant background process is tt̄ production. This

background is reduced by the variables m
b;min =max
T ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2p
b;min =max
T Emiss

T ½1 − cosΔϕðp⃗b;min =max
T ; p⃗miss

T Þ�
q

and a

requirement of mb;min
T > 170 GeV and mb;max

T > 200 GeV,
where pb;min

T and pb;max
T are defined as the pT of the b-jet

that is closer to (min) or further from (max) p⃗miss
T in ϕ. To

suppress tt̄ processes further, the central small-R jet

multiplicity is required to be ≤ 4. An S > 12 requirement
is also applied and results in negligible multijet
background.
The largest SR background contributions come from SM

Zð→ νν̄Þ þ jets processes (48%–60%), increasing in higher
Emiss
T categories. In the merged topology, SM diboson

production (17%) and Wð→ lνÞ þ jets (9%–13%) provide
subleading contributions; top quark pair production
(10%–30%) and Wð→ lνÞ þ jets processes (13%–15%)
contribute in the resolved toplogy. Two CRs are defined to
improve the modeling of the V þ jets background: the
single-muon CR (1μ-CR) enriched in W þ jets and tt̄ and
the two-lepton CR (2l-CR) dominated by Z þ jets. The
1μ-CR follows the same selection and Emiss

T trigger as the
SR, except that events must contain exactly one “medium”

muon [51] with pT > 27 GeV and no “loose” electrons
with pT > 7 GeV. It is split into two regions depending on
the muon charge to provide additional discrimination
between these two backgrounds, due to the larger cross-
section for Wþ boson production in pp collisions. Events
in the 2l-CR are selected using the same requirements as in
the SR, except that events must contain exactly two
oppositely charged “loose” electrons or “medium”

muons and satisfy S > 12, with an additional requirement
that this significance be lower than 5 when considering
Emiss
T calculated with the two visible leptons. The leading

electon (muon) must fulfill pT > 27ð25Þ GeV, while
the subleading lepton must satisfy pT > 7 GeV. The
dilepton system mass and pT must be consistent with
the Z boson hypothesis of jmll −mZj < 10 GeV and
pllT > 150 GeV.
To maintain sensitivity to signals generating higher Emiss

T
values and constrain background processes more effec-
tively, events are further categorized in Emiss

T =GeV: [150,
200), [200, 350), and [350, 500) in the resolved category
and Emiss

T =GeV: [500, 750), ≥ 750 in the merged category.
The CRs in the resolved category are divided in the same
way. The boundary between resolved and merged catego-
ries at 500 GeV is optimized for search sensitivity. To
match the Emiss

T kinematics of V þ jets processes in the SR,
E⃗
miss
T;μ ¼ p⃗miss

T þ p⃗
μ
T is used in the 1μ-CR, incorporating the

pT of the W boson. Similarly, the addition of p⃗llT in the
2l-CR provides an analog to the Emiss

T in the SR.
Experimental systematic uncertainties affect the

reconstruction of the dark Higgs boson candidate. These
include uncertainties in the JMS [45] and the JES and JER
[38] of both the small-R and large-R jets and uncertainties in
the calibrations of the b-jet identification algorithms
[47,52,53]. Uncertainties in the lepton identification efficien-
cies [29,30], Emiss

T trigger efficiency, energy scale, and
resolution [50] are found to be negligible, as is the uncertainty
in the luminosity [54]. Theoretical systematic uncertainties
originate from the modeling of the signal and major back-
ground processes and are detailed in the Appendix.
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Limits on DM signals are extracted via a simultaneous
maximum-likelihood fit [55,56] of signal and background
simulations to the binned candidate mass distributions in
the SR and to the event yields in the CRs. The normal-
izations of Z þ jets, tt̄, and W þ jets processes are free
parameters in the fit and are constrained by the total event
yields, considering each Emiss

T region separately in the SR
and CRs. Systematic uncertainties are parameterized as
nuisance parameters with Gaussian prior probabilities and

constrain the fit templates and normalizations [57].
Statistical uncertainties in the data are the largest source
of uncertainty (75%–85% of the total), with systematic
uncertainties, specifically those in the calibration of the
large-R jet b-tagging algorithm, becoming more important
at larger pT and mZ0 values (20%–47%). The largest
theoretical uncertainties are in the modeling of Z þ jets
processes (15%–25%) and those associated with the
normalization of V þ jets processes (10%–15%). At ms ≈

50 GeV and high mZ0 , the predominance of Z þ jets
increases the impact of its normalization uncertainty (up
to 41% of the total).
The observed and fitted yields in the SR and CR

categories obtained after a simultaneous fit under the
hypothesis that only SM contributions are present (“back-
ground-only fit”) are shown in Fig. 1. The overall yields in
the CRs and the SR are found to be well described by SM
expectations, with the fit favoring a mild increase (∼20%)
of the Z þ jets contribution. The prefit uncertainties cover
the differences between the data and prefit background
predictions. Figure 2 shows the mass distributions mbb of
the s candidate mass in the SR categories after the back-
ground-only fit. The MC simulations agree well with the
data in the CRs, indicating that V þ jets background
processes are well modeled. The data exceed the SM

FIG. 1. Data and predicted SM background yields after a
simultaneous background-only fit to each resolved (Res.) and
merged (Mer.) SR and CR Emiss

T category. The ratio of the data to
the SM expectation is shown in the lower panel; the lines give the
ratios of the prefit to the postfit background predictions, and the
shaded areas indicate the total uncertainty in the predictions.

