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DARK MATTER IS REAL
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FIG. 5: 90% confidence level upper limit on �SI from this
work (thick black line) with the 1� (green) and 2� (yel-
low) sensitivity bands. Previous results from LUX [6] and
PandaX-II [7] are shown for comparison. The inset shows
these limits and corresponding ±1� bands normalized to the
median of this work’s sensitivity band. The normalized me-
dian of the PandaX-II sensitivity band is shown as a dotted
line.

model to correctly describe events with enlarged S1s due
to additional scatters in the charge-insensitive region be-
low the cathode. These events comprise 13% of the to-
tal neutron rate in Table I. Third, we implemented the
core mass segmentation to better reflect our knowledge
of the neutron background’s Z distribution, motivated
again by the neutron-like event. This shifts the prob-
ability of a neutron (50 GeV/c2 WIMP) interpretation
for this event in the best-fit model from 35% (49%) to
75% (7%) and improves the limit (median sensitivity)
by 13% (4%). Fourth, the estimated signal e�ciency
decreased relative to the pre-unblinding model due to
further matching of the simulated S1 waveform shape
to 220Rn data, smaller uncertainties from improved un-
derstanding and treatment of detector systematics, and
correction of an error in the S1 detection e�ciency nui-
sance parameter. This latter set of improvements was
not influenced by unblinded DM search data.

In addition to blinding, the data were also “salted” by
injecting an undisclosed number and class of events in
order to protect against fine-tuning of models or selec-
tion conditions in the post-unblinding phase. After the
post-unblinding modifications described above, the num-
ber of injected salt and their properties were revealed to
be two randomly selected 241AmBe events, which had
not motivated any post-unblinding scrutiny. The num-
ber of events in the NR reference region in Table I is con-
sistent with background expectations. The profile like-
lihood analysis indicates no significant excesses in the
1.3 t fiducial mass at any WIMP mass. A p-value calcu-
lation based on the likelihood ratio of the best-fit includ-

ing signal to that of background-only gives p = 0.28, 0.41,
and 0.22 at 6, 50, and 200 GeV/c2 WIMP masses, respec-
tively. Figure 5 shows the resulting 90% confidence level
upper limit on �SI , which falls within the predicted sen-
sitivity range across all masses. The 2� sensitivity band
spans an order of magnitude, indicating the large random
variation in upper limits due to statistical fluctuations of
the background (common to all rare-event searches). The
sensitivity itself is una↵ected by such fluctuations, and is
thus the appropriate measure of the capabilities of an ex-
periment [44]. The inset in Fig. 5 shows that the median
sensitivity of this search is ⇠7.0 times better than previ-
ous experiments [6, 7] at WIMP masses > 50 GeV/c2.

Table I shows an excess in the data compared to the to-
tal background expectation in the reference region of the
1.3 t fiducial mass. The background-only local p-value
(based on Poisson statistics including a Gaussian uncer-
tainty) is 0.03, which is not significant enough, including
also an unknown trial factor, to trigger changes in the
background model, fiducial boundary, or consideration
of alternate signal models. This choice is conservative as
it results in a weaker limit.

In summary, we performed a DM search using an ex-
posure of 278.8 days ⇥ 1.3 t = 1.0 t⇥yr, with an ER
background rate of (82+5

�3 (sys) ± 3 (stat)) events/(t ⇥
yr ⇥ keVee), the lowest ever achieved in a DM search
experiment. We found no significant excess above back-
ground and set an upper limit on the WIMP-nucleon
spin-independent elastic scattering cross-section �SI at
4.1⇥10�47 cm2 for a mass of 30 GeV/c2, the most strin-
gent limit to date for WIMP masses above 6 GeV/c2. An
imminent detector upgrade, XENONnT, will increase the
target mass to 5.9 t. The sensitivity will improve upon
this result by more than an order of magnitude.
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Dark matter might couple very weakly to nucleons.

mediator M: Higgs, Z, NP
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Relic abundance of thermal WIMP:

Direct detection (+ colliders):

Thermal relics around the weak scale strongly constrained. 

universe
expands

„freeze-out“

[cf. Planck, 1502.01589]
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[see Arcadi et al., 1703.07364]
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sin(2✓)Weak dark matter interactions.

mh �mc ⇡ µ sin(2✓)/2
�0
h

�+Compressed spectrum.

