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A broad experimental program is ongoing at the LHC to probe dark sector scenarios through a
variety of signatures and theoretical frameworks. This contribution reviews recent results from the
ATLAS and CMS collaborations focusing on vector and scalar portal models, including searches
for dark photons, dark jets and dark Higgs bosons. Dedicated analysis strategies, such as trigger-
level analyses and data scouting, extend the sensitivity to low-mass and low-momentum regimes,
while advanced Machine Learning techniques enhance the reach for complex and unconventional
final states. No significant deviations from the Standard Model predictions are observed, and
stringent constraints are set on a wide range of benchmark models. These results demonstrate
the complementarity of different search strategies and highlight the strong discovery potential of
future LHC data.
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1. Introduction

Despite the great success of the Standard Model (SM), this theory cannot explain all the
observed physics phenomena. Strong astrophysical and cosmological evidence show the existence
of additional components of the Universe, called Dark Matter (DM) and Dark Energy (DE). One
of the possible theoretical scenarios predicts dark matter to be part of a larger dark sector, with its
own structure and gauge interactions.

The dark sector could communicate with the visible matter through a portal, providing us an
experimental way to probe it. The portal could have different shapes:

* avectorial portal, given by the coupling of the visible photon with the dark photon;

* ascalar portal, given by the coupling of the SM Higgs to a dark Higgs;

* an axion-like portal, given by the coupling of gluons with Axion-Like-Particles (ALPs);
* neutrino portal, given by the coupling of neutrinos with Heavy Neutral Leptons (HNL).

In this contribution, searches sensitive to vectorial and scalar portals are presented.

2. Trigger Level / Data Scouting Analyses

Many dark sector analyses are limited by the high thresholds of triggers, that cut away a large
portion of possibly interesting events. For this reason, a dedicated strategy called Trigger Level
Analysis (TLA) at ATLAS and data scouting at CMS has been developed. The fundamental idea
of TLA and data scouting analyses is to lower the event size, in order to gain statistics especially at
low momentum. Indeed, the High Level Trigger has a rate of 92 kHz but only 3 kHz can be fully
saved: this results in a loss of soft physics. The bandwidth is always limited, but if the event size is
reduced the event rate can be increased.

ATLAS presented a recent result coming from a TLA analysis, searching for dijet resonances
[1]. The model assumes a leptophobic axial-vector Z’ and the mass range targeted is between 375 to
1800 GeV. By exploiting L1 trigger information, an enlarged dataset can be obtained. This allows
to set upper limit on Z’-coupling to quark for low Z’ masses, down to 375 GeV, a very low mass if
compared to 1500 GeV, the lower limit set using conventional triggers.
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This analysis is just one of the many targeting an axial-vector mediator of the hidden sector,
that are summarized in Figure 1 [2], where the limits on g, the coupling between SM quarks and
the axial-vector mediator, are plotted as a function of the mass of the mediator mz, .

A similar result has also been obtained by CMS [3], where the sensitivity of the dijet resonance
search with data scouting allowed to set stringent limits on g, for mz; € [600, 1800]GeV.

3. Dark photons

Dark photons are predicted to be the equivalent of the SM photons in the dark sector. They
could be either massless or massive. The massive dark photons could be stable or unstable and in
the latter case, the decay could be prompt or displaced, depending on their lifetime. Depending on
their mass and their lifetime, they could hence give rise to different signatures in the detector.

One important parameter for dark photon searches is the coupling constant between the SM
photon and the dark photon, €. Different dark photons models are sensitive to different regions
of the phase space. Promptly decaying dark photons searches probe the high-g region, while
displaced searches are sensitive to values of & between 1078 and 107> For even lower &, we have
detector-stable dark photons.