FIG. 2. Thembb distributions for data and SM expectations in the different Emiss
T regions for the resolved (top row) and merged (bottom

row) topologies after a background-only simultaneous fit to data. The shaded area represents the total uncertainty in the predicted yields.
Two signal distributions are overlaid, multiplied in each Emiss

T region by a scale factor indicated in the legend for visibility. The lower
panels show the ratios of the data to the predictions.
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expectation slightly around ms ¼ 60 GeV in the 350 ≤

Emiss
T < 500 GeV category. Its local significance is 1.6

standard deviations (σ). A smaller, very localized excess is
also seen near ms ¼ 130 GeV in the same category and is
narrower than the resolution in ms. The observed results in
the SR indicate that the data are in agreement with SM
predictions with no significant evidence of a DM signal.
Consequently, upper limits are set on the product of the

pp → sχχ production crosssection and branching fraction
Bðs → bb̄ÞÞ, using a modified frequentist approach (CLs)
[58] with a test statistic based on the profile likelihood in
the asymptotic approximation [59]. Exclusion contours at
95% confidence level (CL) for the dark Higgs model are
presented in Fig. 3. The two-dimensional ðmZ0 ; msÞ plane
for scenarios 1 and 2 are shown in Figs. 3(a)–3(c). In
scenario 1, with gχ ¼ 1 andmχ ¼ 200 GeV, mZ0 values are
excluded up to 3.4 TeV at ms ¼ 70 GeV, which are the
highest mass exclusions for this conventional benchmark
model. Figure 3(b) summarizes the exclusions on this
model. The observed relic density is obtained for mZ0 ¼
850 GeV and for ms ≃ 2mχ ¼ 400 GeV where dark Higgs
boson annihilation processes are greatly enhanced and
deplete the relic abundance for all mZ0 values.
In scenario 2 [Fig. 3(c)], the DM coupling gχ varies to

satisfy the observed relic density throughout; thus the
exclusion behavior is more complex. The increased DM
mass (mχ ¼ 900 GeV) leads to reduced crosssections, with
mZ0 masses around mZ0 ¼ 2.5 TeV having gχ values near
unity and lying close to the expected exclusions. The relic
density constraint requires larger gχ values for larger mZ0

values, as the DM annihilation process χχ → Z0
→ qq̄

becomes more inefficient. The increasing coupling, and
thus greater probability for the Z0 to emit a dark Higgs
boson and decay into DM, increases the crosssection,
extending sensitivity to higher masses, where mZ0 values
can be excluded up to 4.5 TeV for ms ¼ 75 GeV. Below
mZ0 ¼ 2.5 TeV, and especially for mZ0 ∼ 2mχ, the annihi-
lation process above becomes very efficient, and the small
gχ couplings that match the relic density lead to cross-
sections that are too small to be excluded. The observed
exclusion range in mZ0 becomes narrower than expected at
higher ms values owing to the small excesses in data near
mbb ¼ 50 GeV and mbb ¼ 130 GeV discussed above.
The exclusion limits on the mZ0 and mχ plane for

scenario 3 are shown in Fig. 3(d). Again, the relic density
depends upon the efficiency of the χχ → Z0

→ qq̄ process,
resulting in increasing gχ values for higher mZ0 values and
lower χ masses (lower right of figure). For DM masses up
to 700 GeV, mZ0 values up to the perturbative limit are
excluded, reaching a maximum of 4.8 TeV at that mχ . The
merged SR dominates the sensitivity at low ms and high
mZ0 , while the resolved SR contributes for mZ0 < 2 TeV.
In conclusion, this Letter reports a novel search for dark

matter in a final state with large Emiss
T and a resonant bb̄ pair

with 30 < mbb < 150 GeV using 140 fb−1 of 13 TeV pp
data collected by the ATLAS detector at the LHC. The
analysis employs jet reclustering and a new X → bb̄
tagging algorithm to provide sensitivity to low mbb and
highly boosted bb-jets. No excess over the expected
background prediction is observed, and 95% CL exclusions
are placed on dark Higgs boson models with
ms < 150 GeV. In this dark Higgs boson mass range, Z0

mediators are excluded with masses up to 3.4 TeV, for a
benchmark model with gχ ¼ 1, gq ¼ 0.25, and sin θ ¼ 0.01
and up to 4.8 TeV in a relic density inspired benchmark
model in which couplings vary more widely. This first
experimental search for this signature significantly extends
existing exclusions on this model and strongly constrains
regions compatible with the observed DM relic density,
which occur primarily when the dark Higgs boson is
comparable or lighter in mass than the DM candidate,
such that related annihilation processes dominate. These
results complement other higher-mass dark Higgs boson
and collider DM searches.
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[11] C. Pérez de los Heros, Status, challenges and directions in
indirect dark matter searches, Symmetry 12, 1648 (2020).

[12] ATLAS uses a right-handed coordinate system with its
origin at the nominal interaction point (IP) in the center of
the detector and the z axis along the beam pipe. The x-axis
points from the IP to the center of the LHC ring, and the
y-axis points upward. Polar coordinates ðr;ϕÞ 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 ¼ − ln tanðθ=2Þ and is equal to the
rapidity y ¼ 1

2
ln½ðEþ pzcÞ=ðE − pzcÞ� in the relativistic

limit. Angular distance is measured in units of
ΔR≡

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðΔyÞ2 þ ðΔϕÞ2
p

. Tranverse momentum is defined
by pT ¼ p sin θ.

