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ABSTRACT: In this work we explore the intriguing connections between searches for long-
lived particles (LLPs) at the LHC and early universe cosmology. We study the non-thermal
production of ultra-relativistic particles (i.e. dark radiation) in the early universe via the
decay of weak-scale LLPs and show that the cosmologically interesting range A Neg ~ 0.01—
0.1 corresponds to LLP decay lengths in the mm to cm range. These decay lengths lie at the
boundary between prompt and displaced signatures at the LHC and can be comprehensively
explored by combining searches for both. To illustrate this point, we consider a scenario
where the LLP decays into a charged lepton and a (nearly) massless invisible particle. By
reinterpreting searches for promptly decaying sleptons and for displaced leptons at both AT-
LAS and CMS we can then directly compare LHC exclusions with cosmological observables.
We find that the CMB-5S4 target value of AN.g = 0.06 is already excluded by current LHC
searches and even smaller values can be probed for LLP masses at the electroweak scale.
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1 Introduction

Recent years have seen a rapid growth of interest in long-lived particles (LLPs) with a
mass around the electroweak scale and a proper decay length between millimetres and
metres, which could give rise to a wide range of exciting signatures at the Large Hadron
Collider (LHC) [1]. The interest in these particles stems not only from their unusual
experimental signatures but also from an intriguing connection to early universe cosmology:
a proper decay length of 1cm corresponds to a decay width of around 1074 GeV, which
is comparable to the Hubble expansion rate of the universe (in standard cosmology) at
temperatures around 100 GeV. The implication is that whatever particles are produced in
the decays of the LLPs at the LHC would also have been produced efficiently in the early
universe and would have affected its subsequent evolution [2].

Particular attention has been paid to the case that the LLP decays involve massive
stable particles with negligible couplings to SM states. These particles would obtain a size-
able abundance in the early universe via the so-called freeze-in mechanism [3, 4] and may
account for the observed dark matter density [5, 6]. A closer inspection, however, reveals
that the decay width of the LLP required to reproduce observations must be significantly
smaller than the Hubble rate at the electroweak scale, such that the corresponding decay
lengths are large compared to typical LHC scales [7]. Various proposals have explored pos-
sible modifications of this argument, for example if the DM mass is at the keV scale [8-10]
or if the universe undergoes an early period of matter domination [11, 12]. The conclusion
is that, while the observed dark matter abundance may be reproduced, it is hardly possible
to obtain concrete predictions for LLP searches at the LHC from this argument alone.

In the present work we instead explore the possibility that the LLP decays involve
massless particles, which would act in the early universe as dark radiation (DR). Since
the energy density of DR decreases more rapidly with decreasing temperature than the
one of DM, the former may significantly exceed the latter in the very early universe. The



corresponding LLP decay rates may therefore be significantly larger than for the case of
DM production. Indeed, it turns out that current cosmological bounds on the number of
additional relativistic degrees of freedom, ANeg < 0.2 at 95% confidence level [13, 14],
place virtually no constraints on this scenario, in the sense that even a fully thermalised
species (and hence an arbitrarily large decay width) is allowed as long as the LLP decays
happen sufficiently early that the energy density of DR gets diluted before recombination.

The next generation of missions to study the Cosmic Microwave Background (CMB)
may however change this picture decisively. Indeed, the sensitivity of CMB-S4 [15, 16] is
expected to be sufficient to exclude the case of thermalised DR and may even provide hints
for non-thermal DR [14]. At the same time, (self-interacting) DR is an important ingredient
for various models that attempt to resolve the so-called Hubble tension, i.e. the discrepancy
between various early-time and late-time measurements of the Hubble constant [17, 18].

In this work we study in detail the freeze-in production of DR in the early universe [19],
including relativistic and quantum corrections (studied previously for the case of freeze-
in production of dark matter in refs. [20-23]) and the backreaction from inverse decays.
We show that this scenario is highly predictive and that the most interesting regions of
parameter space (ANeg ~ 0.01-0.1) correspond to LLPs with a decay length of the order
of 1-10mm. These decay lengths lie at the often overlooked boundary between searches
for promptly decaying particles and searches for LLPs [24]. A key part of our study is
therefore to understand how the sensitivity of prompt searches changes for non-negligible
decay lengths and to explore the complementarity of searches for prompt and displaced
decays. Indeed, we show the combination of these searches possesses sufficient sensitivity
for LLPs to achieve a complete coverage of the interesting range of decay lengths.

