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ABSTRACT: We present version 2 of SMODELS, a program package for the fast reinter-
pretation of LHC searches for new physics on the basis of simplified model results. The
major novelty of the SMODELS v2 series is an extended topology description with a flexible
number of particle attributes, such as spin, charge, decay width, etc. This enables, in
particular, the treatment of a wide range of signatures with long-lived particles. Moreover,
constraints from prompt and long-lived searches can be evaluated simultaneously in the
same run. The current database includes results from searches for heavy stable charged
particles, disappearing tracks, displaced jets and displaced leptons, in addition to a large
number of prompt searches. The capabilities of the program are demonstrated by two
physics applications: constraints on long-lived charged scalars in the scotogenic model, and
constraints on the electroweak-ino sector in the Minimal Supersymmetric Standard Model.
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1 Introduction

Run 2 of the Large Hadron Collider (LHC) has presented us with an incredible performance
and an exciting physics programme in the quest for new physics beyond the Standard
Model (BSM). Given the null results so far in the plethora of searches for new particles, it
becomes increasingly clear that the effects of BSM physics must either be manifest at higher
energy scales, or be much more subtle and/or complicated to find than originally hoped
for. Consequently, searches for new physics by the LHC experimental collaborations have
intensified and widened in scope. One of the directions in which many new analyses have
been directed is searches for new long-lived particles (LLPs), and many interesting new
results in the pursuit of both, “prompt” and “long-lived” new physics have been coming
out for the Run 2 data.



On the phenomenology side, reinterpretation efforts have intensified, with much closer
theory-experiment interaction than seemed possible at the beginning of the LHC era [1-3].
It is in this spirit that public software tools for the reinterpretation of the LHC results have
been developed, to allow for reinterpretation studies outside the experimental collaborations,
help obtain a global and coherent view of how the experimental data constrain BSM
scenarios, and guide future experimental and theoretical explorations. See ref. [2] for the
status and recommendations after Run 2, as well as an overview of reinterpretation methods
and tools.

For BSM theories with a Zs-like symmetry, the SMODELS package [4-10] provides
a particularly efficient way to reuse and reinterpret the results from LHC searches for
new particles. SMODELS is based on the concept of simplified models; it decomposes the
signatures of full BSM scenarios into simplified model components (here called topologies)
which are then confronted against the experimental constraints from a large database
of results. Since this does not involve any Monte Carlo event simulation, SMODELS is
extremely fast and thus particularly well suited for model surveys, including large scans.
The code and its vast database were also exploited recently in a new statistical learning
algorithm that aims at identifying dispersed signals in the slew of LHC results [11].

While very powerful, the SMODELS approach to testing BSM theories involves a number
of approximations. In particular, in the SMODELS v1 series, the simplified model description
involved only the structure of the topology (number of vertices in each branch, and number
and type of SM final states in each vertex) and the masses of the BSM particles. Other
properties like spin or color representation of the BSM particles, which might influence
the kinematic distributions of the final state, were ignored. For many LHC searches with
rather inclusive kinematical selection, in particular most searches for R-parity conserving
supersymmetry (SUSY), this is a reasonable approximation [4, 12-14]. Nonetheless, there
is need for a more refined simplified model description in SMODELS, in particular to be
able to include the large variety of decay-width (lifetime) dependent LLP results.

We therefore present in this paper version 2 of SMODELS.! The most important new
development in this new version is the introduction of a particle class, enabling an extended
topology description with a flexible number of attributes for the BSM particles, such as
spin, charge, decay width, etc. As mentioned above, this allows in particular for a better
treatment of LLP signatures. Moreover, constraints from prompt and long-lived searches can
be evaluated simultaneously in the same run. On the database side, SMODELS v2 includes
results from searches for heavy stable charged particles (HSCPs), disappearing tracks,
displaced jets and displaced leptons, in addition to a large number of prompt searches.

In the following, we describe in detail the technical novelties in SMODELS v2 and
demonstrate the capabilities of the program by means of two physics applications: the
scotogenic model [15, 16] with either a scalar or a fermionic dark matter (DM) candidate,
and the electroweak (EW)-ino sector of the Minimal Supersymmetric Standard Model
(MSSM) [17-20]. The appendices give further details on the current database, the develop-
ment of home-grown HSCP efficiency maps, and the interface to MICROMEGASs [21-23].

IThe concrete version which this paper is based on is v2.1.
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Figure 1. Comparison between the simplified model description in SMODELS v1 (left) and in
SMODELS v2 (right). For the latter, the newly introduced particle class is used to describe all
particles appearing in the topology.

It is assumed that the reader is familiar with the concepts and working principle of SMoD-
ELS. If this is not the case, we refer to [4] and the online documentation [24] for a more

detailed introduction.

2 Extension of the topology description in SModelS v2

The most significant novelty in SMODELS v2 is the introduction of particle objects, which
allows for more flexibility when dealing with simplified models. In the SMODELS v1
series [4, 5, 7, 9], only the masses of intermediate BSM particles were used for describing the
simplified model topologies tested by the database or obtained from the decomposition of the
input model. Furthermore all final states, whether they are SM particles or (meta-)stable
BSM particles, were described by simple labels (strings). Hence, despite the handling
of a large variety of simplified model constraints, SMODELS vl was not able to deal
with width-dependent results, such as searches for displaced decays, or searches which
depend on additional information concerning the BSM particles, such as their spin or

color representation.

2.1 Particle class

In the SMODELS v2 series, the introduction of a particle class replaces the simple list of
particle masses by full objects, which can carry any desirable number of properties, such as
mass, width, spin, electric charge, etc. As illustrated in figure 1, these objects are henceforth
the fundamental building blocks for describing the experimental results in the database, and
for decomposing the input model. When matching the signal topologies of the input model
onto those in the database, the comparison is made at the level of particle objects; particle
objects with the same properties are considered as equal, independent of their labels.

At present, the following attributes (properties) are considered:

o Z2parity: the Z,-type parity of the particle (—1 for odd particles and +1 for even
particles).



o spin: the particle spin (1/2 for fermions, 0 for scalars,. . .)

o colordim: the color representation (1 for singlets, 3 for triplets and 8 for octets)
o eCharge: the electric charge (—1 for electrons, 0 for neutrinos,. .. )

e mass: the particle mass

e totalwidth: the particle total decay width.

Note however that the number of attributes is a priori not fixed; new ones may be introduced
by the user if needed.

In the database of experimental results, if a specific property has no assigned value, it is
assumed to be “arbitrary”. For instance, if a search is sufficiently inclusive to be, to a good
approximation, insensitive to the spins of the BSM particles, the spins are left unspecified in
the database entry. It is then understood that the corresponding result applies to particles
of arbitrary spin.?

2.2 Model input

The input provided by the user is conveniently split into two files: one containing the
definition of BSM particles and their properties (model specification) and one defining their
masses, widths, branching ratios and production cross sections (model parameters). The
list of BSM particles can be defined in two distinct ways: either by writing a simple file
using Python syntax and instantiating the particle objects:?

X=Particle(Z2parity=-1,label="X’,pdg=5000021,eCharge=0,colordim=8,spin=1./2)
Y=Particle(Z2parity=-1,label="Y’,pdg=5000022,eCharge=0,colordim=1,spin=1./2)

or by providing a SLHA-type file with QNUMBERS blocks for each BSM particle, as shown
in figure 2. Note that in the QNUMBERS blocks, whether a BSM particle is even or odd is
specified by a symmetry factor S, S = 0 or 1, in key 11. This is related to the Za(-like)
parity, Pz,, by Pz, = (—1)°. If key 11 is not defined, it will be assumed that S = 1 (odd
particle). We point out that such SLHA files containing QNUMBERS blocks for the model
definition are generated automatically by the MICROMEGAS-SMODELS interface [23], see
also appendix C. Moreover, they can be generated by tools relying on the UFO format [25],
such as MadGraph [26, 27].

As in previous versions, the model parameters (masses, decays,...) can be provided
either as an SLHA file containing MASS, DECAY and XSECTION blocks, or an LHE file
containing parton level events. The typical usage is to keep the BSM model fixed and test
distinct points of its parameter space. In this case, one needs a single file with the list

2This is a good approximation for many F2%% searches, apart from mono-X searches, analyses relying on

ISR jets, and analyses explicitly using shape information.

3A few specific model definitions, such as the MSSM, NMSSM and the Inert Doublet Model (IDM),
are shipped with the code in the smodels/share/models folder and can be used as examples for defining
new models.




Bl identifes particle PDG particle label (optional)

BLOC>?3NUMBERS 1000022 # 11/

0 # 3 times electric charge
SModelS specific 2 # number of spin states (2s+1)
3 # colour rep (1: singlet, 3: triplet, 8: octet)

(optional) 1
\ 4 0 # particle/antiparticle distinction (O=own anti)
11 1 # Parity factor (0: even, 1: odd)

Figure 2. Format for the QNUMBERS block, which can be used to define new particles in
SMODELS v2.