[13] ATLAS Collaboration, Search for dark matter produced in
association with a standard model Higgs boson decaying
into b-quarks using the full Run 2 dataset from the ATLAS
detector, J. High Energy Phys. 11 (2021) 209.

[14] CMS Collaboration, Search for dark matter produced in
association with a Higgs boson decaying to a pair of
bottom quarks in proton–proton collisions at
ffiffiffi

s
p ¼ 13 TeV, Eur. Phys. J. C 79, 280 (2019).

[15] M. Duerr et al., Hunting the dark Higgs, J. High Energy
Phys. 04 (2017) 143.

[16] ATLAS Collaboration, The ATLAS experiment at the
CERN large hadron collider, J. Instrum. 3, S08003 (2008).

[17] ATLAS Collaboration, ATLAS insertable B-layer techni-
cal design report, CERN ATLAS-TDR-19, No. CERN-
LHCC-2010-013, 2010, https://cds.cern.ch/record/
1291633; Addendum: CERN ATLAS-TDR-19-ADD-1,
No. CERN-LHCC-2012-009, 2012, https://cds.cern.ch/
record/1451888.

[18] ATLAS Collaboration, ATLAS data quality operations and
performance for 2015–2018 data-taking, J. Instrum. 15,
P04003 (2020).

[19] ATLAS Collaboration, The ATLAS simulation infrastruc-
ture, Eur. Phys. J. C 70, 823 (2010).

[20] S. Agostinelli et al., GEANT4—a simulation toolkit, Nucl.
Instrum. Methods Phys. Res., Sect. A 506, 250 (2003).

[21] D. Abercrombie et al., Dark matter benchmark models for
early LHC Run-2 searches: Report of the ATLAS/CMS
dark matter forum, Phys. Dark Universe 27, 100371
(2020).

[22] J. Abdallah et al., Simplified models for dark matter
searches at the LHC, Phys. Dark Universe 9–10, 8
(2015).

[23] ATLAS Collaboration, Search for dark matter produced in
association with a dark Higgs boson decaying into WþW−

in the one-lepton final state at
ffiffiffi

s
p ¼ 13 TeV using

139 fb−1 of pp collisions recorded with the ATLAS
detector, J. High Energy Phys. 07 (2023) 116.

[24] ATLAS Collaboration, Search for dark matter produced in
association with a dark Higgs boson decaying intoW�W∓

or ZZ in fully hadronic final states from
ffiffiffi

s
p ¼ 13 TeV pp

collisions recorded with the ATLAS detector, Phys. Rev.
Lett. 126, 121802 (2021).

[25] CMS Collaboration, Search for dark matter particles in
WþW− events with transverse momentum imbalance in
proton–proton collisions at

ffiffiffi

s
p ¼ 13 TeV, J. High Energy

Phys. 03 (2023) 134.
[26] Planck Collaboration, Planck 2018 results. VI. Cosmo-

logical parameters, Astron. Astrophys. 641, A6 (2020);
652, C4(E) (2021).

[27] F. Ambrogi et al., MADDMv.3.0: A comprehensive tool for
dark matter studies, Phys. Dark Universe 24, 100249
(2019).

[28] ATLAS Collaboration, Vertex reconstruction performance
of the ATLAS detector at

ffiffiffi

s
p ¼ 13 TeV, CERN ATL-

PHYS-PUB-2015-026, 2015, https://cds.cern.ch/record/
2037717.

[29] ATLAS Collaboration, Electron and photon performance
measurements with the ATLAS detector using the 2015–
2017 LHC proton–proton collision data, J. Instrum. 14,
P12006 (2019).

[30] ATLAS Collaboration, Muon reconstruction and identi-
fication efficiency in ATLAS using the full Run 2pp

collision data set at
ffiffiffi

s
p ¼ 13 TeV, Eur. Phys. J. C 81, 578

(2021).
[31] ATLAS Collaboration, Search for dark matter in associ-

ation with a Higgs boson decaying to b-quarks in pp

collisions at
ffiffiffi

s
p ¼ 13 TeV with the ATLAS detector,

Phys. Lett. B 765, 11 (2017).
[32] ATLAS Collaboration, Reconstruction, energy calibration,

and identification of hadronically decaying tau leptons in
the ATLAS experiment for Run-2 of the LHC,
CERN ATL-PHYS-PUB-2015-045, 2015, https://cds
.cern.ch/record/2064383.

[33] ATLAS Collaboration, Identification of hadronic tau
lepton decays using neural networks in the ATLAS experi-
ment, CERN ATL-PHYS-PUB-2019-033, 2019, https://
cds.cern.ch/record/2688062.

[34] M. Cacciari, G. P. Salam, and G. Soyez, FastJet user
manual, Eur. Phys. J. C 72, 1896 (2012).

[35] M. Cacciari, G. P. Salam, and G. Soyez, The anti-kt jet
clustering algorithm, J. High Energy Phys. 04 (2008) 063.

PHYSICAL REVIEW LETTERS 134, 121801 (2025)

121801-7



[36] ATLAS Collaboration, Jet reconstruction and performance
using particle flow with the ATLAS detector, Eur. Phys. J.
C 77, 466 (2017).