While the general mechanism discussed in this work applies to a wide range of models,
we focus for concreteness on the case of a scalar LLP with electroweak charges that decays
into a charged lepton and an invisible DR particle. The most relevant prompt searches are
therefore those for the direct production of sleptons [25, 26], whereas LLPs with sizeable
decay lengths are constrained by searches for displaced leptons [27, 28]. We perform a
detailed reinterpretation of these searches in order to identify the allowed regions of pa-
rameter space. Future constraints on A Ng (or hints of a non-zero value) can then be used
to further bound this parameter space and relate the mass and lifetime of the LLP.

The remainder of this work is structured as follows. In section 2 we introduce the model
that we consider and derive the contribution to ANg from the freeze-in mechanism. We
then discuss the reinterpretation of LHC searches in the context of our model in section 3
and present the resulting constraints. In section 4 we then combine these two approaches
in order to compare the constraints from cosmology and the LHC and conclude.

2 Freeze-in production of dark radiation

Although we will keep the discussion in this section as general as possible, it will be helpful
to introduce a specific model for concreteness. Let us therefore consider a scalar boson
B = (B, B, B;)T with three different flavour states of equal mass mp and hypercharge
Yp = —1 as well as a Majorana fermion x that is a singlet under the Standard Model (SM)



gauge group. Both particles are assumed to be odd under a Zy symmetry, such that the
only allowed renormalisable interaction of y is given by

Eint = BT “Ye - (ER X) + h.c. ) (21)

where {r = (er, ur,7r)" denotes the right-handed SM leptons and y, = diag(ye, Yy, yr)
is the coupling matrix. This interaction corresponds to the one between right-handed
sleptons and neutralinos in supersymmetric extensions of the SM. Unless explicitly stated
otherwise, we assume flavour-universal couplings, i.e. y. = y, = y, = y, in the following.
The scalar boson B has additional gauge interactions, which keep it in equilibrium with
the SM thermal bath in the early universe and allow for sizeable production rates at the
LHC. The only way to produce x particles, on the other hand, is through the decays of B.
The Zo symmetry then ensures that x is stable and can act as DR in the early universe.
In the following we will assume that the mass of x is negligible during recombination,
2 1meV, these particles would be non-

~

which implies m, < 1eV. However, for m,
relativistic in the present universe and therefore affect structure formation in a similar
way as hot dark matter. It has been shown in ref. [29], that for masses below the keV
scale constraints from structure formation become independent of the specific mass value,
and result into an upper bound on the fraction Fypym of hot dark matter relative to the
total dark matter abundance. The exact upper bound on Fypy depends on the production
mechanism of the hot DM component (which in turns affects the DM free streaming length),
but one can safely assume that the bounds are not relevant as long as Fypy is much smaller
than the percent level, which is always the case for m, < 0.1eV and ANqg < 0.1.

If the coupling y is sufficiently large, and as long as T' 2 mp, the DR energy density
py will follow an equilibrium distribution:

2
T4

x =9xg3gl (2.2)

p
where g, = 2 denotes the degrees of freedom of x. Once the temperature becomes much
smaller than mp, the DR will decouple from the SM thermal bath and evolve independently.
This means that its energy density will simply redshift, such that

= const , (2.3)

where s(x) denotes the entropy density of the SM thermal bath and © = mp/T.

