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A search for new phenomena giving rise to pairs of opposite electrically charged muons with impact
parameters in the millimeter range is presented, using 139 fb~! of /s =13 TeV pp collision data
from the ATLAS detector at the LHC. The search targets the gap in coverage between existing searches
targeting final states with leptons with large displacement and prompt leptons. No significant excess
over the background expectation is observed and exclusion limits are set on the mass of long-lived

scalar supersymmetric muon-partners (smuons) with much lower lifetimes than previously targeted by
displaced muon searches. Smuon lifetimes down to 1 ps are excluded for a smuon mass of 100 GeV, and
smuon masses up to 520 GeV are excluded for a proper lifetime of 10 ps, at 95% confidence level. Finally,
model-independent limits are set on the contribution from new phenomena to the signal-region yields.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

The Standard Model (SM) contains many particles that have a
significant lifetime which, when produced at a collider, travel a
certain distance before decaying away from the primary proton-
proton (pp) interaction. Despite this, the majority of beyond the
standard model (BSM) searches at the Large Hadron Collider (LHC)
focus on prompt decays, and are not optimized for particles that
travel a macroscopic distance. Many BSM theories predict parti-
cles that have significant lifetimes including R-parity-conserving
supersymmetry (SUSY) [1-7] as well as R-parity-violating SUSY
models [8,9], models like split-SUSY [10,11], exotic scenarios such
as universal extra dimensions [12,13] and gauge-mediated SUSY
breaking (GMSB) [14-16].

In GMSB SUSY models the lightest SUSY particle (LSP) is a
nearly massless gravitino, and the next-to-lightest SUSY particle
(NLSP) becomes long-lived due to the small coupling to the LSP.
Well-motivated versions of this model have a stau (7) as the single
NLSP, or a selectron (), smuon (fi), and T as a set of degenerate
co-NLSPs [17]. In these models, pair-produced sleptons (£) of the
same flavor decay into an invisible gravitino and a charged lepton
of the same flavor as the parent .

This paper presents a search for supersymmetric partners of
the muon (i) with a lifetime of O(1 — 10) ps, targeting a gap
in coverage between prompt slepton searches, and displaced slep-
ton searches which have optimal sensitivity for lifetimes around
O(100 — 1000) ps. This regime has been highlighted as a possible

* E-mail address: atlas.publications@cern.ch.

https://doi.org/10.1016/j.physletb.2023.138172

Fig. 1. Decay topology of the simplified model considered where smuons (/i) are
pair produced and each smuon decays to a gravitino (G) and a muon ().

blind spot in BSM searches at the LHC [18]. Fig. 1 shows a diagram
of the targeted signal. A combination of results from the LEP ex-
periments excludes the superpartners of the right-handed muons
(jig) of any lifetime for masses less than 96.3 GeV [19-23]. Pre-
vious searches for long-lived sleptons have been performed by the
ATLAS [24] and CMS [25] collaborations, excluding smuons up to
700 GeV and 620 GeV respectively, for a lifetime of 100 ps.

2. ATLAS detector

The ATLAS detector [26] at the LHC covers nearly the entire
solid angle around the collision point.! It consists of an inner

1 ATLAS uses a right-handed coordinate system with its origin at the nominal in-
teraction point (IP) in the center of the detector and the z-axis along the beam pipe.
The x-axis points from the IP to the center of the LHC ring, and the y-axis points
upwards. Cylindrical coordinates (r,¢) are used in the transverse plane, ¢ being
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tracking detector surrounded by a thin superconducting solenoid,
electromagnetic and hadron calorimeters, and a muon spectrom-
eter incorporating three large superconducting air-core toroidal
magnets.

The inner-detector system (ID) is immersed in a 2 T axial mag-
netic field and provides charged-particle tracking in the range
In| < 2.5. The high-granularity silicon pixel detector covers the
vertex region and typically provides four measurements per track,
the first hit normally being in the insertable B-layer installed be-
fore Run 2 [27,28]. It is followed by the silicon microstrip tracker,
which usually provides eight measurements per track. These sili-
con detectors are complemented by the transition radiation tracker
(TRT), which enables radially extended track reconstruction up to
|n| = 2.0. The TRT also provides electron identification information
based on the fraction of hits (typically 30 in total) above a higher
energy-deposit threshold corresponding to transition radiation.

