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ABSTRACT: We propose simple freeze-in models where the observed dark matter abundance
is explained via the decay of an electrically charged and/or coloured parent particle into
Feebly Interacting Massive Particles (FIMP). The parent particle is long-lived and yields a
wide variety of LHC signatures depending on its lifetime and quantum numbers. We assess
the current constraints and future high luminosity reach of these scenarios at the LHC
from searches for heavy stable charged particles, disappearing tracks, displaced vertices and
displaced leptons. We show that the LHC constitutes a powerful probe of freeze-in dark
matter and can further provide interesting insights on the validity of vanilla baryogenesis
and leptogenesis scenarios.
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1 Introduction

The frozen-out Weakly Interacting Massive Particle (WIMP) picture has dominated the
dark matter (DM) model building scene for the last 30 years. Among its attractive features
is the fact that it relates the measured DM abundance [1] to a particle with SU(2); weak
couplings and weak scale masses (m, ~ O(100 — 1000) GeV), an energy at which physics
beyond the Standard Model (SM) may manifest itself. However, the lack of any conclusive
and undisputed signals at colliders [2, 3] as well as direct detection [4-7] and indirect
detection [8, 9] experiments has put this beau ideal under siege. Indeed, most of the
simplest models of WIMP-type dark matter [10-13] are currently under substantial tension
with null experimental evidence, and many of the surviving scenarios are expected to be
probed in the near future or, eventually, at a future facility (see e.g [14-20]).



While evading these constraints within the freeze-out framework will, most likely, re-
main possible over the next few decades either by increasing the DM mass or by rendering
the “dark sector” more complex [21-25], another route is to instead consider alternative
dark matter production mechanisms in the early Universe [26]. Among the various pro-
posed mechanisms, the freeze-in picture [27, 28] is a particularly interesting possibility,
since it constitutes a relatively simple scenario to explain the observed DM abundance in
the Universe that can be invoked in numerous well-motivated extensions of the SM (see
e.g. [29-35]). The main idea behind freeze-in is that dark matter production is driven by
processes involving tiny couplings, y ~ O(10712 — 10~7), which never allow it to attain
chemical equilibrium with the SM thermal bath during the cosmic evolution. Given the
extremely weak interactions between the two sectors, freeze-in dark matter candidates are,
in general, compatible with the current null results from direct and indirect searches and
the phenomenology of such Feebly Interacting Massive Particle (FIMP) dark matter is
more challenging than that of WIMPs [36]. Nonetheless, in the case where the interaction
between DM and the SM is mediated by light enough particles, conventional direct de-
tection experiments could test substantial parts of the freeze-in parameter space [37-39],
whereas some freeze-in scenarios could even give rise to observable signals in indirect dark
matter searches [40]. Lastly, collider signatures can arise quite straightforwardly in a vari-
ety of freeze-in models, motivating extremely interesting searches at the LHC [28, 41, 42].
In particular, assuming that DM production occurs via the decays of a new particle Y
with sizable couplings to the SM along with some visible (i.e: SM) daughter particle X,
Y — DM + X, then: (i) since the particle Y was in equilibrium with the SM in the early
Universe, it can potentially be copiously produced at colliders. (i) due to the smallness
of its coupling to DM, Y should be fairly long-lived and give rise signatures in the LHC
detectors that are different from prompty decaying particles.

For similar reasons as those that have lead to a critical reevaluation of the WIMP
picture as the dominant explanation for the abundance of DM in the Universe, namely the
lack of conclusive signals in prompt LHC searches for physics beyond the SM, in the last few
years there has been an upsurge of interest in searches for Long-Lived Particles (LLPs) at
the LHC and beyond (see e.g. [43, 44]). While LLP searches have been conducted at hadron
colliders already since Tevatron times [45-53], the results have typically been presented in
terms of concrete SUSY incarnations, which render their reinterpretation complicated, if
not impossible. It is indeed true that the LLP community has recently put a substantial
amount of effort into providing “model-independent” recipes to recast the existing searches
for arbitrary models. However, current prescriptions are still not exhaustive and can only
be applied to models with some similarity to the benchmark model in terms of which the
results are presented (see e.g. [44] for more details on this matter).

Likewise, although numerous freeze-in models have been presented in the literature,
and although some facets of the collider phenomenology of such models have been pointed
out [41, 42, 54, 55], a systematic exploration of the collider signatures predicted by freeze-in
scenarios is largely wanting.

It is still unclear which regions of parameter space of freeze-in models can be probed by
different LHC LLP searches, how these searches could be optimised in order to target freeze-



in models and what would be the optimal way to present experimental results in order to
render them as widely applicable as possible. In this spirit, any attempt to build — simple,
yet fairly generic — freeze-in models involving LLPs, to extract their predictions, to recast
LLPs searches in terms of these models and to propose avenues for the further optimisation
of these searches provides valuable information for theorists and experimentalists alike.

In this paper we propose simple and fully consistent freeze-in dark matter models that
can be probed at the LHC, generalising our preliminary results from [56]. In all models, the
dark matter sector can be populated via the decay of an electromagnetic- or colour-charged
particle into DM along with a (collider-visible) SM particle. The decay, being non-prompt,
gives rise to a multitude of LHC signatures, depending on the SU(3). x SU(2); x U(1)y
transformation properties and the lifetime of the parent particle. We recast LHC searches
based on these signatures, demonstrate their capacity to constrain different regions of the
cosmologically favoured parameter space of our models and highlight their complementar-
ity. We moreover provide projections for the High Luminosity LHC (HL-LHC) sensitivity
and discuss ways to optimise relevant searches. In addition to the LHC results we also high-
light the interesting interplay between freeze-in dark matter, LHC searches for long-lived
particles and the origin of the matter-antimatter asymmetry of the Universe.

The paper is structured as follows: in section 2 we present our models and estimate
the constraints they are subject to from particle physics experiments other than LHC LLP
searches. In section 3 we recall some key features of the freeze-in dark matter production
mechanism, discuss cosmological constraints on our models and point out that the obser-
vation of a signal in agreement with freeze-in dark matter could falsify simple electroweak
baryogenesis and leptogenesis explanations for the origin of the matter-antimatter asymme-
try of the Universe. In section 4 we turn our attention to LHC LLP searches that constrain
our models, namely searches for heavy stable charged particles (HSCP), R-hadrons, dis-
placed vertices (DV), displaced lepton searches (DL) and disappearing tracks (DT). We
recast all analyses using the latest 8 TeV and 13 TeV LHC data and present projections
to the end-of-lifetime HL-LHC reach. While such projections are simplistic and need to
be taken with a grain of salt, they elucidate the unique capabilities of the LHC to probe
a large region of the viable parameter space and how different searches can test different
particle physics and cosmological scenarios. We reserve section 5 for our conclusions and
outlook. In appendix A we discuss some more technical issues concerning the reinterpreta-
tion of searches for HSCPs in terms of scenarios involving heavy charged particles with a
macroscopic but finite lifetime, and in appendix B we discuss the statistical procedure for
deriving the limits from the LHC analyses.

2 Minimal freeze-in dark matter scenarios

2.1 Preliminaries

A necessary ingredient in any freeze-in DM model is the existence of some particle that
has a negligible initial abundance and interacts feebly (via a coupling y,) with the thermal
bath, thus being thermally decoupled from the latter. In what follows we will assume that
the only FIMP state is the DM particle y itself. In order to avoid thermalization of y via



SM gauge interactions leading to the standard DM freeze-out scenario, xy must be a SM
gauge singlet. In addition, we will guarantee the DM stability by imposing a discrete Zso
symmetry under which y is odd whereas the SM particles are even.

Our aim is to construct consistent models which are minimal, in the sense of intro-
ducing the least number of exotic fields that are sufficient for successful DM freeze-in but
which, at the same time, allow us to obtain (in principle) testable collider signatures and
can accurately capture the DM phenomenology of more complicated theories beyond the
SM. The simplest option for a freeze-in DM scenario would be to add just the x field to the
SM, but the only renormalizable operator between the SM and the dark sector respecting
all symmetries is the Higgs portal operator y, H 2x?, where x is a spin-0 field. Then in the
absence of other couplings, the rate of DM production at colliders would be proportional
to the freeze-in coupling y, and yield no observable signature.’

The next possible step is to add a new BSM field Y, which can be either even or odd
under the Zo symmetry. If the new field is Zo-even then the construction is reminiscent of
the so-called “simplified models of dark matter” at the LHC (see e.g. [11-13] and references
therein), where Y would act as a mediator to the dark sector. In order to produce Y at
colliders it requires some sizable couplings to the SM fields. The smallness of the ¥ —
coupling required for DM freeze-in to take place (see section 3.1 for a detailed discussion)
would yield a tiny branching fraction of Y into the dark sector, leaving the Y resonant
decay into SM particles as its only detectable final state at the LHC.