6

FIG. 2: Bounds from Xenon1T [28] on the Higgs coupling to dark matter, as a function of the dark matter mass. The
grey region is excluded at 90% confidence level. The results have been obtained using micrOMEGAs [29].

where µ
2
i = m

2
�m

2
i /(m� +mi)2 is the reduced dark matter-nucleon mass and �n is the cross section for spin-

independent dark matter-nucleon scattering. The currently strongest upper bound on nucleon scattering has
been obtained by the Xenon1T collaboration [28],

�n < 4.1⇥ 10�47 cm2 for m� = 30GeV. (23)

In our model, this translates to a strong bound on the Higgs coupling to dark matter, which we show in Fig. (2)
as a function of m`. For instance, for a dark matter mass of 100GeV we obtain

µ

v
sin(2✓) ⇡ µ

v

2µ

mT �mS
. 0.03 for m` = 100GeV. (24)

For sizeable mass splittings mT �mS � µ, fermion mixing is small. In this regime, the Xenon1T results can
be interpreted as an upper bound on the mass splitting between the mediators,

(�mhc)
mix ⇡ µ

2

mT �mS
. 4GeV for m` = 100GeV. (25)

The mediator states are thus nearly degenerate in mass. For smaller mass splittings mT �mS ⇡ 15� 30GeV,
as favored by co-annihilation, µ/v must be suppressed to evade direct detection. In this regime, fermion
mixing can still be close to maximal. As µ/v is lowered below the Xenon1T bounds, fermion mixing decreases
and dark matter decouples from the standard model. Future direct detection experiments are expected to
probe even smaller dark matter-nucleon scattering cross sections. If they were able to test rates comparable
to coherent neutrino scattering (see Fig. 2), this would probe Higgs couplings at the permille level.

V. DARK MATTER ANNIHILATION AND RELIC ABUNDANCE

The interpretation of the lightest state as dark matter strongly depends on the Higgs-portal strength µ/v.
We consider couplings that are large enough for dark matter to be in thermal equilibrium with the primordial
plasma before freeze-out. The relic abundance is then determined by the freeze-out of processes that change the
dark matter number density. In Table I, we show the annihilation and scattering processes relevant around the
freeze-out temperature and their dependence on the model parameters µ/v and ✓. Throughout our analysis,
we consider dark matter masses below 1TeV, corresponding to the region that can be probed at the LHC.
In this mass range, the e↵ect of Sommerfeld enhancement on pair annihilation is mild and will be neglected
in our analysis [30]. Scattering o↵ standard-model fermions keeps the dark fermions in thermal equilibrium.
Co-scattering, mediator decays and inverse decays ensure chemical equilibrium among the dark fermions.

�

�

h
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Initially: kinetic and chemical equilibrium
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FIG. 3: Relic dark matter abundance in the scalar scenario (left) and pseudo-scalar scenario (right). Colored curves
show the observed abundance of ⌦�h

2 = 0.12 for fixed values of µ/v. Shaded regions are excluded by Xenon1T at 90%
CL [28] for the value of µ/v of the same color. The grey region is excluded by LEP.

In summary, direct detection sets an upper bound of µ/v . 0.2 (0.6) on viable thermal relics below 1 TeV
in the scalar (pseudo-scalar) scenario. In the pseudo-scalar scenario, all processes decouple for comparably
larger Higgs-portal couplings, due to the smaller fermion mixing in this scenario. In particular, for all three
displayed values of µ/v the relic abundance away from the Higgs resonance is set by mediator annihilation.

D. Co-scattering

In the region of mediator annihilation, dark matter is still in chemical equilibrium with the heavier dark
fermions through co-scattering and decays. While decays, co-scattering and co-annihilation all scale as ✓2 or
(µ/v)2, the latter is relatively suppressed by the number density of the non-relativistic mediators and thus
decouples earlier. In this regime, determining the relic abundance requires solving the coupled system of
Boltzmann equations for the number density evolution of all dark fermions, taking into account co-scattering
and decay processes. This approach, however, is not included in automated programs such as micrOMEGAs,
DarkSUSY and MadDM [29, 34, 35]. While a detailed numerical analysis of the non-equilibrium processes is
beyond the scope of our work, we o↵er a qualitative discussion of the dark matter phenomenology in this
regime.

