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As evinced by multiple astrophysical measurements, a large fraction of the matter in the Universe
is in the form of a dark, non-baryonic component. If dark matter interacts weakly with Standard
Model particles it could be produced at the LHC, escaping the ATLAS detector and thus leaving a
signature of large missing transverse momentum. If this interaction is mediated by a kinematically
accessible mediator, then that mediator can also give rise to a dijet resonance signature. The latest
results of these dijet resonance searches are presented, and their limitations and future prospects
discussed.
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1. Introduction

There is strong astronomical and cosmological evidence for the near-ubiquitous presence of
dark matter in the wider universe, on a variety of scales. A compelling hypothesis is that of
“WIMP” dark matter – where the dark matter present in the universe takes the form of a weakly-
interacting massive particle, i.e. with a mass around the GeV scale and couplings to standard
model particles of weak-scale strength [1]. There is however as-yet no conclusive evidence of the
existence of such dark matter through either indirect or direct detection.

2. LHC search methods

If dark matter (DM) couples to standard model (SM) particles, in particular to quarks, then it
can be produced at the LHC. In the case of simple pair-production of dark matter, it would leave no
discernible signature at all in the ATLAS detector [2], so the challenge becomes one of searching
for the invisible, which can be resolved in two ways.

The first option is to require additional activity in the event through for instance initial state ra-
diation (ISR) of a quark, photon, vector boson, Higgs, etc. This initial state radiation is itself visible
to ATLAS and allows an event to be triggered on and selected over backgrounds, and additionally
provides a recoil momentum to the dark matter particles which manifests as missing transverse
momentum. Analyses searching for this type of signature – a single particle balancing missing
transverse momentum – are known as ‘mono-X’ searches, and there have been many ATLAS re-
sults of this kind over the past year: jet [3], photon [4], Z → `` [5], W/Z → qq [6], h→ bb [7],
h→ γγ [8]. Additionally, particularly in the case of scalar mediators between dark matter and
the standard model, third-generation couplings are enhanced and dark matter can be produced in
association with one or two top or bottom quarks [9].

The second option is to probe the interaction between dark matter and SM particles. As an
example of such a strategy, the most relevant interactions at LHC energy scales can be represented
by a simplified model of dark matter production with a mediator particle Z′ between quarks and
dark matter. One can then search for this Z′ directly, through its decays back to quarks that yield
resonant signatures in the dijet invariant mass1. Such a Z′ particle can also, in more complicated
models, be produced along with a dark matter pair: such a scenario is covered in ref. [10].

The simplified dark matter model mentioned above has two key parameters: the mass of the
mediator mZ′ and its coupling to quarks gq. In simple dijet resonance interpretations the dark matter
mass mDM is set very high such that it is kinematically inaccessible, in order to factorise the visible
and invisible decays of the Z′, and its coupling to the Z′ gDM is therefore of limited relevance.

3. ATLAS resonance search limits and constraints

The limits from dijet resonance searches to such Z′ models from dijet resonance searches in
2013 is shown in fig. 1. Here ZB is identified as the mediator Z′ and gB is six times the coupling
of the mediator to quarks gq. The red line is the exclusion limit from an ATLAS dijet resonance
search with 20.3 fb−1 of 8 TeV data collected in 2012 [11].

1The Z′ could also couple to leptons, causing dilepton resonances, which in general are advantageous to search for
at hadron colliders due to the lower backgrounds. This talk however focuses on searches for hadronic resonances.
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Figure 1: Summary of 95% C.L. limits on coupling
gB vs mZB from the UA2, CDF, CMS and ATLAS ex-
periments as of the end of run 1 [11, 12].

The equivalent run 2 ATLAS search [13],
with 37.0 fb−1 of 13 TeV data collected
in 2015 and 2016, excludes values gq be-
low 0.07 for mZ′ = 1.5 TeV, compared to
around 0.15 for the run 1 result. However
it does not set limits below mZ′ = 1.5 TeV,
due to trigger constraints, which are also why
the run 1 result starts becoming weaker be-
low 1 TeV. Below this mass the search used
prescaled triggers (only a fraction of events
accepted by a trigger are recorded) and a de-
layed stream (events accepted by some trig-
gers were written to a separate stream that
was not reconstructed until computing re-
sources became available over the 2013-2014 shutdown).