We are thus left with the option of adding a new BSM field Y which is Z3-odd and
whose interactions with the DM particle x are of the form

Yy Y Xom x (2.1)

where Xg\ labels any SM field. Y then carries the gauge quantum numbers of the corre-
sponding anti-SM field. Note that in this construction no coupling beyond y, is required,
and the collider phenomenology will be mainly driven by the known SM gauge couplings
that Y inherits, while the relic density can follow the DM freeze-in history for an appro-
priate value of y,.

The classification of different possible SM gauge quantum numbers for the fields Xgqm
and Y has been performed in the context of coannihilation scenarios, see table 2 of [57].
Note that Xgy cannot be a gauge boson: while allowed by Lorentz invariance, gauge
symmetry would force Y and x to be the same multiplet and y, would be a SM gauge
coupling yielding the thermalization of x in the early Universe. Hence Xgnp is either the
Higgs doublet or a fermion (left- or right-handed quark or lepton), and for every possible
choice of Xgqy there are two different spin assignments for the dark sector fields. For
concreteness, we will pick Y to be a fermion and  to be scalar.?

Models featuring left-handed weak doublets are characterised by a more varied range
of signatures due to the presence of additional degrees of freedom. Whereas these sig-

!The HL-LHC is expected to produce ~ 10® Higgs bosons. Typical freeze-in values for y, lie in the
O(1071 —1077) range, would yield less than 10~% DM events at the HL-LHC in our scenario.

2Since, as we will see later on, the DM production at the LHC will occur via the YY final state, ¥
fermions will have slightly larger pair-production cross-sections than Y scalars.



natures can actually drive the collider phenomenology of such scenarios, they are fairly
model-dependent and can obscure the importance of more generic freeze-in-specific signals.
Motivated by this, and in the spirit of keeping our models as minimal as possible, we re-
strict ourselves to the simplest cases where Xqy carries no SU(2), charge. We will focus on
two benchmarks characterised by different SU(3), transformation properties of Y, meaning
that Y will have the same gauge quantum numbers as a right-handed charged lepton or a
right-handed up-type quark respectively.

Before continuing, let us remark that most of the existing collider studies of freeze-in
models have instead focused on Y being a weak doublet.?> The case in which Xg is the
SM Higgs doublet and both Y and y are fermions has been studied with Y and x being the
Higgsino and axino respectively [41], as well as in the context of the singlet-doublet DM
scenario [42]. In addition, the study of ref. [54] employs the operator in eq. (2.1) assuming
XgMm to be a left-handed lepton doublet, x a fermion and Y a scalar doublet. With the
previous remarks in mind, we can now present the concrete freeze-in models that we will
study in what follows.

2.2 Minimal freeze-in models with a charged parent

We augment the SM by a real scalar DM candidate s that is neutral under SU(3). x
SU(2)r x U(1)y, along with a vector-like fermion F', which corresponds to ¥ = F' and
X = s in the notation of section 2.1. As we already mentioned, in all cases we take F
to be an SU(2) singlet, whereas both s and F' are taken to be odd under a Zs symmetry
which, by choosing ms < mp, stabilizes the DM candidate. The SM particles are taken to
transform trivially under the same discrete symmetry.

We couple the DM candidate to the SM through Yukawa-type terms involving the left-
handed component of the vector-like fermion and the SM right-handed fermions: up-type
quarks, down-type quarks and charged leptons. The Lagrangian for all three models can
be succinctly written as

1 o A
L= Lsm + 0ys 0F's — ?552 + Zss4 + A 82 (HTH) (2.2)
m - i a1+
—i—F(ZZD)F—mFFF—Zf:yS sF —5 f+he ),

where f = {e,u, 7}, {u,c,t} or {d, s, b}, depending on the SU(3). x U(1)y transformation
properties of F.* The three models are each described by a set of seven free parameters.
We choose these parameters to be

m57mF7)\8h7>‘S7{y£} . (23)

The first four are common to the three models and correspond to the DM mass, the
vector-like fermion mass, the DM-Higgs quartic coupling and the DM quartic self-coupling

3See ref. [58] for an exception to this, mostly focused on x being a fermion (a gravitino in Gauge-Mediated
Supersymmetry Breaking scenarios) and Y being a scalar lepton (a right-handed stau), but also considering
the case of a scalar x and a fermionic, right-handed Y.

4The same Lagrangian has been employed in DM freeze-out phenomenological studies, see e.g [59-61].



respectively. Since the DM self-coupling, A, is irrelevant for our purposes, we set it to
zero.” Note that the dark scalar mass is related to the ps parameter entering eq. (2.2)
through

p2 =m? 4+ Agpv? . (2.4)

Although the Higgs portal term could contribute to the freeze-in dynamics, it is not the
main focus of this paper and throughout this work we will set Ay, = 0. The last three
parameters {yg }) in eq. (2.3) determine the interaction strength of the DM particle to
the visible sector, and the freeze-in mechanism forces them to be small. Note that since
we are assume no specific flavor protection mechanism, our setup naturally leads to flavor
violation, both in the lepton and quark sector. These effects are naturally suppressed due
to the size of the freeze-in coupling, but we will comment on them in the context of each
specific model in the next subsections.

In order to perform our phenomenological analysis, we have implemented the three
models described by the Lagrangian of eq. (2.2) in the FeynRules package [64] and exported
them in UFO [65] and CalcHEP [66] file format for use with MADGRAPH5_AMC@NLO [67]
and micrOMEGAs 5 [68]. The three cases (couplings to leptons, up- and down-type quarks)
have been implemented separately and the corresponding model files can be found in the
FeynRules Model Database [69], or directly in [70].

Before discussing the cosmology and LHC phenomenology of our models, we will briefly
comment on potential additional constraints in each specific case.

2.2.1 Coupling to leptons

In this variant of the model we take f = ¢ = {e, u, 7}, which implies that F' transforms as
(1,—1) under SU(3). x U(1)y. Since DM communicates with the SM through a Yukawa-
type interaction, we need to pick a flavor structure for the interaction terms in eq. (2.2).
Since several of the LHC searches considered in section 4.3 require displaced decays (i.e:
within the detector but away from the primary vertex) to electrons and/or muons, we will
only consider couplings to the first two generation leptons.” The LHC signature of the
model, illustrated in figure 1, is the Drell-Yan pair-production of F' followed by the F' — s¢
decay, which can be displaced or even take place outside the detector.

LEP2 constraints are relevant and we expect a bound on mg > 104 GeV, namely half
the maximum-center of mass energy. However, there are some loopholes in this statement:
taking into account the decay length cr of ' we actually obtain

e mp >102GeV for 0.3m < e < 3 mm.

®For cases in which such interactions can become important see e.g. [62].

SFor As, to be irrelevant for dark matter observables used in the present analysis A, < 107! is
needed [63], which also makes it irrelevant for exotic Higgs decays at the LHC. We would like to stress that
this choice is not dictated by any (technical) naturalness considerations or radiative generation of Asp, but
simply by the fact that this coupling has no impact on the collider phenomenology described here. Note
however that this operator would be absent had we chosen Y to be a scalar and x to be a fermion.

"It is also conceivable to couple the s and F fields to 7 leptons. An analysis of a model with interactions
to all e, 4 and 7 can be found in [58], with the key difference that the dark sector particles have the opposite
spins, namely  is a fermion (gravitino in SUSY) and Y corresponds to a scalar lepton, 7.



Figure 1. Diagram for the main production and decay process of F' at the LHC, in the leptonic
model.

e mp > 100GeV for 3m < er < 300m (assuming 100% decay into muons).
e mp > 100GeV for 0.3m < e < 300 mm (assuming 100% decay into electrons).

We have extracted these bounds from the two lower panels of figure 7 of ref. [71]. As stressed
in the recent literature, these loopholes from LEP reach can be probed at the LHC with
dedicated searches [72]. As for current collider constraints the current searches for sleptons
exclude masses up to 500 GeV [73] if the neutralino mass is below 300 GeV. Reinterpreting
these searches for long-lived particles would lead to a degradation in sensitivity. Indeed,
the ATLAS collaboration has carried out the analysis for the case of colored fermions [74],
finding that the prompt searches do not compete with the dedicated long-lived ones when
et 2, 0.5 cm. Thus we conclude we are safe from constraints from prompt searches.
Regarding indirect constraints, we first stress that for vector-like fermions which do
not mix with the SM fermions and are SU(2) [, singlets, there are no relevant contributions
to the electroweak precision observables (see e.g. the discussion in [75]), which we can
therefore safely ignore. Secondly, for a sufficiently light s, the last term in eq. (2.2) can
introduce an additional muon decay channel, © — ess. We have numerically checked that
the corresponding width is well below the current experimental precision of muon lifetime
measurements [76]. Lastly, as we do not assume any flavour protection, contributions to
lepton flavour violating (LFV) processes can arise. We should, hence, consider constraints
from LFV experiments, such as Br(u — ey) < 4.2 x 10713 (90% C.L.) [77], R;‘ffe, < T x
10713 (90% C.L.) [78], and Br(u™ — eTe"e™) < 1.0x 10712 (90% C.L.) [79]. As our model
contributes dominantly to the dipole operator and not to the four-fermion operator, u — ey
provides the most stringent limit, the leading contribution of which is via de diagram shown
in figure 2. In order to approximate the corresponding branching ratio we can adjust the
general expressions for the process f; — foy presented in ref. [82]. Assuming my; < mp
(a regime which, as we will see, will be particularly interesting for us in the following) and
ignoring the tiny contribution of 1 — ess to the total muon decay width, we obtain

20" (yS)? (y£)?

