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1 Introduction

Supersymmetry (SUSY) [1–8] is an extension of the standard model (SM) of particle physics
that offers potential solutions to several of its open questions, e.g., it can naturally account
for the observed Higgs boson mass without resorting to fine-tuning of the bare mass [9–20].
In SUSY models, each SM particle is assigned a corresponding superpartner with the same
quantum numbers, but differing in spin by half a unit. The contributions of SM particles and
their superpartners to quantum corrections of the Higgs boson mass could partially cancel and
thereby resolve the fine-tuning problem. In SUSY models with R-parity conservation [21], the
lightest SUSY particle (LSP) is stable [22, 23] and could be a viable dark-matter candidate [24].

The superpartners of the electroweak gauge and Higgs bosons, referred to as bino, wino,
and Higgsino, mix to form neutral and charged mass eigenstates, called neutralinos (χ̃

0
i )

and charginos (χ̃
±
i ). The SUSY partners of the leptons are called sleptons (ℓ̃), with stau

(τ̃) referring to the tau lepton superpartner. For the third generation, the mass eigenstates
(τ̃1, τ̃2) can have different masses (by definition, τ̃1 is the lighter one) and are a mixture of
the gauge eigenstates (τ̃R, τ̃L). This mixing can become large and depends on the Higgsino
mass parameter, the ratio of the vacuum expectation values of the two Higgs fields (tan β),
and the third-generation A-parameter (Aτ) [25].

In gauge-mediated SUSY breaking [26–28] models, the gravitino (G̃) mass is proportional
to the ratio of the SUSY-breaking scale F to the Planck energy scale. The G̃ is thus very
light and is the LSP. In such models, the stau is a preferred candidate for the next-to-LSP,
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and τ̃ → τG̃ is the only available decay mode of the stau. The τ̃−τ−G̃ coupling is suppressed
by a factor of 1/F , which leads to longer lifetimes for the stau. These scenarios can be
investigated by searching for staus at proton colliders.

Searches for prompt τ̃ decays have been performed at the CERN LEP collider [29–32],
excluding at 95% confidence level (CL) some scenarios with τ̃ masses, m

τ̃
, up to about 90 GeV

and neutralino masses up to about 80 GeV. The ATLAS and CMS Collaborations have
searched for both promptly decaying and long-lived staus in proton-proton (pp) collisions at√

s = 13 TeV at the CERN LHC [33–39]. These searches excluded promptly decaying τ̃ masses
below 400 GeV for nearly massless neutralinos or gravitinos, assuming the production of
mass-degenerate τ̃L and τ̃R. The limits on τ̃ masses for the long-lived searches at

√
s = 13 TeV

vary depending on the proper decay length (cτ0) of the stau, but are of the same order of
magnitude as in the prompt scenarios. A recent search for displaced leptons by the ATLAS
Collaboration [40] included data collected at

√
s = 13.6 TeV to exclude τ̃ masses up to

440 GeV for cτ0 = 90 mm. In a scenario with maximal mixing between τ̃L and τ̃R, m
τ̃

values
between 150 and 220 GeV have been excluded for cτ0 = 0.1 mm at CMS with pp collisions at√

s = 13 TeV [36]. Both ATLAS and CMS have also performed searches at
√

s = 8 TeV [41–43].

The existing searches for long-lived staus that decay sufficiently within the tracker volume
can be broadly divided into two categories. The first category consists of generic searches for
long-lived charged particles with final states containing electrons or muons from leptonic τ

decays, which provide interpretations for long-lived staus. These searches profit from the clean
signatures of the leptons. The second category consists of searches with hadronically decaying
tau leptons (τh), which target the dominant τ decay mode, and are based on reconstruction
and identification algorithms optimized for τh candidates produced from prompt decays of
particles [44, 45]. Such algorithms lose efficiency rapidly as the transverse distance of the
decay vertex from the beam axis increases, falling by ≈95% at around 10 mm [46], thereby
reducing the sensitivity of a search for staus with higher cτ0.

This paper focuses on the search for long-lived staus decaying into a τ and a nearly
massless (1 GeV) G̃ , as shown in figure 1, within the framework of simplified models with
masses between 90 and 600 GeV and cτ0 between 1 and 1000 mm [47, 48]. Since tau leptons
decay to hadrons more often than to electrons and muons [25], this search targets the
mode where both the tau leptons decay hadronically. In order to overcome aforementioned
limitations of existing τh identification algorithms, a dedicated algorithm based on the
ParticleNet [49] graph convolutional neural network has been developed to identify τh
produced far from the pp collision vertex, i.e., displaced (τ

dis
h ). This is referred to as the

DisTau identification algorithm [46].