DN =

of BSM particles (set, e.g., in the parameters.ini file) plus the distinct parameter files
for each point of parameter space, which one can also conveniently loop over. Details and
explicit examples are given in the online documentation [24].

2.3 Decomposition for non-prompt decays

In SMODELS v2 the general procedure for decomposing the full BSM model into simplified
model topologies is similar to the one in previous versions: the decomposition makes use
of the production cross sections to identify the primary mothers produced in the hard
scattering processes, which are then (cascade-)decayed according to the decay channels
given by the input model. This procedure is followed until all unstable BSM daughters
have decayed, as illustrated in figure 3. All possible cascade decays of each primary mother
are then combined to generate a list of simplified model topologies (also called elements),
which approximates the input model by a coherent sum of elements.

However, the way non-prompt decays are handled has changed significantly. The

behavior is controlled by two parameters:

e promptWidth: minimum width for a particle to be considered decaying promptly

e stableWidth: maximum width for a particle to be considered detector stable

which can be set in the parameters.ini file. The default values are 10~® GeV for
promptWidth and 10 2° GeV for stableWidth. If the total decay width of a given BSM
particle is larger than promptWidth, the particle is considered to decay promptly and will
never appear as a final state.* On the other hand, if its width is smaller than stableWidth,
the particle is considered stable on detector scales and all of its decays are ignored. Finally, if
the width lies between stableWidth and promptWidth, all relevant topologies are generated
where the particle can appear as an intermediate (decayed) or final-state particle. These
cases are shown in figure 4. They allow the decomposition procedure to generate topologies
where a meta-stable particle can appear either as an intermediate state or a final state,
thus allowing SMODELS v2 to simultaneously test the input model against searches for
both prompt and displaced decays (see section 2.4 for more details).

“In the current version, the electric charge, color and spin of promptly decaying BSM particles are ignored,
which simplifies the decomposition procedure. This is well justified for the prompt searches in the current
database, which are largely insensitive to these quantum numbers.
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Figure 3. Schematic representation of how a full model is decomposed into simplified model
topologies within SMODELS. The input production cross sections are used to defined the primary
mothers, which originate a list of possible branches for all the corresponding decay channels of the
mother. The branches are then combined in pairs (according to the primary mothers appearing in
the production cross sections) to form simplified model topologies, here called elements.

'y < Fstable: X (stable)
X
x /o
x Y
Pstable < T'x < Fpromptﬂ (meta-stable)
X X
x /o
Ix > prompt: E— i (prompt)
prompt X
X

Figure 4. Illustration of how the decays of a given BSM particle are handled according to the
particle’s decay width (see text for details).

2.4 Results description in the database

In previous SMODELS versions, the database of experimental results was limited to upper
limit (UL) or efficiency map (EM) results parametrized as a function of the BSM masses
(M;) appearing in the simplified model topology. Consequently, only searches for promptly
decaying BSM particles, or for BSM particles which are stable on detector scales could
be included. In order to describe searches for non-prompt particles decaying inside the
detector, in SMODELS the ULs or EMs were extended to include both the mass and the



width (I';) of the BSM particles:
E(Ml) — E(Mi, Fi) and UUL(Mi) — UUL(Mi7Fi)7 (2.1)

where € represents an efficiency® and oy, an upper limit on the production cross section.

However, most of the (prompt) results contained in the SMODELS database have no
explicit width dependence, since they implicitly assume all decays to be prompt and the
last BSM particle in the cascade decay to be stable. In this case, if the total width of
the decaying particle is smaller than promptWidth, it is necessary to rescale the original
efficiencies or upper limits in order to take into account the width dependence given the
implicit assumption of a prompt decay. Within SMODELS v2 this is done by reweighting the
efficiency or upper limit whenever the width dependence is not explicitly specified by the
experimental result. The reweighting corresponds to evaluating the approximate fraction of
prompt decays appearing in the input topology and the fraction of decays outside of the
detector for the last BSM particle:®

E(Mzarl) = ]:prompt(ri) X E(Mz) and O'UL(Mi,Fi) = O'UL(MZ')/]:prompt(Fi) ) (22)

where

N—1
Fprompt - lH fprompt (Fz)‘| fstable(FN)
i=1

N—-1
= lH (1 — exp(—I’iLgﬁner)l exp (—FNLgf‘%ter) . (2.3)
i=1

The term in brackets corresponds to the probability that the first N — 1 decays take place
sufficiently close to the interaction point to be considered prompt while the Nth decay takes
place outside the detector. The effective inner and outer detector sizes (Leg = L/{7/3)) are
taken to be LI = (0.769 mm and L = 7.0 m. We also point out that the rescaling
defined in eq. (2.2) can be trivially extended to results where the efficiency (or upper limit)
dependence on the widths is partially known, e.g., when only the dependence on the width
of the last decay is provided.

Finally, recall that in SMODELS v2, the quantum numbers of the intermediate and final
BSM particles can also be specified when describing an experimental search. Therefore, it
is possible to restrict the search applicability to more specific scenarios, such as topologies
with a particular spin assignment for the BSM particles. For instance, as discussed in
section 3.1, the implementation of the ATLAS disappearing track search contains distinct
efficiency maps for pair production of scalar and femionic LLPs.

2.5 Missing topologies

The constraints provided by SMODELS are obviously limited by its database and the
available set of simplified model interpretations provided by the experimental collaborations

5In SMODELS terminology, “efficiencies” are values of acceptance x efficiency, € = Ae.
6Note that since the efficiency dependence on the width scales as € o Fprompt(L's), the upper limit on the
cross section scales as our,  1/€ < 1/ Fpromps ().



or computed by theory groups. Therefore it is interesting to identify classes of missing
simplified models (or missing topologies) which are relevant for a given input model, but
are not constrained by the database. As in previous versions, SMODELS provides as output
the list of the simplified models with highest cross sections which were not constrained by
the database. The lack of constraints can be due to two main reasons:

1. no experimental result has considered the specific simplified model or

2. the model parameters (masses and/or widths) fall outside the range considered by
the experimental result.

In SMODELS v2, the classification of missing topologies has changed significantly with
respect to previous versions, since inclusion of displaced results in the database makes it
more difficult to uniquely classify the unconstrained topologies. The strategy adopted in
SMODELS v2 is to classify all experimental results into displaced or prompt results’ and to
consider the unconstrained topologies according to these types of results. They are therefore
grouped according to the following coverage groups:

o missing (prompt): not covered by any prompt-type results. This group corresponds
to all topologies which did not match any of the simplified models constrained by
prompt results in the database.

o missing (displaced): not covered by any displaced-type results. This group corresponds
to all topologies which did not match any of the simplified models constrained by
displaced results in the database.

o missing (all): not covered by any type of result. This group corresponds to all
topologies which did not match any of the simplified models considered by the prompt
and the displaced results in the database.

e outside the grid: this group corresponds to topologies which are matched by at least
one experimental result in the database (prompt or displaced), but their parameters
(masses and/or widths) fall outside the ranges considered by the results.

In addition, the missing (prompt) group reweights its topology cross sections by the
fraction of prompt decays, as defined in eq. (2.3). The missing (displaced) group, on the
other hand, reweights its topologies by the fraction of displaced decays. Since the grouping
defined above is somewhat arbitrary, it is possible for the user to redefine them with a few
simple changes in the SMODELS code, as detailed in the online manual [24].

"Prompt results are all those which assumes all decays to be prompt and the last BSM particle to be
stable (or decay outside the detector). Signatures with HSCPs, for instance, are classified as prompt, since
the HSCP is assumed to decay outside the detector. Displaced results on the other hand require at least one
decay to take place inside the detector.



3 Database extension

In this section, we briefly summarize the most important additions to the database. More
details are provided in the release notes, which come with the program package (also
available online [24]). An overview of all 13 TeV results included in the SMODELS 2.1.0
database is given in appendix A.

3.1 Results from searches for long-lived particles

Heavy stable charged particles. For HSCPs, we have newly included results from the
13 TeV ATLAS search [28] with 36 fb~! (ATLAS-SUSY-2016-32). On the one hand, we
implemented the UL on the direct production of HSCPs and R-hadrons. On the other hand,
we recasted the analysis employing the prescription provided in the auxiliary information
of the publication and generated EM results for the 11 topologies listed in appendix B.
They contain directly produced HSCPs, as well as HSCPs arising from a 1- or 2-step
decay. We included asymmetric and mixed HSCP/E}S branches containing up to three
mass parameters. For the EMs with up to two mass parameters, we included the explicit
width-dependence as a third parameter. Details are given in appendix B.

Disappearing tracks. The SMODELS database now contains efficiency maps for one or
two charged tracks from searches for long-lived charginos by ATLAS [29] (ATLAS-SUSY-
2016-06, 36 fb~1) and CMS [30] (CMS-EXO-19-010, 101 fb~!). Since these analyses can be
very sensitive to the LLP decay length, which depends on the LLP boost and consequently
on its spin, the disappearing track analyses were implemented for specific spin assignments.
For the ATLAS analysis, we use the efficiency maps provided by [31, 32| for both the
fermionic (chargino) and the scalar (charged Higgs) LLP cases. For the CMS analysis, we
use the efficiency maps provided by the collaboration; here only the fermion (chargino) case
is available.