3m4.(16m)? (2:5)

Br(p— ey) =



Figure 2. Representative Feynman diagram for p — e.

For typical freeze-in-motivated parameter choices we find Br(u — ey) ~ O(107%6), which
is far beyond the sensitivity of current and future experiments.

2.2.2 Coupling to quarks

A simple model of FIMP DM coupled to quarks can be constructed in a similar manner.
In this case we take f = {u,c,t} or {d, s, b} depending on which type of quarks we wish to
couple F' (and s) to. In the first case, F' transforms as (3,1, —2/3) (“heavy up-type quark”)
and in the second one as (3,1,1/3) (“heavy down-type quark”) under SU(3). x SU(2), x
U(1)y. Given the similarity of the two models, in the remainder of this paper we will focus

on the up-type case. We will, moreover, neglect couplings to third generation fermions.®

The situation with quark-flavor bounds is similar to the one for the leptonic model.
Meson-mixing constraints would stem from box diagrams (proportional to (yg )4) and pen-
guin diagrams analogous to the p — ey case (proportional to (yg )2), where now the photon
could also be an off-shell Z or a gluon. Last, but not least, one could have rare decays with
invisible final states, for instance K™ — 7+ ss; once again these diagrams would contribute

proportional to (yép )2 and we can safely neglect them.’

Compared to the leptonic model, electroweak precision data considerations are replaced
here by the running of the strong coupling, however the corresponding bounds on mp are
rather mild and in the range of a few hundred GeVs [83]. LHC searches for multi-jets plus
missing energy are subdominant, as the jet requirements force them to be mostly prompt.
Finally, we note that in this setup the LHC vector-like fermion pair production does not only

proceed via s-channel gluon exchange, but also via a t-channel exchange of F fermions.!”

In a nutshell, the models described here are only mildly constrained from indirect
effects and direct prompt searches. They constitute, hence, a favourable playground for
LLP searches at the LHC.

8 Analyzing the third generation would entail additional complications. A displaced top would be a
highly complex object to reconstruct, and it is not clear how well the b-tagging algorithms (which are based
on displacements of B—mesons) would perform for displaced jets. Moreover, due to the mass difference
between t and b it is clear that the phenomenology would not be equivalent and both setups would require
a different, dedicated analysis. The study of those interesting signatures is beyond the scope of this work.

9NA62 could test this rare decay up to a SM-like branching ratio of @(107*!) [81], thus it is only sensitive
to ys = 1075, which is well above the values required by the freeze-in mechanism.

10The t-channel exchange using the freeze-in vertex F — f — s is irrelevant due to the size of y.



3 The freeze-in mechanism and cosmological considerations

We now move to discuss some general features of the freeze-in mechanism, in particular
related to the lifetime of the F’ field, a quantity which is crucial for the collider phenomenol-
ogy of our scenarios. We moreover discuss cosmological constraints on our models as well
as an interesting connection that could be established between DM and baryogenesis if the
decaying particles are observed at the LHC.

3.1 Freeze-in dark matter production and parent particle lifetime

In our scenarios, DM is mainly produced via the decay of the vector-like fermion F'. Scat-
tering processes are found to provide a subleading contribution to the total DM abundance
unless the DM mass is very close to the heavy fermion one (see also [28, 68]!1). The
Boltzmann equation for the DM number density reads

Ppr dPpi Pps 4
s +3Hn, 2 1
ns + 31 Z/ 2m)2Ey (3n)32E, (2r)52E, o) (3:-1)

x6W(Pp — P, — PO)|M> x [fr(1 = fi) L+ fs) — fifs(L = fr)],

where f; are the distribution function and P; = (E;,p;) are the four-momenta of the
particles of type 7. The amplitude for the processes under consideration is denoted as M;.
In order to proceed we will further assume the following:

e The initial abundance of s is zero, ns = 0 which, as mentioned earlier, together with
the requirement of very small couplings allows us to neglect the annihilation term on
the right-hand side of equation (3.1).

e DM production takes place during the era of radiation domination.'?

e The distribution of all the particles is taken to be Maxwell-Boltzmann.!3

Under these simplifying assumptions, the comoving DM number density (or yield Yj) can
be approximated as:

~ BEMe1 gr /’“F/T° s K@)

= dz x

, (32)
87t - 1.66 m% mp/Tr gi(mp/xz)\/g«(mp/x)

where x = mp/T, & = 2 since the decaying particle F' is not self-conjugate (otherwise
& = 1), gr are the internal degrees of freedom of F' and I is the sum of all partial decay
widths into DM. Moreover, Mp; is the Planck mass and equals 1.2 x 102 GeV, and Tg
is the reheating temperature of the Universe (in our context, the temperature at which

HNote that, especially in the case of our models with heavy vector-like quarks, effects such as Sommerfeld
enhancement could affect the annihilation-induced DM production rate, as well as the abundance of the
fermion F'. However, since in whatever follows we will stick to scenarios in which DM production through
decays is kinematically wide-open, we can safely ignore such effects.

12For freeze-in production in scenarios with a modified thermal history see e.g. [41, 84].

13The difference between a Maxwell-Boltzmann and Fermi-Dirac distribution for the bath particle is of
about 2.5 %. See [68] and [85] for a detailed discussion.



DM production starts), whereas Ty is the temperature today. The function K;(z) is the
modified Bessel function of the second kind of degree one, and g., g are the effective
degrees of freedom for the energy and entropy densities, respectively. The present-day DM
abundance is related with the yield through [28]

N msYs
T 3.6x1079 GeV

Q.h° (3.3)
In eq. (3.2), the quantity most affected by the details of the underlying particle physics
model is the decay width I". Consequently, by assuming that F' decays constitute the
dominant DM production mechanism (something which we have also verified numerically),
we can obtain a fairly model-independent estimate of the relation between the LLP lifetime
and the LLP and DM masses by requiring that the freeze-in DM abundance meets the
Planck measurement:

0.12 ms 200 GeV \?
erim] ~ 4.5 & gr (Qsh2> (100 keV) ( me ) (34)
< 102 )3/2 el da 2 K ()
g«(mp/3) 3m/2 ’

where we have taken g*(mp/x) = g.(mp/x) evaluated at = 3.'* For the collider analysis,
we will employ the decay length ¢7 and the branching fractions of F' instead of the Yukawa
couplings yéc .

From eq. (3.4) we see that, provided that mp < Tg,'® obtaining the correct DM
relic abundance favours macroscopic decay lengths (¢ 2 1 cm), unless the mass split-
ting between mgs and mpg is further increased with respect to the reference values used in
eq. (3.4).This observation is crucial for the LHC phenomenology of our models, since it im-
plies that throughout most of the Planck-compatible parameter space, the F' particles are
expected to be detector-stable. However, the parent particle lifetime can also be < 1 cm: for
instance, a freeze-in solution for DM masses m, > MeV could be obtained by decreasing the
reheating temperature, such that mp = Tg. This means essentially that the DM produc-
tion history is shorter, relying only on the Boltzmann tail of the parent particle. This could

have important implications for baryogenesis and leptogenesis that we discuss in section 3.3.

3.2 Cosmological bounds

Let us now briefly discuss two important cosmological constraints that our models are
subject to. The first is related to the possible wash-out of small and intermediate scale
structures if DM possesses a non-negligible velocity dispersion. The most stringent limits in
this case are Lyman-« forest observations by means of which, limits ranging from mpy 2
4.09keV [86] up to mpm 2 5.3keV [87] have been obtained for warm DM produced via
conventional thermal freeze-out. An intermediate value mpy; 2 4.65 keV [88, 89] was used

14This is a fairly good approximation for our models, since most of the DM production occurs around
the freeze-in temperature T = mp/3.
5For Ty <« mr < Tr, the ratio in squared brackets in eq. (3.4) will approach 1.
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in [90, 91] in order to translate this limit to the case of freeze-in DM produced via two-body
decays of a parent particle in thermal equilibrium with the plasma. In our scenarios, the
approximate lower bound on the dark matter mass is thus'6

ms > 12 keV . (3.6)

Additional constraints on models in which DM is produced through the decay of a
heavier particle stem from the measurement of the abundances of light elements in the
Universe. With the potential exception of "Li, standard Big Bang Nucleosynthesis (BBN)
explains these abundances with a remarkable accuracy [92, 93]. If F' decays sufficiently
late, its decay products may induce several processes that alter the predictions of BBN.