This paper is organized as follows. The CMS detector is introduced in section 2, and the
event simulation is detailed in section 3. Section 4 contains the event reconstruction. The
event selection and background estimation are described in sections 5 and 6, respectively.
The systematic uncertainties are discussed in section 7, and the results are presented in
section 8. A summary is given in section 9. Tabulated results are provided in the HEPData
record for this analysis [50].
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Figure 1. Diagram of stau pair production in pp collisions at the LHC, and the decay that leads to
a final state with pairs of tau leptons accompanied by gravitinos.

2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal
diameter that provides a magnetic field of 3.8 T. Within the solenoid volume are a silicon
pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a
brass and scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap
sections. Forward calorimeters extend the coverage in pseudorapidity (η) provided by the
barrel and endcap detectors. Muons are detected in gas-ionization chambers embedded in
the steel flux-return yoke outside the solenoid. A more detailed description of the CMS
detector, together with a definition of the coordinate system used and the relevant kinematic
variables, is provided in refs. [51, 52].

Events of interest are selected using a two-tiered trigger system. The first level, composed
of custom hardware processors, uses information from the calorimeters and muon detectors
to select events at a rate of around 100 kHz within a fixed latency of 4 µs [53]. The second
level, known as the high-level trigger, consists of a farm of processors running a version of
the full event reconstruction software optimized for fast processing, and it reduces the event
rate to a few kHz before data storage [54, 55].

3 Event simulation

Several Monte Carlo (MC) event generators are used to simulate events for the signal
and background processes. The signal process shown in figure 1 is simulated based on
simplified SUSY models. The simulation is performed at leading order (LO) using the
MadGraph5_amc@nlo v2.4.2 event generator [56]. The NNPDF3.0 parton distribution
function (PDF) set [57] is used for simulated samples corresponding to the 2016 data-taking
period, whereas NNPDF3.1 [58] is used for 2017 and 2018. The signal cross sections are
evaluated for a set of discrete m

τ̃
values between 90 and 600 GeV at next-to-LO (NLO) in

perturbative quantum-chromodynamics calculations (pQCD), using next-to-leading logarith-
mic (NLL) soft-gluon threshold resummation, as provided by Resummino [59–64]. The cross
sections for m

τ̃
between the values that are reported in the aforementioned references are
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interpolated using the HEPi-fast tool [65]. For each m
τ̃

hypothesis, signal samples have
been simulated with stau cτ0 values ranging from 1 to 600 mm. Two different cases have
been considered for the stau pair production in this study. The first is the production of
τ̃1τ̃1 in a “maximally mixed scenario”, where the mixing angle between τ̃L and τ̃R is π/4,
and τ̃2 is considered to be too massive to be produced at the LHC. The second scenario
is the production of both τ̃Lτ̃L and τ̃Rτ̃R with no mixing between the gauge eigenstates.
Since in this case the gauge eigenstates are the same as the mass eigenstates, which are
considered to be degenerate in mass, this is referred to as the “mass-degenerate scenario” in
this paper. The mass-degenerate scenario leads to a cross section between three and five
times higher than the maximally mixed scenario for each m

τ̃
considered. This is because in

the s-channel production of stau pairs via Z/γ
∗, τ̃L has a stronger coupling to the Z boson

than τ̃R, but both couple equally to the photon.
In this search, the contribution from background processes is estimated using control

samples in data, as detailed in section 6. Simulated events are used to validate the background
estimation procedure based on data, and to train and calibrate the identification algorithm
discussed in section 4.2. Simulated samples of top quark-antiquark pair production (tt), single
top quark production, and ttV (V = W or Z) events are generated with the powheg 2.0
generator [66–70] at NLO in pQCD. Diboson (VV and VH) events are simulated at NLO with
the MadGraph5_amc@nlo 2.6.5 generator. The MadGraph (v2.2.2 for 2016, v2.4.2 for
2017 and 2018) [56] event generator is used at LO for modeling the Drell-Yan+jets (DY+jets)
and W+jets processes, as well as for SM events comprised uniquely of jets produced through
the strong interaction, referred to as multijet events.

