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We present a recast in different benchmark models of the recent CMS search that uses the end cap muon
detector system to identify displaced showers produced by decays of long-lived particles (LLPs). The
exceptional shielding provided by the steel between the stations of the muon system drastically reduces
the Standard Model background that limits other existing ATLAS and CMS searches. At the same time, by
using the muon system as a sampling calorimeter, the search is sensitive to LLPs energies rather than
masses. We show that, thanks to these characteristics, this new search approach is sensitive to LLPs masses
even lighter than a GeV, and can be complementary to proposed and existing dedicated LLP experiments.
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I. INTRODUCTION

Despite its successes, the Standard Model (SM) of
particle physics has several shortcomings. Most notably,
it fails to explain the nature of dark matter, the baryon
asymmetry in the Universe, and the origin of neutrino
masses. Because of this, several extensions of the SM
have been proposed, a common byproduct of which are
long-lived particles (LLPs). This is especially true for dark
sectors comprised of new neutral particles with masses
below the electroweak scale that interact with the SM
through suppressed renormalizable couplings, heavy medi-
ators, or both. In recent years, several searches for neutral
LLPs have been conducted by ATLAS, CMS, LHCb,
and other dedicated LLP experiments and a vibrant search
program is being developed [1-27]. However, most
ATLAS and CMS searches are known to face challenges
for LLPs with masses at or below a GeV. While some
room for improvement may be present in existing
analyses [14,28-33], looking for tracks from displaced
vertices will ultimately be limited by irreducible SM
backgrounds. This is especially true in the long-lifetime
regime, where the few tracks produced by the decays of
light LLPs are not enough to discriminate them against
SM LLP decays such as those of K;.
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However, recently the CMS Collaboration published a
search [34] for neutral LLPs which uses the CMS end cap
muon detectors (EMDs) as a sampling calorimeter. Thanks
to the unique design of the CMS EMDs [made of stations
of cathode strip chambers (CSCs) interleaved with steel
return-yoke], LLPs decay products can induce hadronic
and electromagnetic showers that give rise to high-hit
multiplicity in localized detector regions. Because of this,
the LLPs signature tracks the LLP energy instead of its
mass. This, together with the exceptional shielding pro-
vided by the CMS calorimeters and the steel in the front
layers of the EMD, allows this search to be sensitive to
LLPs with masses smaller than a GeV. Despite this search
currently lacking a dedicated trigger to maximize its
potential, its reach is competitive with many proposed
dedicated LLP experiments [35-51] due to its large geo-
metric acceptance.

The original CMS paper presented the results on a
benchmark model motivated by the twin Higgs scenario,
where the SM Higgs boson decays to a pair of neutral long-
lived scalars, each of which decays in turn to a pair of
bottom quarks, down quarks, or 7 leptons. Masses of the
scalar LLPs were probed down to 7 GeV. In this paper, we
use the parametrized reconstruction and selection efficiency
functions provided in the HEPData entry [52] of the CMS
paper to recast the analysis in different benchmark models
and explore its strengths and weaknesses. The goal of this
recast is to inform future iterations of the CMS analysis
and inform the choice of benchmarks for other proposed
LLP experiments away from already covered regions of
the parameter space. Although we expect the barrel muon
detector to also produce the shower signature seen in the
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CSCs, in this study, we will not consider the barrel region.
The barrel muon detector is made of drift tubes, which are a
different detector technology and system from the CSCs.
Therefore, the response to LLPs will be different, and we
will wait for CMS to release efficiency functions for the
barrel muon detector for future studies.

The paper is structured as follows. In Sec. II, we briefly
review the CMS analysis, we outline the generation and
simulation framework, as well as the validation of the
framework against the CMS result. In Sec. III, we discuss
all the benchmark models that will be considered. Finally,
in Sec. IV, we discuss the results of this paper.

II. ANALYSIS AND RECAST STRATEGY

In this section, we describe the details of the analysis.
We start by summarizing the CMS analysis [34] and then
we discuss and validate the recast procedure, including the
event-generation and detector-simulation framework, sig-
nal selections, signal and background yield estimate, and
statistical analysis to evaluate the upper limits.

A. CMS end cap muon system analysis

The missing transverse momentum, p%iss, is calculated
by CMS by using only tracker and calorimeter information.
Therefore, LLPs decaying beyond the calorimeters can
produce large p2is when they are produced in association
with other prompt, visible objects or recoiled against
an initial state radiation (ISR) jet. Due to this feature
and the lack of a dedicated trigger, events are triggered
by requiring ps* > 120 GeV. A further requirement of
pRiss > 200 GeV is then applied offline. To further sup-
press the background from W and top-quark production,
the search also requires at least one jet from ISR with
transverse momentum pr > 50 GeV and pseudorapidity
|n| < 2.4, and no leptons in the event.

By clustering CSC hits using the DBSCAN algorithm [53],
the search then identifies displaced showers produced
by LLPs decaying in the end cap muon system. To suppress
background from punch-through jets and muon brems-
strahlung, clusters that are geometrically matched (i.e.,

within a cone of radius AR = /(A¢)? + (An)? < 0.4) to

jets (muons) with p; > 10(20) GeV are rejected. Further-
more, a number of active vetoes are applied to veto clusters
with hits or track segments in the muon detector stations
with the least amount of shielding. Finally, to suppress
the muon bremsstrahlung background originating from
muons beyond the detector acceptance, clusters with
|| > 2.0 are vetoed. Clusters are required to be consistent
with an in-time interaction by restricting the cluster time
(—5.0 < tyuster < 12.5 ns). To reject clusters composed of
hits from multiple bunch crossings, the root mean square
spread of a cluster’s hit times is required to be less
than 20 ns.

A cut-based ID that distinguishes signal from back-
ground clusters is defined by using several features,
including the cluster n position and the number of stations
occupied by the cluster. The details required to simulate the
cut-based ID efficiency have been provided in the HEPData
entry of the CMS paper [52].

Finally, the number of hits in the cluster, Ny, and the
azimuthal angle between pT'ss and the cluster location, Ag,
are used to make the final discrimination between signal
and background. The signal is required to have large
Nhits > 130 and small A¢ < 0.75. For the chosen signal
the bulk of the p* is produced by the LLP when they
are produced in association with other prompt, visible
objects or recoiled against an ISR jet, while for the
backgrounds, A¢ is independent of Ny;,. The independ-
ence of the two variables for the background enables the
use of the matrix (ABCD) method to predict the back-
ground yield. Using the matrix method and assuming no
signal contribution, 2.0 + 1.0 background events were
predicted in the signal-enriched region, and three events
were observed. No excess of events above the SM back-
ground was observed.

B. Event generation

We generated signal events using MadGraph5 v2.9.3 [54],
and performed the parton shower and hadronization with
PYTHIA v8.244 [55], while keeping the LLP stable. Samples
with different jet multiplicities were merged according to
the MLM algorithm [56,57]. Generator-level cuts were
applied to the events in order to increase the statistics in the
phase-space regions selected by p™ cut in the CMS
analysis. Additional details on the samples, including the
specific generator-level cuts, are given in Sec. III for each
of the benchmark models considered in this work.