Displaced jets. In this category, we have included UL results from the ATLAS search [33],
which targets final states with large EF5 and at least one high-mass displaced vertex with
five or more tracks (ATLAS-SUSY-2016-08, 32.8fb~!). Moreover, we have included EM
results for the CMS search for non-prompt jets [34] with full Run 2 luminosity (CMS-EXO-
19-001, 137fb~1).

Displaced leptons. Here, we have implemented the results from the ATLAS search [35]
for charged leptons with large impact parameters, ATLAS-SUSY-2018-14, for full Run 2
luminosity (139fb~1). Note that this analysis provides not only EMs but also the statistical
model® in pyhf JSON format on HEPData!

3.2 Results from conventional (prompt) SUSY searches

Newly added were UL and EM results for the ATLAS gluino/squark searches in the 1/+jets
and 0¢+jets final states, ATLAS-SUSY-2018-10 [36] and ATLAS-SUSY-2018-22 [37], and
for the 0¢ stop search ATLAS-SUSY-2018-12 [38]. Likewise, UL results were added for the

8See [3] for a detailed discussion of why and how to publish the statistical models.



electroweak-ino search in the W H + EX¥' final state, ATLAS-SUSY-2018-23 [39] (no EMs
available in this case). All these analyses are for 13 TeV and full Run 2 luminosity.

Moreover, we augmented the previously available UL results from the 13 TeV ATLAS
electroweak-ino searches in the W2 + EIS final state, ATLAS-SUSY-2017-03 [40] and
ATLAS-SUSY-2018-06 [41], and the 8 TeV CMS stop search with soft leptons, CMS-SUS-
14-021 [42], with the corresponding EM results.

4 Physics applications

4.1 Constraints on long-lived particles in the scotogenic model

As first showcase for the usage of the new width-dependent results, we consider the
scotogenic model [15, 16]. Depending on the setup, this model features scalar or fermionic
DM candidates. In either case, there can be long-lived charged scalars leading to HSCP,
disappearing track, or displaced lepton signatures at the LHC.

The scotogenic model supplements the SM by an additional SU(2) scalar doublet, ®,
often referred to as the inert doublet, and three” sterile neutrinos, N,,. The new fields are
taken to be odd under a new Zs-parity, while the SM fields are even. The model Lagrangian
is given by:

L = Lgu + DI + %NnaNn - (;MnNgNn + 1Yon Lao2® N, + h.c.) ~V(®,H)

(4.1)
where Lgy is the Lagrangian of the SM, M,, are the Majorana masses of the right-handed
neutrinos, and Y is a 3 x 3 complex matrix of Yukawa couplings. Finally, V is the
scalar potential

V(®,H) = i [H|? + p3| @ + M| H[* + o[ @[ + As| H[* @]

1
+ MH®P 4+ D)s (HT®)? + he] . (4.2)

After electroweak symmetry breaking, where (®) = 0 in this model, the particle spectrum
comprises five physical scalar states (h, H°, A°, H*) with masses:

mj = pi + 3Av?,
m%o = u3 4+ A\,
mQAO = M% + )‘SUQa

1
My = p3 + 5/\31)2 ) (4.3)

where )
v? = £ and ALs =

8 (A3 + A £ Xs) - (4.4)
1

N |

9Variations of the model with less or more sterile neutrinos have been considered. To explain the observed
oscillation in the active neutrino sector within the model, at least two sterile neutrinos need to be introduced.
However, in the LHC phenomenology considered here maximally one of these states is involved, while the
others are assumed to be heavy and not produced to significant amount.

,10,



The first scalar, h, is even under the new Zs-parity and identified with the observed SM-like
Higgs boson, mjy >~ 125 GeV. The other scalars are Zs-odd. Note that the scalar sector of
the model has also been considered without the neutrino sector, often referred to as the
inert doublet model (IDM).

The presence of the new scalar and fermion fields provides a radiative generation of
neutrino masses via the radiative seesaw mechanism [15, 16]. Furthermore, the lightest
Zs-odd particle (HY or A, or the lightest of the sterile neutrinos, Ni) is stable and thus a
natural DM candidate. In the following, we consider both options, i.e. scalar and fermionic
DM candidates.

4.1.1 Scalar (inert doublet) dark matter

The scalar sector of the scotogenic model provides two possible DM particles: the scalar
H° and the pseudoscalar A°; in the following we will identify the H° as the DM candidate
without loss of generality. The (collider) phenomenology of the scalar DM scenario is
essentially the same as the one of the IDM.!°

Regarding the relic density, for mgo > myy, pair-annihilation of H's into gauge bosons
is so efficient that Qh? is typically much (up to 2 orders of magnitude) smaller than the
observed value (Q2h? = 0.12 [43]). One way to circumvent this conclusion is a small mass
splitting between the inert scalars [44-46]. Indeed, for DM masses around 500-600 GeV one
needs (sub-)GeV mass splittings (plus small ) to achieve Qh? ~ 0.12. For such small
mass differences, the H* can become long-lived and can be constrained by HSCP and
disappearing track searches. The HSCP constraints were previously discussed in [47] using
SMODELS v1.

In the scotogenic case, coannihilations with right-handed neutrinos close in mass
to the HY can also help avoid DM under-abundance. As pointed out in [48, 49], these
coannihilations tend to increase, rather than reduce, the freeze-out density and thus allow
to satisfy the relic density constraint for DM masses well below 500 GeV. Finally, as studied
in [50], late decays of heavy right-handed neutrinos (happening after freeze-out of the scalar
DM) can be an additional, non-thermal source of DM production and bring an initial
under-abundance in agreement with the observed Qh2.

These considerations motivate us to consider long-lived charged scalars in the 100-
900 GeV mass range and demonstrate how they are constrained by the width-dependent
results in SMODELS v2. For the numerical analysis, we use the IDM implementation in
MICROMEGAS and carry out a random scan over mpgo, mg+ — mgo and m 40, with the
couplings fixed to Ay = 0.01 and A, = 10710, The MIcROMEGAS-SMODELS interface [23]
(see also appendix C) conveniently allows one to produce SLHA input files for SMODELS
including masses, decay tables, and LHC cross sections computed with CALCHEP. The
QNUMBER blocks are also automatically written by the interface.

Before turning to the results, a few more comments on the parameter scan are in order.
First, with the above choice of small Ao and A, the production of inert scalars at the

OFven if the sterile neutrinos are light, mzo < mn, S my+,m o0, their Yukawa couplings are too small
to play a role for the collider phenomenology. However, the presence of sterile neutrinos can have an effect
on the relic density, see the discussion in the main text.

— 11 —



LHC is dominated by the SM gauge interaction arising from their kinetic terms; this gives
conservative estimates of the LHC constraints. In principle values of Ay, A\;, ~ 1072 are
small enough to this end; the particularly tiny value of \;, = 107!° is chosen to have a
vanishing Higgs portal coupling of the DM candidate, which is preferred in view of relic
density constraints, see e.g. [50], though the precise value is actually irrelevant for the
phenomenology discussed here.

Second, the overall mass spread within the inert scalars is constrained by the requirement
that the quartic couplings be in the perturbative regime; here we simply require A3 45 < 47
as a rough bound. Moreover, and more importantly, the mass splittings are constrained
by electroweak precision observables. For each point in the scan, we compute the oblique
parameters S and 7' from eqgs. (24) and (25) in [51] and demand that they fall within the
95% CL region of S =04 0.07 and 7' = 0.05 £ 0.06 with a correlation of 0.92 [52]. Very
roughly, this limits m 40 < 1.4mpgo.

Third, regarding DM constraints, we require that Qh? < 0.13 from the standard thermal
freeze-out calculation in MICROMEGAS (assuming ~ 10% theory uncertainty from the
tree-level calculation), and that the DM-nucleon scattering cross section rescaled by a factor
Qh%/0.12 evades the DM direct detection limits implemented in MICROMEGAS v5.2.7.a.
This, however, eliminates hardly any points.

All in all, we sample 29k points that fulfill the above constraints in the region of small
mass splittings, my+ —mpgo < 0.5 GeV, that gives long-lived charged scalars. The dominant
decay modes of the H* are either into 7t H (for my+ — myo > my+ = 139 MeV) or, for
Myt — mpo < my+ = 139 MeV, into /T H® (¢ = e, 1).!! Following [31, 55] (see also [56]),
we add an effective H¥ HO7F vertex

2
z;jij;%v(pfli — PHO) * Pr¥ (4.5)
in the CALCHEP model file, with f; = 0.13 GeV the pion decay constant. This interaction
arises from an effective, non pertubative W-n Lagrangian £ = (gf)/ (2\/§)WJ Otm~ and
gives a decay with of [31]

I (H* = n*H) = ﬁAm% [Am2 —m2, (4.6)
64mm T

w
where Am = mpy+ — mpgo.

