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Overview 

Dark QCD with dark flavour symmetry 
▶ Some stable dark pions, degenerate with decaying dark pions 

▶ Relic abundance from co-scattering 

▶ Degenerate spectrum evades indirect detection → Sneaky DM 

Sneaky DM at colliders 
▶ Dark showers with mixture of long lived and stable dark pions 

▶ Semi-visible + emerging!  

▶ Existing limits, and new parameter space to explore 
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Exploring the landscape of dark QCD models

Dark QCD with  dark quarks  

Global  symmetry in dark sector 

Spontaneously broken to   after confinement 

Today: Assume  exact in dark sector, only broken 
by interactions with SM

nf Qα

SU(nf) × SU(nf)

SU(nf)V

SU(nf)V
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paradigm [1]. This mechanism introduces a velocity dependence to the annihilation rate, suppress-
ing late-time annihilations and thereby sneakily circumventing stringent constraints from indirect
detection. Consequently, the model is viable for DM masses in the GeV range, which are typically
excluded for thermal production mechanisms. In fact after taking into account constraints from
direct detection, the preferred regions of parameter space fall either between 1→ 10 GeV or above
200 GeV, with transient dark pion lifetimes required to be macroscopic (cω > 1 mm) to avoid overly
strong bounds from direct detection.

Composite DM arising from pion-like states in confining dark sectors has been extensively
studied (e.g., [1–13])1. For instance, [8] examines a similar setup but focuses on the case of nf = 3
dark quark copies, such that several couplings have to be set to zero to ensure DM stability.
In contrast, we demonstrate that for nf ↑ 4, DM stability follows naturally from a dark flavor
symmetry, which also protects the DM candidates from radiatively induced decays. Moreover,
this symmetry enforces degenerate dark pion masses, which is crucial to evade stringent indirect
detection constraints in the low-mass regime.

Compared to other models, our framework has o!ers several attractive features. The relic
abundance primarily depends on the parameters of the confining dark sector and is independent of
the mass and couplings of the heavy mediator connecting the dark and visible sectors. Since DM
is among the lightest states in the dark sector, it is copiously produced in dark showers, making it
directly accessible in collider experiments seeking such signatures. We find that the viable parameter
space of the model is probed by a combination of collider, direct detection and flavor experiments.

In the 1→10 GeV DM mass range, the model exhibits a rich collider phenomenology, as the dark
showers contain a large number of both long lived and stable dark pions. Consequently, its signatures
are a combination of emerging jets [17–19] and semi-visible jets [20, 21], which can be e!ectively
targeted by merging these search strategies. We perform a recast of the semi-visible and emerging
jets searches, as well as conventional multi-jet and missing energy searches, which cover the limits
of vanishing and infinite lifetime, respectively. Since DM is now e”ciently produced in the dark
shower, the missing energy search is also sensitive for promptly decaying dark pions. Constraints
are obtained in the DM-mediator mass plane to facilitate comparison with direct detection, and
benchmarks for future experimental studies are proposed.

This paper is organized as shown in the table of contents. Have fun reading it.

2 The Model

The proposed model comprises a strongly interacting QCD-like dark sector that interacts with the
Standard Model (SM) through a scalar bi-fundamental. Specifically, in addition to the SM, we
consider a SU(Nd) gauge sector and nf Dirac fermions Qω, ε = 1, . . . , nf , transforming in the
fundamental representation of SU(Nd). The Lagrangian governing the dynamics of the dark sector
is thus far

LD = →
1

4
(Gµε,a

D )2 + Q̄ωi ↓DQω →mQ,ωϑQ̄ωQϑ , (2.1)

where Gµε,a
D is the dark gluon field tensor, transforming in the adjoint of SU(Nd), with a ↔

{1, . . . , N2
d → 1}, and ε,ϑ ↔ {1, . . . , nf} are dark flavor indices. As mentioned before, we intro-

duce also a scalar X that is a fundamental of both SU(Nd) and SU(3)c. This scalar particle acts
as the portal between the two strongly interacting sectors by enabling the interaction

Lportal = →ϖωiϱ̄iQωX + h.c., (2.2)

where i indicates SM flavor. The quantum numbers of X under SM gauge symmetries determine the
form of the operator. If X is a singlet of SU(2)L and has a hypercharge of 1/3, then ϱi = diR [22].