Mediator annihilation determines the relic abundance, as long as mediator decays are prompt around the
freeze-out temperature. For a fixed value of µ/v, decays are still rapid in our model when co-annihilation
processes have already decoupled. Once the mediator decays drop below the Hubble rate, the dark matter
number density can only decrease through co-scattering processes �` SM $ �

+ SM and �` SM $ �h SM,
followed by mediator annihilation. This happens only for very small µ/v, where mediator decays decouple
before co-scattering processes. Eventually, the latter decouple as well and dark matter departs from chemical
equilibrium, while the mediators remain in equilibrium. The relic abundance is now driven by the freeze-out
of co-scattering processes and thus very sensitive to the strength of the Higgs portal. Similar scenarios,
dubbed conversion-driven freeze-out, have been identified in Refs. [36, 37]. In non-standard cosmological
scenarios with early matter domination, the observed relic abundance can also be obtained out of thermal
equilibrium [38].

In Figure 4, we illustrate the di↵erent phases of dark matter freeze-out for small Higgs-portal couplings in
the scalar scenario (blue) and the pseudo-scalar scenario (green). For concreteness, we choose a benchmark
point with m` = 500GeV and a mass splitting of �mc` = 30GeV, as it is typical for e�cient co-annihilation
and mediator annihilation. For other dark matter masses, the main features of the phase diagram are very
similar. In the pseudo-scalar scenario, each phase is reached at a larger coupling µ/v. This is due to the fact
that the freeze-out of the relevant processes is very sensitive to the fermion mixing, which is smaller than in
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FIG. 3: Relic dark matter abundance in the scalar scenario (left) and pseudo-scalar scenario (right). Colored curves
show the observed abundance of ⌦�h

2 = 0.12 for fixed values of µ/v. Shaded regions are excluded by Xenon1T at 90%
CL [28] for the value of µ/v of the same color. The grey region is excluded by LEP.

In summary, direct detection sets an upper bound of µ/v . 0.2 (0.6) on viable thermal relics below 1 TeV
in the scalar (pseudo-scalar) scenario. In the pseudo-scalar scenario, all processes decouple for comparably
larger Higgs-portal couplings, due to the smaller fermion mixing in this scenario. In particular, for all three
displayed values of µ/v the relic abundance away from the Higgs resonance is set by mediator annihilation.

D. Co-scattering

In the region of mediator annihilation, dark matter is still in chemical equilibrium with the heavier dark
fermions through co-scattering and decays. While decays, co-scattering and co-annihilation all scale as ✓2 or
(µ/v)2, the latter is relatively suppressed by the number density of the non-relativistic mediators and thus
decouples earlier. In this regime, determining the relic abundance requires solving the coupled system of
Boltzmann equations for the number density evolution of all dark fermions, taking into account co-scattering
and decay processes. This approach, however, is not included in automated programs such as micrOMEGAs,
DarkSUSY and MadDM [29, 34, 35]. While a detailed numerical analysis of the non-equilibrium processes is
beyond the scope of our work, we o↵er a qualitative discussion of the dark matter phenomenology in this
regime.

Mediator annihilation determines the relic abundance, as long as mediator decays are prompt around the
freeze-out temperature. For a fixed value of µ/v, decays are still rapid in our model when co-annihilation
processes have already decoupled. Once the mediator decays drop below the Hubble rate, the dark matter
number density can only decrease through co-scattering processes �` SM $ �

+ SM and �` SM $ �h SM,
followed by mediator annihilation. This happens only for very small µ/v, where mediator decays decouple
before co-scattering processes. Eventually, the latter decouple as well and dark matter departs from chemical
equilibrium, while the mediators remain in equilibrium. The relic abundance is now driven by the freeze-out
of co-scattering processes and thus very sensitive to the strength of the Higgs portal. Similar scenarios,
dubbed conversion-driven freeze-out, have been identified in Refs. [36, 37]. In non-standard cosmological
scenarios with early matter domination, the observed relic abundance can also be obtained out of thermal
equilibrium [38].