The calorimeter system covers the pseudorapidity range |n| <
4.9. Within the region |n| < 3.2, electromagnetic calorimetry
is provided by barrel and endcap high-granularity lead/liquid-
argon (LAr) calorimeters, with an additional thin LAr presampler
covering |n| < 1.8 to correct for energy loss in material up-
stream of the calorimeters. Hadron calorimetry is provided by
the steel/scintillator-tile calorimeter, segmented into three barrel
structures within |n| < 1.7, and two copper/LAr hadron endcap
calorimeters. The solid angle coverage is completed with forward
copper/LAr and tungsten/LAr calorimeter modules optimized for
electromagnetic and hadronic energy measurements respectively.

The muon spectrometer (MS) comprises separate trigger and
high-precision tracking chambers measuring the deflection of
muons in a magnetic field generated by the superconducting air-
core toroidal magnets. The field integral of the toroids ranges
between 2.0 and 6.0 Tm across most of the detector. Three lay-
ers of precision chambers, each consisting of layers of monitored
drift tubes, cover the region |n| < 2.7, complemented by cathode-
strip chambers in the forward region, where the background is
highest. The muon trigger system covers the range |n| < 2.4 with
resistive-plate chambers in the barrel, and thin-gap chambers in
the endcap regions.

Interesting events are selected by the first-level trigger system
implemented in custom hardware, followed by selections made by
algorithms implemented in software in the high-level trigger [29].
The first-level trigger accepts events from the 40 MHz bunch cross-
ings at a rate below 100 kHz, which the high-level trigger further
reduces in order to record events to disk at about 1 kHz.

An extensive software suite [30] is used in the reconstruction
and analysis of real and simulated data, in detector operations, and
in the trigger and data acquisition systems of the experiment.

3. Data and simulated event samples

The data set used in this analysis was collected by the ATLAS
detector in pp collisions provided by the LHC during Run 2 from
2015 to 2018. The beams collided at a center-of-mass energy of
/s =13 TeV and with a minimum separation of 25 ns between
consecutive proton bunch crossings. The average number (@) of
additional pp interactions per bunch crossing (pile-up) ranged
from 14 in 2015 to about 38 in 2017-2018. After data-quality re-
quirements [31], applied to ensure that all parts of the detector
were operational during data-taking, the data sample amounts to
a total integrated luminosity of 139 fb~!. Candidate events were
selected by a di-muon trigger [29,32], where the trigger has no

the azimuthal angle around the z-axis. The pseudorapidity is defined in terms of
the polar angle § as n = —Intan(f/2). Angular distance is measured in units of
(AN)? + (Ag)2.
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explicit selection cuts on the transverse impact parameter of the
muon'’s track with respect to the beam line, dy.

To evaluate signal sensitivity, Monte Carlo (MC) events in a
simplified GMSB SUSY model were simulated with up to two addi-
tional partons at leading order using MADGRAPH5_aMC@NLO v2.6.1
[33] with the NNPDF2.31lo parton distribution function (PDF)
set [34], and interfaced to PyTHIA 8.230 [35] using the A14 set
of tuned parameters [36]. The smuon decay was simulated using
GEANT4 [37]. The impact of multiple interactions in the same and
neighboring bunch crossings (pileup) was modeled by overlaying
each hard-scattering event with simulated minimum-bias events
generated with PytHiA 8.210 [35] using the A3 tune [38] and
NNPDF2.31o PDF set [34]. Signal cross sections were calculated
at next-to-leading order in o, with soft-gluon emission effects
added at next-to-leading-logarithm accuracy [39-43]. The nomi-
nal cross section and uncertainty were taken from an envelope of
predictions using different PDF sets and factorization and renor-
malization scales [44]. The simplified model used for interpretation
gives a cross section of 5.4f8; pb for a i with mass 50 GeV and
0.1+£0.05 fb for a & with mass 700 GeV, where the cross sec-
tion assumes degenerate left- and right-handed smuons. Simulated
events were generated for fi masses ranging from 50-700 GeV and
lifetimes of 0.1 ps, 1 ps, 10 ps, and 100 ps.

The dominant SM background for this search originates from
semileptonic B-hadron decays, bb — ptp~. A data driven back-
ground method is used to estimate the number of background
events in the signal region, described in Section 5, and any sub-
dominant background processes are included within this method.
SM processes with prompt leptons such as Z+jets, W +jets, tt, sin-
gle top quark, and di-boson were assessed with simulation and
found to be negligible.

4. Object reconstruction and event selection

Candidate events are required to have at least one pp interac-
tion vertex with a minimum of two associated tracks, where each
track has pt > 500 MeV [45]. In events with multiple vertices, the
primary vertex is defined as the vertex with the highest scalar sum
of the squared transverse momenta of its associated tracks.