To efficiently decay the LLP, we used the fact that the
reconstruction efficiency parametrization provided by the
CMS search is spatially binned in a small number of
regions with simple shapes (which are defined by the inter-
section of ranges in the radial direction, r, longitudinal
direction, z, and pseudorapidity, #), for which the proba-
bility of decaying inside a region can be computed
analytically. For a region determined by the conditions

Mo <1 <1y, ro <r<ry, 20<z<z, (1)
the probability, P, to decay inside the region for a particle
traveling with momentum p* and proper decay length c7 is

P o e_ymin — e_ymax’ (2)
where we have defined

1
Ymin = ——— max(min(z, coth#, z; cothy), rocoshn), (3)

Pyct
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1
Vmax = ——min (max(zo cothy, z; cothn), ry coshn, fyct.y,
Pyct

x (Br+ 1+ 6r7?)). 4)

with 7 being the pseudorapidity of the particle, and fy =
|p|/m. We have further introduced a timing requirement
such that #gecay — ddecay/ ¢ < feuts Where Zgecay and dyecqy are
the decay time and distance from the origin, respectively.

The LLPs generated in the events were made to decay at
fixed positions within each region using PYTHIA, as the
presence of the decay vertex in a given region is the only
geometrical information used by the detector simulation.
For a given proper decay length cz, the probability for the
LLP to decay in a given region was assigned to the event in
the form of an event weight. The decay probability for each
LLP in an event is independent, so the event-level prob-
ability is the product of the decay probability of the LLPs in
an event. Therefore, for each input event with an undecayed
LLP, the decay program generated as many decayed events
as the number of regions intersected by the LLP trajectory.
We used the multiweight capabilities of the HepMC event
format to perform a scan in ¢z without having to reprocess
the events. In case there were multiple LLPs in the same
event (as in the case of Higgs decays to pairs of dark vectors
or scalars), we also included decays outside the signal
regions. In the case of LLP decays in the inner detector,
where precise knowledge of the decay vertex position is
used by the detector simulation, we generated the decay
vertex position according to the decay probability distri-
bution instead of keeping it fixed.

The events were subsequently passed to a simplified
detector simulation based on DELPHES v3.4.2 [58] using
the publicly available CMS configuration card for the
reconstruction of prompt objects supplemented by a dedi-
cated module, discussed in Sec. II C, simulating the LLP
decay reconstruction and selection using the information
provided by the CMS search.

C. Detector simulation with dedicated
DELPHES modules

We based the fast simulation of the detector response to
standard particle flow (PF) candidates on the CMS detector
response provided by the CMS configuration card in the
parametric DELPHES framework. The detector simulation
of the hit clusters in the CSC end cap muon detector was
based on a dedicated DELPHES module and class for the
CSC cluster objects that we developed [59] based on the
parametrized detector response functions provided in
the HEPData entry [52]. Based on the recasting instruc-
tions provided in the HEPData entry, the simulation of
cluster-level selection efficiencies was divided into three
components.

The first component is cluster efficiency, which includes
the cluster reconstruction efficiency, muon veto, active

veto, time spread, and N,;, cut efficiency. This cluster
efficiency is provided as a function of the LLP electro-
magnetic and hadronic energy in two separate LLP
decay regions in the CSC detector. Building upon the
existing Efficiency module that is already used by
all other PF candidates, we implemented a dedicated
CscClusterEfficiency module in DELPHES which
encodes this parametrized function.

The second component is cluster identification effi-
ciency. We implemented the CscClusterID module
following the code function provided by the CMS
HEPData entry.

The third and last component includes the model-
dependent cluster time requirement, jet veto, and the A¢
requirement. The values of the three variables affected by
these cuts were calculated using generator-level information
and saved as part of the CscCluster class. Specifically,
the cluster time was determined by calculating the LLP
travel time from the production to the decay vertex in the lab
frame. The jet veto was implemented by requiring no PF jets
with pr > 10 GeV within a cone of A = 0.4 around the
LLP. Finally, A¢ was computed as the azimuthal angle
difference between the LLP momentum and missing trans-
verse momentum (MET) using the result from the standard
DELPHES simulation modules. All these requirements were
then made at a later stage of the analysis workflow.

Finally, we modified the standard CMS configu-
ration card from DELPHES to include the CSCCluster-
Efficiency and CSCClusterID module in the
processing sequence. The modules require only generator-
level LLP information and can be used for the recasting of
the result for any other model. The implementation can be
found in [59].

D. Analysis strategy

In this section, we discuss the procedure used to recast
the CMS Run 2 results and to make projections for high-
luminosity LHC (HL-LHC).

For the recasting of the Run 2 results, we used the exact
same selection and cuts used in the CMS paper and
summarized in Sec. II A. For all the standard particle flow
objects, we used the default CMS configuration card from
DELPHES, which has been validated [58] to reproduce
the object resolutions from Run 2. The p™i calculation
implemented in DELPHES is accurate when the LLP decays
outside of the calorimeters that it is treated as invisible and
when the LLP decays sufficiently close to the interaction
point that the energy of the decay particles are measured by
the calorimeters. In models where there is only one LLP in
the event the LLP is required to decay in the muon detector,
so the LLPs are treated consistently as invisible in both
DELPHES and CMS simulations. For models with two or
more LLPs per event, in the parameter space explored in
this reinterpretation study, this approximation for the piss
calculation leads to a systematic error of 20% or less on the
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selection efficiency. For the CSC cluster objects, we ran the
CSCClusterEfficiency and CgscClusterID mod-
ules to select clusters that would pass the corresponding
selections. We then applied the A¢ < 0.75 selection, jet
veto, and time cut for CSC clusters. We used the number of
signal events passing these signal selections as our estimate
of the signal yield. Finally, by using this estimate for the
signal yield together with the background yield (2 41
background event) and observed data (three observed
events) obtained in the CMS analysis, we derived our
constraints.

To further inform experimental studies and compare to
other proposed LLP experiments, we projected the sensi-
tivity of this analysis to Phase 2 conditions. To simulate the
effect on signal yield from the increased number of pileup
interactions during Phase 2, we modified the mean pileup
number in the CMS configuration card from 32 to 200. We
observed that, due to the larger number of jets from pileup
interactions, the probability that a CSC cluster in the signal
region is accidentally matched to and vetoed by a pileup
jet with py > 10 GeV is 20% higher. Signal-region CSC
clusters are concentrated in the region with || < 1.6, while
most pileup jets are concentrated in the high-n region, so
the increase in the probability of accidental matching is
only 20%. Furthermore, the resolution of pTs* is degraded
by the large number of pileup jets, such that the MET cut
efficiency increased by a factor of 2 due to fake MET.
However, a more realistic assumption would be that with
the help of the new MIP timing layer (MTD) and pileup
removal algorithms, the MET resolution will be kept at the
same level. Similarly, we assumed that with the help of the
MTD and new reconstruction algorithms, the efficiency and
resolution would be kept at the same level for all PF
candidates. Therefore, a simple projection for Phase 2
constraints can be derived by scaling the signal (and
background) yield by the increased integrated luminosity,
and applying an 80% correction to the signal yield per
cluster due to larger number of pileup jets while assuming
the same efficiency and resolution for all PF candidates.