As heavy particles in the plasma become Boltzmann suppressed and annihilate away,
they transfer their entropy to lighter species in the plasma but not to DR. As a result we
find that for fully decoupled DR [30]

Px o gt ()3 (2.4)
Py

where p, denotes the energy density of photons and g}(x) denotes the number of entropy
degrees of freedom. We can therefore express the contribution of y to the effective number



of relativistic degrees of freedom as:"

* 4/3 4/3
ANe(z) = —2x@) 95,0 R NCOL (2.5)
7 (4\Y? g:(x) 7 (4)Y3
§(ﬁ> py(x) §<ﬁ> P~,0

where the subscript 0 denotes present-day quantities, i.e. g7, = 3.9. If B is sufficiently

heavy compared to all SM particles, we can approximately take g (z) ~ 100 at the time
when DR decouples, leading to
ANeg(z) =~ 0.05, (2.6)

which is well below the current bound AN.g < 0.2 from a combination of data from the
CMB and BBN. In other words, as long as DR decouples from the SM thermal bath before
the QCD phase transition there are no cosmological constraints on the coupling y.

With future cosmological observations it may, however, be possible to probe values
of ANgg as small as 0.05 and therefore potentially exclude any form of DR that enters
into equilibrium with the SM thermal bath at some point in the cosmological history. The
implication would then be that y must be small enough to ensure that x does not thermalise
with the other particles. To first approximation this requirement can be expressed as

< H(z=1), (2.7)
where \M\Q )
Yy mp
F pr— P— 2.8
B~ 16mmpg 167 (2:8)

is the decay width of the process B — ¢+ (averaged over flavours and assuming mp > my)
and H(x) = 1.66+/g*(z)m%/(x?>Mp) is the Hubble rate during radiation domination with
g* being the number of energy degrees of freedom and Mp denoting the Planck mass. For
mp ~ 200 GeV this requirement translates to y < 107",

In the following we will refine this estimate and at the same time calculate the energy
density p, also for the case that x does not enter into thermal equilibrium with the SM
thermal bath. For this purpose, we need to consider the Boltzmann equation describing
the evolution of the DR phase space density f,:

Ofy pa0f o
xRt = Clpyl (29)

where the general collision operator for (inverse) decays is given by

A . 1 dgpf dng 45(4)
C[fx] - 29x/ (27T)32Eg / (27T)32EB (2m)*6"" (pB — pe _pX)

X (IMBefs (= F)0 = fo) = MR phfe+ f5)) . (2.10)

where px and fx denote the four-momentum and phase space density of particle species X.

E—X _ Hp?

'We note that there is no unique way to define ANeg before neutrino decoupling. The definition adopted
here can be interpreted as the projected value of A Neg in the present universe under the assumption that DR,

4/3 " After neutrino

is neither produced nor destroyed between z and today, implying p} = py(z)(s°/s(z))
decoupling, corresponding to the temperature range probed by observations, g;(z) = g and hence we
recover the standard definition of ANeg as the ratio of the energy density in dark radiation and the energy

density of a single neutrino species in the instant-decoupling approximation.



In the context of dark matter relic density calculations it is common to integrate this
expression over d3px /Ey in order to obtain a differential equation for the number density
ny. In the present context we instead calculate the first moment of the Boltzmann equation,
i.e. we integrate over d3px to obtain a differential equation for p,. The left-hand side of
the Boltzmann equation then becomes

d’py dfx 20/ _ . p? 4392y

with H(z) = H(x)(1 - %%‘gim) as in ref. [31]. To simplify the right-hand side, we make

use of the fact that both fz and f, are given by their respective equilibrium distributions?

9B ge
5 (Ep,T) = SEp/T _1° fi (B, T) = CEJT 11 (2.12)

with gp = g¢ = 6 (including flavours) and that in thermal equilibrium the rate for B — x+¢
must be equal to the rate of y +¢ — B. Carrying out the integration over d®pp and further
integrating over d3px we then obtain

3 3 3
gx/ Py ey " FB / @by [ dpe 2Ex (1 - fx(Ex)> §(Ep)d(Ep — Ex — Ey)

(2m)3 2E, Ep x (By)

r
MB B (2.13)