Muon candidates are reconstructed in the pseudorapidity range
In| < 2.5 by matching MS tracks with ID tracks. The muons are
required to be matched to the muons that fired the trigger. As re-
quirements on the transverse momentum, pt, of the muons are
imposed in the online trigger decision, higher pt requirements of
pt > 20 GeV are applied to the muons to ensure that trigger effi-
ciencies are constant in the relevant phase-space. The muons must
satisfy the Medium identification requirements defined in Ref. [46].
Nominal track reconstruction was used and it was verified by MC
simulations that the nominal tracking reconstruction efficiency, in-
cluding the muon identification efficiency, is flat as a function of
|do| in the entire |dg| region (0 — 3) mm that is used in this
search. Isolation criteria are applied to each muon in order to sup-
press contributions of muons from the decays of hadronic sources.
The isolation variable named “PflowLoose” defined in Ref. [46] is
applied using the working point where the AR parameter is var-
ied.

To reduce background contributions from prompt SM processes
a selection cut of |dg| > 0.1 mm is made. No selection cuts are
made on the longitudinal impact parameter, zg.

Selected events are required to have at least two muons of op-
posite electric charge passing all the selection criteria. Although
this search probes non-prompt muons, muons from prompt pro-
cess, such as from the decay of a Z boson, can be included in the
control regions (defined in Section 5) due to the resolution of the
transverse impact parameter. In order to reduce contributions of
di-muon events from the decay of Z bosons the invariant mass
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Fig. 2. A graphic depicting the regions for the extended ABCD background estimation method for Set of Regions 1. Data is split into a 2D plane in |dp| with the positive
charged muon versus the negative charged muon. For the regions on the left the invariant mass of the two muons must be greater or equal to 110 GeV and less than or
equal to 200 GeV, the invariant mass of the two muons must be greater than 200 GeV for the regions on the right. A, B, C, and E are control regions. The regions V1-V10, D,

F, and G are validation regions, and H is the signal region.

Table 1

The definitions of the three sets of regions that are used to define the CRs, VRs, and SRs, where the columns 2 and 3 refer
to the boundaries used to subdivide the planes in |dy| as depicted in Fig. 2 for Set of Regions 1.

Set of Regions Lower displacement region

Higher displacement region

Threshold m+ - Additional cut

1 0.1<|do| <0.3 0.6 < |do| <3 mm 200 GeV -
2 0.1<|dg| <0.3 0.6 < |do| <3 mm 140 GeV -
3 0.1<|dg| <0.3 0.6 <|do| < 1.3 mm 125 GeV ARyt > 3 rad.

of the two muons must be > 110 GeV. Further selection cuts are
made to provide control regions (CRs), validation regions (VRs) and
signal regions (SRs) as described in Section 5.

5. Background estimation

After selection, the dominant background originates from semi-
leptonic B-hadron decays, bb — u*u~. Possible contributions
from processes with prompt leptons such as Z+jets, W+jets, tt,
single top quark, and di-boson were assessed with MC and were
found to be negligible.

An extended ABCD method [47] is used to estimate the num-
ber of background events in the signal region. The ABCD method
requires two uncorrelated variables, chosen here to be the abso-
lute value of the transverse impact parameter, |dg|, of the muon
track for the positively charged muon and the negatively charged
muon, to create a two-dimensional plane in data that is split into
four sections. The variable |dp| is chosen as it is a good proxy for
the displacement of muon tracks. To further separate background
dominated regions from signal dominated regions the method is
extended with a third variable, the invariant mass of the two
muons (m+,-), which is uncorrelated with both impact param-
eters to define eight regions, A to H, as shown in Fig. 2. The region
H, located at high invariant mass and impact parameter values, is
defined as the signal region.

Using the ABCD method the number of background events in
the signal region H can be estimated by:

PR

Nf_ISt' bkg. = Niata . rdO . rdo . rmH+M_ s (l)
+ g . .

where 0, 1%, and r™«*#~ are ratios from high to low |dg| of

the positive and negative charged muons and m,+,- regions. The
ratios can be computed from multiple pairs of regions and so the
regions with highest statistics and lowest signal contamination are
used to compute the ratios: r%o = NdataNdata pdo — Ndata/data,
and r"etus = N$aa /N9 where N9 js the number of observed
events in data in region i € {A, B, C, E}.

The boundaries between regions are defined to be non-adjacent
in |dg|, such that there are “gap” regions between each of the con-
trol regions (CRs) and signal regions (SRs). The gaps are needed
to reduce signal contamination in the CRs, and allow for valida-
tion regions (VRs) to be defined to confirm the correctness of the
background estimation.