However, this simple recasting strategy significantly
underestimates the potential sensitivity of a Phase 2
analysis. Realistically, given the larger dataset, we would
apply tighter cuts to achieve near zero background.
Therefore, we considered a second recasting strategy where
we apply a tighter Ny, selection, the main discriminator of
the analysis, until the expected background reaches zero.
To estimate the signal and background yield with a tighter
Npis cut, we used the Ny distributions in the auxiliary
materials from the CMS analysis. We fitted the Ny,
distribution for the background with an exponential func-
tion to extrapolate the background yield at higher Ny, cuts.
We found that a N,;, of 200 would suppress the back-
ground yield to below 1 for the expected Phase 2 integrated
luminosity. Similarly, we found that increasing the cut from
130 to 210 would give a signal efficiency of about 80%.

Therefore, for this recast strategy, we scaled the signal yield
by an additional 0.8 with respect to the simple recasting
strategy previously described and assumed a background
yield of 0.2. The majority of the background comes from
low ps kaons and pions from the recoil, pileup, or under-
lying events that produce the clusters. The rate of low-py
particles from pileup would increase linearly with the
number of pileup, but the background rate from the recoil
in the main collision would not change with higher pileup.
Therefore, we produce a conservative estimate of the effect
of higher pileup by increasing the normalization of the Ny;
distribution by the increase in number of pileup and
recomputing the N threshold. The estimated effect on
the signal yield is at most 20%.

Finally, we considered a search strategy that would be
enabled by a new dedicated Level 1 and high-level trigger
targeting this signature starting from the beginning of
Run 3 [60]. The trigger selects for events with at least
one CSC cluster with a large number of hits and is already
in operation and validated. In this strategy, we remove the
high-p™iss selection (which is necessary during Run 2 to
trigger the events) and require at least two CSC clusters. In
addition, we remove the requirement of at least one jet with
pr > 50 GeV and A¢ (cluster, MET) < 0.75 that has
high-signal efficiency only in the high-MET phase space.
For this strategy, due to the double-cluster requirement, we
assumed that zero background can be achieved.

For all the analyses discussed here, we assigned 20%
signal systematic uncertainty which is of the same order of
signal systematic for the CMS result. There it is dominated
by missing higher order QCD corrections, which have a
size of 21% for the gluon-fusion production mode. The
background uncertainty is dominated by statistical uncer-
tainty, and we assign no additional background systematic
uncertainty.

The result of our recast, for both Run 2 and the projection
for Phase 2, are shown for all the benchmark models in
Sec. IV. Unless differently stated, the first recasting strategy
for Phase 2 is indicated with solid lines, and the second
(third) scenario with dot-dashed (dashed) lines.

E. Limit calculation and validation

Before moving to the discussion of the benchmark
models, we present a validation of our recast analysis.
Specifically, we derived the 95% confidence level (CL)
limits on the branching fraction Br(h — SS§) for different
scenarios and compared them to the one derived in the
CMS analysis. The observed 95% CL upper limits on the
branching fraction Br(h — SS) for 15 GeV LLP as
functions of cz for the S — dd, S — bb, and S — 77T decay
modes were compared against the CMS results, as shown
in Fig. 1. The limits evaluated using the fast simulation
from DELPHES agree with the CMS result to within 30% for
all lifetimes evaluated. Additionally, we also validate the
A (cluster, MET) distributions for 15 GeV and 1 m proper
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FIG. 1.

Comparison of the 95% CL upper limits on the branching fraction Br(h — SS) as functions of ¢z derived with the standalone

workflow (dashed lines) and the CMS search (solid lines). In deriving these limits we have considered a 15 GeV LLP decaying into
d-quark pairs (left), b-quark pairs (center), and 7 pairs (right). The limits from this work are shown to agree with the CMS search to

within 30%.
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FIG. 2. Comparison of the A¢ (cluster, MET) distributions
derived with the standalone workflow (dashed line) and the CMS
search (solid line) for a 15 GeV and 1 m proper decay length LLP
decaying into d-quark pairs with Br(h — SS) = 0.01. The signal
yield when requiring A¢ (cluster, MET) < 1 agrees within 7%.

decay length LLP decaying to dd against the auxiliary
materials provided by CMS, as shown in Fig. 2. The signal
yield when requiring A¢ (cluster, MET) < 1 agrees
within 7%.

III. BENCHMARK MODELS

In this section, we briefly describe the benchmark
models considered in this work. Each of these models
has been chosen to showcase the strengths and limitations
of the current analysis in concrete examples exhibiting
different kinematics and signal topologies. Specifically, we
want to investigate what happens to the analysis reach when

lower values of LLP masses are chosen, when the LLP
energy, Ejyp, is reduced, or when the LLP momentum is
not correlated in magnitude or direction with the missing
transverse energy. We also want to investigate what
happens when there are multiple LLPs produced roughly
in the same direction, potentially leading to failed isolation
cuts in a nontrivial way.

Concretely, the models we consider are:

(1) Exotic Higgs decays into dark photons or light
scalars. These are the closest models to the one
considered in the original CMS analysis and are
characterized by a production rate decoupled from
the exclusive decay channels and LLP lifetime.
Besides being commonly chosen benchmarks to
compare the performance of different experiments
in LLP searches, these benchmarks will allow us to
probe the reach for LLP masses lighter than those
presented in the CMS analysis, for a fixed produc-
tion rate and using more realistic decay modes.

(i1) Axionlike particles (ALPs) coupled to SM gauge
bosons. In this model, the coupling to the SM is
provided by a dimension five operator. A single
parameter (the ALP decay constant) controls the
production rate and lifetime. These models are
characterized by a production cross section which
is enhanced for energetic LLPs, irrespective of the
light LLP mass.

(ii1) Inelastic dark matter. In these models, the LLP is
provided by an almost degenerate partner of the DM,
and the amount of energy carried out by the LLP is
controlled by the DM-LLP mass splitting and
decoupled from the missing transverse energy
(MET). This allows us to probe the reach in the
low E;;p region while allowing the other selection
requirements to be passed without much of a
penalty.
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(iv) Confining Hidden Valley models where jets of LLPs
are produced in perturbative hidden showers, analo-
gously to the case of QCD. This benchmark allows
us to study the impact of the jet veto in models where
multiple LLPs are produced in the same detector
region.

In addition to the models considered in this paper, the
CMS analysis has also been shown to have nontrivial reach
for heavy neutral leptons (HNL) [61].

A. Light scalar singlet

The most minimal extension of the SM is provided by
adding a real scalar singlet (S) that mixes with the SM
Higgs through renormalizable operators. The Lagrangian
for this model reads [62],

Lsy = Lsu + Los — (AusS + AgsSHHH, — (5)

where Lgy is the SM Lagrangian, H is the complex Higgs
doublet, and the dark sector Lagrangian is given by

L e Higo
,CDS:—OMSO”S——S +, (6)

2 2
where we have omitted possible self-interactions of the
scalar singlet, which we assume have been chosen in such a
way that S does not have a vacuum expectation value. Here,
and in the following, we indicate with a hat the original
fields with noncanonical kinetic terms, before any field
redefinition is performed.