[37] M. Cacciari, G. P. Salam, and G. Soyez, The catchment
area of jets, J. High Energy Phys. 04 (2008) 005.

[38] ATLAS Collaboration, Jet energy scale and resolution
measured in proton–proton collisions at

ffiffiffi

s
p ¼ 13 TeV

with the ATLAS detector, Eur. Phys. J. C 81, 689 (2021).
[39] ATLAS Collaboration, Performance of pile-up mitigation

techniques for jets in pp collisions at
ffiffiffi

s
p ¼ 8 TeV using

the ATLAS detector, Eur. Phys. J. C 76, 581 (2016).
[40] ATLAS Collaboration, Jet reclustering and close-by effects

in ATLAS Run 2, CERN ATLAS-CONF-2017-062, 2017,
https://cds.cern.ch/record/2275649.

[41] ATLAS Collaboration, Variable radius, exclusive-kT , and
center-of-mass subjet reconstruction for Higgsð→ bb̄Þ
tagging in ATLAS, CERN ATL-PHYS-PUB-2017-010,
2017, https://cds.cern.ch/record/2268678.

[42] ATLAS Collaboration, Optimisation and performance
studies of the ATLAS b-tagging algorithms for the
2017-18 LHC run, CERN ATL-PHYS-PUB-2017-013,
2017, https://cds.cern.ch/record/2273281.

[43] ATLAS Collaboration, Topological cell clustering in the
ATLAS calorimeters and its performance in LHC Run 1,
Eur. Phys. J. C 77, 490 (2017).

[44] D. Krohn, J. Thaler, and L.-T. Wang, Jet trimming, J. High
Energy Phys. 02 (2010) 084.

[45] ATLAS Collaboration, In situ calibration of large-radius jet
energy and mass in 13 TeV proton–proton collisions with
the ATLAS detector, Eur. Phys. J. C 79, 135 (2019).

[46] ATLAS Collaboration, ATLAS flavour-tagging algorithms
for the LHC Run 2pp collision dataset, Eur. Phys. J. C 83,
681 (2023).

[47] ATLAS Collaboration, ATLAS b-jet identification perfor-
mance and efficiency measurement with tt̄ events in pp

collisions at
ffiffiffi

s
p ¼ 13 TeV, Eur. Phys. J. C 79, 970 (2019).

[48] ATLAS Collaboration, Identification of boosted Higgs
bosons decaying into bb̄with neural networks and variable
radius subjets in ATLAS, CERN ATL-PHYS-PUB-2020-
019, 2020, https://cds.cern.ch/record/2724739.

[49] ATLAS Collaboration, Efficiency corrections for a tagger
for boosted H → bb̄ decays in pp collisions at

ffiffiffi

s
p ¼

13 TeV with the ATLAS detector, CERN ATL-PHYS-
PUB-2021-035, 2021, https://cds.cern.ch/record/2777811.

[50] ATLAS Collaboration, The performance of missing trans-
verse momentum reconstruction and its significance with
the ATLAS detector using 140 fb−1 of

ffiffiffi

s
p ¼ 13 TeV pp

collisions, arXiv:2402.05858.
[51] ATLAS Collaboration, Muon reconstruction performance

of the ATLAS detector in proton–proton collision data at
ffiffiffi

s
p ¼ 13 TeV, Eur. Phys. J. C 76, 292 (2016).

[52] ATLAS Collaboration, Measurement of the c-jet mistag-
ging efficiency in tt̄ events using pp collision data at

ffiffiffi

s
p ¼

13 TeV collected with the ATLAS detector, Eur. Phys. J. C
82, 95 (2022).

[53] ATLAS Collaboration, Calibration of the light-flavour jet
mistagging efficiency of the b-tagging algorithms with
Z þ jets events using 139 fb−1 of ATLAS proton–proton
collision data at

ffiffiffi

s
p ¼ 13 TeV, Eur. Phys. J. C 83, 728

(2023).

[54] ATLAS Collaboration, Luminosity determination in pp

collisions at
ffiffiffi

s
p ¼ 13 TeV using the ATLAS detector at

the LHC, Eur. Phys. J. C 83, 982 (2023).
[55] L. Moneta et al., The RooStats Project, Proc. Sci.,

ACAT2010 (2010) 057 [arXiv:1009.1003].
[56] W. Verkerke and D. Kirkby, The RooFit toolkit for data

modeling, arXiv:physics/0306116.
[57] ATLAS Collaboration, Search for the bb̄ decay of the

Standard Model Higgs boson in associated ðW=ZÞH
production with the ATLAS detector, J. High Energy
Phys. 01 (2015) 069.

[58] A. L. Read, Presentation of search results: The CLS

technique, J. Phys. G 28, 2693 (2002).
[59] G. Cowan, K. Cranmer, E. Gross, and O. Vitells, Asymp-

totic formulae for likelihood-based tests of new physics,
Eur. Phys. J. C 71, 1554 (2011); 73, 2501(E) (2013).

[60] ATLAS Collaboration, ATLAS computing acknowledge-
ments, CERN ATL-SOFT-PUB-2025-001, 2025, https://
cds.cern.ch/record/2922210.

[61] ATLAS Collaboration, Performance of the ATLAS trigger
system in 2015, Eur. Phys. J. C 77, 317 (2017).