Three overlapping sets of regions are defined in Table 1 and Set
of Regions 1 is depicted in Fig. 2. In the Set of Regions 2 and 3 the
invariant mass selection threshold of 200 GeV is lowered to 140
and 125 GeV respectively. An additional selection on the angular
distance between the two muons, AR +,- > 3 radians, is applied
in Set of Regions 3. The Set of Regions 1 provides the strongest
sensitivity to the GMSB model targeted by this search. However,
the Set of Regions 2 and 3 provide two additional SRs, and CRs and
VRs without significant contamination from signals with masses
< 200 GeV, where a potentially large signal contamination in the
control regions would bias the background estimation and absorb
partly an excess of events in the signal region. These sets of regions
are also used to set limits on model-independent BSM signal pro-
cesses. When performing hypothesis tests only one set of regions
is used per signal mass and lifetime point as the three regions are
overlapping in events.

The extended ABCD method requires the three variables, |dg +|,

|dg [, and m+,-, to be uncorrelated. To quantify potential corre-
lations closure tests are performed in the validation regions V4 to
V8 of the three region sets, using regions A, B, C, E, V1, V2 and
V3 for the ratios to compute the number of expected events in
the validation region. Regions F, G, and V9-V10 are not included
in the test due to potential signal contamination. The numbers of
estimated and observed events are consistent within statistical un-
certainties at the 1o standard deviation level, except for V8 where
the standard deviation is found to be 2o in Set of Regions 1. Fig. 3
shows expected and observed number of events in the validation
regions V4-V8 for each set of regions and the relative difference for
each validation region. Based on these results, a conservative un-
certainty of 40% is assigned as non-closure systematic uncertainty
in the three signal regions.
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Table 2

Presented here are the expected and observed number of background events in each SR H defined by the three sets
of regions, where combined statistical and systematic uncertainties on expected N k¢ are given. Columns four to six
show the 95% CL upper limits on the visible cross section ((A€o) 0bs) and on the number of signal events given
the observed and expected number of events (S%, and Sg,), where there is a =10 uncertainty on Sg,. The last
two columns indicate the CLp value, i.e. the confidence level observed for the background-only hypothesis, and the
discovery p-value (p(s =0)), capped at 0.5.

Set of Regions  Expected kag Observed Nf3?  (Aeo)% [fb]  S% S Clg p(s=0)(2)
1 21408 1 0.02 33 4273 0.27  0.50 (0.00)
2 12.5 £ 5.2 7 0.04 52 85739 008 0.50 (0.00)
3 172+ 74 14 0.06 89 105739 026  0.50 (0.00)
g ;A'TLANSV T i T iObserved Data 1 A background uncertainty of 40% for the non-closure of the
W qp* Vs =13Tev, 139 7 | SN [Expected Background extended ABCD method is assigned to the estimated number of
E : . 3 background events in the signal region.
| . The uncertainty in the combined 2015-2018 integrated lumi-
| nosity is 1.7% [48], obtained using the LUCID-2 detector [49] for
10 | the primary luminosity measurements.
7. Results
10 t | | =
F SetofRegions1 | SetofRegions2 | SetofRegions3 J The observed number of events in all signal regions, shown in
B | | 7 Table 2, is found to be compatible with the background expectation
e .. I within statistical and systematic uncertainties.
o o 05f I I The results are used to set model-independent limits on the
22 °F | | = contribution of generic BSM signals in each of the SRs defined
05 i i E by the three sets of regions, assuming no signal contamination

V4 V5 V6 V7 V8 V4 V5 V6 V7 V8 V4 V5 V6 V7 V8

Region

Fig. 3. Expected and observed number of events in the validation regions V4-V8 for
each set of regions are shown. The ratio panel shows the relative difference for each
validation region.