As we will see in section 4, in our collider analysis we will be dealing with decay lengths
cr ranging from about 1 cm up to 10 m. In a radiation-dominated Universe, and taking for
simplicity g« ~ 100, the latter corresponds to a lifetime of about 3 x 10~° sec, i.e. roughly
a temperature of 150 MeV. This temperature (as well as the temperature of F' freeze-out,
for the mp values we will consider) is much higher than the one of neutrino freeze-out
(T, ~ 3MeV) and — even more so — neutron freeze-out (ITp ~ 0.7 MeV), implying that
in everything that follows the heavy fermions decay well before the onset of BBN.

3.3 Possibility to falsify models of baryogenesis

Besides the nature of DM, the baryon asymmetry of our Universe is another long standing
puzzle of modern physics and points towards BSM physics. Experimentally, the asymme-
try is determined very precisely in terms of the baryon-to-photon ratio n%bs = % =
(6.09 & 0.06) x 10710 [1]. Theoretically, it is well-established that the three Sakharov condi-
tions [94] have to be fulfilled: (1) baryon number (B) violation and (2) C and CP violation
have to occur (3) out of equilibrium.

Only condition (1) is sufficiently realised in the SM. The chiral nature of the electroweak
interactions leads to anomalies that violate baryon and lepton number (B+L) at the quan-
tum level, leading to an infinite vacuum structure. At temperatures above the electroweak
scale in the early Universe, transitions between different vacua (sphaleron transitions) are
efficient and baryon and lepton number are violated by A(B + L) = 6 [95]. Conditions (2)
and (3), however, are not sufficiently satisfied within the SM. Quantified in terms of the
Jarlskog invariant [96], the amount of CP violation is not sufficient [97-99] and given the

measured Higgs mass, the electroweak phase transition cannot be of first-order (as needed

16The exact expression for the corresponding limit reads

>, BR;AY ) 1/

S BR; (3:5)

mpwM Z 12 keV <
where the sum runs over all decay channels of the type F — X&\;+ s that can contribute to DM production,
each with a branching ratio BR;. The parameter A, is defined as A; = 1—m§(é I/mfz and n ~ 1.9 is obtained
from a numerical fit [91]. Since in what follows we will consistently stick to parent particle (F') masses lying
in the hundreds of GeV and we focus on couplings to light fermions, we have A; ~ 1 for all decay channels
and for all models. Moreover, since our F' is Z2-odd and the only lighter Zs-odd particle is the DM s, we
also have >, BR; = 1. This means that the quantity in parentheses is approximately unity, thus obtaining
the final result shown in eq. (3.6).
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for the departure from equilibrium) within the SM itself [100, 101]. Thus, models have to
provide mechanisms involving new physics in order to overcome these limitations.

Most popular realisations include, for instance, electroweak baryogenesis [102-105] or
baryogenesis via leptogenesis [106]. While they provide new sources of CP violation and an
out-of-equilibrium mechanism, they rely on efficient SM sphaleron transitions to generate
a baryon asymmetry.

In the SM, sphaleron transitions are only efficient above a certain temperature T —
the freeze-out temperature below which the Hubble rate is larger than the B4L violation
rate — determined by lattice computations to be T* = (131.7+2.4) GeV [107]. As a result,
the B — L asymmetry generated in leptogenesis scenarios has to be generated above T*
such that the lepton asymmetry can be efficiently transmitted via sphaleron transitions into
a baryon asymmetry. A reheating temperature T < T* would exclude such a scenario,
falsifying leptogenesis models. In addition, if the electroweak phase transition would be of
first-order (possible in certain extensions of the SM, see [108] for a review), the sphaleron
transitions would be shut-off for temperatures lower than the transition temperature Tgyy .
Electroweak baryogenesis relies on efficient sphaleron transitions which, during a first-order
electroweak phase transition, translate the CP-asymmetry created in front of the Higgs
bubble walls into a baryon asymmetry (see [108] for details) before being switched-off at
T < Tgw. With Tr < Tgw, this mechanism too would be excluded.

In this context our model is highly interesting, as it allows to determine T under the
assumption that s makes up all of DM. In case of an observation of a long-lived particle
decay that fixes the observables ¢ and mp, we are left with the free parameters ms and
TR, cf. eq. (3.4). However, it will be difficult to determine mg, the mass of the DM particle.
Thus, our most conservative assumption for estimating T is to assume the lightest possible
DM mass of 12 keV as discussed around eq. (3.6), as higher DM masses will always imply
a lower reheating temperature. Even if we were to assume that our DM candidate does
not account for the full relic density, our approach is conservative, as a lower contribution
to the relic abundance would also imply a lower Tg.

This yields the powerful possibility to falsify baryogenesis models that rely on efficient
sphaleron transitions, if the observables ¢ and mp point to Tr < T%,Tgw. With the
value of T*, Ty depending on the specific baryogenesis model in question, we will consider
different temperatures in our study. We take Tg% ~ 159.6 GeV as a maximal value [107,
109] and 50 GeV as an exemplary value for a super-cooled scenario.!” Thus, in order to
interpolate between these values, we will use three choices of the reheating temperature
Tr = {50, 100,160} GeV when discussing our LHC results in section 4.5.

4 Collider analysis

Let us now turn to the set of long-lived searches at the LHC that constrain the minimal
models of freeze-in introduced in section 2.2. We first present each analysis, summarizing

"We note that for particular extensions of the SM, as discussed in [110-112], even Tgw ~ 100 MeV
could in principle be possible, corresponding to extremely super-cooled scenarios. This is however far from
the generic expectation in electroweak baryogenesis scenarios.
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Search type | Collaboration | v/s [TeV] | £ [fb~!] | Ref.
8 18.8 [113]

HSCP CMS
13 12.9 [114]
ATLAS 13 36.1 [116]

DT

CMS 13 38.4 [118]
8 19.7 [119]

DL CMS
13 2.6 [120]
DV+MET | ATLAS 13 32.8 [121]

Table 1. Summary of all LHC searches recasted in this work: Heavy Stable Charged Particles
(HSCP), Disappearing Tracks (DT), Displaced Leptons (DL) and Displaced vertices plus MET
(DV+MET). We indicate the center-of-mass energy of the run and the integrated luminosity of
each dataset. See main text for details.

the strategy, and use the observed bounds to produce the current exclusion limits on our
models. HSCP searches [113, 114] are presented in section 4.1 and the disappearing track
analyses [115-118] in section 4.2. For visible displaced decays of the charged parent within
the detector, we use both the displaced lepton [119, 120] and the displaced vertex [121]
searches, discussed in section 4.3 and 4.4, respectively. We collect the results on current
bounds in section 4.5. Finally, we attempt a naive extrapolation to the High Luminosity
LHC (HL-LHC), presented in section 4.6. The summary of these searches together with
their total integrated luminosities can be found in table 1.

4.1 Searches for Heavy Stable Charged Particles (HSCP)

The FIMP models discussed in section 2.2 contain a charged particle F' which, for some of
the cosmologically viable scenarios discussed in section 3, can be stable at collider scales
and decay outside the detector. In this case, after being pair produced F' can be considered
as a heavy stable charged particle (HSCP) for sufficiently large lifetimes. We must stress,
however, that the HSCP signature strongly depends on the nature of F: if it is colour-
neutral, as in the leptonic model, its interaction with the inner tracker will appear as an
anomalous ionizing track. On the other hand, if F is a colour triplet (vector-like hadronic
model), it is expected to hadronize into neutral and/or charged hadrons (R-hadrons). The
fraction of charged hadrons produced depends on the hadronization model considered and
will affect the HSCP limits. Furthermore, as it interacts with the detector (mostly in
the calorimeter), the heavy hadrons may flip charge. For simplicity, from here on we will
only consider the constraints obtained for the cloud model hadronization, as described in
ref. [113] and references therein.

When a massive charged particle, such as the lepton-like F' or a charged R-hadron,
has a lifetime c¢7 2 O(m), a sizable fraction of the produced particles will decay only after
crossing the tracker and/or the muon chamber. Due to its large mass, the HSCP typically
travels with a velocity f = v/c < 1. Hence, as it traverses the detector, the charged
particle produces an ionizing track with a higher ionization energy loss when compared
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to SM particles. Furthermore, if it decays outside the detector, the time-of-flight (TOF)
measured using the hits in the muon chamber will be larger than that for relativistic
muons.'® These two features can be used to efficiently distinguish non-SM HSCPs from
other SM particles, resulting in searches with very low background.

HSCP searches using the signatures described above have been performed both by
ATLAS and CMS using data from 7, 8 and 13 TeV center-of-mass energies [113, 124—
128]. These searches have presented their results within supersymmetric models containing
long-lived squarks, gluinos or sleptons. Since the CMS constraints are similar to the ones
obtained by ATLAS, and the former provide more details for recasting, in the following
we will only consider the limits obtained by the CMS searches from refs. [113] and [114].
Furthermore, in ref. [129], detailed trigger and selection efficiencies have been provided for
recasting the 8 TeV CMS search for HSCPs. These efficiencies will be very useful when
re-interpreting these searches for the FIMP scenario, as discussed below.