After electroweak symmetry breaking the Higgs scalar,
h, mixes with the singlet S. The resulting physical states, &
and S, obtained by diagonalizing the mass matrix, are given
by the linear combination

<h>_<cos9 sinH)(i;) )
s) \—=sin@® cos®/)\3)

where the mixing angle is controlled by the parameters
Apys, and explicitly given by

2’UAHS

tan 0 = x=—
Wiy — s — Aps v

14+ V1 +x? ®)

with » being the Higgs vacuum expectation value (VEV),
and p% = Ayv? with 1y the Higgs quartic coupling. The
mass eigenvalues can also be expressed in terms of the
small parameter x as

= (ﬂ% + 45 + 1H5112> n (/4%1 — p5 - /levz)
ms 2 2

x V' 1+ x2, )

which for x < 1 reduce to m? =~y and m? ~ p3 + Aygv>.

Due to the mixing in Eq. (7), S inherits all the couplings
of the SM Higgs, modulo a suppression factor, sin @, which
is controlled by the parameter Ayg. Therefore, the decay
width of the singlet can be obtained by rescaling the one of
a SM Higgs of the same mass. Specifically, we follow
Refs. [63,64] to derive the singlet branching ratios used in
this work.

In general, the production cross section is fixed by a
combination of the parameters Ayg and Ayg. The former
controls the production via the b — s penguin diagram
(allowed for mg < mg — mg) [65-67] and s — d penguins
for (allowed for mg < my — m,); while the latter fixes the
double S production via the b — s penguin diagram with an
off shell SM Higgs [68], or through direct Higgs decay.
Indeed, in presence of a nonvanishing Ayg (and for
2mg < my,) the Higgs can decay into a couple of S with
a width given by [62]

SRR iy Py 10
h_’ss_&zmh msg/ mj,. (10)

When b — s transitions dominate the production chan-
nel, decay and production are controlled by the same
parameter, ¢, and the model parameter space is given by
{sin@, mg}. However, the analysis discussed in this work
has no reach for the products of b — s transitions, as
the LLPs would be mostly produced inside (or near)
b-jets and fail isolation cuts. Therefore, we will concentrate
on the limit where the production is dominated by Higgs
decays to two S, which is controlled by the parameter
Ans. Therefore, production and decay channels will be
decoupled and the model parameter space given by
{Ans,sin@, mg}.

Concretely, we generated events for Higgs production
from gluon fusion in association with up to two jets and
decayed the Higgs to two scalars. No generator-level cuts
are imposed and the Higgs p7 distribution is reweighed to
the NNLO prediction.

We conclude by noticing that, given m3 =~ u3 + Aggv?,
some level of fine-tuning is required for m% < Aygv*.
Measuring the degree of fine-tuning in terms of the
parameter A = m%/(Aysv?), we can write the branching
ratio for the exotic decay h — SS as

L_ss ~6x 1073 s ¢ E z
Iy 2.5 GeV A’

SM T
(11)

Br(h — SS) ~

where '™ is the total SM Higgs width.

B. Abelian hidden sector

The next benchmark model that we consider consists in
extending the SM by adding a dark U(1) gauge symmetry
which is spontaneously broken by a dark Higgs field, S.
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The dark U(1) is mediated by a dark photon, X, which
kinetically mixes with the SM hypercharge as

€

Lsy = Lsm + Lps — AysS*HH — X,,B", (12)

2cosBy ¥

where B . and X w are the field strengths of the hypercharge
and the new U(1) gauge group respectively. The dark sector
Lagrangian is

1, & 2 3 R
Lps = _ZXWX’”’ +p38% = 258t + (9, + igpX,)SP.
(13)

As before, we indicate with a hat the original fields with
noncanonical kinetic terms, before any field redefinition is
performed. The dark U(1) is spontaneously broken by the
VEV of the dark Higgs, (S) = vg/+/2, which generate a
mass for the dark photon my = gpvs.

After electroweak symmetry breaking the kinetic mixing
between the dark photon and the hypercharge induces a
coupling of the dark photon to the SM fermions which, in
the m% < m% limits, reads

[’Xf]_‘ = eleX/,tJ_cyﬂfv (14)

where Qf is the fermion electric charge. This coupling,
controlled by the small parameter €, provides the decay
channel in visible states for the dark photon. Specifically,
we compute the dark photon branching ratios by using the
package provided in [69].

The diagonalization of the scalar sector proceeds sim-
ilarly to what was discussed in the previous section, with
the only difference that now we are interested in the regime
where mg > my, so that the dark Higgs decouples from the
phenomenology of the model. Given the nonvanishing
coupling between S and X, the mixing between the SM
and dark Higgs generates a nonzero 7XX coupling which
gives rise to the exotic Higgs decay & — XX, with a width
given by

F(h — Xx) = 2as " [y4mk

> -
327 myg mj

(34 2032 8(m — m

In the limit of small ¢ (which will be the relevant limit for
our analysis), this dominates over Drell-Yan and & — ZX
production and becomes the dominant dark photon

|

(mA)? s 1D1|(m2A2% = 5)(25s + m3(2 + A)?) (s + 2m?) (s — 4m?)1/2

production channel. In this limit the decay channel, con-
trolled by ¢, and the production channel, controlled by 143,
are decoupled; and the model parameter space is given by
{€, Ays, my}. The event generation for this benchmark was
performed similarly to the light scalar-singlet case.

C. Inelastic dark matter

Inelastic dark matter (iDM) models are characterized by
a DM candidate that couples with the SM only through
interactions with a nearly degenerate state. A simple
realization of this scenario can be obtained by adding to
the model discussed in the previous section a Dirac pair of
Weyl fermions, 7 and &, that couple to the dark photon, X,
with opposite charges. As before, the Higgs provides a
source of U(1) breaking, generating a mass for the dark
photon and a Majorana mass, 8, for the two Weyl fermions.
A Dirac mass, mp, involving the two Weyl fermions is also
allowed, so that at energies below the dark U(1) breaking
scale, the mass terms for the dark fermions are

L D —mpné —g(nz + &) +Hec.. (16)

For a technically natural small Majorana mass, these mass
terms can be perturbatively diagonalized to give the
physical states

i 1
2= ;(zﬁﬁ(wrf), (17)

which have nearly degenerate masses m;, ~mp £ 6.
These mass eigenstates couple off-diagonally to the dark
photon, i.e.,

(n—=2¢)

LD ieD)A(M)"(ly”;(z + (’)<i>, (18)
mp

where we have written jy; , as Majorana spinors using four-
component notation. Therefore, if my > m; + m, and
ap > €a.,, once produced dark photons decay into yy,
pairs with a rate given by I'y_,, ,, =~ apmy, and provide the
dominant production channel for y, y, pairs at LHC. For the
values of € we are interested in this analysis, the dominant
production channel for dark photons is provided by Drell-
Yan processes and scales as €.