6. Systematic uncertainties

Differences in the efficiencies and resolution between data and
MC were corrected for by the application of multiplicative factors.
Uncertainties on the factor correcting for differences in trigger ef-
ficiency are found to be within 5% for all signal samples and are
applied as a systematic uncertainty to the number of expected sig-
nal events. The remaining uncertainties that may arise due to the
differences between MC and data include muon reconstruction ef-
ficiency, the scale and resolution of the momentum of the muon
and are found to be negligible, < 1%, across all analysis regions
and no systematic uncertainties are added in these categories.
Statistical uncertainties associated with the simulated MC sam-
ples are also accounted for. Theoretical uncertainties include cross
section uncertainties of 1.6-3.9%. Modeling uncertainties for the
signal process, e.g. effects of varying the factorization and renor-
malization scales, initial and final state radiation, and underlying
effects were found to be negligible and are not included as sys-
tematics. In order for the exclusion fit to interpolate between the
generated lifetimes and extrapolate above the generated lifetimes a
re-weighting procedure is applied to the generated signal MC sam-
ples to provide smuon lifetimes between the generated lifetimes.
Uncertainties on this procedure were evaluated by observing the
percentage change when re-weighting the lifetime of a generated
sample to that of a different generated lifetime. From these studies
a 12% uncertainty is applied when the lifetime is re-weighted to
a higher lifetime. However, when the lifetime is re-weighted to a
lower lifetime the agreement between the lifetime of the original
and the re-weighted lifetime is well within statistical uncertainty
and thus no uncertainty is added in this case.

in the CRs. Possible signal leakage to the CRs can produce a bias
in the background estimation, leading to conservative limits. For
the GMSB model the signal contamination for smuon masses of
300, 400 and 500 GeV in Set of Regions 1 is negligible, for Set of
Regions 2 the signal contamination is negligible for smuon mass
200 GeV and for the Set of Region 3 the signal contamination is
negligible for smuon masses of 50 and 100 GeV. Table 2 shows the
results of a model-independent fit, performed using the HistFitter
package [50], where the CLs prescription [51] is used to set up-
per limits at 95% CL on the visible cross-section (Aecrobs) where A
is the acceptance and € the efficiency, as well as on the observed
(S Obs) and expected (Sexp) number of events from potential new
physics processes in the SRs. The p-value and the corresponding
significance for the background only hypothesis are also evaluated.

Model-dependent exclusion limits for GMSB SUSY models on
the smuon masses and lifetimes are derived at 95% confidence
level following the CLs prescription [51]. A combined likelihood
fit is performed in regions A, B, C, E, and H, including the possi-
ble signal contribution in the control regions. The Set of Regions 1
provides the best expected sensitivity across all the plane and
therefore is the only set of regions used in the model dependent
fit. The HistFitter package [50] is used for statistical interpretation,
and all systematic uncertainties are treated as Gaussian nuisance
parameters during the fitting procedure. A re-weighting procedure
is applied to the generated signal samples to provide signal life-
time points between those that are generated. Interpolation is used
to provide smooth results throughout the plane, connecting the
discrete mass and lifetime values that were simulated and the
re-weighted lifetimes. The results are presented in Fig. 4 where
smuon lifetimes down to 1 ps and smuon masses up to 520 GeV
are excluded, assuming degenerate left- and right-handed smuons.
The results from a previous search for displaced leptons (named
here as the Displaced Slepton Signature) with large impact param-
eter (3 mm < |dg| < 300 mm) are also shown [24]. A search for
direct slepton production with prompt decay [52] is reinterpreted
using the RECAST framework [53] to cover lifetimes below the pi-
cosecond regime (named here as the Prompt Slepton Signature).
This is the first explicit reinterpretation of prompt lepton searches
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Fig. 4. Expected (dashed) and observed (solid) exclusion contours for fi NLSP pro-
duction as a function of the left- and right-handed smuons, fi; g, mass and life-
time at 95% CLs, for the Displaced Slepton Signature (Phys. Rev. Lett. 127 051802
(2021) [24]), the Intermediate Slepton Signature (the result of this search in this
paper) and the Prompt Slepton Signature (Eur. Phys. J. C 80 (2020) 123 [52]) rein-
terpretation. The lines below the graphs show the expected and observed limits
from the prompt search where the smuons are assumed to be prompt.

in the long-lived regime in ATLAS. The search presented in this pa-
per bridges the gap between both previous searches.

8. Conclusion

A search has been presented for pairs of opposite electrically
charged muons with impact parameters in the millimeter range
using 139 fb~! of \/s=13 TeV pp collision data from the ATLAS
detector. This search addresses a gap in coverage of possible new
physics signatures between existing searches for leptons with large
displacement and prompt leptons. Results are consistent with the
SM background prediction. This search provides unique sensitivity
to long-lived scalar supersymmetric muon-partners (smuons) with
much lower lifetimes than previously targeted by ATLAS searches.
Smuon lifetimes down to 1 ps and smuon masses up to 520 GeV
are excluded at 95% confidence level.

As no requirements are made on missing energy, displaced ver-
tices, or jets, this result is model-independent and applicable to
any BSM model producing at least two opposite sign, isolated dis-
placed muons with transverse momenta greater than 20 GeV.
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