In Figure 4, we illustrate the di↵erent phases of dark matter freeze-out for small Higgs-portal couplings in
the scalar scenario (blue) and the pseudo-scalar scenario (green). For concreteness, we choose a benchmark
point with m` = 500GeV and a mass splitting of �mc` = 30GeV, as it is typical for e�cient co-annihilation
and mediator annihilation. For other dark matter masses, the main features of the phase diagram are very
similar. In the pseudo-scalar scenario, each phase is reached at a larger coupling µ/v. This is due to the fact
that the freeze-out of the relevant processes is very sensitive to the fermion mixing, which is smaller than in
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FIG. 3: Relic dark matter abundance in the scalar scenario (left) and pseudo-scalar scenario (right). Colored curves
show the observed abundance of ⌦�h

2 = 0.12 for fixed values of µ/v. Shaded regions are excluded by Xenon1T at 90%
CL [28] for the value of µ/v of the same color. The grey region is excluded by LEP.

In summary, direct detection sets an upper bound of µ/v . 0.2 (0.6) on viable thermal relics below 1 TeV
in the scalar (pseudo-scalar) scenario. In the pseudo-scalar scenario, all processes decouple for comparably
larger Higgs-portal couplings, due to the smaller fermion mixing in this scenario. In particular, for all three
displayed values of µ/v the relic abundance away from the Higgs resonance is set by mediator annihilation.

D. Co-scattering

In the region of mediator annihilation, dark matter is still in chemical equilibrium with the heavier dark
fermions through co-scattering and decays. While decays, co-scattering and co-annihilation all scale as ✓2 or
(µ/v)2, the latter is relatively suppressed by the number density of the non-relativistic mediators and thus
decouples earlier. In this regime, determining the relic abundance requires solving the coupled system of
Boltzmann equations for the number density evolution of all dark fermions, taking into account co-scattering
and decay processes. This approach, however, is not included in automated programs such as micrOMEGAs,
DarkSUSY and MadDM [29, 34, 35]. While a detailed numerical analysis of the non-equilibrium processes is
beyond the scope of our work, we o↵er a qualitative discussion of the dark matter phenomenology in this
regime.

Mediator annihilation determines the relic abundance, as long as mediator decays are prompt around the
freeze-out temperature. For a fixed value of µ/v, decays are still rapid in our model when co-annihilation
processes have already decoupled. Once the mediator decays drop below the Hubble rate, the dark matter
number density can only decrease through co-scattering processes �` SM $ �

+ SM and �` SM $ �h SM,
followed by mediator annihilation. This happens only for very small µ/v, where mediator decays decouple
before co-scattering processes. Eventually, the latter decouple as well and dark matter departs from chemical
equilibrium, while the mediators remain in equilibrium. The relic abundance is now driven by the freeze-out
of co-scattering processes and thus very sensitive to the strength of the Higgs portal. Similar scenarios,
dubbed conversion-driven freeze-out, have been identified in Refs. [36, 37]. In non-standard cosmological
scenarios with early matter domination, the observed relic abundance can also be obtained out of thermal
equilibrium [38].

In Figure 4, we illustrate the di↵erent phases of dark matter freeze-out for small Higgs-portal couplings in
the scalar scenario (blue) and the pseudo-scalar scenario (green). For concreteness, we choose a benchmark
point with m` = 500GeV and a mass splitting of �mc` = 30GeV, as it is typical for e�cient co-annihilation
and mediator annihilation. For other dark matter masses, the main features of the phase diagram are very
similar. In the pseudo-scalar scenario, each phase is reached at a larger coupling µ/v. This is due to the fact
that the freeze-out of the relevant processes is very sensitive to the fermion mixing, which is smaller than in
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FIG. 4: Phases of dark matter freeze-out for small Higgs-portal couplings µ/v. The colored areas denote regions of pair
annihilation and co-annihilation, mediator annihilation, and co-scattering, from top to bottom. Displayed processes
dominate the relic abundance upon freeze-out. “SM” refers to standard-model particles f, f 0, V .

the scalar scenario [39]. The di↵erent Lorentz structure of Higgs and gauge couplings in both scenarios (cf.
Eq. (13)) has only a subleading e↵ect on the annihilation rates. In particular, all processes that dominate the
dark matter abundance can proceed in an s-wave in either scenario (cf. Ref. [40]).

