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Conversion-driven freeze-out is an appealing mechanism to explain the observed relic density while
naturally accommodating the null results from direct and indirect detection due to a very weak dark matter
coupling. Interestingly, the scenario predicts long-lived particles decaying into dark matter with lifetimes
favorably coinciding with the range that can be resolved at the LHC. However, the small mass splitting
between the long-lived particle and dark matter renders the visible decay products soft, thus challenging
current search strategies. We consider four different classes of searches covering the entire range of
lifetimes: heavy stable charge particles, disappearing tracks, displaced vertices, and missing energy
searches. We discuss the applicability of these searches to conversion-driven freeze-out and derive current
constraints highlighting their complementarity. For the displaced vertex search, we demonstrate how a
slight modification of the current analysis significantly improves its sensitivity to the scenario.
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I. INTRODUCTION

Conversion-driven freeze-out (CDFO) or coscattering
[1,2] constitutes an appealing mechanism to explain the
measured dark matter (DM) density [3] going beyond
the widely studied paradigm of weakly interacting particles
(WIMPs). The considerably smaller couplings required by
this scenario render it consistent with the null results of
WIMP searches. They also support out-of-equilibrium
conditions in the early Universe offering a compelling link
to baryogenesis [4]. Interestingly, the mechanism predicts
long-lived particles (LLPs) at the LHC, typically with
decay lengths of the order of (10~ — 1) m. Unlike other
feebly coupled DM scenarios yielding LLPs, the conver-
sion-driven freeze-out mechanism requires DM masses
below a few TeV, potentially exposing its entire parameter
space to current and future collider searches.

A simple realization of the mechanism can be found in
so-called #-channel mediator DM models supplementing
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the standard model (SM) with a gauge singlet DM particle
X and a coannihilating partner Y that mediates the DM
interactions with the SM via a Yukawa coupling involving
X, Y and a SM fermion, e.g., a SM quark as considered
here. Intriguingly, within this class of models, the WIMP
region is almost entirely excluded by the complementary
constraints from the relic density and indirect and direct
DM detection searches [5], rending the conversion-driven
freeze-out region to be the prime target for investigations
within those models at the LHC.

For the considered case of a quark-philic model, the
mediator-pair production cross section at the LHC is
sizable. Its nonprompt decay potentially gives rise to a
prominent LLP signature including the (anomalous) track
of Y as well as the displaced quark and the missing energy
from its decay, ¥ — Xq. However, while the predicted
range of lifetimes coincides very favorably with the range
of displacements resolvable by LHC detectors, the rela-
tively small mass splittings between Y and the DM particle
X required by the mechanism—typically a few tens of
GeV—can pose severe challenges for probing the sce-
nario with current search strategies, specifically for inter-
mediate to small lifetimes. The quark coming from the
decay of the produced mediator is relatively soft, roughly of
the order of the mass splitting. This signature of soft
displaced jets constitutes a blind spot in the current search
program.

Published by the American Physical Society
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In this paper, we discuss the sensitivity of several search
strategies to this scenario covering the entire range of
possible lifetimes.'

(i) Searches for heavy stable charged particles through
anomalous ionization and time-of-flight measure-
ments are fairly inclusive, relying only on the track
of a slow-moving (heavy) charged particle [14].
Current searches are, however, sensitive only to
decay lengths larger than around a meter.

(i1) Searches for disappearing tracks, which target
charged tracks without hits in the tracker outer
layers [15,16]. These searches have focused on
wino-/Higgsino-like DM, where an ultrasoft pion
is radiated in the decay of the chargino. These
searches are typically most sensitive for decay
lengths of around a few tens of centimeters.

(iii) Searches for displaced jets have been performed
with or without missing energy [17,18]. Potentially
they can provide promising sensitivity in the range
4 mm < ¢t <30 cm.

(iv) Finally, missing energy searches [19] may compete
for very small decay lengths, i.e., ¢z < mm. Their
sensitivity may, however, be extended toward larger
lifetimes if the displaced objects are too soft and are
considered as pileup.

We critically assess the capability of the current search
program to probe CDFO for all four classes of searches
above and suggest ways to close the gaps and improve on
the current searches to better target the CDFO scenario.
Earlier efforts addressing this task can be found in [20].

The remainder of the paper is structured as follows. In
Sec. II, we introduce the model considered in this work and
discuss its cosmological constraints. Sections III and IV
discuss the model signatures and derive the current con-
straints from searches at the LHC, respectively. Finally, we
propose a modified displaced jet search and demonstrate
the significant improvement of sensitivity toward small to
intermediate lifetimes in Sec. V before concluding in
Sec. VI. Appendix A lists the cut flows of the considered
analyses and Appendix B presents estimates for the high
luminosity LHC.

The recasting code, input files and additional informa-
tion required for reproducing the results presented here are
available in the Zenodo [21] and GitHub [22] repositories.

II. BENCHMARK MODEL AND VIABLE
PARAMETER SPACE

We consider an extension of the SM by a singlet
Majorana fermion X and a scalar mediator Y, both of

"This list contains only references to the searches used in this
study. In the given categories, other full-luminosity LLP searches
can be found in Refs. [6-11]. We would also like to mention
the searches for delayed jets [12] and mildly displaced low-
momentum tracks [13], which, however, are not considered here,
as we do not expect them to significantly change our results.

which are odd under a new Z, symmetry. The mediator Y
has the same gauge quantum numbers as a right-handed
SM quark, gg, allowing for the Yukawa-type interaction

Lin = AxYqrX + H.c. (1)

Additionally, the mediator interacts via the SU(3), and
U(1)y SM gauge fields. The symmetries also allow for a
Higgs portal interaction of ¥ whose impact can, however,
be neglected for our study assuming that the respective
coupling is small compared to the strong coupling. We
assume that my > my, rendering X a stable DM candidate.
For concreteness, we consider g = b; i.e., the mediator
couples to the b quark only. This model belongs to the
class of t-channel mediator models (see, e.g., [23]) which
are being actively studied in the context of LHC DM
searches [5].