The CMS HSCP searches observed no excess over the expected SM background, result-
ing in upper limits for the production cross-section of HSCPs. In particular, limits were
obtained for the direct pair production of long-lived stops, staus and heavy lepton-like
fermions, assuming that these decay outside the tracker (tracker-only analysis) or outside
the muon chamber (tracker+TOF analysis). Although the tracker+TOF limit is usually
more constraining, it requires that the HSCP decays outside the detector and is only rele-
vant for 7 2 10 m. Since the long-lived stau and stop scenarios considered by CMS cover
the mass window relevant for the FIMP models presented in section 2.2 and the signal ef-
ficiencies are weakly dependent on the HSCP spin [113, 114], we can use the stau and stop
limits obtained by CMS to constrain the corresponding FIMP models. However, before
we can apply the cross-section limits from the HSCP searches to the FIMP scenarios, we
must account for the finite lifetime of the vector-like fermion F', which can vary over a wide
range of values. Since the CMS limits apply to the fraction of charged particles which decay
outside the CMS tracker or muon chamber, we must take into account the suppression of
the signal due to F' decays taking place before the tracker (for the tracker-only analysis)
or the muon chamber (for the tracker+TOF analysis). The inclusion of this effect will be
discussed next.

If F has a lifetime ¢t ~ 0.01 m, a large fraction of the F' decays will happen within the
tracker, thus suppressing the HSCP signal.'® For such small lifetimes we must rescale the
F production cross-section by the effective fraction of F' particles which decay outside the
tracker (for the tracker-only analysis) or outside the CMS detector (for the tracker+TOF
analysis). This effective fraction (frzp) can be easily computed using hadron-level events
and the trigger and selection efficiencies from ref. [129] (see appendix A for details). Once
frop(L,T) is known, the total cross-section for pair production of F's can be rescaled as:

Oeff = 0 X fLLP(L,T), (4.1)

18For recent ideas on exploiting the timing difference due to BSM particles, see [122, 123].
YFor simplicity we assume zero efficiency for reconstructing or selecting the HSCP track if it stops within
the tracker (for the tracker-only analysis) or within the detector (for the tracker+TOF analysis).
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Figure 3. Region in the cr vs mp plane excluded at 95% C.L. by the CMS 8 TeV (18.8fb~!) and
13 TeV (12.9fb~1) HSCP searches. Left: exclusion for the lepton-like scenario. Right: exclusion
for the quark-like scenario.

where 7 is the F' lifetime, o its total pair production cross-section and L the relevant
detector size. For the tracker-only analysis we take L = 3 m while for the tracker+TOF
analysis we take L = 11 m. The production cross section is computed at tree level using
MADGRAPH5_AMC@QNLO. The effective cross-section, oeg, can then be directly compared
to the cross-section upper limits obtained by CMS for the direct production of staus (for
the leptonic FIMP scenario) and stops (for the hadronic scenario) from refs. [113] and [114].

In figure 3 we show in the mp vs ¢ plane the exclusion curves for both the tracker-
only and the tracker+TOF analyses when applied to the lepton-like and quark-like FIMP
scenarios. The leptonic model is excluded up to mpr ~ 650 GeV for ¢r 2 100 m, with the
exclusion dropping quickly as the lifetime is reduced.?? Although the 13 TeV CMS analysis
is the most constraining one for large c7, the 8 TeV analysis, which has a higher integrated
luminosity, is slightly more constraining for small ¢r. As expected, the tracker+TOF
analysis is more constraining for large lifetimes (¢ 2 50 m), for which most of the produced
F' particles decay outside the detector. For smaller lifetimes, the tracker-only analysis
results in stronger limits, since in this case the HSCPs are only required to decay after
crossing the tracker. The corresponding limits for the hadronic model are shown in the right
panel of figure 3. In this case the exclusion extends up to mp ~ 1.5TeV for ¢r > 100 m.
However, unlike the lepton-like case, the strongest constraints are always given by the
13 TeV tracker-only analysis. This is caused by the fact that heavy hadrons (R-hadrons)
formed with the long-lived coloured F' can flip charge as they traverse the detector, resulting
in a neutral R-hadron. Thus events which pass the tracker-only selection may fail the
tracker+TOF selection even for ¢r > 100 m, due to the charge flipping effect. Finally,
we point out that the sharp drops seen in the 8 TeV curves at high mp are simply due
to the limited interval of masses considered, as the analysis did not provide limits for
mp 2 550 GeV. Similarly the 13 TeV study did not quote limits for mp < 160 GeV.

20The excluded values of mg for the lepton-like FIMP scenario are higher than the CMS limits for pair
production of staus, due to the larger cross-section for F' pair production.
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4.2 Disappearing tracks (DT)

To address the sensitivity gap between the HSCP searches targeting long lifetimes and
the displaced lepton search (to be described in section 4.3) targeting short lifetimes in the
leptonic model, we now investigate the disappearing track search. We consider the 13 TeV
studies by ATLAS [116] and CMS [118], performed with total integrated luminosities of
(36.1) fb~! in the ATLAS case and 138.4fb~! in the CMS case. These studies considered a
final state with one disappearing track and at least one jet of high transverse momentum
(pr 2 100 GeV) to trigger on the event. Additional selection cuts impose a minimum angle
in the transverse plane A¢ > 0.5 between the hardest jet and the transverse missing energy
vector, and ATLAS also imposes a lepton veto. The key object to identify is an isolated
track reconstructed in the pixel and strip detectors having missing hits in the outer tracker
(CMS), or a track with only pixel hits (ATLAS). Due to the addition of an insertable B-
layer [130, 131] in the shutdown between Run 1 and Run 2, ATLAS can reconstruct tracks
as short as 12 cm, while for the CMS tracker this distance is about 25-30 cm, depending
on the direction of the track. Hence, the ATLAS search can reach lower lifetimes than the
CMS study, whereas CMS sets stronger constraints at larger c¢r. As a result, ATLAS can
exclude down to 2-3 times lower lifetimes for the same mass in the benchmark AMSB wino
model with mass up to 500 GeV, but the two searches have a comparable sensitivity for
et ~ 50 cm, and CMS has a better coverage for cr 2 1m.

One further complication of applying the ATLAS analysis is its reconstructed lepton
veto. Since the leptons produced in F' — [s are in principle also displaced and do not
reconstruct back to the primary vertex, it is possible that most events will survive this veto.
Moreover, the presence of this lepton also affects the kinematics of the event by altering the
missing energy distribution and adding energy deposits in the calorimeter. Hence, in order
to accurately use the ATLAS search it would not be enough to estimate the probability
of not reconstructing the lepton, but also the effect in the relevant distributions. A more
detailed study of these effects is certainly warranted but cannot be made with only the
Monte Carlo tools and efficiencies available to the theorist. In the present work, we will
simply assume that the lepton always fails reconstruction, which will lead to the strongest
possible bounds from this search. We also stress that the ATLAS search also implements a
strict muon veto by requiring no activity in the muon system, which would lead to events
where F' — us failing the event selection with a high probability. The ATLAS exclusions
therefore also correspond to the case where Br(F — es) = 1.0.

The CMS analysis [118] does not impose a lepton veto, but instead requires that there
are no substantial energy deposits in the calorimeter within a cone of radius R = 0.5
around the selected high-pr track. We note that for the case of I’ decays into es such
requirement also likely fails for some events. However, we again neglect the effect of the
isolation requirement as the lepton is not prompt. We do not assume particular branching
ratios as there is no specific muon veto. However events with muons are more likely to pass
the isolation requirement due to smaller energy deposits in the calorimeter, thus making
the CMS search complementary to the ATLAS one.
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Figure 4. Region in the ¢7 vs mp plane excluded at 95% C.L. by disappearing tracks searches
for the leptonic model. We employed the ATLAS 13 TeV (36.1fb~!) and CMS 8 TeV (19.5fb~1)
studies.

To recast the limits from both ATLAS and CMS, we make use of the generator-level
efficiency tables provided by the respective experimental analyses [116, 118]. They contain
in particular, the 2D distribution of event selection efficiency in resonance mass and lifetime.
The total number of events is simply calculated as a product of the production cross section
times efficiency and luminosity (N = o, ,pp X €(m, T) x £). The exclusions in parameter
space are calculated using the method described in appendix B, and shown in figure 4.
From the figure we see that our intuition was indeed correct, and that ATLAS is stronger
for ¢t ~ 20 cm excluding mp up to 275 GeV, while CMS provides a stronger exclusion for
¢t ~ 1 m, excluding mr below about 335 GeV. However we already know that the HSCP
search is very constraining cr above a few meters, thus stressing the limitations of the DT
search for the leptonic model. We will further discuss these results in section 4.5.