The lightest state, y, is stable and once produced leaves
the detector as missing energy; y, can decay into y; plus a
pair of SM particles through an off shell dark photon,
possibly leaving a detectable signature. The rate for decays
with leptonic final states is given by [70]

2
F)Q—»)(lll =€ aemaD/ )
4

my

, 19
6xm3s/2 (s — m%)? (19)

055040-7



MITRIDATE, PAPUCCI, WANG, PENA, and XIE

PHYS. REV. D 108, 055040 (2023)

where s is the invariant mass of the lepton pair, p; is the
momentum of y; in the rest frame of y,, and we have
introduced the dimensionless parameter A = (m, —m;)/m.
The rate for decays involving hadronic final states can be
derived by setting m; = m, and multiplying the integrand of
Eq. (19) by the experimentally measured quantity R(s) =
o(eTe™ — hadrons)/c(ete™ — utu™).

For this benchmark, events were generated using a
MadGraph5 Z' model for X via production in association
with up to three jets. A generator level cut py > 100 GeV
was applied on the X, as the truth-level p™** is given by py
of the Z’ (its decay products are one DM particle and an
LLP decaying in the muon chambers).

D. Axionlike particles

Axionlike particles extend the axion scenario to include
any pseudoscalar particle that couples to the SM through
dimension five operators. The naturally suppressed cou-
plings make them a natural candidate for LLP searches. The
general Lagrangian for these kinds of models is given by

1 1 cl _
L= Ly + 5 (0,a)* - Emtzlaz + 2f (0,4)3:7"7V’q;

ij
Cp 2 a a (ra.pv
+ ﬁ (dﬂa)fl-y”ysfj + W (ascGGGwG H

+ azCWWwZDWa'”D + achBBMDE’MD) +---, (20)
where G/w = 1/2¢,,,,G"* where G*? is the gluon field
strength, and similarly for W and B. In the broken, phase
the couplings to W- and B-bosons induce couplings to
photons and Z-bosons which are given by
Czz = Cww 1+ CBB ¢,z = Cheww — sacpp

4

Cy}, = Cy,Cww + S?VCBB' (21)

In this work, we will focus on benchmark models in which
the ALP couples only to gauge bosons (¢ = ¢/ =0).
Since the focus is on the production of energetic, isolated
LLPs, this choice is sufficient to capture most of the
dominant production modes at the LHC. Specifically, we
will consider the three following scenarios: ALP coupled to
W (cww # 0, cge = cgg = 0), photophilic ALP (c,, # 0,
¢yz = cgg =0), and ALP coupled to gluons (cgg # 0,
cgp = cww = 0). The latter is a well-studied benchmark
model in the context of light LLP searches, yielding the
highest production rate at the LHC. The photophilic model
chosen here is one of the (infinite) possible choices of
UV completion at LHC energies of the well-studied low-
energy benchmark of “ALP coupled to photons”. The
conservative choice ¢,; = 0 is to focus on the parameter
region where the existing LEP bounds are the weakest.
Finally, the cy #0 benchmark provides a better

UV-motivated benchmark than the photophilic choice,
where associated ALP production with all the gauge bosons
is allowed.

For the ALP coupled to gluons, we generated events
where the LLP is produced in association with up to three
jets, and imposed a pr > 100 GeV and a || < 3 generator-
level cuts on the transverse momentum and pseudorapidity
of the ALP. The MadGraph5 model used here has been
described in [71], and we have only adapted the normali-
zation of the couplings to the one used above. We did not
include ALP production in the shower (i.e. where the ALP
is produced at intermediate scales between the hard process
collision and the QCD confinement scale) which was first
estimated in [45], as there are not yet reliable event
generators that can be used to keep track of the angular
separation between the ALP and QCD jets (necessary for
the jet veto requirements of the analysis). Therefore, for this
benchmark, our limits should be considered conservative
estimates for the reach of this CMS analysis, as they miss
an important production channel. Production from meson
mixing and meson decay was also neglected because it
yields softer and nonisolated ALPs, for which this analysis
has no sensitivity. For the lifetime and exclusive decay
branching ratios of this benchmark, we used the estimates
of [72].

For the case of the other two ALP benchmarks, we
considered ALP production in association with either a W,
a Z, or a photon and up to two extra jets. We kept the same
generator-level pseudorapidity cut but lowered the p; cut to
50 GeV as some of the missing transverse energy can be
produced by the decay products of the W and Z bosons. In
these two benchmarks, the ALP decays predominantly into
two photons.

E. Hidden Valley

Confining Hidden Valleys (HVs) [73], with a perturba-
tive evolution below the scale mediating the interactions
producing hidden sector particles, are a generic hidden
sector extension of the SM on which we can have some
theoretical control based on our knowledge of QCD-like
theories. In general, one expects jets of hidden sector
partons to hadronize in HV particles, some of which may
decay back into SM final states, potentially as LLPs. Still,
large freedom exists in defining a specific model. From the
field content of the hidden sector and its symmetries, to the
portal interactions mediating both the production of HV
states and their decay back to the SM [74]. Many studies of
search strategies at the LHC have been performed for
different incarnations of this paradigm [21].

In the context of this reinterpretation study, we choose
one particular realization as an example model generating
the LLP-jet signature, aiming at maximizing the multiplic-
ity of LLP produced in a jet, while keeping a high level
of simplicity of reinterpretation. Therefore, the example
chosen is by no means generic per se, although the lessons
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learned about the CMS analysis are. Specifically, we used
the Hidden Valley module [75] implemented in PYTHIA to
generate events and choose a perturbative hidden sector
with an SU(N,.) asymptotically free gauge group with N
hidden quark flavors, fixing N, =3 and N, = 1. The
choice of Ny =1 is to guarantee the absence of stable
hidden mesons, therefore reducing the amount of collider
stable particles produced and maximizing the number of
LLPs in a hidden jet. This has a drawback, namely the lack
of knowledge of the mass spectrum of such a theory as it
lacks chiral symmetry breaking which is an important
handle used in lattice simulation. In particular, the mass
ratio between the first (pseudo)scalar, 7y, and vector,
wy, resonances are poorly known, but expected to be
O(1) [76-78]. Again, motivated by maximizing LLP
multiplicity, we choose m,,, =2.5m, , = Ayy and assumed
that the lowest scalar state (which PYTHIA will not use in the
hadronization of the HV partons) is also able to decay to
pairs of #y. In this way, vector resonances can promptly
decay to pseudoscalar mesons #y, which will be the LLPs.
For portals, we decide to decouple production and HV
meson decays so that we can study the effects of varying
the LLP lifetime on the limits for a fixed production rate.
Specifically, we will produce hidden quarks in Higgs
decays and will decay back the hidden spin-0 mesons
100% into pair of photons. The latter choice is purely
driven by the fact that the CMS analysis is not too sensitive
to the relative amount of hadronic vs electromagnetic
energy in LLP decays. At the same time, existing limits
on light LLPs decaying to pair of photons are quite weak,
so we can focus on reinterpreting this analysis without
worrying about recasting other existing searches.! From a
model building point of view, these portals can be easily
generated by introducing a heavy-scalar and pseudoscalar
states § and A, having Yukawa interactions with the HV
vectorlike quark gy . The scalar S can then interact with the
SM Higgs via a |H[*S cubic interaction, generating a
Yukawa coupling between g, and the SM Higgs and a
qy mass after electroweak symmetry breaking. At the same
time, the pseudoscalar A can have a coupling to the SM
photons AFF which in turn will induce a small decay width
for 5y via ny — A mixing.