Despite the model’s simplicity, it provides a rich variety
of mechanisms to explain the relic density ranging from
canonical freeze-out to scenarios of nonthermalized DM.
We focus on the regime of conversion-driven freeze-out
requiring a very small DM coupling, Ay, typically of the
order of 1070 [1]. In this regime, the DM annihilation rate is
insignificant over the entire DM freeze-out process such
that the DM abundance is governed solely by conversion
processes between X and Y which include decays and
inverse decays Y <> Xq, as well as scatterings off SM
particles, e.g., Yg <> gX. In fact, in conversion-driven
freeze-out their rates are semiefficient, such that conver-
sions initiate the chemical decoupling of DM and hence
determine the freeze-out abundance. This mechanism
opens up a viable parameter space toward small mass
splitting Am = my — my, typically up to a few tens of
GeV—a region in which efficient conversions would lead
to underabundant DM. Interestingly, while avoiding con-
straints from direct and indirect detection, the required very
small coupling is still large enough to thermalize DM, thus
distinguishing this scenario from the regime of nonther-
malized DM where the abundance may be explained by
freeze-in [24,25] or superWIMP production [26,27].

The cosmologically viable parameter space, Qh> = 0.12
[3] is shown in Fig. 1. This result was obtained using and
extending the computation from Ref. [28]. In particular,
we solved the coupled set of Boltzmann equations for the
abundances of X and Y while taking into account
Sommerfeld enhancement and bound state formation
effects considering excitations up to a principal quantum
number n = 15 in the approximation of inefficient bound-
to-bound transitions; see Ref. [28] for details.” Bound state
effects are highly important for the freeze-out dynamics in

*While the inclusion of bound-to-bound transitions can have a
large effect at small temperatures [29], they have a minor effect
on the parameter space of interest here, i.e., my <1 TeV, as late
annihilations are less important toward smaller DM masses.
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FIG. 1. Cosmologically viable parameter space, Qpy/4> =0.12,

in the WIMP region (above the solid black line) and conversion-
driven freeze-out region (below the solid black line). The color
code denotes the Y decay length in the latter region. The gray
shaded area shows the 90% confidence level (CL) direct detection
exclusion from the LZ Collaboration [30].

this scenario, largely extending the viable parameter space,
in particular, toward large DM masses.

The solid black line in Fig. 1 denotes the boundary
between the WIMP region (above) and the conversion-
driven freeze-out region (below). At the boundary the
required coupling drops by many orders of magnitude,
from the weak coupling regime with Ay ~ 0.1 to the CDFO
regime with Ay ~ 1076, The color code shows the resulting
decay length of the mediator Y in the latter region, which
ranges from millimeters to around a meter. Note that in our
analysis we restrict ourselves to the region Am > 6 GeV
for which the two-body decay of the mediator is open.
For Am below the mass of the lightest B meson,
mp ~ 5.3 GeV, the mediator decay is four-body (or loop)
suppressed, rendering the mediator detector stable. In the
WIMP region decays are prompt. The gray shaded regions
denote 90% CL direct detection exclusion region from
LZ [30], which are relevant only in the WIMP regime. We
use MADDM [31] for the computation of the direct detection
cross section.

Interestingly, the viable CDFO parameter space is
restricted to my <4 TeV [28] (the maximum of which is
reached in the region Am — 0 not displayed here), and
hence defines a fully testable target for upcoming and future
collider searches. This constitutes another difference to the
case of nonthermalized DM where—within the considered
model—the mediator can be as heavy as 10° GeV [32],
leaving the bulge of the parameter space inaccessible for
tests at laboratory experiments in the foreseeable future.

While focusing on the case ¢ = b here, we mention that
the cases ¢ = u, d, s, ¢ are expected to provide very similar
results. The main difference concerns the position of the
aforementioned two-body decay threshold, which is at
a smaller Am for the lighter quarks. In addition, for the
first-generation quarks, direct detection limits are even
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FIG. 2. Total production cross section for pp — Y'Y at the
LHC with a center of mass energy of 13 TeV. The cross section is
computed at next-to-next-to-leading order (NNLO) plus next-to-
next-to-leading-logarithmic order using NLLFAST [38].

stronger than the ones shown in Fig. 1, excluding almost
the entire WIMP region [5]. The case ¢ =t leads to a
qualitatively different phenomenology, as m, > Am in the
entire conversion-driven freeze-out regime; see Ref. [33].

III. SIGNAL AT THE LHC

As the mediator Y is color charged, its pair production
cross section at the LHC is sizable even at my ~ TeV,
as shown in Fig. 2. Before verifying the LHC constraints
from current ATLAS and CMS searches, it is useful to
identify the main features of the CDFO signal which can be
relevant for these searches. To compute the signal distri-
butions, we generate Monte Carlo (MC) events at tree level
for the process pp — Y'Y +0, 1 jets, with ¥ — bX.
We use the MLM matching scheme with a matching
scale set to Q. = my/5. The events are generated using
MADGRAPH5_AMC@NLO [34,35] for the parton level
process with the parton distribution function set
NNPDF23_NLO_AS_0130, PYTHIA 8 [36] for showering and
hadronization and a modified DELPHES [37] version for
detector simulation and jet clustelring.3 The total cross
section is normalized to its NNLO value, which was
computed using NLLFAST [38].