The kinematic variables are generated including representative distributions of additional
pp interactions per bunch crossing, referred to as pileup. These samples are produced
separately for each year of data taking to account for different pileup and detector conditions
in the three years. Additionally, the simulated samples for each year are reweighted such that
their pileup profiles match the one measured in the data of the corresponding year.

The CMS detector response for all processes is modeled using Geant4 [71], and simulated
events are then reconstructed in the same way as collision data. For all simulated events,
the description of parton showering and hadronization, as well as the hadronic decays of tau
leptons, is performed with pythia v8.212 [72] with the CP5 underlying event tune [73].

Small discrepancies observed between simulation and data are removed by using several
correction factors, as discussed in section 7.

4 Event reconstruction

4.1 Standard object reconstruction

A particle-flow (PF) algorithm [74] reconstructs each individual particle in an event, with an
optimized combination of information from various components of the CMS detector. The
energies of electrons and photons are measured in the ECAL. The momentum of electrons is
determined by a combined measurement of the track momentum in the tracker, the energy of
the matching ECAL supercluster, and the energy of all bremsstrahlung photons consistent
with originating from the track. The momentum of muons is obtained from the bending of
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the corresponding tracks in the tracker and the muon spectrometer, which comprises three
technologies: drift tubes, cathode strip chambers, and resistive plate chambers. The energy of
charged hadrons, which is corrected for the response function of the calorimeters to hadronic
showers, is determined from a combination of the momentum measured in the tracker and
the energy of the matching ECAL and HCAL clusters. Finally, the energy of neutral hadrons
is obtained from the corrected energies in the corresponding ECAL and HCAL clusters.

Collision vertices are reconstructed by fitting tracks in an event and are required to be
within 24 cm of the center of the detector in the z direction (along the beam) and to have a
transverse displacement from the beam line of less than 2 cm. The primary vertex is taken to
be the vertex corresponding to the hardest scattering in the event, evaluated using tracking
information alone, as described in section 9.4.1 of ref. [75]. Reconstruction of jets is performed
by clustering PF objects using the anti-kT algorithm [76, 77] with a distance parameter of
R = 0.4. The jet momentum is determined as the vector sum of all particle momenta in the jet
and is typically within 5–10% of the true momentum over the entire pT spectrum within the
detector acceptance. Pileup interactions contribute to spurious tracks and calorimetric energy
deposits, increasing the apparent jet momentum. To mitigate this effect, tracks identified
as originating from pileup vertices are discarded, and an offset is applied to correct for the
remaining contributions [78]. Jets are calibrated using information from both simulation
and data [78]. Additional selection criteria are applied to remove jets that are potentially
dominated by instrumental effects or reconstruction failures [79]. Only jets with pT > 30 GeV,
|η| < 2.1, and containing at least one charged PF object with pT > 1 GeV are considered
in this analysis. The absolute transverse impact parameter (|dxy|) of a jet and its impact
parameter significance (d̂xy) — the ratio between |dxy| and its uncertainty — are defined as
the |dxy| and d̂xy of its charged constituent with the highest pT. For nonisolated particles with
1 < pT < 10 GeV and |η| < 3.0, the track resolutions are typically 1.5% in pT and 20–75 µm
in dxy [80]. Isolated particles with pT = 100 GeV and |η| < 1.4 have track resolutions of
2.8% in pT and 10 µm in dxy [81]. Choosing the charged constituent with the highest pT
in jets originating from the fragmentation of partons may not be robust against infrared
and collinear emissions in the parton shower simulation. However, this is expected to have
a negligible impact on the analysis as the contribution of such jets to the background is
estimated entirely using data, as detailed in section 6.

Jets originating from the fragmentation of b quarks are identified as b-tagged jets [82]
using the DeepJet algorithm [83, 84]. The algorithm employs properties of reconstructed
secondary vertices and charged and neutral particle constituents of the jet as inputs to a
convolutional deep neural network. The “medium” selection or working point (WP) of this
algorithm corresponds to a signal efficiency of about 80%, with a misidentification probability
of about 1% for light-flavored jets (i.e., originating from gluons or up, down, and strange
quarks) and about 11% for jets originating from charm quarks. Jets passing this WP are
henceforth referred to as b-tagged jets.