For large values of µ/v, the relic abundance is set mostly by pair annihilation and co-annihilation. Part
of this region is excluded by Xenon1T (shaded in grey). For µ/v . 0.02 (0.2) in the scalar (pseudo-scalar)
scenario, the relic abundance is determined by mediator annihilation, mostly by �h�

+ ! SM SM. Part of
this region might be probed by future direct detection experiments, but the region below the neutrino floor
(indicated by a dashed line) is not accessible with current methods. At µ/v ' 3⇥ 10�4 (10�3), the thermally
averaged co-scattering rate becomes smaller than the (thermally averaged) mediator annihilation rate (see
the dashed line). Mediator decays �

+ ! �`ff̄
0 remain fast, so that co-scattering does not a↵ect the relic

abundance yet. At µ/v ' 2⇥ 10�7 (5⇥ 10�6), charged mediator decays drop below the Hubble rate and the
relic abundance is determined by co-scattering.4

Thermal equilibrium is preserved for couplings well below the range considered in this work. The regimes
of mediator annihilation and co-scattering thus provide us with a thermal dark matter candidate that cannot
be tested by direct detection experiments. Therefore colliders play an important role in probing Higgs portal
dark matter with tiny portal couplings.

VI. LONG-LIVED MEDIATORS AT THE LHC

The hypothesis of a Higgs-portal dark matter relic with small couplings is directly testable at colliders. In this
section, we investigate the LHC phenomenology of our model, constraining the parameter space with existing
searches and predicting new observables that test regions that have not been explored yet. At the LHC, the
mediators are pair-produced through Drell-Yan-like processes and subsequently decay into the lightest dark
fermion. Two examples of such processes are shown in Figure 5. The production rate is set by the invariant
mass of the mediator pair and the weak gauge coupling.5 LEP has set a lower bound on the mass of the
charged fermion, mc & 100GeV. Direct detection results imply that the Higgs-portal coupling must be small,

4 The heavy neutral fermions become long-lived already at larger values of µ/v ⇠ 10�4 (0.005), due to the smaller decay rate
for �h (see Section VI). However, since processes involving �h contribute less than about 10% to mediator annihilation in
this region, we expect that the relic abundance can still be reliably obtained without including co-scattering in the Boltzmann
equations.

5 For large fermion mixing, the production rate of pp ! �+�h is suppressed by a factor (g cos ✓)2.

see also: [Garny et al., 1705.09292] [D’Agnolo et al., 1705.08450] [Junius et al., 1904.07513]
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FIG. 7: Sensitivity regions for displaced signatures at the LHC. Shown are the ranges of nominal decay lengths of �+

(salmon) or �h (purple) that can be tested by ATLAS and CMS. Green and blue parameter regions have already been
excluded by searches for disappearing charged tracks. The mass di↵erence �mc` is varied within the range that is
compatible with the observed dark matter abundance.

In Figure 7, we summarize the various displaced signatures that are predicted from long-lived mediator
decays at the LHC. They are classified according to the nominal decay length of the mediator �+ (salmon) or
�h (purple) in both scenarios. Colored areas correspond to regions of experimental sensitivity with the ATLAS
and CMS detectors. Hatched regions could be probed with an extended sensitivity. All other edges are theory
bounds, which were explained above for each individual signature. Disappearing charged track searches have
already excluded the blue and green parameter regions in the scalar and pseudo-scalar scenario, respectively.
It is apparent that our model predicts signatures with di↵erent final states in basically all accessible layers
of the LHC detectors. The search for dark matter from a small Higgs portal is thus most e�ciently done by
gathering all these signatures in a combined interpretation.

VII. CONCLUSIONS

In this work, we have investigated singlet-triplet fermion dark matter interacting with the standard model
through a scalar or pseudo-scalar Higgs portal. The nature of the Higgs portal also has implications on the
weak charged currents, which are vector-like in the scalar scenario and axial-vector-like in the pseudo-scalar
scenario. Both scenarios are related through a chiral rotation of the fermion singlet. Besides the di↵erent
Lorentz structure of the Higgs and W -boson couplings, the fermion mixing in the pseudo-scalar scenario is
generically smaller than in the scalar scenario. This leads to di↵erent lifetimes of the mediators, with observable
consequences for the dark matter and collider phenomenology.