As discussed in Sec. II, the cosmologically viable
parameter space within the CDFO predicts a macroscopic
mediator decay length, O(mm) < ¢z < O(m). In this
region, the pair-produced mediators form R hadrons [39]
from which around 44% are electrically charged.4 As seen
in Fig. 1, the mediator decay length rapidly decreases with
Am. The decay length distributions for two benchmarks
with Am = 31 and 8 GeV are shown in Fig. 3 (upper left

The changes in DELPHES were made to include additional
information related to long-lived particles, which are relevant
for computing the LHC constraints.

“The Y hadronization and decay is computed using the default
R-hadron implementation of PYTHIA 8.
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Kinematical distributions for the 13 TeV LHC. Upper left panel: decay length distribution (in the lab frame) for charged R

hadrons. The blue histogram shows the distribution for a benchmark with ¢z ~ 1 cm, while the orange histogram has ¢z ~ 30 cm. Upper
right panel: jet py distributions for prompt (blue line) and displaced (orange line) jets. The jets satisfy pr(j) > 25 GeV and |5(j)| < 3.
Lower left panel: number of jets distributions for prompt (blue line) and displaced (orange line) jets. The jets satisfy pr(j) > 25 GeV

and |5(j)| < 5. Lower right panel: missing energy distribution.

panel). For small Am, a sizable fraction of charged R
hadrons decay outside the tracker ([ = 50 cm), thus
leading to highly ionizing tracks. The fraction of charged
R hadrons decaying within the tracker, but still traversing a
sufficient number of inner layers, can lead to disappearing
tracks since their decays mostly lead to missing energy. For
larger Am values, the b-jets from the R-hadron decays can
carry more energy, leading to events with displaced b-jets
and missing energy. However, since Am < 40 GeV is
required by the CDFO mechanism, the displaced jets are
relatively soft and pose a challenge to searches for this
signature. Thus, to satisfy minimum trigger requirements,
hard jets from initial state radiation (ISR) are usually needed.

Since the signal contains displaced jets from the
R-hadron decays and prompts jets from ISR, it is relevant
to distinguish between those. This is not always easy to
achieve within the experiment, since soft and displaced
tracks can be assumed to originate from pileup and removed
from the event. In addition, the definition of displaced and
prompt jets is analysis dependent. Nonetheless, as a way to
illustrate the signal features, we identify jets as displaced if

they have a small AR separation to one of the b quarks from
the Y decay. The specific requirements for tagging a jet as
displaced are

pr(j) > 20 GeV, maxAR(j, b)) < 0.3,

Ryy(j) > 4 mm, (2)

where b)), i = 1, 2 represents the b quarks from ¥ decays.
The transverse jet displacement, R,,(j), is then taken to be
the same as the displacement of the closest b quark. We point
out that this prescription is similar to the one used for
recasting the displaced jet search in Ref. [18]. The jets which
do not satisfy the above criteria are then classified as prompt.

In Fig. 3 (upper right panel) we show the pr distributions
for the displaced and prompt jets for a benchmark point
with my = 481 GeV, Am = 31 GeV, and a coupling 1y =
3.9 x 1077 required by QA? = 0.12. The point’s (proper)
decay length is ¢z = 0.85 cm, and its production cross
section at the 13 TeV LHC is o(Y'Y) =0.76 pb. As
expected, the displaced jets have a much softer distribution

015031-4
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FIG. 4. Distribution of mpy and ny, for the benchmark my =
481 GeV, Am =31 GeV, and 1y = 3.9 x 1077,

due to the mass compression. The number of displaced jets
in each event is shown in Fig. 3 (lower left panel) and is
significantly smaller than the number of prompt jets once
we impose the minimal jet requirements: p1(j) > 25 GeV
and |5(j)| < 5. While the largest fraction of events does not
contain any (hard) displaced jets, the number of prompt jets
peaks at n(j) = 3. Since Y also decays to DM, we expect
the signal to contain a sizable fraction of missing energy.
Figure 3 (lower right panel) shows the s distribution for
the same benchmark. Despite the ¥ mass being 481 GeV,
the missing energy spectrum peaks below 100 GeV due
to the small Am, resulting in a softer distribution when
compared to noncompressed models.

Finally, searches involving displaced jet (or displaced
vertex) signatures often require the displaced vertex (DV)
to contain a minimum number of charged tracks (n,) and a
minimum invariant mass of the DV’s tracks (mpy) in order
to reduce the physical and instrumental backgrounds. The
corresponding distribution for the benchmark discussed
above is shown in Fig. 4, where we see that most events
have mpy <5 GeV and ny ~5. Once again the mass
compression leads to a small mpy, which makes it
challenging to distinguish the signal from the SM back-
ground, e.g., SM bottom pair production.

IV. CURRENT LHC CONSTRAINTS

To determine the region of parameter space still allowed
by current LHC data, we consider the four searches listed
in Table I: searches for heavy stable charged particles
(HSCPs), disappearing tracks (DTs), displaced jets (with
and without missing energy), and prompt jets plus missing
energy. The searches have been recast using the informa-
tion and parametrized efficiencies provided by the exper-
imental collaborations® and the event generation tools

A validation of the ATLAS LLP searches can be found
in Ref. [40].

TABLE I. Summary of the LHC run II searches considered in
this work. See the text for details.

ID Signature Luminosity
ATLAS-SUSY-2018-42 [14] HSCP 139 fb~!
CMS-EXO-19-010 [15] DT 101 fb~!
CMS-EX0-16-044 [16] 38 fb!
ATLAS-SUSY-2016-08 [17] DV plus Efpiss 32.8 fb!
ATLAS-SUSY-2018-13 [18] DV plus jets 139 fb~!
CMS-EX0-20-004 [19] Jets plus ERiss 138 fb!

mentioned in Sec. III. In addition, the recasting of the
CMS Collaboration disappearing track searches [15,16]
was done using the MADANALYSIS 5 simplified fast detector
simulation framework [41] based on a previous implemen-
tation [42] of this search available in the MADANALYSIS 5
Public Analysis Database. The relevant event selection
criteria for all searches we discuss in the following can be
found in Appendix A.