8t

It is important to note that even though the expression can in principle be evaluated in
any frame, the equilibrium distributions f;4 and /5! take a simple form only in the cosmic
rest frame. To simplify the remaining expression, however, it is necessary to switch to the
centre-of-mass (cms) frame, in which the decaying particle is at rest. To do so, we make use
of the fact that in a general frame fy9(Ey) becomes fyd(u-ky), where ky = (wy, ky) denotes
the four-momentum of x in that frame and u denotes the four-momentum of the cosmic
fluid, which is (1, 0, 0, 0) in the cosmic rest frame. To transform into the cms frame, we
follow refs. [32, 33] and define p = (py+p¢)/2 and k = (py—p¢)/2 and introduce the variables
E,n and 6 such that in the cosmic rest frame p® = Ecoshn and p? = Esinhncosf.?
Here n denotes the rapidity of the cms frame in the cosmic rest frame and 6 denotes the
direction of the boost. One can then show that the energy of x in the cosmic rest frame
E, = wy coshn+ [k, |cos@sinhn. Assuming massless decay particles, this becomes

E, = E(coshn + sinhncosf) . (2.14)

After an appropriate transformation of the integration measure, we obtain
E(cosh inh 0
I =s8r* /dEE3 /dn SiDhZW/dCOSG [1 _ fgg]( (coshn + sinh 7 cos )
v (E(coshn + sinhncosh))
X fp(2E coshn)d(E — mp/2) , (2.15)

2The case that the parent particle deviates from an equilibrium distribution before decaying has recently
been studied in great detail in ref. [9].

3To fully determine all variables, we also need p' = Esinhnsinf cos ¢ and p? = E sinh7sin fsin ¢, but
these will play no role here.



where we have already performed the integration over the remaining angular variables.
Performing the integration over E yields

B (coshn + sinh 7 cos 6))
I:23/d’h2/d o1 DU hn) .
T [ @SR faeos (" (cosh ) + sinh 7y cos 0)) JB(ms coshn)
(2.16)

Eq. (2.16) can in principle be evaluated for any given phase space distribution f, (F,y).
Here we will make the simplifying assumption that the DR energy density can be charac-
terised by a temperature T, which may be different from the photon temperature 7', and
that the chemical potential vanishes,* such that

1

Fx(Ex) = BTy 41 (2.17)
We can then introduce the dimensionless parameters e = 1 — T\ /T =1 — (py/ piq)l/ 4 and

z = E, /mp in order to define the ratio

F(MB2Te)  eF 41

eq/ mpz. - mpB= .
X ( QB 7T) e2T(1—e) + 1

(2T, €) = (2.18)

Introducing w = cosh 7, the integrated Boltzmann equation then becomes

-~ dz 4rp 1 %
Hx54/3(x)d—x = még 2B / dcos&/ dwvw?—1f5 (w;T) {1—7“)( (w—i— Vw?— 1cos0;T,e)} .
xr s —1 1
(2.19)
We find that for € < 1 the right-hand side becomes proportional to €, corresponding to the

expected behaviour that the Boltzmann equation restores equilibrium.

We emphasize that the result in eq. (2.19) is very general. In particular, we have not
made the usual approximation that B is non-relativistic when it decays [34] and we have
fully accounted for quantum statistics in our calculation. Our result can be generalised to
different decay processes by making the obvious sign replacements (if the decaying particle
is a fermion or if the DR particle is a boson) and adjusting the degrees of freedom. If
several different decay processes contribute to the production of DR, the right-hand side
simply becomes the sum over all of these processes.®

The integral in eq. (2.19) can be evaluated numerically® in order to solve the Boltzmann
equation under the assumption that the initial energy density of DR is negligible. Once the
solution of the Boltzmann equation is obtained, the value of AN.g follows directly from
eq. (2.5). In the left panel of figure 1 we show the evolution of ANyg for mp = 300 GeV

4This assumption is sensible provided there are sufficiently strong self-interactions between DR particles
that the DR is in kinetic and chemical equilibrium with itself. But even in the absence of such interactions,
we expect the assumption to be valid to good approximation for f, close to its equilibrium distribution.
For f, < f{%, on the other hand, the contribution from the inverse process becomes negligible and the
precise functional form of f, is irrelevant.

5Note that, in principle, there may also be a contribution from 2 — 2 processes such as Z + B — £ + x.
However, if the phase space for the decay B — ¢ + x is unsuppressed, these processes are found to give a
negligible contribution to the freeze-in production [22].