The relevant long-lived signatures are disappearing tracks, which constrain lifetimes of
O(1cm) to O(1m) for charged scalar masses of up to about 200 GeV, and HSCP signatures
for lifetimes from about 2 m onward. The scan results are presented in figure 5, which
shows the maximum r-value, rpax, obtained from SMODELS, on the left in the plane of
Mg+ — mpgo versus my+, and on the right in the plane of mean decay length cry+ versus
mg+. The r-value is defined as the ratio of the theory prediction for a simplified model
topology over the corresponding observed upper limit; points with » > 1 are therefore
considered as excluded.

"¥or mass differences my+ — myo below the QCD scale of around 1.5 GeV, the H* decay should be
computed as decay into hadrons, H * 5 7T H, instead of a 3-body decay into free quarks, H * 5 udH®, via
an off-shell W-boson [53, 54]. This is important for LLP studies, as I(HT — 7= H®) > T(H* — udH").

— 12 —



Scalar DM ; Scalar DM

disappearing tracks

L,
0.8 10! -8

’IIIHX

0.6 =

cTy+ (m)

0.4

disappearing tracks

2 . o s P ,‘,- ' -'. 5 o < FUEE ] P
200 300 400 500 600 700 200 300 400 500 600 700
mpy=+ (GeV) mpy= (GeV)

Figure 5. SMODELS counstraints on long-lived charged scalars in the scotogenic model with scalar
DM, with the H* decaying either to 7t H? or to £+ H?. The white line denotes the exclusion limit
(rmax = 1) from HSCP searches, while the pink line denotes the exclusion limit from disappearing
track searches; the value of 1.« is shown in color.

The pink and white contours show the exclusion limits (ryax = 1) from the disappearing
track and HSCP searches, respectively. The HSCP limits are relevant for crpp+ 2 2 m,
corresponding to my+r — mpgo < my. The sharp cut-off at the pion mass results from
the rapid change in lifetime when the H* — 7= HY decay becomes kinematically allowed.
The strongest HSCP constraints come from the 13 TeV ATLAS analysis with 36 fb—! [28§],
the corresponding CMS analysis [57] in the SMODELS database having lower luminosity
(12.9fb~1). For long lifetimes, cTp+ > 100 m, this ATLAS analysis excludes charged Higgs
masses up to about 600 GeV. It is worth noting, however, that the 13 TeV analyses do
not cover low masses < 160GeV as a result of the minimum cut on the reconstructed
mass, see appendix B. In this region, and for points close to the white contour up to
mpg+ < 500 GeV, the exclusion comes from the 8 TeV CMS analysis [58, 59].

For mean decay lengths ranging from few cm to about 2 m, corresponding to mp+ —
mpo ~ [0.14, 0.35] GeV, the exclusion in figure 5 comes from the ATLAS disappearing
tracks search [29] with 36 fb~!. This reaches up to mpy+ ~ 220 GeV for cry+ ~ 20 cm. We
recall that here the EMs for scalar LLPs recasted by [31, 32] are used. In principle there
is also the CMS disappearing track search [30] with 101fb~! of data. For this analysis,
however, simplified model results are available only for the chargino/neutralino hypothesis
(fermionic LLPs). Since the disappearing track searches are implemented in the SMODELS
database for specific spin assignments, see section 3.1, by default the CMS results are
not applied to the scalar LLP scenario. This is, among other considerations, motivated
by the fact that the disappearing track searches make use of hard jets originating from
initial-state radiation.

The picture that emerges when ignoring the spin dependence is shown in figure 6.
Indeed the CMS results [30], when applied to the scalar case, significantly extend the
excluded region for decay lengths above about 10 cm (blue contour). For erp+ ~ 1 m,
masses up to almost 350 GeV are excluded. Comparing the red and orange regions in
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Figure 6. Comparison of exclusion limits for long-lived charged scalars as function of H* mass (in
GeV) and lifetime (in m), using disappearing track EMs derived for either scalar or fermionic LLPs.

figure 6—the former being the ATLAS exclusion with EMs for the fermionic case, the latter
the ATLAS exclusion with EMs for the scalar case — one sees that the effect of the spin
dependence is rather small, roughly of the order of 10% in the excluded mass. Moreover,
the EMs for scalar LLPs actually exclude more than those for fermionic LLPs. It should
thus be safe to apply the simplified model constraints from [30] to scalar LLPs, although
one can expect some under-exclusion in this case. In any case, it would be desirable to have
dedicated EMs for both spin choices.

Another comment is in order. The alert reader will have noticed the scattered red
(excluded) points, outside the white and pink contours in figure 5. These points have
m a0 —mpt < 5GeV. For such small mass differences, the decay products of A — H* and
AY = HO transitions are very soft and considered as invisible in SMODELS. Consequently,
AHO - H*HY 4+ X 6 and A°H*T —» HE*HY + X s production are treated as the same
topology as H* H? production (the Xy being ignored), meaning their cross sections are
added up in the simplified model decomposition. The same applies to HEHT (4+Xgoft)
production. This is called mass compression in SMODELS; the behaviour is controlled by the
minmassgap parameter, with minmassgap = 5 GeV being the default value. Since the cross
sections are added up, the constraints typically become stronger once mass compression
comes into play. There are, however, some differences between the disappearing tracks and
HSCP results, which are worth explaining.

For the disappearing tracks search, results only exist for the direct production of one
or two LLPs. Hence, charged scalars from the decay of the neutral inert states are not
taken into account except for very small mass splittings where SMODELS applies the mass
compression. This explains why the exclusion reach increases for m 0 — myg+ < 5GeV.

For the HSCP search [28], on the other hand, the database contains EM results for all
topologies occurring in the IDM /scotogenic model. Hence, whether or not to apply the
mass compression for small mass splittings should, in principle, not cause any difference.
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However, the EMs were produced using SUSY processes and it turns out that for two of the
relevant 1-step topologies (concretely THSCPMS8 and THSCPM11, see figure 15 and table 3
in appendix B), the choices for the production modes and spins of the involved particles are
different to the ones in the model considered here. These EMs tend to underestimate the
efficiencies of the scalar case.!? For the direct HSCP production (topologies THSCPM1b
and THSCPM2b), Drell-Yan production of a scalar was used, which matches the model
considered here. As a consequence, when mass compression is applied for small mass
differences, one gets a slightly stronger constraint from the EM results than without mass
compression. Furthermore, the database also contains the UL results provided by the
ATLAS collaboration for direct HSCP production. These ULs are slightly stronger than
the limits obtained from the EMs for direct HSCP production and further strengthen the
constraints in the case of mass compression with respect to the case where the individual
topologies are combined.

4.1.2 Fermionic (sterile neutrino) dark matter

The lightest sterile neutrino is another phenomenologically viable DM candidate in the
scotogenic model. For this choice, the observed relic density can be explained by the
freeze-in mechanism [60-62]. Considering freeze-in from the decays of inert scalars, to
achieve Qh? ~ 0.12 the respective Yukawa couplings should be of the order of [63, 64]

/—— 10keV \ /2 42 1/2
[Ya1[? ~ 10 T0Gw ) (4.7)

mn,

where a = 1,2, 3 runs over the three generations of leptons and ps represents the typical
mass scale of the Zs-odd scalars. To explain the observed oscillation of active neutrinos,
the Yukawa couplings of the heavier sterile neutrinos are required to be considerably larger
than the typical coupling for the lightest state, 1075 < |Yazl, |[Yas| < 1072 [64].

Here, we are interested in the signatures expected from long-lived charged particles and
focus on the scenario with my, < mg+ < mpgo, myo < mpy,, my, mass hierarchy. Given
its small couplings, direct production of the sterile neutrinos can be neglected and, hence,
Ny and N3 are phenomenologically irrelevant in our considerations.

In this scenario, H* can only decay into N; and a lepton. The respective decay width
reads [63]

+ oy _ my=|Yarl? mi, ’
DHT — Ni3) = 67 (1 — m%H) . (4.8)
Requiring that the N; makes up for the observed DM abundance, eq. (4.7), the proper
decay length of the H* ¢ty is of the order of

my, 100 Ge\/)2
~Y . 4.
T 10n1(10kdv) ( p— (4.9)

Hence, in the relevant range of masses, the charged scalar is typically long-lived. When
decaying outside the detector, H* leads to a HSCP signature while decays inside the tracker
could be detected in searches for displaced leptons.

12Tn the HSCP EMs, the spins and color charges are taken as arbirary.
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To showcase the sensitivity of SMODELS v2 for this scenario, we perform a grid scan
over my+ and my,, varying mg+ from 100 to 900 GeV and mpy, from 1keV to 10 GeV.
The masses of the neutral Z-odd scalars are taken as mpyo = mY = mffl + Am, with two
choices for the mass splitting, Am = 5GeV and Am = 50 GeV. Furthermore, we choose
ALs = 1072. In this setup, the production of inert scalars at the LHC is dominated by
SM gauge interaction arising from their kinetic terms. Finally, in our main results, we
assume Yy to have one non-zero entry only, such that H* decays to 100% into one lepton
flavor, either electrons or muons. While a non-trivial mixing, in general, is subject to lepton
flavor constrains, additionally, we consider the case of 50% BR into muons and electrons
for illustration.