A. Heavy stable charged particles

Searches for HSCPs can be sensitive to the compressed
region of the CDFO parameter space, where the Y decay
length takes its largest values (see Fig. 1). The ATLAS
search in Ref. [14] looks for this type of signature and is
able to constrain HSCPs with decay lengths of 0.5 m or

miss

higher. The trigger requires ETS, > 170 GeV, where

E%“C‘jlo corresponds to the missing energy computed using
the calorimeter deposits, which does not include the
charged LLP if it decays outside the calorimeter. In
Fig. 5, we show the signal efficiency after the relevant
cuts for a benchmark with small Am and ¢z ~0.3 m. We

see that the requirement of charged R hadrons reduces the

my = 808 GeV, my = 800 GeV, ¢7 = 29.43 cm

=@®=— ATLAS HSCP (inclusive high SR)
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FIG. 5. Cut flow for the ATLAS searches for heavy stable

charged particles (HSCPs). The efficiency corresponds to the
signal acceptance times the efficiency after each selection cut.
The results are for a benchmark model with m, = 808 GeV,
Am =8 GeV, and 7(Y) = 0.98 ns.
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signal only to about 70%, while the trigger and event
selection further reduces it to 20%. Although the decay
length is close to the largest ones occurring in the
considered parameter space, the cut on the LLP displace-
ment (R,, > 500 mm) has a significant impact, reducing
the efficiency to 1.5%. Finally, the track and mass window
requirements result in a final efficiency of about 0.2%. This
value quickly drops for larger Am values, i.e., smaller
lifetimes. In Fig. 9 we show a region in parameter space
consistent with conversion-driven freeze-out (the black
curve) and the region excluded by the HSCP search (the
purple curve). As in Fig. 1, the Y lifetime (or Ay coupling)
for each point in parameter space is fixed by requiring the
correct DM relic abundance. As we can see, the search
can only constrain the region with Am <15 GeV. We
point out that the recasting information provided by
ATLAS only allows us to recast the inclusive signal
regions, which slightly underestimates the constraints.
Also, for ¢z < 0.3 m, mass windows are defined only
for my;p > 200 GeV. This explains the sudden drop in
sensitivity in this region.

B. Disappearing tracks

Disappearing track searches focus on charged particles
with intermediate lifetimes (cz ~ 10-100 cm), partially
reconstructed in the tracker but without large calorimeter
deposits. The CMS disappearing track search [15] targets a
model with a long-lived chargino decaying into a neutralino
plus an ultrasoft pion. It spans three datasets: 2017, 2018A,
and 2018B (the last two corresponding to pre- and post-
hadronic end cap calorimeter malfunction), with the recast-
ing implemented in [42] also incorporating the 2015 and
2016 datasets [16], thus including the full run II luminosity.
In the conversion-driven freeze-out case, the compressed
spectrum leads to an R hadron decaying into DM plus a
soft b-jet, which can meet the criteria for the search if
the R hadron is charged and the tracks associated with the
b-jet have a large enough angular separation to the R hadron.

The trigger for the DT search requires pT's* > 120 GeV
or pMiss > 105 GeV and an isolated track with pr above
50 GeV. Owing to the possibility of identifying the
candidate track as a muon, another trigger was imple-

mented requiring p?m’% > 120 GeV, where p?lss"/ is the
negative vector sum over all nonmuon transverse momenta
in the event. Candidate tracks must be associated with the
primary vertex and must satisfy pp > 50 GeV, || < 2.1.In
addition, the tracks must be isolated, i.e., the scalar pr sum
of tracks inside a AR = 0.3 cone of the candidate track has
to be smaller than 5% of the candidate pT.6 Tracks are

*We point out that only tracks coming from the primary vertex
are considered when the scalar sum is computed. Therefore,
displaced tracks, e.g., tracks associated with displaced b-jets, do
not contribute.

assigned a missing hit if they are reconstructed as passing
through a functional tracker layer but with no associated
recorded hit. Background mitigation requires candidate
disappearing tracks to have hits in all pixel layers and no
missing hits between its inner and outermost recorded hits.
A candidate track is tagged as disappearing if (1) the sum
of all calorimetric energy within AR < 0.5 of the track
(E5R<03) i3 less than 10 GeV and (2) it has at least three
missing hits. Signal regions are then defined by the number
of layers hit by the disappearing track: nj,. =4 (SR1),
Niayer = 5 (SR2), and nypger > 6 (SR3).

It is important to note that the standard wino/Higgsino
signal assumed in DT searches can differ significantly from
the signal considered here. While the chargino decays to
DM and an ultrasoft pion, the ¥ mediator decays to DM
plus a b quark, which can carry some visible energy
depending on Am. Some of the tracks generated by the
b hadrons and their decays can have hits along the
candidate track direction, thus reducing the number of
missing hits. To take this effect into account, we impose an
additional isolation cut: AR(trk, b) > 0.2, where b is one of
the Y decay daughters. Although this is likely conservative,
it allows us to apply the DT search to the conversion-driven
freeze-out signal.

Following Ref. [15], each signal region is treated as un-
correlated and combined across different datasets weighted
by luminosity. From the resulting combination, the nominal
exclusion limit is taken as the most stringent among the
ones computed for each of the three regions. The SR3,
corresponding to the longest decay lengths, has the most
exclusion power due to the small expected background.