SWe provide the tabulated integrals for different scenarios as supplementary material.
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Figure 1. Shift in the effective number of relativistic species as defined in eq. (2.5) as a function
of time for a benchmark mass value of mp = 300 GeV. The left panel shows how increasing the
coupling increases AN, but the increase becomes milder for large couplings due to the backreaction
effect. The right panel illustrates the importance of the various effects included in our analysis
compared to simpler approximations (non-relativistic decays, no backreaction).

for different values of y. For small couplings ¥y < 51078 we find that Z, grows with
x until about z ~ 5, when the parent particles become Boltzmann suppressed and Z,
approaches a constant value. In this regime the final energy yield is proportional to 2.
For larger values of y, on the other hand, Z, approaches the equilibrium value (indicated
by the black line) and a further increase in y does not imply a correspondingly larger energy
yield. We note that this saturation happens for slightly smaller values of y than suggested
by the naive estimate in eq. (2.7). However, even for large couplings Z, only traces the
equilibrium energy density as long as the parent particles are abundant in the plasma. At
low temperatures Z, always approaches a constant, while the equilibrium value increases
slightly as the number of entropy degrees of freedom in the plasma decreases.

To illustrate the importance of the various effects that we have included in our cal-
culation, we show in the right panel of figure 1 the curves that would be obtained when
neglecting backreaction and when not taking into account the statistical properties of the
various particles. We emphasize that the role of backreactions is considerable even if the
comoving abundance always remains well below the equilibrium value. As expected, in-
cluding the backreaction effect always reduces the final yield. In contrast, the role of the
relativistic corrections is more subtle and ultimately depends not only on the spin nature of
the particles involved but also on the mass and couplings taken into consideration. When
considering the decay as relativistic, both the bosonic nature of the parent particle and the
fermionic nature of the daughter particle are important. These two effects play opposite
roles and are relevant at different temperatures as can be understood by looking at the
lower panel on the right-hand side of figure 1. At higher temperatures the bosonic nature
of the parent particle plays the most important role and it increases the abundance Z, with
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Figure 2. Shift in the effective degrees of freedom as a function of the mass and coupling (left) or
proper decay length (right). Shorter lifetimes correspond to larger coupling and for short enough
lifetimes we reach the equilibrium densities and the upper bound on ANcg.

respect to the case where the distribution of B is approximated by a Maxwell-Boltzmann
distribution. The fermionic suppression due to the statistics of the daughter particle is rel-
evant if the backreactions play a role and is hence relevant at lower temperatures, provided
the abundance of y is high enough.

Since the model that we consider is characterised by only two parameters (the mass m,
being negligible), we can easily scan over the parameter space and calculate the resulting
contribution to ANgg. The results are shown in figure 2 as a function of mp and either the
coupling y (left panel) or the LLP decay length (right panel). In the parameter regions in-
vestigated we find AN.g < 0.07, with higher values for smaller masses and larger couplings
(shorter lifetimes). For large enough couplings we see a saturation due to strong backreac-
tion such that one cannot exceed the equilibrium values. We also observe that the corre-
sponding decay lengths are macroscopic, in the sense that they are of the order of 1-10 mm.

3 LHC signatures

In the previous section we were able to map the LLP decay length to predictions for A Neg
that may be observable with the next generation of CMB experiments. Now that we know
the parameter space of interest for DR, we want to see which LHC searches are able to
probe it. By examining figure 2 we can see that we cannot rely exclusively on either
prompt signatures or LLP signatures but we will have to consider both. To understand
which searches are the most constraining for our model, we will have to carefully consider
how the sensitivity of prompt signatures is modified in the case that the lepton tracks are
not produced at the interaction vertex but with a macroscopic impact parameter.

To first approximation, we can assume that a prompt search remains valid if the LLP
decay happens within some small distance Ax from the interaction point. For an LLP
with velocity 8 = v/c, boost factor v and proper decay length c7, the probability to decay
within this distance is given by

1 Az x Az Az
p(zr < Az) = Brer /0 exp <_5’YC7') dz =1—exp (— 5’707') ~ Boer (3.1)




where the final step is valid for Az < Byer. We therefore expect the number of predicted
events in prompt searches to decrease proportionally to (cr)~! for large proper decay
lengths. The constant of proportionality depends on the kinematic distribution of the
LLPs, which can only be extracted from Monte Carlo simulations.