1
See also [14–16] for work on ultralight dark pions as DM candidates.
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paradigm [1]. This mechanism introduces a velocity dependence to the annihilation rate, suppress-
ing late-time annihilations and thereby sneakily circumventing stringent constraints from indirect
detection. Consequently, the model is viable for DM masses in the GeV range, which are typically
excluded for thermal production mechanisms. In fact after taking into account constraints from
direct detection, the preferred regions of parameter space fall either between 1→ 10 GeV or above
200 GeV, with transient dark pion lifetimes required to be macroscopic (cω > 1 mm) to avoid overly
strong bounds from direct detection.

Composite DM arising from pion-like states in confining dark sectors has been extensively
studied (e.g., [1–13])1. For instance, [8] examines a similar setup but focuses on the case of nf = 3
dark quark copies, such that several couplings have to be set to zero to ensure DM stability.
In contrast, we demonstrate that for nf ↑ 4, DM stability follows naturally from a dark flavor
symmetry, which also protects the DM candidates from radiatively induced decays. Moreover,
this symmetry enforces degenerate dark pion masses, which is crucial to evade stringent indirect
detection constraints in the low-mass regime.

Compared to other models, our framework has o!ers several attractive features. The relic
abundance primarily depends on the parameters of the confining dark sector and is independent of
the mass and couplings of the heavy mediator connecting the dark and visible sectors. Since DM
is among the lightest states in the dark sector, it is copiously produced in dark showers, making it
directly accessible in collider experiments seeking such signatures. We find that the viable parameter
space of the model is probed by a combination of collider, direct detection and flavor experiments.

In the 1→10 GeV DM mass range, the model exhibits a rich collider phenomenology, as the dark
showers contain a large number of both long lived and stable dark pions. Consequently, its signatures
are a combination of emerging jets [17–19] and semi-visible jets [20, 21], which can be e!ectively
targeted by merging these search strategies. We perform a recast of the semi-visible and emerging
jets searches, as well as conventional multi-jet and missing energy searches, which cover the limits
of vanishing and infinite lifetime, respectively. Since DM is now e”ciently produced in the dark
shower, the missing energy search is also sensitive for promptly decaying dark pions. Constraints
are obtained in the DM-mediator mass plane to facilitate comparison with direct detection, and
benchmarks for future experimental studies are proposed.

This paper is organized as shown in the table of contents. Have fun reading it.

2 The Model

The proposed model comprises a strongly interacting QCD-like dark sector that interacts with the
Standard Model (SM) through a scalar bi-fundamental. Specifically, in addition to the SM, we
consider a SU(Nd) gauge sector and nf Dirac fermions Qω, ε = 1, . . . , nf , transforming in the
fundamental representation of SU(Nd). The Lagrangian governing the dynamics of the dark sector
is thus far

LD = →
1

4
(Gµε,a

D )2 + Q̄ωi ↓DQω →mQ,ωϑQ̄ωQϑ , (2.1)

where Gµε,a
D is the dark gluon field tensor, transforming in the adjoint of SU(Nd), with a ↔

{1, . . . , N2
d → 1}, and ε,ϑ ↔ {1, . . . , nf} are dark flavor indices. As mentioned before, we intro-

duce also a scalar X that is a fundamental of both SU(Nd) and SU(3)c. This scalar particle acts
as the portal between the two strongly interacting sectors by enabling the interaction

Lportal = →ϖωiϱ̄iQωX + h.c., (2.2)

where i indicates SM flavor. The quantum numbers of X under SM gauge symmetries determine the
form of the operator. If X is a singlet of SU(2)L and has a hypercharge of 1/3, then ϱi = diR [22].

1
See also [14–16] for work on ultralight dark pions as DM candidates.
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DM phenomenology 

Rapid interactions  

With  decays in equilibrium 
▶ Co-decaying/impeded dark matter1  

▶ Good relic abundance for , independent 
of mediator  

Velocity dependence suppresses indirect detection (sneaky!) 