The impact of the DT selection cuts on the signal
efficiency is shown in Fig. 6. The trigger and jet selection
reduces the signal to about 20%. Although the isolated

my = 808 GeV, myx = 800 GeV, ¢ = 29.43 cm
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FIG. 6. Cut flow for the CMS search for disappearing tracks
(DTs) using the same benchmark as Fig. 5 and the 2018B dataset.

hit . corresponds to the number of missing hits beyond the
outermost recorded hit of a candidate disappearing track. njyye

quantifies the number of tracking layers with recorded hits.
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corresponds to the signal acceptance times efficiency after each selection cut. The results are for a benchmark model with

my = 481 GeV, Am = 31 GeV, and z(Y) = 0.03 ns.

track selection is relevant for removing fake disappearing
track candidates, it has no significant impact on the signal.
The most relevant cuts refer to the number of hits in the
pixel and outer layers. The full pixel layer reconstruction
and the minimum number of missing hits typically imply
that the DT search is sensitive to decay lengths (in the lab
frame) between 16 and 100 cm. For this benchmark,
requiring that all the pixel layers have a hit reduces the
efficiency to about 2%, while the requirement for hits in at
least six layers (for SR3) further reduces the efficiency to
~0.5%. We also see that the cut AR(trk, b) > 0.2 imposed
on the signal to ensure that the disappearing condition has a
small effect on the signal, rejecting only around 10% of the
events. Comparing Figs. 5 and 6, we see that the signal
efficiency for the DT search is almost an order of
magnitude larger than the corresponding efficiency for
the HSCP search.
The resulting 95% CL exclusion limit is shown in Fig. 9
as the green shaded region. For Am ~ 6 GeV, where the Y
proper decay length is larger than 30 cm, DM masses of up
to 1100 GeV are excluded. As Am increases and lifetimes
become shorter, the signal regions SR1 and SR2, which
target smaller tracks, become the most relevant. Since the
exclusion power for these regions is smaller, the range of
excluded DM masses quickly drops and, for Am >
25 GeV, the DT search is no longer sensitive. We also
see that, for all the parameter space considered, the DT
track is more sensitive than the HSCP search.

C. Displaced vertices

The ATLAS displaced vertex plus E%iss search [17]
focuses on long-lived particles decaying to hard jets and
invisible states. The main selection cuts include a hard
missing energy cut, EFS > 200 GeV, required by the
trigger. In addition, at least two jets with a small contribution
from primary vertex (PV) tracks are required in the event.

The signal region is then defined by the DV selection, which
includes the mpy > 10 GeV and ny > 5 cuts.

To understand how the CDFO signal efficiency (accep-
tance times efficiency) is affected by these cuts, we show
the efficiency after the main analysis cuts in the left panel of
Fig. 7. As expected, the missing energy and jet selections
(required by the trigger) are very stringent and already
reduce the signal to 10%. The next relevant cut is the
requirement mpy > 10 GeV, which reduces the signal to
about 0.1%. This drastic reduction is expected from the
distribution in Fig. 4, which shows that most of the signal
events have mpy < 5 GeV. After the ATLAS efficiencies
for the event selection and displaced vertex reconstruction
are included, the final signal efficiency is very small,
Esignal = 10~*. Such small efficiencies considerably restrict
the region of the CDFO parameter space which can be
probed by this analysis, as shown by the red curve in Fig. 9.
As we can see, only the region with high values of Am can
be probed by the displaced jet search, since in this region it is
easier to satisfy the mpy > 10 GeV requirement. The search
loses some sensitivity at the highest Am values just at the
edge of the parameter space, because in this region the Y
lifetime drops quickly, resulting in very small displacements.

As the recasting of the DV plus ETS search has been
validated only within the split supersymmetry model
considered in the original search and for larger mass
splittings (see the validation material in Ref. [40]), the
application to our scenario involves significant uncertainty.
Even within the split supersymmetry model the recasting
shows deviations toward the region of small mass splittings
that overestimate the sensitivity up to about ~50% (for
Am = 100 GeV). For illustration, we also show the exclu-
sion curve assuming a 50% reduction of the signal
efficiency as a dotted red line in Fig. 9. In this case the
displaced vertex search can exclude only a very small strip
of the parameter space.
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We point out that the displaced jets plus EF'SS search
discussed above do not make use of the full run II
luminosity. A search for DV using the full run II data is
available [18], but targets events with hard displaced jets
and imposes no ET requirement. The main trigger for
this search requires a large number of hard jets (see
Appendix A). In addition, displaced vertices are required
to satisfy the same mpy and ngy cuts as in the previous
search. In the right panel of Fig. 7, we show the signal
efficiency for the DV plus jets search while assuming the
same benchmark model as before. In this case, since the
signal contains only soft displaced jets, the jet selection
already drastically reduces the signal efficiency to 0.01%.
Once the additional cuts are included, the signal drops to
extremely small values and this search is not able to
exclude any region of the CDFO parameter space.

D. Jets plus missing energy

In the LLP searches discussed above, the requirement of
large lifetimes, large DV invariant mass or multiple hard
jets significantly reduces the signal efficiency in most of the
CDFO parameter space. However, since the displaced jets
are soft, we expect that searches for prompt (ISR) jets plus
E™iss can be sensitive to the CDFO signal as well. Here we
consider the CMS search for missing energy with at least
one hard jet [19]. The search is sufficiently inclusive,
requiring only ET$ > 250 GeV and one jet with pp >
100 GeV. The search also includes a veto on b-jets with
pt > 20 GeV, but since the displaced b-jets present in the
signal are usually soft, they can often satisfy this require-
ment. When recasting this search for the signal considered
here, one must be careful about how the presence of
displaced jets can impact the signal efficiency. If the
displaced tracks are sufficiently soft and displaced, these
can be considered as pileup and removed from the event.
This removal, however, depends on the primary vertex
reconstruction software used by CMS and cannot be easily
reproduced outside the collaboration. In addition, events
with highly ionizing tracks decaying within or after the
calorimeter may impact the E'** reconstruction, depending
on whether or not the tracks are reconstructed as muons.
Therefore, we contemplate the following two approaches
when recasting the CMS search:

(i) Consider displaced jets as prompt and highly ion-

izing tracks are considered as ER,

(i) Veto events with displaced vertices satisfying
pr(j) > 20 GeV and R > 2 mm and/or with at least
one charged R hadron with R > 1 m, where R is the
transverse displacement. We refer to this set of cuts
as the LLP veto.