As input for our simulations we use a UFO file for our model created with FEYN-
RULES [35]. For both prompt and LLP signatures we generate events with MAD-
Graru5 AMC@NLO 2.8.2 [36] interfaced with PyTHIiA 8 [37]. While MadGraph simu-
lates the pair production of B, Pythia simulates its decay. In the case of prompt signatures
we add up to two additional partons in the hard-process and perform jet-parton MLM
matching [38]. We finally simulate the detector effects with DELPHES3 [39] with different
configurations for ATLAS and CMS.

3.1 Prompt signatures

Our model resembles a simplified realisation of SUSY, where the bath particle B would
correspond to a slepton. Therefore, we can take advantage of LHC searches aimed at
SUSY [25, 26] and recast their result to find the constraints on our model. The ATLAS
and CMS analyses lead to consistent limits on SUSY models and, most importantly for our
recasting, they require different (but comparable) cuts on the impact parameter relative
to the primary vertex. In the following we focus on these analyses, where the same rein-
terpretation of prompt searches will apply to both experiments, the only difference being
the exact event selection criteria.

For the ATLAS analysis in ref. [25] we apply all cuts for each signal region and, in
particular, the ones on the impact parameter. These are |dy| < 5oy, (304,) for electrons
(muons), where dy is the transverse impact parameter and oy, the corresponding mea-
surement error. The measurement error depends on the values of 1 and pr of the tracked
particle, but we can approximately take 20pum as a reasonable average value [40, 41].
There is also a selection cut on the longitudinal impact parameter corresponding to
|z0sin@| < 0.5mm. For the CMS analysis [26] we have analogous cuts on the same pa-
rameters. In particular, the search requires that |dyp| < 0.5mm and |zp] < 1mm. For
both ATLAS and CMS we find that the cut on the transverse impact parameter is more
constraining than the one on the longitudinal impact parameter.

The fundamental parameters of our model are the LLP mass and its lifetime (or al-
ternatively the coupling y). Varying the value of the coupling y changes the lifetime and
therefore the efficiency of the cuts on the impact parameter. However, this is the only effect
of varying y, so we simulate our events with different mass values and a common coupling y.
To derive the impact parameter cut efficiency for a different value of y we simply rescale the
measured values of dy and zg with y?. We have checked that this procedure is reliable by
comparing the rescaled efficiencies with the ones of events simulated at a different value of y.

To place limits on the parameter space, we make use of tables 8 and 9 from ref. [25] and
table 9 from ref. [26]. We exclude a given parameter point if the number of predicted events
after cuts exceeds the quoted limit at 95% confidence level in at least one signal region.
We note that the ATLAS analysis also employs mixed-flavour signal regions, which may
be sensitive to events with two leptonically decaying tau leptons. However, we find that



these signal regions are never the constraining ones since not enough events are predicted
in our model anywhere in the relevant parameter space.

3.2 Long-lived signatures

While searches for prompt signals are sensitive to the short-distance part of the decay
distribution of slightly long-lived B bosons, searches for displaced leptons are more efficient
for average B decay lengths in the centimetre range. In the following we briefly summarise
the relevant details of current ATLAS and CMS searches for displaced leptons and how we
reinterpret their limits in our model.

The ATLAS collaboration has carried out a search for pairs of displaced leptons with
sizeable impact parameter with a total integrated luminosity of 139fb=! [27]. To be se-
lected, events are required to contain two leptons with transverse impact parameter |dp|
between 3 mm and 300 mm. Events are sorted into three non-overlapping signal regions
SR-ee, SR-up and SR-ep according to the combination of signal lepton flavours. Since no
excess was observed, the search places a 95 % CL upper bound on the pair production of
sleptons, both in a co-NLSP scenario, in which all three slepton flavours have the same
mass, and for each single lepton flavour separately.