Direct detection rate is related  
to lifetime of 

πDMπDM ↔ πtranπtran

πtran → SM

mDM = GeV − 10 TeV

πtran
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See e.g.  
Dror et al, 1607.03110 
Kopp et al, 1609.02147
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DM phenomenology 
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Figure 1: Current constraints on sneaky DM. The red line indicates the region of the parameter
space in which the entire relic abundance is composed of stable dark pions, while the red dashed
line corresponds to the parameter space where they make up 10% of the total DM. The gray region
is excluded because of the over closure of the universe, where only the 2 → 2 process is considered.
The region below the dashed blue line is ruled out from indirect detection [38], and the orange
region below the dashed orange line is excluded by CMB bounds [39]. In the parameter space to
the right of the purple lines, dark sector is no longer in equilibrium with the SM bath. Therefore,
the relic abundance calculation may need to be altered. The area above the green (dashed) line
is excluded from direct detection assuming cω = 10 cm (cω = 1mm) for the transient dark pions
[30, 31]. The left (right) plot corresponds to the case where dark sector couples to up (down) type
quarks. The sudden fluctuations in direct detections corresponds to the available phase space of
transient dark pion.

3.5 Flavour phenomenology

The flavour phenomenology, including flavour violating meson decays and neutral meson mixing,
of this type of models has been discussed in detail for example in [22, 23, 40, 41]. As we consider
dark pion masses ↭ O(1) GeV, here we only show bounds from flavour violating B → KεD decays.
We distinguish between invisible final states, where all dark pions are stable on detector scales, and
hadronic final states, where dark states decay back to SM. Following [23] the bound in the invisible
case is obtained from CLEO data [42] requiring a dark pion lifetime cω > 4 m for both diagonal and
o!-diagonal dark pions [43]. For the hadronic final state the limit Br(B → sg) < 6.8% from [44]
is recast. To ensure the dark pion decays inside the detector we require cω < 45 mm. These
constraints are mostly relevant for couplings of dark pions to down-type quarks. An equivalent
search for D → ε invisible does not exist. Finally, another strong constraint arises from neutral
meson mixing. For both coupling choices this sets bounds mX ↭ O(10) TeV assuming ϑω,i = 1
(ϖ, i = 1, 2, 3). These bounds can be evaded by choosing the respective o!-diagonal couplings
small [22]. Using non-degenerate couplings also leads to non-degenerate lifetimes of the transient o!-
diagonal dark pions. As this should not impact the collider phenomenology strongly, for illustration
purposes we only show the case of degenerate couplings. Nonetheless, we do not include the neutral
meson mixing bounds in Figs. 6, 7, 10 and 11 as they can be evaded, but show the B decay limits
to give an estimate where the flavour bounds would be.
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Dark showers from 
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Figure 2: Exemplary Feynman diagrams for the production of two jets and two dark jets from
mediator pair production (left) and t-channel mediator exchange (right).

4 Collider phenomenology

The rich particle spectrum of the model can also be searched for at hadron colliders. Pairs of dark
quarks can be produced either directly via a t-channel mediator exchange or together with SM
quarks in mediator decays. Independent of the production process, dark quarks, analogously to
SM quarks, undergo a parton shower and hadronization process in the dark sector, leading to the
well known dark shower [45–48] signatures. Di!erent from the original emerging jets scenario [17],
dark matter is now e”ciently produced in the dark shower, such that a significant amount of
missing energy is now present in the dark showers. Below we discuss the impact of this feature on
di!erent search strategies and propose a set of benchmark scenarios for which we obtain the current
experimental constraints. In what follows we focus on low DM masses, mωD → 100 GeV.

4.1 Dark showers from sneaky dark matter

The two main production processes of dark quarks are pair production of mediators and the pro-
duction of two dark quarks together with up to two SM jets. Examples of Feynman diagrams that
contribute to these processes are displayed in Fig. 2.

The respective cross sections are shown as a function of the mediator mass in Fig. 3 for ω = 1
(solid lines) and ω = 0.1 (dashed lines), for a dark quark mass of mQ = 1 GeV. For the production
of dark quarks via t-channel mediator exchange processes with none, one or two additional SM
jets were taken into account. All cross sections were calculated using MadGraph [49, 50] using a
custom UFO model file available at Ref. [51]. Note that the production of two dark quarks with
up to two SM jets includes both processes with pair produced mediators and processes where the
dark quarks are produced via t-channel mediator exchange. Furthermore a pT cut of pT ↑ 20 GeV
was imposed on the dark quarks to make the cross section well defined also in the mQ ↓ 0 limit.