The ATLAS trigger system [14] consists of two parts: a first level (L1) to reduce the event rate
from the 30 MHz delivered by the LHC 2 to the ∼100 kHz that the subdetectors can be read out at,
and a ‘high level trigger’ (HLT) that reduces this to∼ 1−1.5 kHz for offline storage, limited by the
total storage and processing cost. Of this,∼ 20−40 Hz is dedicated to the single jet trigger used by
this dijet resonance search [15]. Since this rate constraint is fixed, the jet trigger pT threshold must
be raised as instantaneous luminosity increases (it is observed that the trigger rate is proportional
to p−5

T ). In 2016, the trigger selected events containing a jet with ET > 380 GeV, which was fully
efficient in selecting jets with pT > 440 GeV offline, and it is this which sets the lower bound on
Z′ mass sensitivity.

4. Overcoming trigger limitations: Initial State Radiation

These trigger limitations can be overcome by requiring the presence of initial state radia-
tion, either a photon or a jet, which if sufficiently high transverse momentum (380 GeV for a jet,
140 GeV for a photon) can be triggered on. This removes the pT constraints on the resonance jets,
which can therefore be much softer. This strategy is used in ref. [16], allowing Z′ masses down to
200 GeV to be probed.

Below this mass, the resonance jets tend to merge into a single jet and the above search, for
a dijet resonance, loses sensitivity. This lower mass region is tackled by a search for localised
excesses in the single jet mass spectrum of large-radius jets, which capture both quarks from the
resonance decay [17]. This uses the jet substructure variable τ21 to distinguish 2-subjet signal
from single-subjet QCD background, modified using the “designed decorrelated tagger” method
to decorrelate it from jet mass in order that the τ21 selection does not overly bias the jet mass
distribution. The dominant QCD background is estimated with a data-driven method based on
inverting this τDDT

21 selection, validated on the W/Z peak. The search is then performed in wide
mass windows, each containing the bulk of the resonance (fig. 2), rather than searching for excesses
of unknown width as in other dijet searches.

2a 25ns bunch spacing gives 40 MHz, but the ring is not full
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Figure 2: Distribution of large-R jet mass, in-
cluding a signal with mZ′ = 160 GeV and gq =

0.5 [17].

The exclusion limits of this search (turquoise)
and the ‘resolved’ dijet + ISR search (red and pur-
ple) are shown in fig. 3. The ‘merged’ search
provides sensitivity from 100 to 200 GeV, while
the ‘resolved’ one does so from 200 GeV to
1 TeV (with extra sensitivity in the jet ISR chan-
nel from 350 to 450 GeV). However, these have
much lower gq sensitivity than the dijet resonance
search (dark blue) – 0.15 vs 0.07 – due to requir-
ing an energetic radiated jet or photon. There is
also a gap between these searches’ sensitivities
between 1 and 1.5 TeV3. These limitations are
overcome by a technique new to ATLAS – trigger-
level analysis.

5. Overcoming
trigger limitations: Trigger-Level Analysis
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Figure 3: Summary plot of ATLAS bounds in the
mZ′ −gq plane from dijet searches in run 2 data [19].

The main driver of the 1.5 kHz limit on
the HLT output rate is the offline storage and
processing cost. Hence it is more strictly a
bandwidth limit rather than a pure rate limit.
Since a dijet resonance search only requires
jets (and not e.g. leptons), and since jets are
well reconstructed in the trigger, a new data
stream can be provided that contains only
trigger jets (0.5% of normal event size) at
a high rate (1− 3 kHz) with minimal band-
width impact. This idea was pioneered at the
LHC by CMS [20, 21] and LHCb [22], and
was first implemented for ATLAS in 2015

under the name ‘trigger-level analysis’ (TLA) [23].
This new data stream allowed all events with leading jet pT above 220 GeV to be included in

the search, meaning that the mass spectrum analyses started at 531 GeV rather than 1100 GeV for
the offline search (fig. 4).

In addition to trigger jet four-momenta, the trigger-level analysis stream contains sufficient
information to be able to redo jet calibration. The procedure followed is as close as possible to that
for offline jets [24], with some parts re-derived since TLA data lacks track information, as shown in
fig. 5. The result of this specific calibration is excellent agreement between offline and recalibrated
trigger dijet mass m j j (the mean difference is less than 0.5% for all m j j considered).