[62] ATLAS Collaboration, Performance of the missing trans-
verse momentum triggers for the ATLAS detector during
Run-2 data taking, J. High Energy Phys. 08 (2020) 080.

[63] ATLAS Collaboration, Performance of electron and pho-
ton triggers in ATLAS during LHC Run 2, Eur. Phys. J. C
80, 47 (2020).

[64] ATLAS Collaboration, Performance of the ATLAS muon
triggers in Run 2, J. Instrum. 15, P09015 (2020).

[65] ATLAS Collaboration, Software and computing for Run 3
of the ATLAS experiment at the LHC, arXiv:2404.06335.

[66] J. Alwall et al., The automated computation of tree-level
and next-to-leading order differential cross sections, and
their matching to parton shower simulations, J. High
Energy Phys. 07 (2014) 079.

[67] T. Sjöstrand et al., An introduction to PYTHIA8.2, Comput.
Phys. Commun. 191, 159 (2015).

[68] R. D.Ball et al. (NNPDFCollaboration), Parton distributions
for the LHC run II, J. High Energy Phys. 04 (2015) 040.

[69] ATLAS Collaboration, ATLAS PYTHIA8 tunes to 7 TeV
data, CERN ATL-PHYS-PUB-2014-021, 2014, https://cds
.cern.ch/record/1966419.

[70] E. Bothmann et al., Event generation with SHERPA2.2,
SciPost Phys. 7, 034 (2019).

[71] T. Gleisberg and S. Höche, COMIX, a new matrix element
generator, J. High Energy Phys. 12 (2008) 039.

[72] F. Buccioni et al., OpenLoops 2, Eur. Phys. J. C 79, 866
(2019).

[73] F. Cascioli, P. Maierhöfer, and S. Pozzorini, Scattering
amplitudes with open loops, Phys. Rev. Lett. 108, 111601
(2012).

[74] A. Denner, S. Dittmaier, and L. Hofer, Collier: A fortran-
based complex one-loop library in extended regulariza-
tions, Comput. Phys. Commun. 212, 220 (2017).

[75] S. Schumann and F. Krauss, A parton shower algorithm
based on Catani–Seymour dipole factorisation, J. High
Energy Phys. 03 (2008) 038.

[76] S. Höche, F. Krauss, M. Schönherr, and F. Siegert, A
critical appraisal of NLOþ PS matching methods, J. High
Energy Phys. 09 (2012) 049.

PHYSICAL REVIEW LETTERS 134, 121801 (2025)

121801-8



[77] S. Höche, F. Krauss, M. Schönherr, and F. Siegert, QCD
matrix elementsþ parton showers. The NLO case, J. High
Energy Phys. 04 (2013) 027.

[78] S. Catani, F. Krauss, B. R. Webber, and R. Kuhn, QCD
matrix elementsþ parton showers, J. High Energy Phys.
11 (2001) 063.

[79] S. Höche, F. Krauss, S. Schumann, and F. Siegert, QCD
matrix elements and truncated showers, J. High Energy
Phys. 05 (2009) 053.

[80] C. Anastasiou, L. Dixon, K. Melnikov, and F. Petriello,
High-precision QCD at hadron colliders: Electroweak
gauge boson rapidity distributions at next-to-next-to lead-
ing order, Phys. Rev. D 69, 094008 (2004).

[81] S. Frixione, G. Ridolfi, and P. Nason, A positive-weight
next-to-leading-order Monte Carlo for heavy flavour ha-
droproduction, J. High Energy Phys. 09 (2007) 126.

[82] P. Nason, A new method for combining NLO QCD with
shower Monte Carlo algorithms, J. High Energy Phys. 11
(2004) 040.

[83] S. Frixione, P. Nason, and C. Oleari, Matching NLO QCD
computations with parton shower simulations: The POW-
HEG method, J. High Energy Phys. 11 (2007) 070.

[84] S. Alioli, P. Nason, C. Oleari, and E. Re, A general
framework for implementing NLO calculations in shower
Monte Carlo programs: The POWHEG BOX, J. High
Energy Phys. 06 (2010) 043.

[85] M. Beneke, P. Falgari, S. Klein, and C. Schwinn, Hadronic
top-quark pair production with NNLL threshold resum-
mation, Nucl. Phys. B855, 695 (2012).

[86] M. Cacciari, M. Czakon, M. Mangano, A. Mitov, and P.
Nason, Top-pair production at hadron colliders with next-
to-next-to-leading logarithmic soft-gluon resummation,
Phys. Lett. B 710, 612 (2012).

[87] P. Bärnreuther, M. Czakon, and A. Mitov, Percent-level-
precision physics at the tevatron: Next-to-next-to-leading
order QCD corrections to qq̄ → tt̄þ X, Phys. Rev. Lett.
109, 132001 (2012).

[88] M. Czakon and A. Mitov, NNLO corrections to top-pair
production at hadron colliders: The all-fermionic scattering
channels, J. High Energy Phys. 12 (2012) 054.

[89] M. Czakon and A. Mitov, NNLO corrections to top pair
production at hadron colliders: The quark-gluon reaction,
J. High Energy Phys. 01 (2013) 080.

[90] M. Czakon, P. Fiedler, and A. Mitov, Total top-quark pair-
production cross section at hadron colliders through
Oðα4SÞ, Phys. Rev. Lett. 110, 252004 (2013).