3.1 Massless dark photons

The most popular search channel for massless dark photons is the Higgs boson decay into a
photon and a dark photon, mediated by loops of messenger fields. The final state consists in one
isolated photon and missing transverse momentum ( p?‘”), the signature of a massless dark photon.
Run 2 explored VBF [4] [5] and ZH [6] [7] channels, setting upper limits on the Branching Ratio
(BR) of the decay. The highest sensitivity is obtained by the ATLAS Collaboration in the VBF
channel, with an observed upper limit of 1.8%.

Recently ATLAS and CMS Collaborations also worked on the combination of the results.
For a SM Higgs, VBF and ZH have been combined by both ATLAS [8] and CMS [4], reaching
a 1.3% observed upper limit in ATLAS. For a BSM Higgs, VBF and gluon fusion channel have
been combined by the ATLAS Collaboration [8], where the gluon fusion result comes from the
recast of the monophoton analysis. Assuming a Branching Ratio of 5%, masses up to 1600 GeV are

excluded, as it can be appreciated in Figure 2.
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3.2 Promptly decaying massive dark photons

Promptly decaying massive dark photons can manifest with different signatures in the detector.

In CMS, data scouting is extensively used also for dark photon searches. One example is the
search for dark photons decaying promptly to muons [9]. The result has a sensitivity that goes down
to dark photons masses of 2 GeV.

Other searches for massive dark photons are performed in the Higgs boson decay channel to a
Z and a dark photon (ZZ;) or in a dark photon pair (Z4Z4) [10]. The H — Z;Z4 decay is mediated
by a vectorial portal, hence it is sensitive to the coupling &, while the H — ZZ; decay is mediated
by a scalar portal hence it is sensitive to the coupling k between the SM Higgs and the dark Higgs.
The results are presented as upper limits on the coupling parameters as a function of the dark photon
mass, improving those from previous publications by a factor between two and four.

In a recently published search at ATLAS [11], the search channel is again the Higgs boson,

miss
T

coming from Hidden Lightest Stable Particles (HLSP). The dark photon mass is assumed to be

with a resulting final state made of 4 fermions and possibly missing transverse momentum p

much smaller than the hard scattering process energy-scale, hence there is a large Lorentz boost
and the decay products are highly collimated decay products called Lepton Jets. The analysis
has 3 channels: with electronic Lepton Jets or Muonic Lepton Jets or both. This analysis sets
limits on the vector portal coupling £ down to 10 MeV, for both the considered signals models,
Falkowski-Ruderman-Volansky-Zupan (FRVZ) and Hidden Abelian Higgs Model (HAHM) .

3.3 Displaced decaying massive dark photons

Massive dark photons with longer lifetimes travel a distance in the detector before decaying,
resulting in a displaced signature.

CMS obtained a recent result in the channel H — Z;Z; — leptons [12], using the scouting
trigger. The event selection requires 2 opposite sign L1 muons associated to a secondary vertex.
The novelty in Run3 is that the pixel hit requirement has been removed, allowing to access transverse
displacement higher than 11 cm. Moreover, a more detailed information on the hits of muon tracks
is stored, improving the background rejection. This analysis reached sensitivity to dark photon
masses below 10 GeV for the first time in this simplified model.
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At ATLAS a recent search focused on events with displaced jets in the Muon Spectrometer
[13]. Here several signal models were considered, for example a scalar portal and a dark photon
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model. The signature is a displaced vertex, with possibly a prompt Z boson. Results are presented
as an upper limit on the product of the cross section and the branching ratio as a function of the
lifetime of the dark photon or scalar.

The Higgs to scalar particles searches are summarized in Figure 3, where there are prompt
decays searches at the left-hand side, displaced vertices searches in the middle of the plot, and stable
cases investigated by Higgs to invisible searches at the right-hand side.

4. Dark jets

Other searches in the dark sector involve dark jets, that can give rise to a variety of signatures.
Depending on the fraction of invisible particles produced in the dark jet hadronization, called R;,,,
we can distinguish:

* emerging jets, when dark quarks hadronize into long-lived dark hadrons decaying to SM
particles. In this case, the signature are charged tracks appearing at displaced vertices;

* semi-visible jets, when dark quarks hadronize into dark hadrons promptly decaying to SM

miss

particles and stable dark hadrons. Their signature is the presence of p7

along the jet axis;

* dark jets, when dark quarks hadronize into dark hadrons promptly decaying to SM particles.