As expected, the cross section for mediator pair production (left) decreases strongly with mX

from ↔ 1 pb at mX = 1 TeV to ↔ 10→11 pb for mX = 5 TeV, whereas the dark quark production
cross section only decreases by roughly a factor ↔ 500 over the same mass range. On the other hand,
the impact of decreasing ω is less significant for mediator pair production, since there is always a
contribution which purely depends on the QCD coupling. This leads to another noteworthy feature:
For small enough ω the mediator pair production cross section becomes independent of the choice
of mediator hypercharge. For ω ↔ 1 couplings to up-type quarks (blue) lead to slightly larger cross
sections than couplings to down-type quarks (orange) due to protons containing two up quarks
leading to a larger contribution from t-channel dark quark exchange. As this contribution becomes
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Figure 3: Cross sections for pair produced mediators (left) and the production of two dark quarks
via t-channel mediator exchange with up to two additional SM jets (right) for couplings to up-
(blue) or down-type quarks (orange) with ω = 1 (solid) and ω = 0.1 (dashed). A pT → 20 GeV cut
is included for dark quark production.

more and more suppressed for smaller ω the cross sections for couplings to up- and down-type
quarks become the same. For the t-channel mediator exchange production of two dark quarks,
however, the cross section is proportional to ω4. Thus, once the mediator mass is large enough so
that resonant mediator production becomes irrelevant, the two dark quark plus up to two SM jets
production cross section decreases as ω4.

A striking consequence of the production of dark quarks is that they undergo showering and
hadronization in the dark sector, leading to spectacular signatures such as emerging jets [17] or
semi-visible jets [52], which are now searched for by the ATLAS and CMS experiments [53–56].
Since the phenomenology of dark showers is discussed at length in the literature (see e.g. [45, 48]
for reviews, and [57] for recent related work), we focus here on the aspects which are characteristic
of our scenario. First it should be noted that in the hard processes depicted in Fig. 2, only the
first three generations of dark quarks can be produced. The fourth flavour Q4 can only originate
from gluons splitting into same generation quark pairs in the parton shower. It follows that only
an even number of stable dark pions, which are combinations of Q4 and Qi with i ↑= 4, can occur
in each event. We have verified that the implementation of the parton shower and hadronization
in Pythia takes this into account properly.

The fraction of stable dark pions determines how much missing energy is on average contained
in the dark jets. The ratio of diagonal to o!-diagonal degrees of freedom for four dark flavours is
(4 ↓ 1)/(42 ↓ 1 ↓ (4 ↓ 1)) = 1/4. However the Lund string fragmentation model implemented for
the HiddenValley module of Pythia gives a ratio of 1/(4↓ 1) = 1/3. Combined with the fact that
there are three stable and three transient (complex) o!-diagonal dark pions the average fraction of
stable dark pions in each event should be 2/3↔ 1/2 = 1/3 as long as the transient dark pions decay
promptly. If the transient dark pions have lifetimes of order the detector scale this value increases.
It follows that there will now always be a significant amount of missing energy (MET) in the signal
events, even in the limit where the transient dark pions decay promptly.

Let us now consider the production of two dark and two SM jets through pair produced me-
diators. Then, depending on the transient dark pion lifetime several possible signatures can be
distinguished: If the transient dark pions decay promptly the signal consists of four jets, while
for long-lived transient dark pions two jets and MET can be seen. In the intermediate lifetime
regime, when dark pions decay back to SM particles inside the detector the spectacular signature
of emerging jets [17] arises. Due to di!erent dark pion momenta the dark pions in a jet decay to
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Existing limits (up quark coupling) 

14

NOT FOR DISTRIBUTION JHEP_133P_0125 v1

0.1 1 10 100 1000 104
0

500

1000

1500

2000

2500

emerging jets

emerging jets (GNN)

4 jets

jets + MET

semi-visible

Figure 5: Upper limit on mX from the emerging jet search (solid, dashed and dotted green and
dark green show the limits from the model agnostic and GNN search with the full run 2 data set
for mωD = 10, 20, 6 GeV), MET search (blue), four jets search (purple) and semi-visible search
(orange, brown for mωD = 10 GeV) for couplings ω = 1 and mωD = 1 GeV to up-type (left) and
down-type quarks (right).

suppression of the t-channel mediator exchange means the fiducial cross section for the semi-visible
search is always below the experimental limit, while for the other three searches the limits weaken
to → 500 ↑ 600 GeV in the small lifetime region, → 1500 GeV in the intermediate lifetime region
and → 600 ↑ 700 GeV in the large lifetime region. These results actually highlight the power of
dedicated long lived particle searches like the emerging jets search. Since they su!er from lower
backgrounds, they remain sensitive to significantly reduced cross sections, and this could further
improve in future high luminosity runs.