Due to the strong bounds on the portal coupling from direct detection experiments, the thermal relic dark
matter abundance relies on co-annihilation with mediators. In the regime of very small portal couplings,
co-scattering and mediator decays have a crucial impact on the dark matter number density during freeze-
out. For a reliable prediction of the relic abundance, co-scattering and decay processes thus need to be taken
into account when solving the coupled system of Boltzmann equations. Since the phase of co-scattering is a
common prediction in models with small portal couplings, we suggest to include co-scattering and mediator
decays in existing automated tools for relic density calculations.

Thermal dark matter with tiny Higgs couplings and a compressed dark sector implies long-lived mediators.
At the LHC, this leads to a plethora of signatures with both prompt and displaced vertices, as well as disap-
pearing tracks. Due to the small electroweak production rates and the softness of the visible decay products,
searches for prompt signatures are limited in their mass reach. Current searches for prompt soft leptons cannot
probe mediator masses above about 150GeV. Displaced signatures, in turn, leave clear signatures that can
be distinguished from the background with a handful of events. Disappearing charged track searches already

Mediators decay within the ATLAS and CMS detectors.
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[Mahbubani et al., 1703.05327]

[Nagata, Otono, Shirai, 1506.08206] [Filimonova, SW, 1812.04628]
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detector or muon spectrometer; and disappearing, appearing, and
kinked tracks.
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so where do we start?

24 April 2017Heather Russell, McGill University

displaced leptons, 
lepton-jets, or 
lepton pairs
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Figure 1.2: Schematic of the variety of challenging, atypical experi-
mental signatures that can result from BSM LLPs in the detectors at
the LHC. Shown is a cross-sectional plane in azimuthal angle, f, of
a general purpose detector such as ATLAS or CMS. From Ref. [3].

Because the long-lived particles of the SM have masses . 5 GeV
and have well-understood experimental signatures, the unusual sig-
natures of BSM LLPs offer excellent prospects for the discovery of
new physics at particle colliders. At the same time, standard recon-
struction algorithms may reject events or objects containing LLPs
precisely because of their unusual nature, and dedicated searches
are needed to uncover LLP signals. These atypical signatures can
also resemble noise, pile-up, or mis-reconstructed objects in the de-
tector; due to the rarity of such mis-reconstructions, Monte Carlo
(MC) simulations may not accurately model backgrounds for LLP
searches, and dedicated methods are needed to do so.

Although small compared to the large number of searches for
prompt decays of new particles, many searches for LLPs at the
ATLAS, CMS, and LHCb experiments at the Large Hadron Col-
lider (LHC) have already been performed; we refer the reader to
Chapter 3 for descriptions of and references to these searches. Ex-
isting LLP searches have necessitated the development of novel
methods for identifying signals of LLPs, and measuring and sup-
pressing the relevant backgrounds. Indeed, in several scenarios
searches for LLPs have sensitivities that greatly exceed the search
for similar, promptly decaying new particles (as is true, for ex-
ample, for directly produced staus in supersymmetry [4]). The
excellent sensitivity of these searches, together with the lack of a
definitive signal in any prompt channels at the LHC, have focused
attention on other types of LLP signatures that are not currently
covered. These include low-mass LLPs that do not pass trigger or
selection thresholds of current searches, high multiplicities of LLPs

[H. Russell]
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of the expected limits is shown by a dashed line. The red line shows the observed limit and the orange dotted
lines around it show the impact on the observed limit of the variation of the nominal signal cross-section by ±1�
of its theoretical uncertainties. Results are compared with the observed limits obtained by the previous ATLAS
search with disappearing tracks and tracklets [19] and an example of the limit obtained at LEP2 by the ALEPH
experiment [62]. The chargino lifetime as a function of the chargino mass is shown in the almost pure wino LSP
scenario at the two-loop level [63].
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[ATLAS, 1712.02118]

Long-lived charged mediators leave trace in pixel detector.