4.3 Displaced lepton searches (DL)

For the leptonic model from section 2.2.1, if F' can decay both to electrons and muons,
then the CMS searches for events with oppositely charged, displaced electrons and muons,
performed at both 8 TeV [119] (with 19.7fb™!) and 13TeV [120] (with 2.6fb™!) could
provide relevant bounds on the model. These searches are maximally sensitive in the
regime y¢ ~ y4 (which yields similar branching fractions of F' to electrons and muons).?!

The discriminating kinematical variable in both analyses is the lepton transverse im-

pact parameter dé, defined as the closest distance between the beam axis and the lepton

21 An attempt to extend this search to the case of two muons or two electrons has been performed in [58].
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track in the transverse plane

(4.2)

where L, , are the distances in x,y travelled by the LLP before decaying, pfip is the trans-
verse momentum of the lepton and péy the x, y components of the lepton 3-momentum.
The CMS displaced-eu search selects events with exactly one electron and one muon,
both satisfying isolation criteria,?? with || < 2.4 and p§ > 42 (40) GeV for electrons
(muons), together with the requirement AR, > 0.5. In addition, the LLP decay is required

to occur within L, < 300 mm, /L2 + L2 < 40 mm, otherwise the tracking selection fails.

The 8 TeV CMS analysis [119] then defines three non-overlapping signal regions (SR):
e SR III: both df and d € [1,20] mm.
e SR II: both d§ and djj > 0.5 mm but one or both leptons fail SR IIL
e SR I: both d§ and dfj > 0.2 mm but one or both leptons fail SR III and SR IIL.

and publicly provides identification efficiencies for electrons and muons as a function of
p% and df. The CMS 13 TeV search [120] extends SR III to dg* € [1,100] mm, but does
not publicly provide any lepton efficiencies.?® We thus extrapolate here the public CMS
8 TeV efficiencies to the 13 TeV analysis and do not consider the region dy* € [20,100]
mm. This provides a conservative reach of the 13 TeV displaced-eu search. We use MAD-
GRrAPH5_AMC@NLO [67] to simulate F' pair-production from Drell-Yan, including a flat
NLO k-factor for Drell-Yan production, x ~ 1.2 [132]. We consider that the vector-like
leptons F' decay to both electrons and muons, and study both the case of equal branching
fractions and a 90% — 10% branching fraction scenario with either electron or muon as the
dominant channel.

For a given value of mpg and c7, we generate 200k MC events and apply the CMS
event selection. We then compute the impact parameter of both leptons in each event and
obtain the number of expected signal events in SR I, II, III, s;(cT,mp), for both 8 and
13 TeV. We subsequently compute the 95 % C.L. exclusion limits on the leptonic model as
described in appendix B. These limits are shown in figure 5.

For the 8 TeV CMS search, which currently provides the strongest limits, the number
of expected background events in SR I, II, III are 18.0 &= 0.5 £+ 3.8, 1.01 £ 0.06 4+ 0.30
and 0.051 4+ 0.015 + 0.010 respectively (we quote first the statistical error and then the
systematic error, which are then added in quadrature), with the dominant background
in all three regions corresponding to heavy flavour (HF), obtained through a data driven
estimate [119]. For the 13TeV analysis, the low statistics of the search only allows to
set a 68 % C.L. upper bound on the HF contribution to the background, translating

22 A lepton is considered “isolated” when the sum of the pr of all other particles (normalized to its own
pr) within a cone of radius R is below a certain € value. For electrons in the barrel, electrons in the endcap
and muons (R, €) = (0.3,3.5%), (0.3,6.5%) and (0.4,15%) respectively.

ZFor an attempt to reproduce the results of the displaced-ep 13 TeV CMS analysis [120] by using the
public CMS 8 TeV efficiencies from [119], see Cottin et al. in ref. [56].
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Figure 5. 95 % C.L exclusions in the ¢ vs mp plane due to the 8 TeV (19.7fb~!, black) and
13TeV (2.6fb~1, green) CMS Displaced Lepton searches. The solid curve indicates the case where
Br(F — es) = Br. = 0.5 and Br(F — us) = Br, = 0.5, while the dashed line denotes the case
where Br, = 0.1 and Br, = 0.9.

into an upper bound on the total predicted background in SR I, II, III, corresponding
respectively to < 3.2, < 0.50 and < 0.020 events. In this case, we treat the uncertainty in
the HF background as the error of our background prediction (this is also relevant for the
extrapolation to HL-LHC performed in section 4.6).

From the figure we see that these searches have a good coverage for short lifetimes, and
thus they probe complementary regions of the freeze-in parameter space than the HSCP
and DT searches described before. Note that since this study requests one electron and one
muon the actual coverage depends on the specific branching fractions, and should vanish
if one of the two decay modes is closed. While this is an extreme possibility, it would
certainly be quite interesting to carry out experimental searches dropping this requirement

(see [58] for an analysis along those lines).

4.4 Displaced Vertices plus MET (DV+MET)

As already discussed in section 4.1, in the quark-like FIMP case, where F' is a meta-stable
colour triplet, it will hadronize into neutral and/or charged hadrons (R-hadrons) before
decaying. For lifetimes c7 < 10 m, sensitivity to this case could be assessed through
searches for displaced vertices. Since in the quark-like scenario F' decays to a quark and
DM, the signature corresponds to displaced jets in association with missing energy. In
ref. [121] ATLAS has performed a search for multi-track displaced vertices in association

with large missing transverse momenta at 13 TeV and with 32.8fb~! data. The search
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selects events with reconstructed E}niss > 250 GeV, and at least one displaced vertex with
five or more tracks and a visible invariant mass greater than 10 GeV.

Interpreting this analysis requires a highly realistic simulation of the detector response
and event reconstruction, which can only be achieved reliably by the internal experimental
software. As an alternative, we use a prescription based on parametrized efficiencies pro-
vided by the ATLAS Collaboration as a function of vertex radial distance, number of tracks
and mass [121] and apply these efficiencies to the truth level signal MC events. In this selec-
tion, the truth level missing energy is required to be E%’iss > 200 GeV. Furthermore, events
should have either one jet with pr > 70 GeV or two jets with pr > 25 GeV. In addition,
events must have at least one displaced vertex consistent with the following requirements:

e transverse distance between the impact parameter and the decay position dg, > 4
mm.

e the decay position must lie within the fiducial region, rpy < 300 mm and |zpy| <
300 mm, where r (z) are the transverse (longitudinal) position of the DV.

e the number of selected decay products must be at least 5, where selected decay
products are charged and stable, with pp > 1 GeV and |dy| > 2 mm.

e the invariant mass of the truth vertex must be larger than 10 GeV, and is constructed
assuming all decay products have the mass of the pion.

The above procedure was then validated on the signal scenario used by ATLAS for inter-
pretation, which is a split SUSY simplified model with a long-lived gluino that hadronizes
forming an R-hadron before decaying, i.e., § — ¢gx}.*

The ATLAS search observed no excess over the expected background, resulting in
the 95% C.L. limit of Nggnal < 3 events, after the event selection described above has
been applied. In order to apply this constraint to the quark-like FIMP scenario, we use
MADGRAPH5_AMC@NLO [67] and Pythia 8 [133] to simulate the production and decay
of F. In order to hadronize F' we assume the Pythia 8 hadronization model for long-
lived stops, which should be a good approximation, since the hadronization is largely spin
independent. For a given value of mp and c7, we generate 50k MC events and apply the
ATLAS event selection and efficiencies in order to obtain Ngignal. In figure 6 we show the
excluded region in the ¢7 vs. mp plane for the quark-like scenario. As expected, the ATLAS
analysis is mostly sensitive to decays which take place inside the tracker (¢7 ~ few cm). In
particular, for cr ~ 3 cm, the exclusion extends up to mp = 1.9 TeV, while for values of mpg
below 1TeV the exclusion can reach up to ¢ ~ 100 m. The ATLAS sensitivity to such large
ct values can be understood as follows: for large lifetimes the fraction of R-hadron decays
taking place within the tracker becomes linear in Lyqqeker/cT ~ 10cm/er |, resulting in
~ 0.1% of decays inside the tracker for ¢r ~ 100 m. Furthermore, the hadronic production
of F grows steeply as mp is reduced, thus partially making up for the lifetime suppression.

At this point it is worth noting that we compared these limits with the ones obtained
from prompt multi-jet + missing energy searches corresponding to the above topology.

24This validation study was done earlier for the Les Houches PhysTeV 2017 proceedings [56].
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Figure 6. Region in the ¢t vs mp plane excluded at 95% C.L. by the ATLAS 13 TeV displaced
vertex plus MET search [121].

This was done by recasting the CMS 13TeV SUSY multi-jet + missing energy search
with 35.9fb~! luminosity [134] within the PAD (public analysis database) framework of
MadAnalaysisb [135]. The recasted analysis can be found at the link [136]. We observed
that the prompt searches are significantly weaker than the displaced vertex + MET search,
thus we ignore the former in the following.