For a given particle spectrum, we compute the DM relic density arising from freeze-in
production by solving the respective Boltzmann equation [62]'? taking into account the
decays of all the inert scalars:

Ky (z) Vi (x)

)

Qr? ~ 2.7 x 108 my, /Ooodw T (i — N 1E/v), (4.10)
where K; denotes the modified Bessel functions of the second kind. The sum runs over the
four inert degrees of freedom, i € {H*, H?, A%}, Y*d(x) denotes their comoving number
density in thermal equilibrium, and T'(i — Ny % /v) the partial width for their decays into
N; and a charged lepton or neutrino. The latter is taken from [63]. The Hubble parameter,
H, is evaluated at the temperature T' = m; /.

Contrary to the scalar DM case, here we have less freedom for generating the DM; we
therefore assume that the N; saturates the relic density constraint through freeze-in. As
the partial decay widths involved in eq. (4.10) are all proportional to |Y,1|?, we solve for
Qh? = 0.12 for this Yukawa coupling and compute the corresponding lifetime of the H*
for a given set of masses. Note that for the mass splittings considered here, H" and A°
promptly decay into H* such that their direct decays into N; can safely be neglected.

As in the previous subsection, we compute the production cross sections of the Zs-odd
scalars with CALCHEP utilizing the MICROMEGAS-SMODELS interface, and then evaluate
the LHC constraints with SMODELS v2. Figure 7 shows the obtained rp.x values in the
mpy+ vs. my, plane as well as the SMODELS exclusion lines (contours of 7,y = 1) resulting
from the HSCP and displaced lepton searches, for the two choices of Am = m g0 o — mp+
and the H* decaying either 100% into e* Ny or 100% into u® Nj.

The 13 TeV ATLAS search for displaced leptons [35] provides sensitivity in the region
¢t < 1 m. The HSCP limits are strongest in the detector-stable limit, while for decay lengths
of O(1 m) they suffer from the exponentially suppressed fraction of particles traversing
the detector. The two exclusion regions have a minor overlap for small myx+, i.e. a large
production cross section. The relevant HSCP analyses are the 8 TeV CMS searches [58, 59],

13We employ the commonly made approximations that the SM degrees of freedom do not vary during the
freeze-in process and that scatterings and inverse decays could be neglected. We also neglect the contribution
from late decays of the lightest scalar after its freeze out (often referred to as the superWIMP contribution).
We checked that this contribution only becomes relevant outside the considered range of parameters, i.e. for
larger DM and scalar masses.
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and the 13 TeV ATLAS search [28]. As in the previous section, the 8 TeV analysis constrains
the region up to mpy+ < 160 GeV and in the case Am = 5GeV, ctg+ ~ O(5 m) up to
400 GeV.

In the case Am = 50 GeV (left panels in figure 7), both the HSCP and displaced lepton
searches exclude H* masses up to about 700 GeV. The displaced lepton limits are slightly
stronger for decays into electrons than for decays into muons. For smaller mass differences,
Am = 5GeV (left panels), the limits are stronger, reaching up to mg+ ~ 800 GeV. This is
due to the fact that the H* can be produced in pp — HYH~, H* A% and H* H° channels,
as well as from pp — AYH? with the neutral scalars decaying to the charged one, and the
total HT signal thus increases with decreasing Am. For the HSCP constraints, all these
different signal contributions can be summed up thanks to the large variety of home-grown
EMs (see however the caveat in case of mass compression explained in section 4.1.1). In
the case of displaced leptons, similar to the case of disappearing tracks considered in
section 4.1.1, simplified model results only exist for the direct production of the LLP; H*
originating from H? or A° decays are therefore ignored unless SMODELS’s mass compression
sets in.

Let us now turn to the question of lepton flavor. So far, we assumed that H* decays
to 100% into one lepton flavor, concretely either electrons or muons.' As my+ > me, my,,
both scenarios provide the same H* decay widths. The HSCP constraints, depending
only on mass and lifetime of the LLP, stay agnostic to the type of decay products. The
constraints from the displaced lepton search are, however, sensitive to the lepton flavor.
Indeed, the slight difference in the displaced lepton limits in the upper and lower panels of
figure 7 arises due to the larger acceptance x efficiency values in signal region SRee (two
displaced electrons) as compared to SRmm (two displaced muons).

Any non-trivial structure in Y1, while subject to lepton flavor violation constraints,
will lead to a mix of lepton flavors in the H* — ¢*N; decays. Staying with ¢ = e, u for
simplicity, the worst case is BR(HT — e*N;) = BR(H* — p*Ny) = 50%, for which
only 25% of the total H* H~ production gives displaced leptons of the same flavor. This
would considerably reduce the constraining power. Fortunately, the ATLAS collaboration
published the statistical model for the analysis in JSON format, which allows for the
combination of the SRee and SRmm signal regions in this case.!> To demonstrate the
usefulness of combining the SRs in the displaced lepton search, we consider in figure 8 the
case of maximal mixture between the first two generations, such that H* — ¢*N; decays
give £ = e, p with equal probabilities. The full pink contour shows the exclusion reach when
SR combination is turned on (combineSRs=True); this has to be compared to the dashed
pink contour which represents the exclusion line without SR combination.

Before concluding this subsection, we note that the case of small DM masses is
also constrained from cosmological observations independent of the scalar sector. In
particular, a recent reinterpretation of warm DM constraints from the Lyman-« for-
est [65] in the freeze-in scenario excludes masses below 15 (3.5) keV [66] under nominal
(conservative [67]) assumptions.

HMResults for displaced taus are also included in the SMODELS v2 database.
15With the EM results provided by ATLAS, contributions in the mixed-flavor signal region SRem can
only be included in addition in case of displaced taus.
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Figure 7. SMODELS constraints on long-lived charged scalars in the scotogenic model with fermionic
DM, where H¥ — /£N;. On the left Am = myo o — mp= = 50 GeV, on the right Am =5 GeV.
The white lines denote the exclusion limit (ry., = 1) from HSCP searches, while the pink lines
denote to exclusion limit from displaced lepton searches; the value of ryay is shown in color. The
upper panels are for #* = e® | the lower panels for /* = y* with 100% branching ratio.

4.2 Constraints on electroweak-inos in the MSSM

Our second showcase is the EW-ino sector of the MSSM. As the lifetime of the lighter
chargino )Zf can span a wide range of values, from prompt decays to decay lengths of
several cm, this serves to illustrate the simultaneous usage of prompt and LLP results in
SMODELS v2.

To cover the parameter space of the EW-ino sector, we perform a random scan over
the relevant Lagrangian parameters, i.e. the bino and wino mass parameters My and Mo,
the higgsino mass parameter p, and tan 3 = ve/v;. Concretely, we vary

10 GeV < M; <3 TeV,
100 GeV < My < 3 ToV,
100 GeV < p <3 TeV, (4.11)
5 < tan 8 < 50.
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Figure 8. As figure 7 but for H* — {* N; decays with equal probabilities for £ = e, u (50% BRs).
Here, SMODELS is run with combineSRs=True in order to combine the contributions in the SRee
and SRmm signal regions of the ATLAS displaced lepton search [35]; this is made possible by the
statistical model provided by the collaboration. For comparison, the pink dashed lines show the
results without SR combination.

The other SUSY breaking parameters are fixed to 10 TeV.'6 The lower limits on M and p are
chosen so to avoid the LEP constraints on light charginos. The scan consists of close to 100k
points, generated randomly within the parameter intervals above. The mass spectra and
decay tables are computed with SOFTSUSY 4.1.12 [68, 69], which includes the )Zli e
decay calculation following [53, 54| (see also [70]) for small mass differences below about
1.5 GeV. Cross sections are computed first at leading order (LO) with PyTHia 8 [71, 72],
and reevaluated at next-to-LO with PROSPINO [73] for all points which have ry.x > 0.7
with the LO cross sections. Furthermore, we take the lightest neutralino %! to be the
lightest supersymmetric particle (LSP) and a DM candidate; its relic density and scattering
cross sections on nucleii are computed with MICROMEGAS v5.2.7a [21, 22].

The mean decay length of the )Zf is shown in figure 9. As can be seen, a large fraction
of the scan points feature prompt decays and can thus be tested by the conventional E%iss
SUSY searches. On the one hand, the wino LSP case (My < p, M) can result in lifetimes
as large as a few centimeters, which can be tested by the ATLAS and CMS disappearing
track searches. The higgsino LSP scenario (u < My, M;) can also lead to non-prompt
decays, cf. the light blue and yellowish points in figure 9, but these remain in the sub-mm
regime and are thus not probed by the current LLP results.