A similar search by CMS used 118 fb~! of data in the ee channel and 113fb~! in the
ep and pp channels [28]. Compared to the ATLAS analysis, the CMS search is aimed at
LLPs with shorter decay lengths and hence requires the transverse impact parameter |dy|
of the leptons to fall between 0.1 mm and 100 mm. Again, separate signal regions are
defined for the electron, muon and mixed decay channel. Like the ATLAS analysis, the
CMS search sets a limit on the slepton pair production cross section, both in the co-NLSP
scenario and for each slepton flavour separately.

While our model is very similar to the slepton interpretations provided by ATLAS and
CMS, it differs in that our scalar B only couples to right-handed leptons. The ATLAS and
CMS interpretations, in contrast, assume mass-degenerate left- and right-handed sleptons.
Therefore, both searches need to be reinterpreted to derive limits on our model.

Along with ref. [27], ATLAS provides 95 % CL limits on the slepton pair production
cross section as a function of the slepton mass and lifetime for the co-NLSP and each
single-flavour scenario [42]. These can be directly compared to the cross section for B pair
production in our model to exclude points in the mp-crg plane. CMS, on the other hand,
provides the full cross section limit as a function of slepton mass and proper decay length
only for mass-degenerate co-NLSPs [43]. While we can proceed as for the ATLAS limit
in the 3-flavour case, the single-flavour case is less straightforward. For this case, CMS
only presents exclusion contours in the mass-decay-length plane but not the value of the
excluded cross section in this entire parameter plane.

Since a straightforward attempt at recasting the CMS search by implementing all se-
lection criteria does not lead to satisfactory agreement with the published limits [44], we
instead infer an approximate cross section limit from the provided exclusions contours.
First, we determine the cross section for the production of mass-degenerate left- and right-
handed sleptons along the exclusion contour as a function of the decay length. Second, we
observe that the published full cross section limit for the co-NLSP scenario has only a mild
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Figure 3. Collider constraints on the parameter space of interest for the 3-flavour case (y. =y, =
Yr = y)

dependence on the slepton masses above approximately 300 GeV. Hence, it is a reason-
able approximation to treat the single-flavour limit inferred from the exclusion contour as
constant in the slepton mass for each decay length. Using this approximate limit, we can
finally determine the excluded parameter region for the single-flavour case of our model as
described above.

3.3 LEP constraints

A portion of the parameter space corresponding to low masses and short lifetimes is not
covered by the considered LHC searches However, SUSY searches at LEP place strong
limits in this corner of parameter space. Ref. [45] provides the limits on RH sleptons as
a function of the slepton mass and lifetime from a combined analysis of LEP searches at
ALEPH [46, 47], DELPHI [48], L3 [49] and OPAL [50]. The production processes for our
particle B and the RH sleptons are the same. Therefore, the provided limits also apply
directly to our model. The combined analysis presents the constraints for each slepton
flavour independently, so in our 3-flavour scenario we make the conservative choice of
considering only the most constraining limit among the different flavours.

4 Results and discussion

We can now combine the predicted values of ANg from section 2 with the LHC and LEP
exclusion limits derived with the procedures outlined in section 3. The main focus of this
work is on the 3-flavour case, where y. = y,, = yr = y. We show the results for this scenario
in figure 3.

The first important feature of the LHC searches and one of the main results of this pa-
per is that, once the modification of prompt limits due to macroscopic impact parameters
is taken into account, the LLP and prompt exclusion limits are highly complementary. For
instance, the contour for AN.g = 0.06 can be completely excluded only when we combine
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the prompt and LLP constraints. This stresses the general importance of reinterpreting
prompt limits for macroscopic lifetimes. By comparing CMS and ATLAS it is also notice-
able how the precise value of the cuts on the impact parameters influences the sensitivity
of prompt limits for longer lifetimes.

We find that the combination of LHC searches does not exclude the part of parameter
space corresponding to prompt signatures and mp < 100 GeV. While this region is mostly
excluded by LEP, we note that there is still a small unconstrained sliver of parameter space
corresponding to ANeg > 0.06, which lies within expected reach of CMB-S4. Apart from
this corner of the parameter space, we find that the LHC searches exclude AN.g > 0.055.