The search is performed through fitting a smooth functional form to the data. However, the
unprecedented amount of data in the m j j spectrum meant that the known functions could not

3In run 1 this area is covered by dijet searches (see fig. 1) and in run 2 to a lesser degree by di-b-jet resonances [18].
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Figure 4: Comparison between the number of dijet
events in the data used by the TLA (black points),
the number of events selected by any single-jet trigger
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jet triggers but corrected for the trigger prescale fac-
tors (thinner, red line) as a function of m j j [23].

adequately describe the data over the whole
mass range. Thus the background estimation
at each mass was obtained by fitting a sub-
range of the spectrum around that mass (see
animation at [25]).

Following this procedure, no signifi-
cant excesses were observed, and the lim-
its shown in blue in fig. 3 above were ob-
tained. The TLA greatly improves sensitiv-
ity over dijet+ISR, despite the lower mass
TLA signal region (using data collected with
a lower threshold trigger at the beginning of
the 2016 data-taking period, and a tighter
|y ∗ | = 1

2 |y1 − y2| selection to lower the Z′

mass cutoff) using far less integrated lumi-
nosity. The higher mass TLA signal region
fills in the gap in ATLAS run 2 sensitivity to

these Z′ models and ensures ATLAS run 2 limits now surpass pre-LHC ones (fig. 1) everywhere.
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Figure 5: Calibration stages for trigger-level jets, each applied to the four-momentum of the jet [23].

6. Future prospects

The pp→ Z′ cross-section is proportional to g2
q, and in a statistically limited search the cross-

section sensitivity scales as the square root of the amount of data, such that g95% CL exclusion
q ∝

data1/4). With this scaling a total run 2 dataset of 120 fb−1 gives gq limit improvements of a factor
of 1.3 – 1.7, but each of the searches mentioned here can improve significantly beyond that.

For the trigger-level analysis, a major improvement in the remainder of run 2 is to take ad-
vantage of unused L1 rate towards end of LHC fills to run lower threshold triggers – 50 GeV at
L1 vs 75 and 100 in 2016 – allowing lower masses to be probed. In run 3 (i.e. from 2021), new
hardware will allow improved reconstruction of L1 objects meaning that the TLA will be able to
access lower masses for a given recording rate. Additionally, the fast tracker (FTK) [26, 27] will
provide full tracking at the HLT, allowing pileup rejection and improved jet calibration [28].
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For the resolved dijet + ISR search, the higher trigger thresholds required by the increased
instantaneous luminosity in 2017 and 2018 are mitigated by improved jet trigger performance such
that in 2017 the offline jet selection can remain the same as in 2016. Work on combinatorics in jet
channel – i.e. which of the three jets are from the resonance and which is ISR – can improve mass
reach (and sensitivity for some masses); and there is potential for using the TLA technique in run 3
with the FTK to suppress pileup at low jet pT, which would improve sensitivity thanks to imposing
weaker ISR constraints and hence reducing the loss in signal acceptance.

For the merged dijet + ISR search, new trigger strategies for large radius jets, including sub-
structure information in the trigger (some 2017 triggers select on mass), will lead to greater signal
acceptance. Optimised grooming methods as described in ref. [29] promise improved signal vs
background discrimination, as do improvements in jet substructure resolution thanks to track infor-
mation being included in jet reconstruction inputs [30].

7. Complementarity
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Figure 6: Regions in a dark matter mass-mediator mass plane ex-
cluded at 95% CL by a selection of ATLAS dark matter searches,
for one possible interaction between the Standard Model and
dark matter, the leptophobic axial-vector mediator as described
in ref. [31]. From [19].

As can be seen in fig. 6, mono-
X and resonance searches comple-
ment each other to cover a wide
range of the mDM − mZ′ plane,
with mono-X searches being more
sensitive for low masses. There
is also complementarity between
both sets of collider searches and
direct detection. In both cases
the interplay between different
searches strongly depends on the
model considered, see ref. [19] for
other models and continually up-
dated versions of these plots.

8. Conclusions

There are a broad set of approaches to searching for Dark Matter with ATLAS, including a
variety of new techniques targeting low mass mediators which lead to dijet resonances. These make
use of initial state radiation to evade trigger limitations, and substructure to take this approach into
the very low mass regime where the resonance jets merge. ATLAS has for the first time made use
of a method pioneered by LHCb and CMS to make the best use of the trigger system and perform a
dijet analysis with partial events, significantly extending sensitivity to these models. This technique
may also help with significant computing and storage pressures in the future as LHC performance
improves.

These new techniques can all take advantage of upcoming trigger upgrades, which will result
in run 3 searches with sensitivity improved much more than would be expected from integrated
luminosity scaling alone.
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