Figure 10 shows the points excluded by the LHC searches in the SMODELS v2 database
in the Mgt VeIsus mgo plane. The color of each excluded point denotes the most constraining
analysis, that is the analy81s giving the highest r-value, ryax. As we can see, points in
the mass-degenerate region are excluded by the ATLAS [29] and CMS [30] disappearing
track searches (light and dark pink points). These points correspond to the wino LSP

scenario. The compressed region, where Mgt — Mgo < myy, is mostly tested by the CMS
1

16We assume that stop parameters can always be adjusted such that my, ~~ 125 GeV without influencing
the EW-ino sector.
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Figure 9. Mean decay length c7 of the lighter chargino, )Zli, for the scan described in the text.
The red points at the lower left corner correspond to the wino scenario (Ms < p, My) and have the
largest decay lengths (up to 8 cm). The light blue to yellowish points on the right side correspond to
the higgsino scenario (u <« M, M), resulting in decay lengths of ~ 0.1 mm. The dark blue points
represent prompt decays.

searches [41, 74] in final states with off-shell W and Z bosons (dark blue points). For
larger mass differences, the decay 9 — ¥{h starts to become kinematically accessible and
the branching ratio BR(¥3 — ¥{h) starts to increase while BR(¥J — ¥{Z) is reduced. In
this transition region, the effective cross section for the )Zfig — WZ + E¥s simplified
model is reduced and constraints from chargino-pair production [75] become more relevant
(green points). For larger chargino masses, the decay ¥y — ¥{h becomes dominant and
constraints from the Wh + ERS final state [76] kick in (red points). Finally, other ATLAS
and CMS searches in the WZ + E%iss final state can be more constraining for a few points

in parameter space; for simplicity, they are grouped as “Others” in figure 10.

It is also instructive to consider the same points plotted in the plane of chargino mass
vs. mean decay length, shown in figure 11. As discussed above, in the wino LSP case
(M < My, ), the lighter chargino is long-lived and can be constrained by the disappearing

track searches, which are sensitive down to decay lengths of ~ 1 cm.

In figures 10 and 11, we also display the exclusion curves published by ATLAS and CMS
for the corresponding simplified models. For the case of disappearing track searches, the
exclusion obtained with SMODELS agrees very well with the ‘official’ exclusion curves from
the collaborations. For the prompt searches, however, SMODELS seems to underestimate
the reach as compared to the exclusion limits from the ATLAS and CMS collaborations.
Generally, the exclusion obtained with SMODELS tends to be conservative, since it is
limited by the simplified models included in the database. The main reason behind the
supposed under-exclusion in figure 10 is, however, the fact that the ATLAS and CMS
mass limits assume a pure bino )Z(l] and pure wino )Zf and )Zg, the latter assumption
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Figure 10. Constraints on EW-inos in the MSSM, from the scan explained in the text. The points
in colour are excluded by SMODELS, with the colour denoting the analysis that gives the highest
r-value (see legend). The simplified model exclusion lines from the respective ATLAS and CMS

publications are also shown for comparison.
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Figure 11. As figure 10 but in the plane of )Zli mass versus mean decay length. The simplified
model exclusion lines from the ATLAS and CMS disappearing tracks searches are also shown

for comparison.
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Figure 12. SMoODELS-allowed scan points in the plane of Mo VErsus m:; the colour code shows
1
the highest r-value rescaled by the reference cross sections for pure wino production.

maximising the production cross section. Within the MSSM, this is only approximately
valid if My <« My < p. For general parameters as in our scan, the production cross sections
will typically be smaller than the ones assumed by the collaborations, thus reducing the
excluded region. To illustrate this point, we plot in figure 12 all the non-excluded points in
the Mgk V8. Mg plane. The color coding shows the ryax value obtained for each (allowed)

WINno

point rescaled by the pure wino production cross section (0502

which would be the ry,, value if the production cross sections for Yy, with ¥ = )Zf, 9,

). In other words, it shows

were the ones assumed in the ATLAS and CMS limit plots. As we can see, almost all
non-excluded points that fall within the ATLAS and CMS exclusion curves become excluded
(Pmax X meo /o > 1) once their cross sections are rescaled in this way.

LHC versus dark matter constraints. Let us next consider possible DM constraints
for the EW-ino scenario, and their complementarity with the LHC constraints. To this end,
we assume a standard cosmological history, so the ¥! relic abundance, h?, is given by the
usual WIMP freeze-out calculation. Furthermore, we allow for the {9 to make up for just
a fraction of the observed DM abundance, which may include contributions from other,
non-MSSM particles. Therefore we impose only an upper bound of QA% < 0.13 (assuming
again == 10% theory uncertainty from the tree-level calculation) and rescale the DM-nucleon
cross section that enters the DM direct detection constraints by a factor Qh?/0.12.

It is well known that in the EW-ino scenario, the bino LSP case (M; < My, p) leads
to a DM overabundance and would be excluded by the considerations above, while the wino
and higgsino LSP cases lead to an under-abundance for masses below ~ 1TeV. From the
discussion above we know that the LHC constraints from prompt searches are more stringent
for the bino LSP case, with wino-like )Zf and ¥3. Wino LSP cases, on the other hand, are
constrained by disappearing track searches. To compare the LHC and DM constraints,
we show in figure 13 the {{ relic abundance as a function of the ratio M;/min(Ma, p).
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Figure 13. Comparison of LHC and the DM relic abundance constraint for the KW-ino scenario;
see text for details. The regions with a pure bino DM corresponds to M7 /min(Ms, 1) < 1 and with
a wino/higgsino DM to My /min(Ms, 1) > 1, as indicated by the dashed line. The upper bound on
the LSP relic abundance is shown by the solid line.

Values of this ratio much smaller than 1 correspond to the bino LSP scenario, while values
much larger than one correspond to the wino/higgsino LSP case. As we can see, the points
excluded by prompt searches are almost entirely restricted to the bino LSP region, which is
already excluded by the relic abundance constraint. The exception are a few points with a
mixed LSP leading to a small relic. On the other hand, the disappearing track searches are
sensitive to the wino LSP case with Qh? < 1072

Finally, in figure 14 we show the effective (i.e. rescaled) ¥V-nucleon scattering cross
section as a function of the ¥{ mass. Points with too high a relic abundance (A2 > 0.13)
are shown in dark grey, while the points with Qh? < 0.13 but excluded by LHC results
are shown in color (light and dark shades of blue, green and pink). The 90% CL direct
detection limit from the XenonlT experiment [77] is shown as black line. Once again, just
a handful of points excluded by the prompt searches can evade the DM (relic plus direct
detection) constraints. The pure wino case, however, leads to a suppressed relic abundance
and, consequently, to a small effective direct detection cross section, thus evading the DM
constraints. These points are only constrained by the disappearing track searches, as shown
by the pink points in figure 14.

5 Conclusions

Version 2 of SMODELS features a more detailed and more flexible description of simplified
model topologies. Concretely, through the introduction of a particle class, the simple list
of BSM particle masses used in SMODELS v1 has been replaced by full objects, which
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Figure 14. Comparison of relic density, DM direct detection and LHC constraints for the EW-ino
scenario; see text for details.

can carry attributes such as mass, width, spin, electric charge, etc. This enables a refined
treatment of, e.g., spin-dependent results. Moreover, and more importantly for this paper, it
enables the inclusion of a large variety of searches for LLPs in the form of width-dependent
results. Given an input model, SMODELS v2 can thus simultaneously provide prompt
and long-lived results in the same run. The LLP searches currently implemented include
searches for HSCPs, disappearing tracks, displaced /non-prompt jets and displaced leptons.
In total, results from 62 ATLAS and CMS searches at 13 TeV are implemented in the current
database, 7 of which are for LLPs.

We demonstrated the physics capabilities of SMODELS v2 analysing the constraints
on long-lived charged scalars in the scotogenic model with either scalar or fermionic DM.
In the former case, LLPs arise for sub-GeV mass splitting with the scalar DM candidate.
Considering the charged scalar as the next-to-lightest Zs-odd state, we found that HSCP
searches constrain its mass up to around 500-600 GeV for mass splittings below the pion
threshold. This covers the range favoured by DM considerations for such small mass
splittings. For mass splittings slightly above m._1, resulting in decay lengths of the order of
0.1-1 m, we found that disappearing track searches from ATLAS with 36 fb~! (CMS with
101 fb~ 1) can exclude charged scalar masses up to around 220 (350) GeV, depending on
the lifetime.

For fermionic DM in the scotogenic model, the measured relic density can be explained
by freeze-in production. The smallness of the required Yukawa coupling of the lightest
sterile neutrino naturally renders the next-to-lightest Z-odd state long-lived in a large
region of the cosmologically valid parameter space where the DM mass ranges from the
keV to the GeV scale. Besides the searches for HSCP that provide sensitivity to large
lifetimes (corresponding to DM masses in the MeV to GeV range) we applied constraints
from searches for displaced leptons that are most sensitive towards smaller DM masses,
below a few tens of keV. Both types of searches can exclude long-lived charged scalars
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up to about 800 GeV in mass in this scenario. For the displaced lepton search, we also
demonstrated the importance of signal region combination, as enabled by the statistical
model provided by ATLAS for this analysis.