For ANg < 0.05 we find that LLP searches are already more sensitive than searches
for prompt decays. Given that these searches are largely free of backgrounds, substantial
gains in sensitivity can be expected with increasing luminosity. In this context it will be
particularly interesting to see whether ATLAS will be able to reduce the lower bound on
the lepton impact parameter, which currently limits the sensitivity of its displaced lepton
search in the parameter region of interest.

We remind the reader that the results in figure 3 assume that B is charged only under
SM hypercharge and can therefore only couple to right-handed charged leptons. If instead
B were an SU(2) doublet and coupled to left-handed leptons, the production cross section
at the LHC would increase accordingly and lead to stronger constraints. Moreover, it
would also be possible to produce the second component of the SU(2) doublet (analogous
to sneutrinos), which would decay into x and a SM neutrino. These decays would play
no role for the LHC, since they do not produce lepton tracks, but would increase the
production of DR in the early universe and thereby ANeg. Our calculation generalises
straightforwardly to this case with no qualitative changes.

Another interesting generalisation of our calculation is the case where B couples to only
one flavour. While the LHC analyses considered above possess good sensitivity to the case
of decays into electrons or muons, they are not very sensitive to the case of tau decays. From
ref. [51] we expect that even dedicated searches have only marginal sensitivity to promptly
decaying B coupling only to tau leptons and that this sensitivity decreases rapidly when
the decays become slightly displaced. We therefore focus on the cases of couplings to
right-handed electrons or muons only. The results for these scenarios are shown in figure 4.

In the single-flavour case the constraints from prompt LHC searches are weaker due
to lower statistics, but also the contribution to Neg is lower, because the number of active
degrees of freedom of the parent particle B is reduced by a factor of 3.7 Concerning the LHC
limits it is worth pointing out that for the prompt ATLAS event selection there is a different
requirement on muon and electron tracks, which leads to weaker bounds on the decay length
of the muon partner. Furthermore, the CMS search for displaced leptons sets stronger limits
in the muon channel, mainly due to lower background owing to the better impact parameter
resolution for muons. In addition, the signal efficiency is slightly higher in the muon
channel, especially for large |dy|. Finally, LEP searches are more sensitive to prompt muons

"By active degrees of freedom we mean the total degrees of freedom of all flavour states that couple to
x and play a role in the production of DR. Equivalently, one can treat the degrees of freedom as constant
and consider a flavour-averaged decay width, which is reduced by a factor of 3 for the single-flavour case.
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Figure 4. Collider constraints on the parameter space of interest in the case of B only coupling to
a single flavour. On the left for coupling to electrons only (y. =y, y, = y- = 0), on the right for
coupling to muons only (y, =y, ye = yr = 0).

than to prompt electrons, leading to a larger portion of unprobed parameter space for the
latter. In spite of these differences, figure 4 shows qualitatively similar results for both cases.

In conclusion, the interplay between cosmological observations of DR and LHC signa-
tures of LLPs is a general result of the coincidence between the Hubble rate for temperatures
around the electroweak scale and the typical vertex resolution of LHC experiments. This
interplay will become particularly exciting if future CMB missions observe evidence for
DR. The target sensitivity of CMB-S4 is o(Neg) = 0.03, which corresponds to our quoted
20 exclusion value ANgg = 0.06, but even higher sensitivity might be reached. Looking
further into the future, new experiments like CMB-HD [52] aim at reaching a sensitivity
of the order of o(Neg) = 0.01. With such a measurement, it may well be possible to set a
lower limit on the amount of non-thermal DR in the early universe, which would translate
into a clear target for LHC experiments.

The case ANeg 2 0.06 for mp > 120 GeV can already be excluded in our model with
existing LHC data. Making progress towards even smaller values of ANeg will require
both additional data and an improved understanding of the sensitivity of prompt searches
to slightly displaced leptons. This observation justifies a more careful consideration of
the event selection requirements applied by the LHC collaborations for prompt searches.
Moreover, we encourage the experimental collaborations to provide the results from their
prompt searches also for varying lifetimes of the parent particle, thus enabling a community-
wide effort to combine the information from particle physics and cosmology.
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