The signal efficiencies for these two approaches are

shown in Fig. 8, where we see that the trigger and ETs®
requirements reduce the signal to ~10%. Although the b-jet

my = 481 GeV, my = 450 GeV, ¢ = 0.85 cm

@ CMS jets plus Ef™
=@ CMS jets plus B (LLP veto)

10° 4

Efficiency
—
(=1
L
|

102

FIG. 8. Cut flow for the CMS jets plus EX* search with (dark
blue line) and without (bright blue line) the LLP veto.

veto also has a significant impact on the efficiency, the final
signal efficiency is ~2%, which is considerably higher than
that of LLP searches. We also see that the displaced jet veto
imposed by assumption (ii) does not have a significant
impact, reducing the final efficiency from 3% to 2%.
Despite the higher signal efficiency, the SM background
in this case is sizable, unlike the case of LLP searches. The
limits on the signal are computed using the CMS covari-
ance matrix, which allows us to combine the 25 E'* bins
considered by the search. The results with and without the
LLP veto are shown by the dark and light blue curves,
respectively, in Fig. 9. Although the CMS search does not
exploit the displaced objects present in the signal, it still
excludes a considerable fraction of the parameter space.
For Am = 25 GeV it is more sensitive than in the LLP
searches, except for a small region at Am =~ 30 GeV
and my ~ 450 GeV.

CMS jets plus B
—— CMS jets plus B2 (LLP veto)

“+ ATLAS DV plus Ef™ (50% )
—— ATLAS HSCP
—— CMS DT (AR cut)

............................ cT =30 em

0 1000 1250 1500 1750 2000
my (GeV)

75!

FIG. 9. 95% CL exclusion curves for the LHC searches
discussed in Sec. III.
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V. PROPOSED SEARCH FOR SOFT
DISPLACED JETS

As discussed in Sec. IV, the current LLP searches at the
LHC are only marginally sensitive to the CDFO region with
Am Z 25 GeV. In this region, the decay length is too small
to provide sufficiently long tracks required by HSCP or DT
searches. The displaced vertex searches, however, can be
sensitive to decay lengths as small as a few millimeters.
Nonetheless, as discussed in Sec. IV C, the DV searches
have small efficiencies due to two main factors: first, the
stringent requirements on the jet activity and, second,
the hard cut on the displaced vertex invariant mass,
mpy. The first factor is only an issue for the DV plus jets
search, while the mpy > 10 GeV cut significantly reduces
the signal efficiency by at least 1 order of magnitude for
both searches. Therefore, in this section, we investigate
how relaxing the mpy cut can potentially increase the LHC
sensitivity to conversion-driven freeze-out models.

The mpy requirement is important to reduce the instru-
mental background since hadronic interactions in the detec-
tor can lead to a substantial number of SM events with
small mpy [17]. Nonetheless, a slightly weaker require-
ment, such as mpy > 5 GeV, can significantly increase the
sensitivity to the signal while still maintaining a small
background. For convenience, we define the number of
expected background events or observed data for a set of
mpy and ny cuts as

Nsmobs (@ b) = Ny ops(mipy > a GeV, nygy > b).  (3)

Since a proper determination of the SM background for
small mpy can be done only within the experimental
collaboration, here we use the ATLAS data from
Ref. [17] for a rough estimate of the background. To this
end, we first assume that the background mypy distribution
does not change rapidly with the number of tracks. In
particular, we assume that

Nsm(5.5) - Nsm(5.3)
Nom(10.5) = Ngw(10.3)°

(4)

Second, we assume that the measured number of displaced
vertices agrees with the SM prediction,

NSM(S’s) ~ Nobs(5’3)
NSM(1073) Nobs(1073)’

(5)

and, therefore,

Nobs(sv 3)

Novi(5,5) =~
sl3:3) = 10.3)

Nsm(10,5). (6)

The fraction in Eq. (6) can be obtained from the ATLAS
publicly available data [17],

Now(5.3) 28
obs= ) 220015, 7
Nope(10,3) 13 9

while the background for the ATLAS signal region is
Ngm(10,5) = 0.02 + 0.02. Therefore, we estimate

Nem(5.5) 2 0.04 + 0.04, (8)

where we have assumed the background error to be
dominated by the systematical uncertainties; hence, the
same relative uncertainty was applied to our estimated
background. We point out that despite being a rough
estimate, our results are not strongly sensitive to the
background prediction, since it is extremely small and
consistent with zero events observed in the proposed signal
region mpy > 5 GeV and ny > 5.