As a second showcase we analysed the constraints on the EW-ino sector of the MSSM,
detailing the interplay of prompt and long-lived searches, as well as the interplay of collider
and DM constraints. We demonstrated to what extend the ATLAS and CMS EW-ino
mass limits, which assume a pure bino §Y and pure wino )Z{E and Y3 (the latter in order to
maximise the production cross section) are weakened in the general case. One aspect is that
%Y decays into ¥Z or ¥{h compete with each other if both are kinematically allowed. More
importantly, however, for general EW-ino mass parameters as in our scan, the production
cross sections are typically smaller than the ones assumed by the collaborations, thus
reducing the excluded region.

Regarding the interplay with DM constraints, we showed that EW-ino scenarios excluded
by prompt searches are almost entirely restricted to the bino LSP region and characterised
by a significant DM overabundance. Only few points with a mixed LSP, leading to a
small relic, escape this conclusion and evade also the DM direct detection bounds. The
disappearing track searches, on the other hand, are sensitive to the wino LSP case with
Qh? < 1072, In this case, the suppressed relic abundance also leads a small effective direct
detection cross section, evading the XenonlT limit by order(s) of magnitude, to the effect
that this scenario is best tested at colliders.

SMODELS v2 is publicly available on GitHub [24] and can serve the whole community for
fast testing of LHC constraints for BSM models that feature a Z,-like symmetry. As Z,-like
symmetries are prevalent in DM models, SMODELS is also interfaced from MICROMEGAS.
A lot more work is foreseen to further extend and improve the usage of simplified model
results and both, the SMODELS code and the database, will continue to evolve.
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ID Short Description | £ [fb™!] | ULgps | ULeyp | EM | comb.
ATLAS-SUSY-2015-01 [78] | 2 b-jets 3.2 v

ATLAS-SUSY-2015-02 [79] | 1¢ stop 3.2 v v
ATLAS-SUSY-2015-06 [80] | 04 + 2-6 jets 3.2 v
ATLAS-SUSY-2015-09 [81] | jets + 2 SS or > 3¢ 3.2 v

ATLAS-SUSY-2016-06 [29] | disappearing tracks 36.1 v
ATLAS-SUSY-2016-07 [82] | 0£ + jets 36.1 v v
ATLAS-SUSY-2016-08 [33] | displaced vertices 32.8 v

ATLAS-SUSY-2016-14 [83] | 2 SS or 3 £'s + jets 36.1 v

ATLAS-SUSY-2016-15 [84] | 0¢ stop 36.1 v

ATLAS-SUSY-2016-16 [85] | 1¢ stop 36.1 v v
ATLAS-SUSY-2016-17 [86] | 2 OS leptons 36.1 v

ATLAS-SUSY-2016-19 [87] | 2 b-jets + 7’s 36.1 v

ATLAS-SUSY-2016-24 [88] | 2-3 ¢’s, EWino 36.1 v v
ATLAS-SUSY-2016-26 [89] | > 2 c-jets 36.1 v

ATLAS-SUSY-2016-27 [90] | jets + v 36.1 v v
ATLAS-SUSY-2016-28 [91] | 2 b-jets 36.1 v

ATLAS-SUSY-2016-32 [28] | HSCP 36.1 v v | v
ATLAS-SUSY-2016-33 [92] | 2 OSSF ¢’s 36.1 v

ATLAS-SUSY-2017-01 [93] | W H(bb), EWino 36.1 v

ATLAS-SUSY-2017-02 [94] | 0 + jets 36.1 v v
ATLAS-SUSY-2017-03 [40] | multi-£ EWino 36.1 v v
ATLAS-SUSY-2018-04 [95] | 2 hadronic taus 139.0 v v | JSON
ATLAS-SUSY-2018-06 [41] | 3 leptons, EWino 139.0 v v v
ATLAS-SUSY-2018-10 [36] | 1€ + jets 139.0 v v
ATLAS-SUSY-2018-12 [38] | 0¢ + jets 139.0 v v v
ATLAS-SUSY-2018-14 [35] | displaced leptons 139.0 v | JSON
ATLAS-SUSY-2018-22 [37] | multi-jets 139.0 v v
ATLAS-SUSY-2018-23 [39] | W H (), EWino 139.0 v v
ATLAS-SUSY-2018-31 [96] | 2b + 2H (bb) 139.0 v v | JSON
ATLAS-SUSY-2018-32 [75] | 2 OS leptons 139.0 v

ATLAS-SUSY-2019-08 [76] | 1¢ + H(bb), EWino 139.0 v v | JSON

Table 1. List of the 31 ATLAS Run 2 analyses and their types of results in the SMODELS 2.1.0
database. Apart from the HSCP, DT and displaced lepton searches, all analyses require EX in

the final state (for conciseness omitted in the short descriptions).

A  Overview of Run 2 results in the SModelS 2.1.0 database

Tables 1 and 2 present a list of all Run 2 results included in the SMODELS database.
The last column in each table displays which type of information is available (if any) for

combining distinct signal regions within a given analysis.
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ID Short Description | £ [fb™!] | ULgps | ULex, | EM | comb.
CMS-PAS-EXO-16-036 [57] | HSCP 12.9 v
CMS-PAS-SUS-16-052 [97] | ISR jet + soft £ 35.9 v v Cov.
CMS-SUS-16-009 [98] 0¢ + jets, top tag 2.3 v v
CMS-SUS-16-032 [99] 2 b- or 2 c-jets 35.9 v
CMS-SUS-16-033 [100] 0¢ + jets 35.9 v v v
CMS-SUS-16-034 [101] 2 OSSF leptons 35.9 v
CMS-SUS-16-035 [102] 2 SS leptons 35.9 v
CMS-SUS-16-036 [103] 0¢ + jets 35.9 v v
CMS-SUS-16-037 [104] 14 + jets with MJ 35.9 v
CMS-SUS-16-039 [105] multi-¢, EWino 35.9 v
CMS-SUS-16-041 [106] multi-¢ + jets 35.9 v
CMS-SUS-16-042 [107] 10 + jets 35.9 v
CMS-SUS-16-043 [108] W H (bb), EWino 35.9 v
CMS-SUS-16-045 [109] 2b+4 2 H(yy) 35.9 v
CMS-SUS-16-046 [110] high-pr 35.9 v
CMS-SUS-16-047 [111] ~ + jets, high Hy 35.9 v
CMS-SUS-16-049 [112] 0¢ stop 35.9 v v
CMS-SUS-16-050 [113] 00 + top tag 35.9 v v
CMS-SUS-16-051 [114] 14 stop 35.9 v v
CMS-SUS-17-001 [115] 20 stop 35.9 v
CMS-SUS-17-003 [116] 2 taus 35.9 v
CMS-SUS-17-004 [74] EWino combination 35.9 v
CMS-SUS-17-005 [117] 1¢ + jets, top tag 35.9 v v
CMS-SUS-17-006 [118] jets + boosted H (bb) 35.9 v v
CMS-SUS-17-009 [119] SFOS leptons 35.9 v v
CMS-SUS-17-010 [120] 20 stop 35.9 v v
CMS-SUS-18-002 [121] v + (b-)jets, top tag 35.9 v v
CMS-SUS-19-006 [122] 0 + jets, MHT 137.0 v v
CMS-SUS-19-009 [123] 14 + jets, MHT 137.0 v
CMS-EXO0-19-001 [34] non-prompt jets 137.0 v
CMS-EX0-19-010 [30] disappearing tracks 101.0 v

Table 2. List of the 31 CMS Run 2 analyses and their types of results in the SMODELS 2.1.0
database. In the last column, “Cov.” stands for covariance matrix. All CMS-SUS analyses require
EXs in the final state (for conciseness omitted in the short descriptions).
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B Recasting of the ATLAS-SUSY-2016-32 HSCP search

For the recasting of the 13 TeV ATLAS search for HSCPs [28], we follow the prescription
provided in the auxiliary information of the publication. We consider the two signal regions
SR-1Cand-FullDet and SR-2Cand-FullDet that use the time-of-flight measurement for
reconstructing the mass of the HSCP. The signal region SR-1Cand-FullDet requires one
(and only one) HSCP candidate that passes the ‘tight’ selection criterion while the signal
region SR-2Cand-FullDet requires candidates satisfying the ‘loose’ selection criteria. In
the analysis, two different triggers are considered, an EFS trigger and a muon trigger.
Since we consider only constraints from HSCPs decaying outside the muon chamber, the
recasting assumes the muon trigger.

The probabilities for an HSCP candidate to pass the muon trigger and satisfy the loose
and tight selection criteria are given as a function of its velocity, 5, and pseudorapidity,
n, at generator level in the auxiliary information of [28]. We denote them by Piig, Poose
and Pight, respectively. (Note that Piigne = Ploose Pright-promotion-) Furthermore, for each
of the two signal regions, the analysis considers four different choices for the cut on the
reconstructed mass, myeco. This gives a total of eight kinematic regions for which EMs are
needed for the SMODELS database.