4.5 Results

After having described in detail the relevant experimental searches, we collect all results for
the leptonic model and hadronic model, which are displayed in upper and lower panels in
figure 7. As most of these studies (HSCP, DT, DL, etc.) have several exclusion limits, due
to data taken at LHC 8/13 TeV by both ATLAS and CMS, as well as to different search
strategies being pursued, we present one single 95 % C.L exclusion curve for each different
type of analysis. This exclusion curve is the outer boundary (“envelope”) of the various
exclusion regions in the ¢ — mp plane (in other words, for a fixed mass we will consider
the largest exclusion interval for ¢7). Together with these exclusion curves we also show in
figure 7 several lines corresponding to the correct DM relic density (recall the discussion
in section 3.1) for various choices of DM mass ms and reheating temperature Tg.

We first consider a reheating temperature much higher than all other scales in the
model and choose, for concreteness, Tr = 10'° GeV (although we stress that the specific
value chosen has no impact on the results). We pick three different DM masses, namely
ms = 12 keV,1 MeV and 10 MeV (solid, dashed and dot-dashed), where the lowest value
is motivated by the bound set by Lyman-a« observations, eq. (3.6). For ms; = 12 keV,
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Figure 7. Summary of the LHC constraints for the lepton-like (upper panel) and the quark-like
(lower panel) FIMP scenarios. The lines correspond to contours of Q4h? = 0.12 for the values of
mgs and Tk given in the legend.

the values of T = 50, 100, 160 GeV are chosen in order to assess the prospects of test-
ing electroweak baryo- and leptogenesis, as discussed in section 3.3. The simultaneous
determination of ¢ and mp would then allow to infer the maximum possible reheating
temperature Tr by assuming the lightest possible DM mass of mg; = 12keV.

Within the leptonic model and for T = 10'° GeV, F masses as high as 600650 GeV
can be probed for proper lifetimes of ¢r larger than 20 meters (or conversely DM masses
as low as a few MeV). For the smallest possible DM mass of 12keV, the F' lifetime ranges
between a few meters and tens of centimeters, and the excluded values of mg correspond
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to 300-350 GeV. For the case of a low T the lifetime decreases and the bound on mpg is
reduced down to about 250 GeV for ¢r ~ 6 c¢m, thus forming a “wedge” in the parameter
space.?®> The DT analysis is not able to properly cover the case where most of the signal
events leave only a few hits in the inner detector. Further lowering T leads into the region
that can be well covered by the DL search, and thus the mass reach goes up to 400 GeV
for et ~ 1 cm.

We now turn to the small reheating temperatures that indicate the limit below which
one can probe specific baryogenesis models. While supercooled scenarios (Tr < 50 GeV)
cannot be falsified with our analysis since the corresponding parameter space is almost
already probed (except for a tiny region around mp ~ 400 GeV), there is still parameter
space left below Tr = 160 GeV, in which an observation of a signal at the LHC would imply
an upper limit on Tg, which could bring baryogenesis models within the freeze-in set-up
in tension. Thus, future LHC results that will explore this region will be of high interest.
However, we note that in case of a positive signal, the accuracy on the extraction of the
reheating temperature would strongly depend on the actual value of ¢r. The worst case
scenario corresponds to the upper possible value of ¢ = 50 cm. The corresponding masses
for Tr = 50, 160, 10'° GeV are 225, 325 and 380 GeV. Thus measuring mp = 400 GeV with
a 5% accuracy and cr with infinite precision would indicate that the upper limit on T will
be above 200 GeV. An accurate determination of the high-scale Tr value, however, will not
be possible. In contrast, with a positive signal at lower masses and/or lower lifetimes Tg
can be determined with good accuracy. For instance, measuring mp = 300 GeV with a 5
% precision and once again the lifetime with infinite precision, ¢7 = 50 cm would allow a
determination of T = 85 £ 10 GeV, while having mpr = 500 GeV and ¢ = 1 cm would
yield Tx € [58 — 68] GeV.

While discriminating between different values of higher reheating temperatures might
be complicated as we just mentioned, we see that for the lower values in the 50-160 GeV
interval this is an achievable task even if mpr and cr are only roughly determined. For
instance, in the displaced lepton search this could be achieved through the combined in-
formation on the total number of signal events and their dé distribution, while for the
displaced vertex plus MET search this could be achieved by combining the total number
of signal events and the vertex displacement information. Studying the expected accuracy
of the extraction of these parameters is beyond the scope of this work.26

For the hadronic model, we have used the same three benchmarks for T = 100 GeV
temperatures, and for the leptonic case we only show the case of T = 160 GeV, since
the DV+MET search from ATLAS already excludes the ms = 12keV scenarios with low
reheating temperatures. This clearly demonstrates that within this model, electroweak
baryogenesis cannot be excluded anymore for the most conservative assumption of mg =
12keV based on our considerations on the reheating temperature. For T' = 10'° they force
mp above 1.5 TeV for large cr.

25This is an interesting region of parameter space as it can happen naturally in electroweak models of
dark matter (including SUSY “pure” scenarios) and thus we expect the HL-LHC upgrades will specifically
target this difficult region and significantly expand their coverage, using for instances ideas like the one
developed in [137].

26Sce e.g Banerjee et al. in [56] for similar work on estimating the lifetime for displaced leptonic vertices.
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4.6 Extrapolation to High Luminosity LHC

While extrapolating phenomenological analyses from LHC data to larger luminosities is
in principle a well understood task (taking into account some limitations in the publicly
available information) and a straightforward procedure when prompt objects are involved,
searches involving LLPs are quite a different case. The main reason is that the leading back-
grounds involved are instrumental (interactions of particles with detector material, cosmic
muons, beam halo, cavern radiation, detector noise, etc). These cannot be accurately sim-
ulated with Monte Carlo and state-of-the art public detector simulation packages and need
to be taken from data. Indeed, every beam configuration would require a new estimation
of these backgrounds. It is worth noting that usually an important bottleneck for these
analyses is the poor trigger efficiency. Thus while the HL-LHC would be a much busier
environment where the backgrounds would not be expected to scale with the luminosity,
it is also likely that potential trigger upgrades could provide a larger signal acceptance,
compensating for the larger rate of instrumental backgrounds.

We will follow here a conservative approach, where we extrapolate the current ez-
pected number of background events in each search up to a total integrated luminosity of
3000 fb~!. Furthermore, we assume that the background (BG) uncertainties quoted by the
collaborations for the 13 TeV analyses are dominated by systematics, so the relative BG
uncertainty is assumed to remain constant when extrapolating to the HL-LHC:

HL
Ngé
Npa’

L
Ngé’ = ]\ZBGﬂ and (55([;/ = (530

1 (4.3)

where Npg, dpg and L are the expected number of background events, its uncertainty
and the integrated luminosity for the relevant Run II analyses, while NZZ ¢HL and £HE
are the corresponding values for the high luminosity LHC. In addition, in order to keep
our extrapolation conservative, we assume that the observed number of events at the HL
LHC is given by N(ﬁl)sL =N gg + 255@. This corresponds to the assumption that the HL
analyses will measure a 20 upward fluctuation in all signal regions. As an additional layer
of caution, we will not exploit the 14 TeV cross-sections and use the 13 TeV values.

Using the same recasting procedure described in section 4, but now assuming a
3000 fb~! integrated luminosity and the extrapolation of background uncertainties and
observed number of events described above, we re-compute the exclusion curves for the
most constraining analyses from section 4. In figure 8 we compare the Run II (13 TeV)
curves and the high luminosity (HL) projections for both the leptonic (top) and hadronic
(bottom) models.

For the former, we expect the exclusion to extend to mp ~ 1.5TeV for sufficiently
large lifetimes via the HSCP searches, while the exclusion reaches only mp < 400 GeV for
et € [0.6 — 2] m, and mp < 800GeV for ¢r ~ 1 cm. However the interesting result is that
the area that would bring vanilla baryogenesis models in tension can now be tested mostly
by the displaced lepton searches. In the case of the hadronic model, masses up to 2 TeV
will be completely excluded, and for ¢ < 1 m the reach is extended up to 2.5 — 2.6 TeV
due to the DV4+MET search, thus largely enlarging the coverage of the HL-LHC.
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5 Conclusions

In this work we have analyzed the LHC prospects to probe freeze-in production of dark
matter, in contrast to the standard WIMP-inspired scenarios. To that extent we have first
constructed a set of phenomenologically viable minimal models and we have then studied
the current and expected constraints from a variety of long-lived particle (LLP) collider
searches. We have made use of the existing searches for Heavy Stable Charged Particles
(HSCP), Disappearing Tracks (DT), Displaced Leptons (DL) and Displaced vertices with
transverse missing energy (DV+MET). Altogether these analyses probe complementary
regions of the freeze-in parameter space, as their coverage is designed for specific lifetime
ranges.