[91] M. Czakon and A. Mitov, Top++: A program for the
calculation of the top-pair cross-section at hadron colliders,
Comput. Phys. Commun. 185, 2930 (2014).

[92] M. Aliev et al., HATHOR—HAdronic top and heavy
quarks cross section calculator, Comput. Phys. Commun.
182, 1034 (2011).

[93] P. Kant et al., HatHor for single top-quark production:
Updated predictions and uncertainty estimates for single
top-quark production in hadronic collisions, Comput.
Phys. Commun. 191, 74 (2015).

[94] M. L. Ciccolini, S. Dittmaier, and M. Krämer, Electroweak
radiative corrections to associatedWH and ZH production
at hadron colliders, Phys. Rev. D 68, 073003 (2003).

[95] O. Brein, A. Djouadi, and R. Harlander, NNLO QCD
corrections to the Higgs-strahlung processes at hadron
colliders, Phys. Lett. B 579, 149 (2004).

[96] O. Brein, R. V. Harlander, M. Wiesemann, and T. Zirke,
Top-quark mediated effects in hadronic Higgs-Strahlung,
Eur. Phys. J. C 72, 1868 (2012).

[97] L. Altenkamp, S. Dittmaier, R. V. Harlander, H. Rzehak,
and T. J. E. Zirke, Gluon-induced Higgs-strahlung at next-
to-leading order QCD, J. High Energy Phys. 02 (2013)
078.

[98] A. Denner, S. Dittmaier, S. Kallweit, and A. Mück, HAWK
2.0: A Monte Carlo program for Higgs production in
vector-boson fusion and Higgs strahlung at hadron col-
liders, Comput. Phys. Commun. 195, 161 (2015).

[99] O. Brein, R. V. Harlander, and T. J. E. Zirke, vh@nnlo—
Higgs Strahlung at hadron colliders, Comput. Phys.
Commun. 184, 998 (2013).

[100] R. V. Harlander, A. Kulesza, V. Theeuwes, and T. Zirke,
Soft gluon resummation for gluon-induced Higgs Strah-
lung, J. High Energy Phys. 11 (2014) 082.

[101] S. Frixione, E. Laenen, P. Motylinski, and B. R. Webber,
Angular correlations of lepton pairs from vector boson and
top quark decays in Monte Carlo simulations, J. High
Energy Phys. 04 (2007) 081.

[102] P. Artoisenet, R. Frederix, O. Mattelaer, and R. Rietkerk,
Automatic spin-entangled decays of heavy resonances in
Monte Carlo simulations, J. High Energy Phys. 03 (2013)
015.

[103] D. J. Lange, The EvtGen particle decay simulation pack-
age, Nucl. Instrum. Methods Phys. Res., Sect. A 462, 152
(2001).

[104] T. Sjöstrand, S. Mrenna, and P. Skands, A brief introduc-
tion to PYTHIA8.1, Comput. Phys. Commun. 178, 852
(2008).

[105] ATLAS Collaboration, Summary of ATLAS PYTHIA8

tunes, CERN ATL-PHYS-PUB-2012-003, 2012, https://
cds.cern.ch/record/1474107.

[106] R. D. Ball et al. (NNPDF Collaboration), Parton distribu-
tions with LHC data, Nucl. Phys. B867, 244 (2013).

[107] M. Bähr et al., Herwig++ physics and manual, Eur. Phys. J.
C 58, 639 (2008).

[108] J. Bellm et al., Herwig 7.0/Herwig++ 3.0 release note, Eur.
Phys. J. C 76, 196 (2016).

[109] L. A. Harland-Lang, A. D. Martin, P. Motylinski, and R. S.
Thorne, Parton distributions in the LHC era: MMHT 2014
PDFs, Eur. Phys. J. C 75, 204 (2015).

[110] S. Frixione, E. Laenen, P. Motylinski, C. White, and B. R.
Webber, Single-top hadroproduction in association with a
W boson, J. High Energy Phys. 07 (2008) 029.

[111] ATLAS Collaboration, Studies on top-quark Monte Carlo
modelling for Top2016, CERN ATL-PHYS-PUB-2016-
020, 2016, https://cds.cern.ch/record/2216168.

PHYSICAL REVIEW LETTERS 134, 121801 (2025)

121801-9



End Matter

Appendix—The ATLAS detector and trigger system:

The ATLAS experiment is a multipurpose particle
detector with a forward-backward symmetric cylindrical
geometry and nearly 4π coverage in solid angle. It
consists of an inner tracking detector surrounded by a
superconducting solenoid, sampling electromagnetic and
hadronic calorimeters, and a muon spectrometer with
three toroidal superconducting magnets. A two-level
trigger system [61] selects events for offline analysis.
Events in the SR and the single-muon CR were
collected by triggers on the Emiss

T reconstructed from
calorimeter information only [62] above a threshold that
varied from 90 to 110 GeV. Events in the two-lepton
CR were recorded using single-lepton triggers with pT
thresholds of 24–26 GeV [63,64], depending on the data
taking period. An extensive software suite [65] is used
in the experiment.
Simulation of signal and background processes:

Simulated signal samples for the pp → Z0
→ sχχ →

bb̄χχ process, illustrated in Fig. 4, were generated at
leading order (LO) in quantum chromodynamics (QCD)
with up to one additional parton in the event, using
MADGRAPH5_AMC@NLO2.9.3 [66] interfaced to
PYTHIA8.245[67], both using the NNPDF3.0 LO parton
distribution function (PDF) set [68] with αs ¼ 0.13 [68]
and the A14 set of tuned parameters [69].
The V þ jets background was simulated with

SHERPA2.2.11 [70], using next-to-leading-order (NLO)
matrix elements for up to two partons and LO matrix
elements for up to five partons calculated with the COMIX

[71] and OPENLOOPS [72–74] libraries. The matching to the
SHERPA parton shower [75] used the MEPS@NLO pre-
scription [76–79] with the set of tuned parameters devel-
oped by the SHERPA authors. The NNPDF 3.0 NNLO set of
PDFs [68] was used, and the samples were normalized to
the next-to-next-to-leading-order (NNLO) prediction [80].
Backgrounds from tt̄ production and single top quark
production were generated at NLO in QCD with

POWHEG BOXv2 [81–84] using the NNPDF3.0 NLO PDF
set, interfaced to PYTHIA8.230. Parton shower simulations
with PYTHIA8.230 used the A14 set of tuned parameters [69]
with the NNPDF2.3 LO PDF set. The tt̄ samples were
normalized using calculations at NNLO in QCD including
next-to-next-to-leading logarithmic soft-gluon terms calcu-
lated using TOP++ 2.0 [85–91]. The single-top-quark proc-
esses were normalized to crosssections at NLO in QCD
from HATHORv2.1 [92,93]. Samples of diboson final states
(VV) were simulated with the SHERPA2.2.1 or 2.2.2 [70]
generator depending on the process and normalized using
calculations at NNLO in QCD using the NNPDF3.0 NNLO
PDF set. Backgrounds from associated Vh production were
generated at NLO in QCD with POWHEG BOX interfaced to
PYTHIA8.186 using the NNPDF3.0 NLO PDF set. The qq →

Vh and gg → Vh processes were normalized using calcu-
lations at NNLO in QCD and at NLO in QCD combined
with next-to-leading-logarithmic order corrections, respec-
tively [94–100]. Top quarks were decayed at LO using
MADSPIN [101,102] to preserve all spin correlations. The
decays of bottom and charm hadrons were simulated using
the EVTGEN1.6.0 program [103]. For all signal and back-
ground simulations, contributions from additional pp
interactions in the same and neighboring bunch crossings
(pileup) were simulated through the overlay of inelastic pp
simulations from PYTHIA8.186 [104] using the A3 set of
tuned parameters [105] and the NNPDF2.3 LO PDF
set [106].
Theoretical and modelling uncertainties assessed include

those from the choice of PDFs and the factorization and
renormalization scales. Additionally, uncertainties in the
choice of the matrix element and parton shower generator
are assessed through dedicated, alternativeMC simulations.
For top quark processes, uncertainties in the choice of
generator were evaluated by comparison with event sam-
ples generated with MADGRAPH5_AMC@NLO2.6.0 interfaced
to PYTHIA8.230 and the nominal POWHEG generator hadron-
ized by HERWIG7.04 [107,108], using the H7UE set
of tuned parameters [108] and the MMHT2014 LO PDF
set [109]. For single top quark production in the tW
channel, an alternative sample was generated using the
diagram subtraction scheme [110,111] to estimate the
uncertainty arising from the interference with tt̄ production.
For V þ jets processes, a sample generated with
MADGRAPH5_AMC@NLO2.6.2 at LO in QCD with up to four
parton emissions using the NNPDF2.3 LO PDF set and
interfaced to PYTHIA8.230 using a merging scale of Qcut ¼
30 GeV was employed. Uncertainties in the matching
parameter and resummation scale were also assessed.FIG. 4. Signal diagrams illustrating the resonant pp → Z0

→

sχχ → bb̄χχ process.
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Università degli Studi di Trento, Trento, Italy

80
Universität Innsbruck, Department of Astro and Particle Physics, Innsbruck, Austria

81
University of Iowa, Iowa City, Iowa, USA

82
Department of Physics and Astronomy, Iowa State University, Ames, Iowa, USA

83
Istinye University, Sariyer, Istanbul, Türkiye

84a
Departamento de Engenharia Elétrica, Universidade Federal de Juiz de Fora (UFJF), Juiz de Fora, Brazil

84b
Universidade Federal do Rio De Janeiro COPPE/EE/IF, Rio de Janeiro, Brazil

84c
Instituto de Física, Universidade de São Paulo, São Paulo, Brazil

84d
Rio de Janeiro State University, Rio de Janeiro, Brazil

84e
Federal University of Bahia, Bahia, Brazil

85
KEK, High Energy Accelerator Research Organization, Tsukuba, Japan

86
Graduate School of Science, Kobe University, Kobe, Japan

87a
AGH University of Krakow, Faculty of Physics and Applied Computer Science, Krakow, Poland

87b
Marian Smoluchowski Institute of Physics, Jagiellonian University, Krakow, Poland

88
Institute of Nuclear Physics Polish Academy of Sciences, Krakow, Poland

89
Faculty of Science, Kyoto University, Kyoto, Japan

90
Research Center for Advanced Particle Physics and Department of Physics, Kyushu University, Fukuoka, Japan

91
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Departamento de Física, Universidad Técnica Federico Santa María, Valparaíso, Chile
141