ATLAS Simulation

�+

�0
1

~ �+
1

~

Figure 1: Illustration of a pp ! �̃+1 �̃
�

1 + jet event, with long-lived charginos. Particles produced in pile-up pp

interactions are not shown. The �̃+1 decays into a low-momentum pion and a �̃0
1 after leaving hits in the four pixel

layers (indicated by red makers).

tracklets, which allows the reconstruction of charginos decaying at radii from about 12 cm to 30 cm. The
use of these tracklets is possible thanks to the new innermost tracking layer [21] installed during the LHC
long shutdown between Run 1 and Run 2. The use of shorter tracklets significantly extends the sensitivity
to smaller chargino lifetimes.

This paper is organised as follows. A brief overview of the ATLAS detector is given in section 2. In
section 3, the signal processes and backgrounds are described and an overview of the analysis method
is given. The data samples used in this analysis and the simulation model of the signal processes are
described in section 4. The reconstruction algorithms and event selection are presented in section 5. The
analysis method is discussed in section 6. The systematic uncertainties are described in section 7. The
results are presented in section 8. Section 9 is devoted to conclusions.

2 ATLAS detector

ATLAS [22] is a multipurpose detector with a forward-backward symmetric cylindrical geometry, covering
nearly the entire solid angle around an interaction point of the LHC.2 The inner tracking detector (ID)
consists of pixel and micro-strip silicon detectors covering the pseudorapidity region of |⌘ | < 2.5,
surrounded by a transition radiation tracker (TRT), which improves the momentum measurement and
enhances electron identification capabilities. The pixel detector spans the radius range from 3 cm to
12 cm, the strip semiconductor tracker (SCT) from 30 cm to 52 cm, and the TRT from 56 cm to 108 cm.
The pixel detector has four barrel layers, and three disks in each of the forward and backward regions. The
barrel layers surround the beam pipe at radii of 33.3, 50.5, 88.5, and 122.5 mm, covering |⌘ | < 1.9. These
layers are equipped with pixels which have a width of 50 µm in the transverse direction. The pixel sizes
in the longitudinal direction are 250 µm for the first layer and 400 µm for the other layers. The innermost

2 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector.
The positive x-axis is defined by the direction from the interaction point to the centre of the LHC ring, with the positive y-axis
pointing upwards, while the beam direction defines the z-axis. Cylindrical coordinates (r, �) are used in the transverse plane, �
being the azimuthal angle around the z-axis. The pseudorapidity ⌘ is defined in terms of the polar angle ✓ by ⌘ = � ln tan(✓/2)
and the rapidity is defined as y = (1/2) ln[(E + pz )/(E � pz )] where E is the energy and pz the longitudinal momentum of the
object of interest.
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Figure 2: Example diagrams of the benchmark signal processes used in this analysis. In the case of direct char-
gino/neutralino production (a), the signal signature consists of a long-lived chargino, missing transverse momentum
and initial-state radiation. In the case of the strong channel (b), each gluino decays into two quarks and a chargino
or neutralino. A long-lived chargino, missing transverse momentum and multiple quarks, which are observed as
jets, are the signatures of this signal.

or leptons in these events can be reconstructed as a pixel tracklet if they interact with the detector material
and any hits in the tracking detectors after the pixel detector are not assigned to the reconstructed tracklet.
Interactions that contribute to this background include severe multiple-scattering, hadronic interactions
or, in the case of leptons, bremsstrahlung, as shown in figure 3(a) and 3(b). The other main category of
background is from “fake” tracklets, which originate from random combinations of hits from two or more
particles, as shown in figure 3(c).

3.3 Analysis method

Candidate events are required to have large E
miss
T , high-pT jets and at least one isolated pixel tracklet. A

lepton-veto is used to suppress background events from W /Z + jets and top-pair production processes.
Kinematic requirements, optimised for each channel, are applied to enhance the signal purity in the event
samples. After selection, the search is performed by looking for an excess of candidate events in the pT
distribution of pixel tracklets. The shapes of the pT spectrum for the background from hadrons, muons,
electrons, and fake tracklets are derived from data using dedicated techniques for each background process.
A fit to the observed pT distribution is performed simultaneously in a low-Emiss

T region and a high-Emiss
T

region, which are defined by the requirements described in section 5, to extract the normalisation of the
total background component and the signal strength. The expected signal spectrum and yield are estimated
from simulation and the measured detector performance. Further details are given in section 6.

