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Dark matter searches at LHCb Titus Mombécher

The origin and nature of Dark Matter (DM) are among the most pressing unknowns in the field
of particle physics. Many different models proposed to describe it introduce signatures that can be
searched for at colliders. These typically arise through so-called portals to possible Dark Sectors
(DS), new mediators that mix with the Standard Model (SM) and couple to DM candidates. Dark
Sector portals allow either direct DM production from SM particles, which would lead to missing
energy signatures at colliders, or the production and decay of new particles into SM particles. With
a weak mixing between the new mediators and SM mediators, the latter decays can be long lived
and thus avoid many experimental bounds as most searches target prompt decays.

The LHCb experiment with its acceptance region at high pseudorapidity and excellent vertex
and mass resolution provides a unique coverage of the aforementioned signatures that is comple-
mentary to the other collider experiments such as ATLAS and CMS. In particular it allows the
access of signatures with low masses and significant displacement.

These proceedings review a subset of recent LHCb Dark Matter searches and gives prospects
for the upcoming data-taking periods.

1. Search for Dark Photons through A" — u*u~

A popular way to connect the SM to a possible DS is through massive Dark Photons A’ that
can kinetically mix with off-shell photons y* [1]. The LHCb experiment performed a search for
these Dark Photons through the decay A’ — u*u~ using prompt and displaced signatures with
pp-collision data collected at a centre-of-mass energy of 13 TeV in 2016-2018 corresponding to
an integrated luminosity of about 5.5 fb~! [2, 3]. The search utilises the similar pp — u*pu~
production through the off-shell photon as normalisation mode, which allows the exact cancellation
of almost all systematic uncertainties via

A ’
/ ’ n [m(A )] ’ ’ ’ ’
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2Am
(modifications according to mixing with the Z apply at high dimuon masses). Here, ng‘x' are the

expected number of Dark Photon decays in a dimuon mass window +Am and ”?1; the observed
number of off-shell photon decays in that window. The only differences between the two decay
modes arise from the kinetic mixing strength between the Dark Photon and the off-shell SM photon
&£, a phase-space factor 7 from the mass of the hypothetical Dark Photon m(A’) and the efficiency
for the displaced searches that depends on the Dark Photon mass and lifetime 7(A’). This allows
a fully data-driven analysis for the prompt decays based on online-selected data [4]. The search
for displaced decays, however, uses offline selected data. The search is performed as a bump
hunt over a large dimuon mass ranging from m(u*u~) € [0.7,70] GeV/c? for prompt decays
and m(u*u~) € [214,350] MeV/c? for displaced decays that correspond to a lifetime of O(1 ps).
A significant challenge in this analysis is the suppression of background and precise estimation
of its yield. Backgrounds for the prompt search arise from prompt y* — u*u~ decays, which
are irreducible, midentified hadrons, as well as muons from heavy flavour decays. The latter two
categories are heavily suppressed through muon identification criteria and prompt-like requirements.
Furthermore, dimuon regions of known resonances are vetoed. For m(u*u~) 2 1 GeV/c? the signal
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Figure 1: Exclusion regions in the plane of the kinetic mixing strength £ and the Dark Photon mass n(A")
including the recent LHCD result [3]. The LHCb search for displaced dimuons covers a region far beyond
the sensitivity of any other experiment.

process is expected to be Drell-Yan-like and therefore the two muons isolated from the remainder
of the event. Thus, above the ¢-resonance, anti-kt-based isolation criteria are applied. The
composition of the backgrounds is measured in data with an extended binned maximum likelihood
fit to the dimuon vertex fit quality and the minimum )(IZP of the two muons, where the latter is defined
as the difference in the vertex fit quality of the primary vertex with and without the muon candidate.

For the long-lived search, dominant backgrounds stem from photon conversions through ma-
terial interactions inside the Vertex Locator detector of the experiment, heavy flavour decays and
doubly misidentified Kg — 't~ decays, which each can be strongly reduced through a p-value
based on the material map of the detector, efficient track isolation criteria and stringent muon
identification requirements.

From the bump hunt limits on the strength of the kinetic mixing with the off-shell photon are
obtained and shown in Fig. 1. They are the most stringent ones for 214 < m(A’) < 740MeV/c?
and 10.6 < m(A’) < 30GeV/c?. The long-lived search covers a fully unexplored region at very
low mixing strengths. With the upcoming data-taking period starting in 2022, even lower masses
for the Dark Photon will be explored through D** — DYA’(e*e™) decays with the possibility of
excluding mixing strengths down to £ < 10710 [5].