Department of Physics, Institute of Science, Tokyo, Japan
142

Department of Physics, University of Washington, Seattle, Washington, USA
143

Department of Physics and Astronomy, University of Sheffield, Sheffield, United Kingdom
144

Department of Physics, Shinshu University, Nagano, Japan
145

Department Physik, Universität Siegen, Siegen, Germany
146

Department of Physics, Simon Fraser University, Burnaby, British Columbia, Canada
147

SLAC National Accelerator Laboratory, Stanford, California, USA
148

Department of Physics, Royal Institute of Technology, Stockholm, Sweden
149

Departments of Physics and Astronomy, Stony Brook University, Stony Brook, New York, USA
150

Department of Physics and Astronomy, University of Sussex, Brighton, United Kingdom
151

School of Physics, University of Sydney, Sydney, Australia
152

Institute of Physics, Academia Sinica, Taipei, Taiwan
153a

E. Andronikashvili Institute of Physics, Iv. Javakhishvili Tbilisi State University, Tbilisi, Georgia
153b

High Energy Physics Institute, Tbilisi State University, Tbilisi, Georgia
153c

University of Georgia, Tbilisi, Georgia
154

Department of Physics, Technion, Israel Institute of Technology, Haifa, Israel
155

Raymond and Beverly Sackler School of Physics and Astronomy, Tel Aviv University, Tel Aviv, Israel
156

Department of Physics, Aristotle University of Thessaloniki, Thessaloniki, Greece
157

International Center for Elementary Particle Physics and Department of Physics, University of Tokyo, Tokyo, Japan

PHYSICAL REVIEW LETTERS 134, 121801 (2025)

121801-23



158
Department of Physics, University of Toronto, Toronto, Ontario, Canada

159a
TRIUMF, Vancouver, British Columbia, Canada

159b
Department of Physics and Astronomy, York University, Toronto, Ontario, Canada

160
Division of Physics and Tomonaga Center for the History of the Universe, Faculty of Pure and Applied Sciences,

University of Tsukuba, Tsukuba, Japan
161

Department of Physics and Astronomy, Tufts University, Medford, Massachusetts, USA
162

Department of Physics and Astronomy, University of California Irvine, Irvine, California, USA
163

University of Sharjah, Sharjah, United Arab Emirates
164

Department of Physics and Astronomy, University of Uppsala, Uppsala, Sweden
165

Department of Physics, University of Illinois, Urbana, Illinois, USA
166

Instituto de Física Corpuscular (IFIC), Centro Mixto Universidad de Valencia - CSIC, Valencia, Spain
167

Department of Physics, University of British Columbia, Vancouver, British Columbia, Canada
168

Department of Physics and Astronomy, University of Victoria, Victoria, British Columbia, Canada
169

Fakultät für Physik und Astronomie, Julius-Maximilians-Universität Würzburg, Würzburg, Germany
170

Department of Physics, University of Warwick, Coventry, United Kingdom
171

Waseda University, Tokyo, Japan
172

Department of Particle Physics and Astrophysics, Weizmann Institute of Science, Rehovot, Israel
173

Department of Physics, University of Wisconsin, Madison, Wisconsin, USA
174

Fakultät für Mathematik und Naturwissenschaften, Fachgruppe Physik, Bergische Universität Wuppertal, Wuppertal, Germany
175

Department of Physics, Yale University, New Haven, Connecticut, USA

aDeceased.
bAlso at Department of Physics, King’s College London, London, United Kingdom.
cAlso at Institute of Physics, Azerbaijan Academy of Sciences, Baku, Azerbaijan.
dAlso at TRIUMF, Vancouver, British Columbia, Canada.
eAlso at Department of Physics, University of Thessaly, Greece.
fAlso at An-Najah National University, Nablus, Palestine.
gAlso at Department of Physics, University of Fribourg, Fribourg, Switzerland.
hAlso at Department of Physics, Westmont College, Santa Barbara, USA.
iAlso at Departament de Fisica de la Universitat Autonoma de Barcelona, Barcelona, Spain.
jAlso at Affiliated with an institute covered by a cooperation agreement with CERN.
kAlso at The Collaborative Innovation Center of Quantum Matter (CICQM), Beijing, China.
lAlso at Faculty of Physics, Sofia University, ’St. Kliment Ohridski’, Sofia, Bulgaria.
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eeAlso at Institut für Experimentalphysik, Universität Hamburg, Hamburg, Germany.
ffAlso at Institute for Nuclear Research and Nuclear Energy (INRNE) of the Bulgarian Academy of Sciences, Sofia, Bulgaria.
ggAlso at Washington College, Chestertown, Maryland, USA.
hhAlso at Institute of Applied Physics, Mohammed VI Polytechnic University, Ben Guerir, Morocco.
iiAlso at Department of Physics, Stanford University, Stanford, California, USA.
jjAlso at Institute of Physics and Technology, Mongolian Academy of Sciences, Ulaanbaatar, Mongolia.

PHYSICAL REVIEW LETTERS 134, 121801 (2025)

121801-24


	Search for Dark Matter Produced in Association with a Dark Higgs Boson in the bb&macr; Final State Using pp Collisions at s=13&ThinSpace;&ThinSpace;TeV with the ATLAS Detector
	Acknowledgments
	References
	Appendix-The ATLAS detector and trigger system:&emsp;
	Simulation of signal and background processes:&emsp;