4.1 Emerging jets

In a recent ATLAS publication [15], emerging jets are sought in final states with 2 large jets
and high multiplicity of secondary vertices. Two signal models are considered: a t-channel model,
involving a mediator ®, and a s-channel, mediated by a Z’ boson. Emerging jets undergo a 2-stage
showering process (dark sector + SM), resulting in a broader pattern: this feature can be exploited
to develop a dedicated reconstruction algorithm. The analysis has been conducted with two parallel
strategies: cut-based and Machine Learning (ML)-based. In both cases, a new specific trigger
has been developed, triggering on the Prompt Track Fraction (PTF) to select events with emerging
jets. The ML-based analysis happened to be more sensitive than the cut-based one, excluding the
mediator @ mass up to 1350 GeV when quark-quark coupling is fixed to 0.1 and Z’ mass up to
2.5TeV.
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Other recent results from ATLAS [16] and CMS [17] using Run 2 dataset focus on the final
states with 2 emerging jets and 2 SM jets. Upper limits are set on decay time and mediator mass, as
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shown in Figure 4. GNN-based CMS analysis sets stricter limits at very low and very high proper
lifetimes, while ATLAS search is more sensitive for intermediate lifetimes (2 — 300 mm).

4.2 Semi-visible jets

CMS Ilatest result [18] regarding Semi-Visible Jets (SVJs) focused on lepton-enriched SVlJs,
with events triggered by the presence of hadronic activity. LundNet was used as jet tagging method:
a Graph Neural Network (GNN) encodes the parton showering and the hadronization processes
underlying the jet formation. It is basically a generalization of the Lund Jet Plane algorithm. A
kr-pruning technique is used to remove low-k7 radiation and increase robustness against non-
perturbative effects. The GNN score of the two hardest jets is then given as input, together with
event-level features, to a DNN used for background estimation by means of an ABCD-like method
in bins of dijet transverse mass. This analysis excluded a variety of signals, for different dark quark
masses and R;,,. An analogous search has been conducted at ATLAS [19].

5. Dark Higgs

Searches for dark Higgs are performed at both ATLAS and CMS in two different channels, with
2 or 4 b-jets in the final state. The search channels involves indeed the emission of a dark Higgs s by
a Z’ boson mediator, that decays to DM particles y. The dark Higgs s can decay into two SM-Higgs
(both possibly decaying in the b-channel) or directly couple to a SM-Higgs, decaying into 2 b-jets.
The latter channel becomes dominant when the mass of the dark Higgs is under 250 GeV. The final
state of these searches hence include always a number of b-jets and p?"” coming from the DM
candidates.

At ATLAS, a recent result [20] explored the final state with a number of jets between 4 and 7,
with at least 3 b-tagged jets. The fit on the invariant mass of the two SM-Higgs showed no excess.
Exclusion limits are set on the (m’,, ms) plane.

At CMS the latest result [21] explored the 2 b-jets final state. The fit was here performed in
bins of hadronic recoil. No excess was observed and exclusion limits are set on the (m,,m’,) plane,

as in Figure 5.
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6. Conclusions

A broad range of dark sector signatures has been explored at the LHC, targeting different
production mechanisms and decay topologies, including prompt, displaced and unconventional
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signatures. The results from ATLAS and CMS are part of a wide experimental program, leading to

increasingly stringent constraints on a variety of benchmark models.

The combination of different analysis strategies, including traditional cut-based approaches and

advanced Machine Learning techniques, has significantly enhanced the sensitivity to challenging

final states These approaches are essential to probe regions of parameter space that would otherwise

remain inaccessible.

Most of the results are now limited by the statistics, so the up-coming High-Luminosity LHC

will be crucial to further extend the discovery potential.
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