4 Data and simulated event samples

The data used in this analysis were recorded by the ATLAS detector in 2015 and 2016. The pp centre-
of-mass energy was 13 TeV and the bunch spacing was 25 ns. The mean number of pp interactions per

5

Probes mediator masses up to 600 GeV. 

[see also CMS, 1804.07321]
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FIG. 6: LHC signatures of fermion dark matter from a small Higgs portal in the scalar (left) and pseudo-scalar (right)
scenarios. Green regions are excluded by existing searches. Yellow regions show projections for the LHC after run II
and for the HL-LHC. Red regions feature new signatures that have not been explored yet. The dashed region is due to
the unknown detection e�ciency of displaced b-jets.

which produces a displaced soft lepton (Figure 5, right). We thus predict a signature with large missing energy
and two soft leptons, one displaced and one prompt. The leptons can be either of opposite or of same electric
charge, appearing at equal rates. The pion from the decay �h ! ⇡

�
�
+ is very soft and not detected.

In Fig. 6, we show the parameter space for displaced + prompt soft lepton signals in red. The upper edge
of the area is determined by requiring a minimal nominal decay length of c⌧�h & 200µm. Above this line,
the mass splitting �mhc is larger and decays become rapid. The lower edge is set by the kinematic threshold
for a two-body decay, mh = mc + m⇡. Below this threshold, the heavy neutral fermion decays mostly via
�h ! �`bb̄, and no soft leptons are produced.

G. Prompt soft leptons

Mediators with a decay length c⌧�+ < 200 µm leave signatures with prompt soft leptons. Both �
+ and �h

decays can produce prompt soft leptons via �
+ ! �` `

+
⌫ or �h ! ⇡

�(�+ ! �` `
+
⌫), respectively. Signatures

with two prompt leptons and missing energy are thus expected from pp ! �
+
�
� and pp ! �

+
�h production.

Which process dominates depends on the �h decay branching ratio into leptons. If �h is long-lived, pairs
of prompt soft leptons can only be produced via pp ! �

+
�
� with subsequent prompt decays. Searches for

pairs of prompt soft leptons have been performed by ATLAS [47] and CMS [48] in the context of pure wino
production via pp ! �

+
�h. The analyses assume a decay via �

+
�h ! �`W

⇤
�`Z

⇤ ! �``
+
⌫ �``

+
`
� to 100%.

However, in our model �h ! �`Z
⇤ ! �``

+
`
� is loop- and mixing-suppressed and thus small compared to

�h ! �`h
⇤ ! �`bb̄. In Ref. [15], the CMS analysis [48] has been recasted under the assumption of pure

�
+
�
� production for a triplet dark matter model, which corresponds to our scalar scenario. We reinterpret

their results and derive a lower bound of mc & 130GeV for 5⇥ 10�5
< µ/v < 0.02 in the scalar scenario and

7⇥ 10�4
< µ/v < 0.07 in the pseudo-scalar scenario. The excluded parameter region is shown in Figure 6 as

a green band.
In case of a normal mass hierarchy, �h decays are prompt for µ/v & 0.02 (0.07) in the scalar (pseudo-scalar)

scenario. Soft di-leptons are now produced from both pp ! �
+
�
� and pp ! �

+
�h. Adding the contribution

from the latter process enhances our signal rate. However, our pp ! �
+
�h contribution favors a di↵erent

kinematic regime and produces only two charged leptons in the final state, compared to three leptons in
the experimental analyses. We therefore do not expect a significantly stronger bound than mc & 130GeV
when including �

+
�h contributions. The sensitivity could be enhanced by optimizing the signal region for

signatures with exactly two soft leptons in the final state. All in all, however, searches for prompt soft leptons
are very limited in their mass reach, due to the small production rates and large backgrounds. Searches for
displaced + prompt leptons or displaced b-jet pairs are expected to be sensitive to much higher mediator masses.

�0
h ! �0

`bb̄

�+ ! �0
` `

+⌫`

�+ ! �0
h⇡

+
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