The simplified models constructed rely on the existence of the yY Xy operator. They
feature two new dark particles (the dark matter candidate x and the parent particle V)
and a SM particle X, with a coupling constant y ~ 10~7 — 10~'3 to ensure the freeze-in
mechanism takes place. Under the simplistic assumption that x is a pure SM singlet, Y
is forced to have the same gauge charges as the SM field, while its spin can be chosen as
either fermion or vector. The whole set of quantum numbers of Y determine the collider
phenomenology: Y is produced in pairs via gauge interactions as single production is
proportional to y and thus negligible. Out of the possible options, we have chosen a scalar
dark matter particle and studied the cases where X is a right-handed charged lepton and
a right-handed quark. These Lagrangians have been implemented in FeynRules and the
corresponding UF0 and CalcHEP model files can be downloaded from [70].

The freeze-in mechanism relies not only on the y coupling and the aforementioned
operator to generate the correct relic abundance, but it also depends on the reheating
temperature Tg, which sets the starting point for the freeze-in production of Y. Thus,
a positive signal at colliders would allow us to extract a value of Tk and thus directly
compare to the critical temperature T* required for sphaleron transitions to be active.
Finding Tr < T* would indeed exclude the simplest electroweak baryogenesis (and also
leptogenesis) scenarios and eventually point towards super-cooled models.

While the simplified models are subject to a plethora of constraints, including direct
searches and indirect bounds such as electroweak precision data and flavor, most of these
do not affect the parameter space as they are proportional to the freeze-in coupling y.
Thus, the only collider bounds directly related to the gauge couplings come from the LEP
bound on electroweak charged particles and the modified running of the strong coupling
using LHC data, which are rather mild and constrain masses to be above a few hundred
GeV [138]. From the cosmological point of view, the only strong constraint is the lower
bound on the DM mass, m, 2 12keV, coming from Lyman-a observations. Hence these
freeze-in models are mainly constrained by long-lived particle searches at the LHC.

We have recasted all the aforementioned LLP searches, detailing in each case our
procedure, which is widely applicable to all classes of LLP models. In particular, the HSCP
searches target the cr of the order of a meter to a few meters, while the DL, DV+MET and
DT can cover lower lifetimes ¢r < 10 cm. This simplistic view allows to foresee the existence
of a difficult-to-probe region in the mprp — ¢t plane at the interface between searches. We
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note however, that this region is more pronounced for the leptonic model, where masses
above 250-300 GeV can not currently be constrained for ¢r € [0.3 — 2] m, while for the
hadronic model one obtains a robust exclusion of LLP masses above 1.4 TeV. A naive and
conservative extrapolation to HL-LHC still leaves a difficult region for myrp 2 400 GeV
for ¢r € [0.6 — 1.8] m and extends the exclusion in the hadronic model to 2 (2.5) TeV for
long (short) lifetimes. We note that the LLP community is putting effort in designing new
LLP strategies, triggers and detector upgrades, and thus significant improvements in the
HL-LHC reach are a concrete possibility.

Finally, we would like to stress that we have studied here only the simplest possibilities,
and that there is room for refinement not only from the model-building perspective (study-
ing more complex scenarios, embedding these models into UV completions, examining alter-
native cosmological histories) but also from the collider studies (studying parameter extrac-
tion, designing new searches to cover the wedge). If the absence of signals in direct and indi-
rect detection experiments persists, this is a very promising avenue to explore in the future.
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A Rescaling HSCP limits for finite lifetimes

As discussed in section 4.1, for scenarios where the F' lifetime is sufficiently small (e <
few meters), the effective cross-section which must be considered when computing the
constraints from HSCP searches is:

Oeff = 0 X fLLp(L,T), (Al)

where 7 is the F' lifetime, o its total pair production cross-section and L the relevant
detector size. Here we discuss how frrp can be obtained, so we can properly apply the
HSCP limits for the FIMP scenario with small lifetimes.

In order to determine oog (or equivalently frrp), we first compute how finite lifetimes
affect the overall signal efficiency for a specific HSCP search, what requires a full recasting
of the corresponding analysis. Although recasting long-lived searches is usually extremely
difficult, CMS has provided detailed efficiencies for the 8 TeV HSCP search from ref. [113].
In ref. [129] the online (¢°") and offline (e°ff) selection efficiencies are given as a function
of the truth level HSCP kinematics and can be directly applied to hadron-level MC events
without the need of a detector simulator (see ref. [129] for details). For events with a single
HSCP candidate, each event efficiency is simply given by:

o

T(p), (A.2)

where p is the HSCP 4-momentum and €®/°f the CMS-provided efficiencies. Since the CMS
search requires at least one HSCP in each event, for events with two HSCP candidates the

e(p) = ™ (p) x €

total event efficiency is:
€10 = €98 x S (A.3)

where
E?S/OH _ E(1)n/01"f % E(2)n/oi:f + Eclm/off % (1 . 6(2)n/oi:f> + Egn/off % (1 . 6(1)n/off> (A4)

and e;-m/ off _ con/off (pi) is the efficiency for the i-th HSCP in the event to pass the on/off-
line selection. The first term in the above expression corresponds to the efficiency for both
HSCPs passing the selection, while the last two terms correspond to the efficiency for only
one HSCP candidate passing the selection.

Given the above expressions we can finally address how the finite lifetimes will affect the
total signal efficiency. In the FIMP models presented in section 2.2, the HSCP candidates
(F) are always pair produced, so initially we always have two HSCP candidates. However,
since the F' lifetime can be of the order of a meter or below, we must consider only the
fraction of the produced F's which will decay after traversing a distance L from the primary
vertex. As discussed in section 4.1, we take L = 3 m for the tracker-only analysis and
L = 11 m for the tracker+TOF analysis. The probability for the produced F' to cross a
distance L of the detector without decaying is given by:

P(L,T,B) = e~ /(b)) (A.5)
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where 7 is the F' proper lifetime, 5 = v/c its boost and v = 1/4/1 — 2. Therefore the
expression in eq. (A.3) must be modified in order to include the survival probability P:

€12 — G(LaT) = P(L7Ta ﬁl) X P(L7 T, /82) X €12
+P(L77-a61) X [1 - P(L’Ta 62)] X €1
+P(L,7,B2) x [1 — P(L,T,51)] X € (A.6)

with €12 is given by eq. (A.3) and ¢; = €(p;) is given by eq. (A.2). Once again the first
term in the above expression corresponds to the probability for both F' particles decaying
after the length L and at least one of them passing the on- and off-line selection. The last
two terms correspond to the probability for a single F' decaying after L and satisfying the
analysis selection.

Given €(L,T), we can compute the overall signal efficiency for finite lifetimes simply
adding the rescaled efficiency for each event:

1
6signa,l(L77—) = N Z 6(L77—) <A7)
events

Note that, for 7 — oo, we have P(L,7,3) — 1 and €(L,T) — €12, as expected. Finally, the
effective fraction of long-lived particle relevant for the HSCP searches is given by:

frop(L,7) = Cagmai\ L 7) ) S L)) > e (A.8)

6sig;naLl(La T — 00

events events

In order to explicitly compute frrp, we have generated 50k hadron-level MC events for
pair production of F's using MADGRAPH5_AMC@NLO [67] and Pythia 8 [133]. Using the
event kinematics we then computed the event efficiency for a given value of 7 and L using
eq. (A.6). Finally, using eq. (A.8), we computed the effective fraction of long-lived particles
which can be used to rescale the total F' production cross-section [23].

From the above discussion it is clear that a proper computation of the rescaling factor
frrp requires knowledge of the signal efficiencies (¢). Although these efficiencies have been
provided for the 8 TeV analysis for colour-neutral HSCPs in ref. [129], the same is not true
for the 13 TeV analysis and/or for R-hadrons. However, since both analyses apply very
similar selection cuts, we assume that the 8 TeV efficiencies can also be (approximately)
used to compute frrp for the 13 TeV search and the quark-like FIMP scenario. This is a
good approximation, since, as shown in eq. (A.8), frrp is only affected by efficiency ratios,
thus being fairly analysis independent.

B Calculation of upper limits

In this appendix we describe the adopted statistical analysis for the different searches we
consider in this work.
We assume that the likelihood of observing n; events in signal region ¢, given a hy-
pothesis \; = s; + b; is given by:
(siab (80 b))
L(nisibi) = [ e &+ & .12)

;-
i=SRs v

N (bi; i ob3) (B.1)
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i.e. the observed events follow as usual a Poisson distribution, and we model the background
with a normal distribution with mean j; and standard deviation oy ;.

We then adopt the -by now well established- C'L technique [140] to extract the 95%CL
limits to our models from the different searches considered in this work, which effectively
marginalises over the background uncertainties, and rescales the signal+background hy-
pothesis’s p-value, by the background-only p-value, to prevent from undesired strong sig-
nal exclusion limits in cases where the experiment’s sensitivity is negligible. Note that this
approach is not suitable for computing 2-sided intervals instead of upper limits. We have
checked that, for cases of large number of observed events, the results obtained with this
method are in good agreement with the method of profile likelihood, with likelihood-ratio
as test-statistic.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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