IV. RESULTS

In this section, we present the results for the benchmark
models discussed in the previous section. We present both

'The case of a recent CMS search for trackless jets [79]
provides likely the strongest constraint for low values of ¢z where
a significant fraction of LLPs decays in the inner detector.
However, that analysis explicitly vetoes signatures compatible
with loose photons and photon conversion. The efficiency for
one or more light LLPs decaying into pairs of photons being
identified as loose photons is hard to recast, therefore we do not
consider such analysis when presenting our limits.

the current constraints, derived from data collected from
2016 to 2018, corresponding to an integrated luminosity of
137 tb~! and the projected constraints for Phase 2. The
different projections for Phase 2 are derived by using the
three different search strategies discussed in Sec. IID.
Specifically, solid lines correspond to the search with the
same selections as the CMS paper and a background
rescaled according to the higher luminosity, dot-dashed
lines correspond to the search with a higher Ny, cut
and zero background, and the dashed lines to the search
with a dedicated trigger (that no longer require the MET
and isolation cuts, but the presence of two separate LLP
decays in the muon chambers) and zero background (see
Sec. IID for a more detailed discussion of the search
strategies). Other existing and projected limits shown in
the following plots are all taken from the literature, as
referenced in the figure captions. The only exception is
a limit originating from an ATLAS mono-jet search for
the case of the gluon-coupled ALP, Fig. 9, whose mass
dependence was derived in this work as described in the
Appendix.

In Fig. 3 we show the reach for the light scalar model
(discussed in Sec. III A) with A = 1.6 x 1073, This choice
of 1 corresponds to an exotic Higgs branching fraction of
Br(h — SS) = 0.01, which is roughly the future reach for
the Higgs branching into invisible final states. The present
constraints are shown in the left panel, where we see that for
low masses the analysis probes a previously unconstrained
region of the parameter space, while at higher masses the
constraints are similar to the ones of the ATLAS search for
displaced vertices in the muon chambers (indicated as
ATLAS mu-ROI in Fig. 3), whose reach was presented for
mg > 5 GeV. In the right panel, we show the projections
for Phase 2 and compare them with the projected con-
straints from other future experiments and upgrades. We
can see that, thanks to the different distance from the
interaction point (IP), the projected results are comple-
mentary to dedicated LLPs experiments such as CODEX-b,
FASER2, and MATHUSLA; all of which are positioned
further away from the IP. To give an idea of how the
constraints depend on the value of Br(k — SS), in Fig. 4
we show the same constraints of Fig. 3 but for different
values of Br(h — SS). We see that the current search start
to lose sensitivity for Br(h — SS) <3 x 1073, while for
the future Phase 2 search we start to lose sensitivity for
Br(h — SS) <3 x 107*. In all the plots we present also the
values of the LLP mass (function of Br(h — SS)) below
which tuning of more than 10% is present. Alternatively, in
Fig. 5 we show the limits for a different slicing of the
parameter space of this model, where the tree-level mass for
S is absent and the LLLP mass is fully controlled by 155 and
therefore by Br(k — SS). In this case, there is no tuning
even for lower masses, but the production rate varies with
myg and searches for H — inv set an upper bound on mg.
Finally, to compare with the results of the CMS analysis,
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FIG. 3. Constraints on light scalars produced in Higgs decays for Br(h — SS) = 0.01. Lefi: Comparison of our current reach (red
region) with existing limits from LHCb (orange) [80], LSND (azure) [81], reinterpretation [63] of the CHARM experiment (blue) [82],
CMS “HT + 2DV” search (green) [10,64], and reinterpretation of ATLAS mu-ROI (purple) [64,83]. Right: Projections of our
constraints for a luminosity of 3 ab~! (red region). The three red contours (solid, dashed, and dot-dashed) correspond to the three search
strategies discussed in the main text (rescaled CMS analysis, dedicated trigger, and higher Ny;). We compare our results with current
constraints (gray shaded region) and projections for MATHUSLA [84], CODEX-b [45], FASER2 [85], and LHCb 300 fb~! [86]. The
constraints for the projections are shown between the dashed lines with the corresponding colors. The vertical orange line indicates the
scalar mass below which the model needs to be fine-tuned [see discussion around Eq. (11)].

Br(h — S5) Br(h — S5)
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FIG.4. Our limits for the light scalar model for different values of Br(h — SS). In the left panel we show the current reach, while in the
right panel we present the 3 ab™! projections assuming that the same selections of the original CMS analysis are used. As in the previous
plot, the vertical lines indicate the scalar mass below which the model needs to be fine-tuned [see discussion around Eq. (11)].

in Fig. 6 we report the present and future limits on
Br(h — SS) as a function of the scalar lifetime.

In Fig. 7 we report the constraints for the Abelian hidden
sector discussed in Sec. III B. As before, the value of the
exotic Higgs branching ratio is fixed to Br(h — A’A") =
0.01. We see that our current constraints (left panel) cover a
mostly unconstrained region of the parameter space, except
for the overlap with the ATLAS mu-ROI search at high
masses. As for the scalar model, our projected constraints

(right panel) well complement dedicated LLPs searches
thanks to the different baselines. To investigate which is the
lowest value of Br(h — A’A’) = 0.01 that we can probe, in
Fig. 8 we show present and future constraints for different
values of the exotic Higgs branching. For the current search
we see that we start to lose sensitivity for Br(h — A'A") =
3 x 1073, while for the Phase 2 the constraints start to
disappear for Br(h — A’A’) = 3 x 107*. This is consistent
with what was found for the singlet scalar model and shows
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FIG. 5. Constraints on the singlet scalar model in absence of a
tree-level mass for S (ug = 0). The solid red line shows the
current constraints, while the other contours (dashed, dot-dashed,
and dotted) show 3 ab~! projections derived by using the three
recast strategies discussed in Sec. IID (rescaled CMS analysis,
dedicated trigger, and higher Ny;). The other existing constraints
appearing on the plot are the same of Fig. 3.

the relative insensitivity of the analysis to the specific
exclusive decay modes. The only significant differences are
around resonance mixing with hadronic resonances, which
differ between the scalar and vector LLPs, and affect the
LLP lifetime, and in the region between 200 MeV <m <
300 MeV where the 2u final state, to which this analysis is
not sensitive to, contributes to O(50%) of the dark photon
branching ratios.

The constraints for the three ALP models that we consider
are shown in Figs. 9-10. For both the gluon (Fig. 9) and
electroweak (Figs. 10 and 11) coupled scenarios, we find that
the reinterpretation of the CMS analysis covers new territory
beyond previous monojet [99] and fixed target [82] searches
while being complementary to dedicated LLP experiments.
Moreover, one can expect the projections shown here to be

underestimated, as dedicated searches using the fact the ALP
is produced in association with a photon or a vector boson
may allow us to relax some of the cuts and access softer
LLPs that are produced with higher rates, pushing the
estimated limits towards higher ALP masses and decay
constants.