4.4 Combined limits

Finally it is important to understand to which extent the collider limits are able to probe the
parameter space where the dark matter pions are viable DM candidates. This is di”cult in practice,
since the various probes are usually sensitive to di!erent combinations of parameters, and for the
sake of presentation, some of them must be set to fixed values.

For DM searches at colliders, constraints are most commonly prepared in the parameter plane
spanned by the masses of the DM and the mediator, and we follow this approach here. This leaves
ω and fD undetermined. In Figs. 6, 7 we show results for ω = 1 and ω = 0.1 with fD = mωD .
Fixing these parameters essentially relates the lifetime to the DM mass, such that the collider limits
appear rotated by 90 degrees (and flipped upside down). Direct detection constraints (shown in
grey) overtake the collider constraints for DM masses above 5↑10 GeV. For smaller ω both collider
and direct detection limits weaken, and the region probed by the emerging jets search moves to larger
DM masses, in order to keep the lifetime unchanged. For down-type quark couplings, the parameter
space is further constrained by searches for flavour violating B-meson decays. In particular the
B ↓ K invisible search probes very large mediator masses, into the tens of TeV range. Potentially
a dedicated search for B ↓ K + long lived particle could fully probe the parameter space in
between the collider and flavour bounds.

In addition in appendix E results for fD = 15mωD are shown. It is clear that in this case
a smaller dark pion mass region is excluded by collider searches than for fD = mωD , due to the
additional factor 152 that now appears in the expressions for the lifetimes. Since this parameter
choice is preferred from a relic abundance perspective, covering the region down to mωD → 1 GeV
is important, while direct detection takes over already between 2↑ 4 GeV.

– 16 –
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when transient dark pions are long-lived, and apply the appropriate limits.

E Additional figures

Fig. 8 shows the upper limits on the cross section for the non-resonant dijet search [60] and jets
plus MET [59] (left) and the cross section limits of the semi-visible search [55] for Rinv = 0.2, 0.4,
0.6 and 0.8 (right).

Figure 8: Left: Observed upper limit on cross section for the non-resonant dijet search (purple)
in [60] and the CMS two jets plus missing energy search (blue) from [59] for the lowest neu-
tralino mass of → 6 GeV. Right: Observed upper limit on cross section for the ATLAS semi-visible
search [55] for di!erent values of Rinv.

In Fig. 9 we show the upper limits on the mediator mass as a function of the dark pion lifetime,
same as in Fig. 5, but for ω = 0.1. Due to the ω4 suppression of the t-channel mediator exchange
production cross section the fiducial cross section for the semi-visible search is always below the
experimental limit.
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Figure 9: Upper limit on mX from the emerging jet search (solid, dashed and dotted green and
dark green show the limits from the model agnostic and GNN search with the full run data set for
mωD = 10, 20, 6 GeV), MET search (blue) and four jets search (purple) for couplings ω = 0.1 and
mωD = 1GeV to up-type (left) and down-type quarks (right).

Finally, Figs. 10 and 11 show the combined collider, direct detection and flavour constrains in
the mωD ↑mX frame for ω = 1 and 0.1, respectively, for couplings to up-type (left) and couplings
to down-type quarks (right). In both figures fD = 15mωD was chosen.
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Figure 6: Constraints in the mωD →mX frame for mωD = fD and coupling ω = 1 left (right) to
up-type (down-type) quarks. Purple, blue, (dark) green and orange regions are excluded from four
jets, jets plus missing energy, (GNN) model agnostic emerging jets and semi-visible jets search.
The grey region is excluded from direct detection experiments. In addition estimated bounds from
prompt flavour-violating B decays are shown in red and the bounds from B ↑ K invisible are
shown in olive for couplings to down-type quarks.

Figure 7: Same as figure 6, but for ω = 0.1.

Overall, we see that direct detection, colliders and flavour experiments probe complementary
parameter regions of sneaky DM. Let us finish the section by speculating on the prospects of future
searches. Clearly a future hadron collider operating at higher collision energies can push the collider
limits to higher mediators masses, and possibly probe the 5→ 10 TeV region. A multi-TeV lepton
collider can pair produce the mediators since they are electrically charged, and should be able to
push the limits close to half the collider energy. In addition, radiation of a single mediator from a
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Summary

Sneaky DM is a minimal scenario for DM in dark QCD 
theories (e.g. no asymmetry generation needed) 

Existing constraints motivate few GeV mass window and 
macroscopic dark pion lifetimes 

Emerging jets and semi-visible jets searches cover regions 
of parameter space 
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paper  

Combination of EJ and SVJ strategies could be powerful! 
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Existing limits (down quark coupling) 
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when transient dark pions are long-lived, and apply the appropriate limits.