A second issue related to relaxing the mpy cut concerns
the DV reconstruction efficiencies that are needed for
estimating the signal and were provided only for mpy >
10 GeV. There is no clear way to determine these effi-
ciencies for smaller mpy values. Accordingly, we consider
two different scenarios. In the first one, we assume the
respective DV reconstruction efficiencies to be constant and
equal to the one at mpy = 10 GeV, i.e., following the
nearest neighbor extrapolation,

Epv (5 < % < 10, nlrk> ~ epy (% — 10, ntrk>. (9)

This assumption is likely conservative since the ATLAS
efficiencies depend on the SR definition and suppress
events close to the SR border. Hence, looser cuts would
probably increase the efficiencies for events falling along
the mpy = 10 GeV and ny = 5 border. Therefore, we also
consider a second, more optimistic scenario in which the
vertex efficiency for all mpy and ny values is given by the
average ATLAS efficiency,

epy (Mpy, Nyx) = Epy, (10)

where the average is taken over the ATLAS SR
(mDV > 10 GeV and Nk > 5)

Under the above assumptions we can reevaluate the
reach of the DV plus MET search assuming a slightly
smaller mpy cut. The resulting exclusion for the nearest
neighbor extrapolation is shown as the dark orange curve
in Fig. 10, while the bright orange curve shows the more
optimistic estimate assuming the average -efficiency.
Remarkably, the proposed signal region greatly enhances
the exclusion at Am 2 25 GeV, excluding almost the entire
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—— CMS jets plus EP™ (LLP veto)
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250 500 750 1000 12350 1500 1750 2000
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FIG. 10. 95% CL exclusion curves for the LHC searches
discussed in Sec. III. The dashed curves for the ATLAS DV
plus EMS search [17] correspond to the modified SR with
mpy > 5 GeV.

parameter space with my < 750 GeV.” Furthermore, all of
the LLP searches achieve a comparable reach on my, with
the HSCP and DT searches probing the region with large
lifetimes, while the DV search probes moderate lifetimes.

VI. CONCLUSION

In this article, we studied the LHC signatures of a
quark-philic z-channel mediator dark matter model in the
conversion-driven freeze-out regime where very weak
couplings explain the measured relic density. The scenario
predicts long-lived particles with lifetimes O(mm) < ¢z <
O(m) paired with a relatively small mass splitting between
the long-lived particle and the dark matter particle it decays
into. This combination has not been targeted by current
LHC searches thus far. Accordingly, we first investigated
how current searches constrain the model. We considered
searches for heavy stable charged particles, disappearing
tracks, displaced jets (with and without missing energy),
and prompt jets plus missing energy spanning the entire
range from large to small decay lengths.

We found that the HSCP search, seeking the most
inclusive signature of the aforementioned ones, can easily
be reinterpreted within our model as it does not rely on the
products or kinematics of the decay. However, while
providing strong constraints in the detector-stable limit,
for the lifetime range focused on in this work, its 95% CL
exclusion limit is fully surpassed by limits from the

"Note that within the assumptions of our analysis the signifi-
cant increase in sensitivity is robust against the recasting
uncertainties mentioned in Sec. IV C. While a 50% reduction
of the signal efficiency reduces the excluded DM mass by around
50 GeV, the relative gain due to the changed mpy cut remains
roughly the same.

considered disappearing track search. The latter constrains
DM matter masses up to around 1100 GeV for the smallest
mass splitting considered in our analysis corresponding to a
decay length of roughly a meter. The sensitivity of this
search decreases toward larger mass splittings, i.e., smaller
lifetimes. Still, it provides the strongest limit up to a mass
splitting of around 23 GeV (cz~ a few centimeters), where
searches for prompt jets plus missing energy take over.
Since these prompt searches do not exploit the LLP
nature, they provide a relatively weak limit, around my <
400 GeV, despite the sizable cross section for mediator-
pair production.

The region with decay lengths smaller than a few centi-
meters would most promisingly be probed by searches for
displaced vertices. However, current searches are designed
to be most sensitive to hard displaced jets. Hence, we found
that the search without EX'* does not show any sensitivity
to our scenario while the search including E' can barely
compete with the limit from prompt searches. This lack of
sensitivity is due to the significantly softer jets arising from
the long-lived particle decay in our scenario compared to
the target scenario of the searches. In particular, the cut on
mpy > 10 GeV removes most of our signal.

We demonstrate that a significant improvement of sensi-
tivity can be achieved by a slight reduction of this cut,
mpy > 5 GeV. Interestingly, according to our estimates
based on the data reported by ATLAS, this reduction retains
a sufficient suppression of the SM background. Performing
the analysis with the modified cut, we find that this analysis
provides the strongest limits for the entire region above
Am ~ 17 GeV, corresponding to ¢z ~ 10 cm, and reaches
DM mass up to around 800 GeV in the regime of small
lifetimes. These findings suggest including a signal region
with loosened cuts in mpy in future analyses at the LHC.

The above discussion shows that exploiting the com-
plementarity between different searches is key to fully
probing the parameter space of conversion-driven freeze-
out. Dedicated future searches may utilize the combination
of the signatures of an anomalous (disappearing) track,
a displaced vertex, and missing energy to further gain
sensitivity in the intermediate range of lifetimes. Note that
the combination of the first two shares similarities with a
kinked track search. Furthermore, timing information could
be exploited, as is already done in searches for delayed
jets [12]. As a cosmologically viable realization of CDFO
within the considered model restricts the new particles’
masses to below roughly 4 TeV; hence, upcoming and
future colliders provide promising prospects for fully
probing the scenario with dedicated searches such as the
one proposed here.
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APPENDIX A: CUT FLOWS

In this Appendix, we present the event selection cuts for
the searches considered in this work. Note that only the
most relevant cuts are shown and that in some cases quality
requirements for reconstructed objects are included as
parametrized efficiencies provided by the collaborations.
Table II displays the HSCP selection from Ref. [14], while
Table III shows the cuts for the CMS DT search from
Ref. [15]. The selection criteria for the displaced vertex
searches from Refs. [17,18] are shown in Tables IV and V,
respectively. Finally, the CMS jets plus ETS selection is
shown in Table VI.