We now turn to the inelastic DM model results. The
reinterpretation of this model is fairly sensitive to the LLP
energy, Eypp, via the mass splitting, A. Unfortunately, the
efficiency tables provided by the CMS Collaboration in
HepData are not granular enough at low deposited energies
(Eem» Epag) to resolve the turn-on shoulder of the 2D
efficiency surface (the first bin is between 0 GeV and
25 GeV). Therefore, our ability to reliably recast this model
is hampered by the lack of knowledge about the minimal
energy threshold for which the LLP visible decay products
can produce O(20-30) charged particles emerging from a
steel layer into the muon stations. To estimate this energy
threshold, we impose an additional cut Ej;p > 5 GeV
(which is approximately the energy needed for an electron
to produce O(20) charged particles at the shower develop-
ment maximum). The constraints for this choice of cut and
using the model parameters A = 0.005, ap = 0.1, and
my = 3m,, are reported in Fig. 12. We see that the analysis
covers previously unconstrained regions of the parameter
space near the Z-resonance at my = 3m; = my. We have
also derived the constraints for a model with A = 0.01 but
decided not to show them since they are weaker than
already existing limits, as larger mass splittings produce
lifetimes too short to reach the CMS muon chambers. To
further estimate the sensitivity of these results to the lower
cut on the LLP energy, we show in Fig. 13 the effect of
varying it between 0 GeV and 10 GeV.

Finally, in Fig. 14 we report the limits on the exotic
Higgs branching ratio Br(h — QQ) for the hidden valley
model discussed in Sec. III E. We specifically choose a
value for the HV confining scale Ay = 20 GeV, which
correspond to a pseudoscalar mass m,,, = 8 GeV. Since in

137 ! 3 ab™! simple rescaling 3 ab™! dedicated trigger 3 ab™! higher Ny cut
. 1 A B I L M B IR IR T (B I VAV T (B B I
N
I3
0 107t E + 2 +
=
E w02} 1 s 1
=
3
= -3L N L €1
B0
— _— =
S 1041 mg=T GeV 1 1 1
22 mg=15 GeV
e mg=25 GeV
il wl wl sl vl

sl s vvud 4
10731072107t 1

cr [m]

PETT PRTTTT ERTTTT EETTTT EERTITY e B
10 10% 10* 10* 1072107!

7 [m]

1 10 10% 10° 10 1072107% 1

s v d d v el 3 d 4
10 10% 10* 10* 107210~*

cr [m]

1 10

7 [m]

sl ol 4
10% 10°

10*

FIG. 6. Upper limits on the branching fraction Br(%z — SS§) as functions of c¢z. In the left panel, we report the current constraints set by
our analysis. In the other panels, we show the projected constraints for a luminosity of 3 ab~! derived from the three different search

strategies discussed in the main text.
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FIG. 7. Constraints on dark-photons produced in Higgs decays for Br(h — SS) = 0.01. Left: Comparison of our current reach (red
region) with existing limits from BABAR (blue) [87], KLOE (azure) [88], LHCDb (purple) [89], NA48 (brown) [90], reinterpretation
of ATLAS u-ROI (yellow) [83], ATLAS search for displace dark-photon jets (yellow) [91], and beam dump experiments (orange,
gray, green, pink) [82,92-94]. Most of the experimental constraints appearing in this plot have been digitized with the help of
darkcast [69]. Right: Projections of our constraints for a luminosity of 3 ab™! (red region). The three red contours (solid, dashed, and
dot-dashed) correspond to the three search strategies discussed in the main text (rescaled CMS analysis, dedicated trigger, and higher
Nhis)- We compare our results with current constraints (gray shaded region) and projections for MATHUSLA (orange) [84], SHiP
(azure) [41], DarkQuest (purple) [13,95], NA62 in dump mode (green) [13,96], LHCb upgrade (brown) [13,97], and Belle II (blue) [98].
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Our limits for the dark photon model for different values of Br(h — SS). In the left panel we show the current reach, while in

the right panel we present the projections for 3 ab™! assuming the same selections of the original CMS analysis are used.

this model LLPs are produced within dark showers in LLP
jets, we expect the jet veto to reduce the sensitivity of the
analysis. To quantify this effect, in the lower panels of
Fig. 14 we show the ratio of the signal efficiency of the
CMS analysis divided by the signal efficiency of the same
analysis without the jet veto. As expected, this ratio rapidly
approaches zero for small LLP lifetimes, when it is more
likely for multiple LLPs to decay within the inner detector
regions and the calorimeters in front of the cluster in the
muon chambers selected as a signal by the analysis.

Conversely, in the long-lifetime area, the higher-LLP
multiplicity renders the limit more stringent than the case
of Higgs decay to pairs of LLPs. Lowering the hidden-
confinement scale will increase the meson multiplicity
inside hidden jets and therefore amplify this behavior.

V. DISCUSSION

We have explored some of the strengths and limitations
of a recent search for LLPs using the muon chambers at
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FIG. 9. Constraints on ALPs coupled to gluons. Left: Comparison of our current reach (red region) with existing limits from CHARM
(orange) [45,82], our reinterpretation of ATLAS (green) [99], LEP [72], and flavor probes (purple) [100—104]. Right: Projections of our
constraints for a luminosity of 3 ab~! (red region). The solid and dot-dashed red contours correspond to the projections derived by using
the same selections of the original CMS analysis, and the one derived by using a higher N, cut and assuming zero background. We
compare our results with current constraints (gray shaded region) and projections for FASER (purple) [39], CODEX-b (orange) [45],
and Belle II (green) [100,102].

10 eww =1, cgp=0 cww =1, cpp=0
E ) T e T T T T TS NS T T T o R E
E ete” =7 ] F N qx:l;::fm VV;ZULV(,LW+ Ciﬁ}n BZ:/BZW E
1E 3
@EX (1bin) oo 1
T 1071E E
A \ 3
5] E
&) i A
T a7 . —1
E 10-2 - 7 s~ inv this work (137 fb™)
— E
L 1 3 Lhisi\‘v‘or:k‘ (3ab™ 1)1
£ ] b o SHIiP — 2 x 102 POT-J
o[ SN1987A 1 ]
10— . M | N M | N
1072 1071 1 1072 107! 1
mg [GeV] mg [GeV]

FIG. 10. Constraints on ALPs coupled to W bosons. Left: Comparison of our current reach (red region) with existing constraints from
star cooling constraints (green) [105], beam dump experiments (yellow) [105], Z invisible branching ratio (orange) [106,107], limits on
ete™ — yy from LEP data (violet) [106,108-110], PrimeEX (purple) [111,112], and Belle II (blue) [113]. Right: Projections of our
constraints for a luminosity of 3 ab~! (red region). The solid and dot-dashed red contours correspond to the projections derived by using
the same selections of the original CMS analysis, and the one derived by using a higher Ny, cut and assuming zero background. We
compare our results with current constraints (gray shaded region) and projections for SHiP (orange) [6,41], PrimEX (purple) [111,112],
GlueX (violet) [111,114], and Belle II (blue) [6,115].