E Additional figures

Fig. 8 shows the upper limits on the cross section for the non-resonant dijet search [60] and jets
plus MET [59] (left) and the cross section limits of the semi-visible search [55] for Rinv = 0.2, 0.4,
0.6 and 0.8 (right).

Figure 8: Left: Observed upper limit on cross section for the non-resonant dijet search (purple)
in [60] and the CMS two jets plus missing energy search (blue) from [59] for the lowest neu-
tralino mass of → 6 GeV. Right: Observed upper limit on cross section for the ATLAS semi-visible
search [55] for di!erent values of Rinv.

In Fig. 9 we show the upper limits on the mediator mass as a function of the dark pion lifetime,
same as in Fig. 5, but for ω = 0.1. Due to the ω4 suppression of the t-channel mediator exchange
production cross section the fiducial cross section for the semi-visible search is always below the
experimental limit.
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Figure 9: Upper limit on mX from the emerging jet search (solid, dashed and dotted green and
dark green show the limits from the model agnostic and GNN search with the full run data set for
mωD = 10, 20, 6 GeV), MET search (blue) and four jets search (purple) for couplings ω = 0.1 and
mωD = 1GeV to up-type (left) and down-type quarks (right).

Finally, Figs. 10 and 11 show the combined collider, direct detection and flavour constrains in
the mωD ↑mX frame for ω = 1 and 0.1, respectively, for couplings to up-type (left) and couplings
to down-type quarks (right). In both figures fD = 15mωD was chosen.
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Figure 5: Upper limit on mX from the emerging jet search (solid, dashed and dotted green and
dark green show the limits from the model agnostic and GNN search with the full run 2 data set
for mωD = 10, 20, 6 GeV), MET search (blue), four jets search (purple) and semi-visible search
(orange, brown for mωD = 10 GeV) for couplings ω = 1 and mωD = 1 GeV to up-type (left) and
down-type quarks (right).

suppression of the t-channel mediator exchange means the fiducial cross section for the semi-visible
search is always below the experimental limit, while for the other three searches the limits weaken
to → 500 ↑ 600 GeV in the small lifetime region, → 1500 GeV in the intermediate lifetime region
and → 600 ↑ 700 GeV in the large lifetime region. These results actually highlight the power of
dedicated long lived particle searches like the emerging jets search. Since they su!er from lower
backgrounds, they remain sensitive to significantly reduced cross sections, and this could further
improve in future high luminosity runs.

4.4 Combined limits

Finally it is important to understand to which extent the collider limits are able to probe the
parameter space where the dark matter pions are viable DM candidates. This is di”cult in practice,
since the various probes are usually sensitive to di!erent combinations of parameters, and for the
sake of presentation, some of them must be set to fixed values.

For DM searches at colliders, constraints are most commonly prepared in the parameter plane
spanned by the masses of the DM and the mediator, and we follow this approach here. This leaves
ω and fD undetermined. In Figs. 6, 7 we show results for ω = 1 and ω = 0.1 with fD = mωD .
Fixing these parameters essentially relates the lifetime to the DM mass, such that the collider limits
appear rotated by 90 degrees (and flipped upside down). Direct detection constraints (shown in
grey) overtake the collider constraints for DM masses above 5↑10 GeV. For smaller ω both collider
and direct detection limits weaken, and the region probed by the emerging jets search moves to larger
DM masses, in order to keep the lifetime unchanged. For down-type quark couplings, the parameter
space is further constrained by searches for flavour violating B-meson decays. In particular the
B ↓ K invisible search probes very large mediator masses, into the tens of TeV range. Potentially
a dedicated search for B ↓ K + long lived particle could fully probe the parameter space in
between the collider and flavour bounds.

In addition in appendix E results for fD = 15mωD are shown. It is clear that in this case
a smaller dark pion mass region is excluded by collider searches than for fD = mωD , due to the
additional factor 152 that now appears in the expressions for the lifetimes. Since this parameter
choice is preferred from a relic abundance perspective, covering the region down to mωD → 1 GeV
is important, while direct detection takes over already between 2↑ 4 GeV.
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