2. Inclusive search for X — u*pu~

Since there is no clearly favoured DM model, an attempt is made to generalise the search
for dimuons into a model-independent analysis with a slightly reduced data set corresponding
to an integrated luminosity of 5.1 fb~! [6]. Four different decay topologies are considered for a
hypothetical particle decaying into at least two muons: inclusive prompt dimuon decays; inclusive
prompt dimuon decays that are associated with a b-jet as defined with an anti-kt algorithm with
R = 0.5 and where the jet cone contains a secondary vertex; displaced dimuon decays pointing and
non-pointing to the primary vertex. Similarly to the Dark Photon search, a bump hunt is performed
over a large dimuon invariant mass, where known resonances are vetoed. For prompt decays above
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Figure 2: Dimuon invariant-mass spectra of the inclusive search for X — p*u~ with the LHCb experi-
ment [6]. The grey areas display the regions of known resonances and are vetoed.

m(u*p~) > 20 GeV/c? non-negligible widths of up to I'(X) < 3GeV are considered. The dimuon
spectra are shown in Fig. 2.

The search is performed in tight fiducial regions to facilitate the interpretation in any model
that would produce a promptly decaying low-mass dimuon resonance within these regions. No
excess is found and upper limits on the production cross-sections are set. If interpreted e.g. in a
model with a two-Higgs doublet potential where a scalar singlet is added [7], the results on the
prompt-like searches impose most stringent bounds on the model, while ruling out an excess seen
by CMS in a dimuon search associated with a b-jet [8] with a 20 times stronger limit.

3. Prospects on searches for baryonic Dark Matter

Recently a model was proposed that connects DM production with a B-mesogenesis mechanism
to explain the baryon asymmetry in the universe [9, 10]. A neutral B meson can oscillate and then
decay CP-violating into a DS baryon ¢/ps and SM hadrons. The baryon asymmetry Yz can then be
written as

Yp o ASY x B(b — ypsX), 2)

where Agf denotes the semileptonic asymmetry and X a hadronic final state that balances out the
baryon number in the b — YpsX decay. In order for the mechanism to work, the semileptonic
asymmetry has to be positive. Intense efforts are ongoing to measure the parameters Ag; and A‘S’IL
directly [13] and indirectly [14] with main contributions from the LHCb experiment. To fulfill the
observed baryon asymmetry, the inclusive branching fraction of & — ¥psX has to be larger than
10~* with experimental upper limits between < 10~* and 10~2 depending on the mass of the ¥pg
particle [10, 11]. Exclusive decays cannot be lower than the 107 level. The Belle collaboration
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Figure 3: Projected upper limits at 95 % CL that are expected to be reached with the LHCb experiment with
a data set corresponding to integrated luminosities of (left) 15 fb~! and (right) 300 fb~".

recently published a search for one of the possible decay modes, B — A decays plus missing
energy, leading to limits below O(107>) [15].
A feasibility study has been performed for the search for such baryon-number violating
b-hadron decays with the LHCb experiment [12]. The decays B? — ypsA(1520)(— pK~),
B — ypsAc(2595)* (— ntn~ Al (— pK~nt)), Ag — YypsK* 7™, and Ag — Ypsntn” are inves-
tigated, which are sensitive to different underlying quark-level transitions. Events, generated with
PyTHIA 8 [16] and propagated through a simplified detector simulation [17] are analysed with a
combination of kinematic and particle identification requirements, the closeness of the SM final
state particles, the isolation of the final states with respect to the remainder of the event, as well
as the missing momentum transverse to the b-hadron direction of flight. Under the assumption
of known background, the expected sensitivities of these searches with benchmarks of integrated
luminosities of 15fb~! (expected to be collected in the coming data taking period until 2024) and
300fb~! (expected to correspond to the full LHCb data set by the end of the LHC) are shown in
Fig. 3. They demonstrate the ability of the LHCb experiment to explore the full parameter space
of the proposed model. However, achieving the full sensitivity depends on a precise knowledge
of the background level with systematic uncertainties of below 0.1 %. One way to improve the
background suppression and thus reduce the reliance on the background level systematics would
be the reconstruction of the b-hadrons through = — A2ﬂ+ or B:g — B*K™ decays. This would
allow the precise reconstruction of the yps mass and provide further handles to discriminate the

signal from background.

4. Conclusions and outlook

The LHCDb experiment has a unique coverage to search for Dark Matter particles especially in
the low mass and significant displacement region. This results in several world-best limits, e.g. in
the Dark Photon and inclusive X — u*u~ searches described in this document. One of the keys
to these successes is the use of fully online-selected data, which allows a larger physics reach with
smaller data sizes. Currently the LHCb experiment is being upgraded, starting to take data in 2022.
The upgraded data set provides bright prospects and new tools for Dark Matter searches. Due to the
large data size with integrated luminosities up to 300 fb~! at centre-of-mass energies of 14 TeV, the
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experiment will be able to probe the full parameter region of models like the baryonic Dark Matter
proposal discussed in these proceedings. Furthermore, the use of a fully software-based trigger

system will allow to explore many more signatures [18].
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