TABLE II. ATLAS selection for the HSCP search [14]. In the
selection above dE/dx is in units of MeV g~! cm?. The trigger
and event selection, dE/dx cuts, and mass window selection were
implemented using ATLAS parametrized efficiencies.

ATLAS HSCP

Inclusive low SR Inclusive high SR

Trigger and EPss > 170 GeV
event selection
HSCP selection pr > 120 GeV
7] < 1.8
R, > 500 mm
Track selection 1.8 <dE/dx <24 dE/dx > 2.4

i i+1 i+1
me [mLow’ mLow}

. i
Mass window me [mHigh7 mHigh}

TABLE III. CMS selection for the disappearing track search
[15]. Missing hits are split based on their relative position: between
the primary vertex and the innermost recorded hit (inner), between
the inner and outermost recorded hit (mid), or beyond the
outermost recorded hit (outer).

CMS DT

‘ pgrniss > 120 GeV
or pyis > 105 %GeV, n(trksg) > 1
or pr | >120 GeV

n(jio) 2 1, [n(jio)l <24
Ap(pr(ji).pr™) > 0.5
Ap(Ja, Jp) <25,a#Db

Trigger

Jet selection

(Table continued)

TABLE III. (Continued)

CMS DT
Isolated track pr > 55 GeV, | < 2.1
selection (X2 jzi Prj)/Pri < 5%
Full pixel layer e =0
reconstruction
No inner/middle ?ni;er =0, gﬁ =0

missing hits
Displaced track |dy(trk)| < 0.2 mm
|d.(trk)| <5 mm
AR(trk, jz0) > 0.5
AR(trk, 1) > 0.15
EAR<03 <10 GeV

. . hit
Outer missing hits outer = 3

Jet veto
Lepton veto
Calorimeter isolation

Signal region 1 Nigyer = 4
Signal region 2 Nayer = 5
Signal region 3 Njayer = 6

TABLEIV. ATLAS selection for the displaced jets plus missing
energy search [17].

ATLAS DV plus ERiss
EXiss > 200 GeV

pr(j1) > 70 GeV
pr(j2) > 25 GeV
D_PV tracks P < 5 GeV
(applied to only 75% of events)

EMiss cut

Jet selection

DV selection 4 mm < Rpy < 300 mm
|zpv| < 300 mm
max (dy(track)) > 2 mm
Nigacks = 5

mpy > 10 GeV

TABLE V. ATLAS selection for the displaced jets plus multiple
jets search [18].

ATLAS DV plus jets
High PT SR

n(jas0) = 4
or n(jios) =5
or n(ji16) > 6
or n(joy) =7

Trackless SR

n(jiz7) > 4
or n(jio1) =5
or n(jgs3) > 6
or n(jss) > 7

n(jz) =1
or n(jsp) > 2

Jet selection

Disp. jet selection

4 mm < Rpy < 300 mm
|zpv| < 300 mm
max (dy(track)) > 2 mm
Miracks > 5
mpy > 10 GeV

DV selection
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TABLE VI. CMS selection for the jets plus missing energy
search [19].
CMS Jets plus ERiss
EMiss cut EMiss > 250 GeV
Electron veto n(e) =0
pr(e) > 10 GeV
[n(e)| <2.5
Muon veto n(u) =0
pr(u) > 10 GeV
n(p)| <24
Tau jet veto n(zr) =
pr(r) > 18 GeV
[n(7)] <2.3
b-jet veto n(b) =0
pr(b) > 20 GeV
[7n(b)| < 2.4

Jet selection Agp(jy, EFs$) > 0.5 rad
pT(jl) > 100 GeV
n(ji)| <24

Mitigation cuts

APPENDIX B: PROJECTION
ESTIMATE FOR THE HIGH
LUMINOSITY LHC

The High Luminosity LHC (HL-LHC) aims for achieving
a total luminosity £ = 3 ab~!. Since the LLP searches have
a small background and their sensitivity is usually limited by
the signal yields, the increase in luminosity can significantly
increase their sensitivity to the CDFO scenario.

To estimate the projected HL-LHC reach we consider a
luminosity of 3 ab™! and make the following simplifying
assumptions:

(i) The number of observed events agree with the

expected SM background (Nyps = Ny,).

(i1) The signal and background yields directly scale with

luminosity as Ny, o L.

High luminosity LHC (£ = 3 ab™!)

—— CMS jets plus Ef™ (LLP veto)

—— ATLAS DV plus B

—— CMS DT (AR cut)

N ATLAS DV plus E™* (average)
=== ATLAS DV plus Efs

(nearest)

= cT=30cm ...

1000 1250 1500 1750 2000
myx (GeV)

750

FIG. 11. Estimated projections for the 95% CL exclusion limits
at the High Luminosity LHC (see the text for details).

(iii) The background uncertainties are dominated by
systematical errors and scale as &, o L. In addition,
for the CMS jets plus the ER covariance matrix
(Ci)), we assume that C;; o< £2.

Note that detector upgrades and the high luminosity
environment will likely affect the search sensitivities, but
trying to account for these issues is beyond the scope of this
work. In Fig. 11, we show the expected 95% CL exclusion
limits obtained under the assumptions above. The HSCP
reach is subdominant in all of the displayed parameter space,
so we do not show it here. Note that the estimated gain in
sensitivity for the CMS jets plus EXsS search is much smaller
than the gain for the LLP searches. This behavior is expected
since the LLP searches are limited by statistics, while the
CMS search already has large signal and background rates at
current luminosities. Finally, we point out that the estimated
gain in the exclusion limit from a looser mpy cut has an
equally significant impact at the HL-LHC, extending the
overall reach to up to my ~ 1.2 TeV. It is therefore expected
that a large portion of the allowed parameter space could be
probed at the HL-LHC.
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