CMS. The reinterpretation was made possible by the
additional information provided by the Collaboration in
HEPData, which was embedded into DELPHES modules.
We have shown that this analysis proves very effective at
constraining light LLPs, my;p < O(GeV), as long as they
can be produced energetically in LHC hadronic collisions
and have ¢z < O(m). In fact, we found that the current

version of such a search strategy not only provides a
counterexample to the lore that LLLP searches at ATLAS
and CMS are limited at low masses by irreducible SM
backgrounds, but it is already able to cover previously
unconstrained parameter space in many models, see Figs. 3,
7,9, 11, 12, and 14, competing with and complementing
the reach of dedicated LLP detectors.
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FIG. 11. Constraints on ALPs coupled to electroweak gauge bosons, and with ¢,; = 0. Left: Comparison of our current reach (red

region) with existing constraints from star cooling constraints (green) [105], electron [93,106,116] and proton [6,82,117] beam
dump experiments (pink and brown), limits from mono-photon searches at LEP (orange) [106,118], NA64 (green) [94], PrimEX
(purple) [111,112], and Belle II (blue) [113]. Right: Projections of our constraints for a luminosity of 3ab™! (red region). The solid and
dot-dashed red contours correspond to the projections derived by using the same selections of the original CMS analysis, and the one
derived by using a higher Ny, cut and assuming zero background. We compare our results with current constraints (gray shaded region)
and projections for FASER (brown) [39], SHiP (orange) [41], PrimEX (purple) [111,112], GlueX (green) [111,114], and Belle II
(green) [115].
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FIG. 12. Constraints on inelastic DM models, assuming a normalized mass splitting of A = 0.05, a dark coupling ap = 0.1,
and mediator mass given by my = 3m,. Left: Comparison of our current reach(red region) with existing constraints from BABAR
(green) [119,120] and LEP (blue) [97,119,121,122]. Right: Projections of our constraints for a luminosity of 3 ab~! (red region). The
solid and dot-dashed red contours correspond to the projections derived by assuming the same selections of the original CMS analysis,
and the one derived by using a higher Ny, cut and assuming zero background. We compare our results with current constraints
(gray shaded region) and projections for Bellell (pink) [115], SeaQuest (gray) [95], FASER (blue) [38], MATHUSLA (orange) [35],
CODEX-b (brown) [40], LHC (yellow and purple) [119,123,124], and LHCb (green) [119,125].

Still, various avenues for improvement exist. As men-
tioned in Sec. IV, producing signal categories with lower
MET requirements but in association with another object
such as a photon, lepton(s) or b-jet, may improve limits on
specific models such as ALPs and HNLs. This will greatly

increase the coverage of the search for many other models.
This is especially true given the particular simplicity and
reliability of the recasting provided by the publicly released
information in HepData [52]. In this respect, we encourage
the CMS Collaboration to provide more finely spaced
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FIG. 13.

Constraints on the inelastic DM model for different choices of the lower cut on the LLP energy. The other constraints

appearing in the plot are the same reported in Fig. 12. The projections in the right panel are for a luminosity of 3 ab~! luminosity, and

assuming a tighter Ny, cut and zero background.
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FIG. 14. Current (upper-left panel) and projected (upper-right panel) constraints on the Higgs exotic decay into dark quarks of a
confining Hidden Valley model. For the projections we report (solid, dashed, and dot-dashed lines) the results obtained by using the
three search strategies discussed in the main text (rescaled CMS analysis, dedicated trigger, and higher Ny;).

efficiency maps at low (Ej,q, Een) to fully capture the turn-
on shoulders, which is required in models where LLPs are
producing less visible energy such as in the inelastic dark
matter benchmark shown here.

Perhaps the most important avenue of improvement may
be the investigation of how much the cluster isolation
requirement can be relaxed. Many models, and production
modes within a model, produce LLPs inside (b-)jets.
Examples include the case of a light scalar model, where
S can be produced efficiently in » decays and would

yield muon chamber clusters not isolated from a b-jet;
the case of ALPs produced in b-flavored hadron decays
or in hadronic showers via 71'0-77(/ ) mixing; or the case of
emerging jets [126] where showering within QCD and a
Hidden Valley happens concurrently. Extending this kind
of searches into the nonisolated regime will inevitably
require some characterization and understanding of the
origin of SM backgrounds mimicking clusters in the CSC.
This effort has also implications and synergies beyond
CMS itself. In fact, the amount of (instrumented) shielding
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provided by the calorimeters and the steel layers in the
muon chambers is about 20-27 nuclear interaction lengths,
not far from the required shielding of other proposals for
dedicated LLP experiments, such as e.g. the 301 of active
shield estimated to be necessary for CODEX-b [40].
Therefore, any characterization of SM backgrounds for
CMS LLP searches would also benefit and inform the
ongoing shielding design and simulation of other exper-
imental proposals such as CODEX-b.

Many benchmarks chosen here correspond to some of
those selected to compare present and future efforts in the
LLP search program such as within the CERN Physics
Beyond Collider (PBC) [6]. Given the relevance of this novel
type of CMS search on the LHC reach for LLPs, we
encourage the Collaboration to produce official limits that
can be included in the PBC comparison plots. The capa-
bilities of this kind of CMS search in probing light LLPs
greatly extend what was considered possible for general-
purpose existing LHC experiments to achieve and will
undoubtedly complement and inform the broader future
search program for LLPs beyond the Standard Model.
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APPENDIX: ATLAS MONOJET LIMIT
FOR AXIONLIKE PARTICLES COUPLED
TO GLUONS

Here we summarize the procedure used to reinterpret the
ATLAS monojet limit on ALPs coupled to gluons [99]. The
ATLAS Collaboration already provides a lower limit on the
ALP decay constant at a fixed ALP mass m, = 1 MeV in
this particular model and claims that such limit should hold
for ALP masses up to approximately 1 GeV. This claim is
motivated from ALP literature prior to the improved
estimates on ALP lifetimes and branching ratios provided
in Ref. [72] and it is modified in the region
0.1-1 GeV due to the nontrivial behavior from ALP mixing
with the neutral pseudoscalar mesons. To estimate the limit
curve in this region we use our ALP + jet simulation to
extract the 2D LLP energy and pseudorapidity distribu-
tions, convolve that with the lifetime model of [72],
and require that the ALP does not decay in the ATLAS
detector volume, for a fixed value of m, and f. We
then rescale the ATLAS limit for the ratio of the two
efficiencies described above computed at m, = 1 MeV and
at a different mass point. This produces a function of
(my/1 MeV, £/ flimi1 Mev)- We then invert this function to
solve for the limit on f as function of m, as shown in Fig. 9.
As expected the limit is fairly flat at low ALP masses but
gets cut off earlier than 1 GeV due to the ALP lifetime
significantly changing after the m,, threshold. The steepness
of the turn-off renders this limit curve a little sensitive to the
specific geometric dimensions considered for the ATLAS
detector.
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