We compute the probability for the reconstructed mass to lie above the respective cut
by assuming myeco to be Gaussian distributed. The respective mean value and variance has
been provided as a function of the true mass in the auxiliary information of [28]. We denote
this probability with P,
HSCP in an event traverses the full detector, Fiong. The latter is given by

We furthermore have to consider the probability that the given

cut *

Eong(ﬂan) = exXp (_ CI;(’?;) (Bl)

where 7 is the relativistic boost factor according to the velocity 5 and L(n) is the n-dependent
travel length of the HSCP traversing the detector. To compute L(7), we approximate the
ATLAS detector by a cylinder with a radius of 12 m and a length of 46 m.

For a given event with two HSCP candidates (that have the same mass), we compute
the overall probability that the event is triggered and selected in a given signal region with
Mreco above the respective cut by

ven 1 2 1 1 2 1 2 2
LG e = { P (1= Fums) Pl Plighe + Fn (1= F) PGP
1 2 1 2 1 2
+ F Py (P + P&, — PGPS (B2)

(1) (2) (2) 1
x {f)tight (1 - ‘Ploose> + Ptight (1 - I)loose)} }Pmcut
for SR-1Cand-FullDet, and
v 1 2 1 2 1 2 1 2
P;Cealgd,mcut = F‘lgrzg }Plgjn)g})lgo)sef)lg)o)se X (Pt(ri; + })t(n)g - Pt(ri;Pt(ri)g) szcut (B3)

for SR-2Cand-FullDet. From the above equations, if one HSCP particle is present in each
event, only the SR-1Cand-FullDet is applicable and P&rent = Flong Prrig Pright P

1Cand,mcut
We derive the EMs for the above-mentioned eight signal regions by generating events

utilizing MADGRAPH5  AMCQNLO [27] for the hard scattering, and PyTHIA 8 [72] for

cut *
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Topology name free parameters SUSY process
THSCPM1b muscp, ['ascp pp =TT
THSCPM2b musce, L'uscp pp — TT"

THSCPM3  mprod, musce, I'nscp pp — 44 = XXT
THSCPM4  myyoq, musce, 'nscp pp — 44 — XTX
THSCPM5 Mprod, Mint, MHSCP pp — qq = X°X° = 77
THSCPM6  mprod, Mint, musce  pp — 44 — X°X° = 77°
THSCPM7 Miprod; Mint; MHSCP PP — X°X3 — 7(X§ — 7)
THSCPM8  mypod, musce; l'ascp pp —q4q — 7T
THSCPM9  mpod, musce; 'uscp pp— qq — 77"
THSCPM10  myprod, musce, luscp pp — X (3 — XF)
THSCPMI11  myproa, musce, [uscp pp = X*(7 = XF)

Table 3. Simplified model parameters and the SUSY processes used in the simulation of the 11
topologies shown in figure 15. * Only one of the HSCP candidates is taken into account.

showering and hadronization. We do not perform any detector simulation as the recasting is
based on the kinematics of the HSCP at generator level. (In fact, hadronization only affects
the isolation criterion requiring the sum of the track-pr in a cone of AR = 0.2 around
the candidate’s track to be below 5 GeV. However, the effect of the isolation criterion on
the EMs is small.) For each simplified model parameter point in the EM, we generate
N = 2.5 x 10* events and compute the ‘efficiency’, (Ae)gr, for a given signal region (SR) by

1,
(AE)SR = ﬁ Z PéR . (B4)
=1

We perform the computation of EMs for the 11 topologies depicted in figure 15. In four
of the topologies (THSCPM2b, THSCPM4, THSCPM6, and THSCPM9) only one branch
contains an HSCP, while the other branch is assumed to terminate in a neutral particle.
All other topologies have two HSCP candidates. As the search relies only on the HSCP
itself, it is largely'” insensitive to the type of SM particles being emitted in the decays:
the dependence on the type of topology and BSM masses involved only enters through
its effect on the kinematics of the HSCP. Similarly, for the four topologies with only one
HSCP, the EMs are insensitive to the Es5(MET) branch except for the mass of the parent
particle produced by the hard scattering as it affects the kinematics of the HSCP branch.
Accordingly, we only specify the first particle of the MET branch indicated by a dashed line
in the respective diagrams in figure 15; this representation is meant to implicitly include all
possible cascade decays.

" The isolation criterion, in principle, introduces a dependence on the type of SM particle in the event.
However, the reduction of efficiencies due to the isolation criterion is small, in particular, compared to
expected uncertainties introduced by the approximations associated with the simplified model assumptions.
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Figure 15. llustration of the 11 topologies for which we have generated EMs for the ATLAS-
SUSY-2016-32 HSCP search.

For all topologies that involve up to two mass parameters, we take into account the
explicit width dependence in the database. For the three topologies which involve a 2-step
cascade decay (THSCPMS5, THSCPM6, and THSCPMT) and, hence, three mass parameters,
we employ the detector-stable limit only, keeping the EM grids to be three-dimensional at
most. This is done to limit the size of the database pickle file.

The simplified model parameters are summarized in table 3. For the computation of
the EMs, we use realizations of the topologies within the MSSM. The respective processes
are also included in table 3. Note that for the four topologies with one HSCP only, we
re-use the events of the respective process involving two HSCPs in our analysis by taking

into account only one of the candidates at a time.

C Updating the micrOMEGAs v5.2.7.a interface

For using SMODELS v2.1 with MICROMEGAS v5.2.7.a, the interface files
micromegas_5.2.7.a/include/SMODELS. inc,
micromegas_5.2.7.a/sources/smodels.c, and
micromegas_5.2.7.a/Packages/SMODELS .makef

should be replaced by the ones provided with this paper [124]. We also recommend to
update the parameters file micromegas_5.2.7.a/include/smodels_parameters.ini with

the one provided here.
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In the MICROMEGAS main program, SMODELS can then be called with the code
snippet below (also included in the example main program on [124]).

#ifdef SMODELS

{ int status=0, smodels0K=0;
double Rvalue, Rexpected, SmolLsig, SmoLmax, SmoLSM;
char analysis[50]={},topology[100]={}, smodelsInfo[100];
int LHCrun=LHC8|LHC13; // LHC8 - 8TeV; LHC13 - 13TeV;

printf ("\n\n===== LHC constraints with SModelS =====\n\n");
#include "../include/SMODELS.inc" // SLHA interface with SModelS
printf ("SModelS %s \n",smodelsInfo);

if (smodelsOK)
{ printf(" highest r-value = 7,.2E",Rvalue);

if (Rvalue>0)
{ printf(" from s, topology: %s ",analysis,topology);
if (Rexpected>0)
{ printf("\n expected r = 7,.2E ",Rexpected);
if (SmoLsig>0)

{ printf("\n -2log (L_signal, L_max, L_SM) = %.2E %.2E %.2E",
-2x1og(SmoLsig) ,-2*1log(SmoLmax) ,-2*1log(SmoLSM)); }
}
}
if (status==1) printf("\n excluded by SMS results");
else if (status==0) printf("\n not excluded");
else if (status==-1) printf("\n not not tested by results in SModelS
database");
printf("\n");
} else system('"cat smodels.err"); // problem: see smodels.err
3
#endif

For the mssms.par parameter point in the MSSM directory of MICROMEGAS, for
instance, this will give

===== LHC constraints with SModelS =====

found SM-like Higgs = h

writing mass block and decay tables ...
computing LHC cross sections ...

SLHA input file done.

SModelS v2.1.1 with database 2.1.0
highest r-value = 1.07E+01 from ATLAS-SUSY-2018-22, topology: T2
excluded by SMS results
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If #define CLEAN is commented out in MICROMEGAS, the input and output files
for SMODELS (i.e. the smodels.slha file containing the mass spectrum, decay tables
and cross sections, and the smodels.slha.smodelsslha file containing the SMODELS
results) will be kept. With standard settings, smodels.slha.smodelsslha reports all the
excluding experimental results for excluded points but only the most constraining result for
non-excluded points; to always have all applicable results listed, set

[slha-printer]
expandedOutput = True

in the smodels_parameters.ini file. Other options, like testCoverage, combineSRs, etc.,
can also be turned on/off via the smodels_parameters.ini file. Other output formats can
be chosen via the

[printer]
outputType = ...

option. Available formats are slha, summary, python, xml and stdout; note however that
slha output is always necessary for MICROMEGAS.

The updated interface to SMODELS v2.1 (or higher) is included by default from Mmi-
CROMEGAS v5.2.10 onward. Note that the exact SMODELS version to be downloaded and
included in MICROMEGAS Packages/ is set in the include/SMODELS. inc file. Additional
information is given in [23] and the manual shipped with the MICROMEGAS distribution.

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. SCOAP? supports
the goals of the International Year of Basic Sciences for Sustainable Development.
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