Electrons are identified using the “loose” WP of a boosted decision tree algorithm [85, 86]
that uses inputs based on the spatial distribution of the shower, track-to-cluster-matching
criteria, consistency between the cluster energy and the track momentum, and isolation.
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Electrons satisfying the loose WP and with pT > 20 GeV and |η| < 2.4 are referred to as
veto-electrons in what follows.

Muon reconstruction uses a global fit combining information from the tracker and muon
spectrometers [87]. Muon candidates are required to pass either the “loose” or the “tight”
WP of an identification algorithm using criteria such as the quality of the global fit and the
geometrical matching between the tracks in the tracker and the muon spectrometers. Isolation
criteria are imposed on the muon candidates to reject those originating from hadronic decays.
The isolation variable used for this purpose is defined as the scalar pT sum of reconstructed
charged and neutral particles within a cone of radius ∆R =

√
(∆η)2 + (∆ϕ)2 = 0.4, where ϕ

is the azimuthal angle in radians, around the muon candidate track, which is excluded from
the sum, divided by the pT of the lepton candidate. Charged particles not originating from
the primary vertex are excluded from this sum, and a correction is applied to account for
the neutral components originating from pileup, as described in ref. [88]. Muons satisfying
the tight (loose) WP and with relative isolation less than 15 (25)%, pT > 20 (28) GeV, and
|η| < 2.4, are referred to as veto-muons (id-muons) in what follows.

Hadronic tau lepton candidates are reconstructed from one charged hadron and up to two
neutral pions, or three charged hadrons and up to one neutral pion, consistent with originating
from the decay of a tau lepton, using the hadrons-plus-strips algorithm [44]. To distinguish
between jets originating from quarks or gluons and genuine hadronic tau lepton decays, the
discriminant of the DeepTau [45] deep neural network algorithm is used. The τh candidates
are required to have pT > 30 GeV, |η| < 2.4, and are selected with the “medium” WP of the
above discriminant, which has an efficiency of ≈70% and a misidentification probability of
≈1%. In addition, the τh candidates are required to satisfy the “very loose” (“medium”)
WP of the DeepTau discriminant against electrons (muons), which has an efficiency of ≈98
(99.8)% and a misidentification probability of ≈1.5 (0.04)%. These τh candidates are used to
identify a region enriched in Z → ττ events, where the calibration factors for the DisTau
identification efficiency are measured, as described in section 4.2.

The missing transverse momentum vector, p⃗ miss
T , is computed as the negative vector

p⃗T sum of all the PF objects in an event and its magnitude is denoted as pmiss
T [89]. The

p⃗ miss
T is modified to account for the energy calibration of all the PF candidates in an event,

clustered into jets or not.

4.2 Displaced τh candidates

The DisTau [46] graph neural network algorithm is trained to distinguish between signal
jets originating from displaced τh candidates (τ

dis
h ) and those from the fragmentation of

light-flavored, charm, and bottom quarks, and gluons (background jets). The signal jets used
for the training are selected from three different signal samples corresponding to cτ0 values of
1, 100, and 1000 mm. These samples are orthogonal to the ones used for obtaining the signal
yields in section 8. To use well-reconstructed signal jets for the training, the longitudinal
(transverse) position of the stau decay vertex is required to be within 1000 mm (500 mm) of
the interaction point, which is approximately the longitudinal (radial) extent of the inner
tracker detector. No lower threshold is imposed on the signal jet displacement. Hence, the
network is allowed to learn from signal jets with a wide range of displacements, arising from

– 6 –



J
H
E
P
0
7
(
2
0
2
6
)
1
0
2

staus that decay within the inner tracker volume. The background jets are taken from multijet
events, and jets with different flavors are treated together as a single background category,
as separating them by flavor did not provide any significant improvement in discrimination.
Jets from τh candidates produced from prompt decays of particles are not treated as a
separate background category as there is no distinctive difference in properties between them
and signal jets with very small displacements. Moreover, the contribution from prompt τh
produced in SM processes being misidentified as τ

dis
h candidates is sufficiently suppressed

by the selection on jet dxy, as discussed in sections 5 and 6.

The algorithm, based on the ParticleNet [49] architecture, represents the particles
in a jet as a “point cloud” and performs dynamic graph convolution operations [90] on the
properties of each jet constituent and its nearest neighbors. The features provided as input
to the network are the same as those used in the DeepTau algorithm [45]. The DisTau
algorithm is optimized to identify τ

dis
h produced within the tracker volume of the CMS

detector. The algorithm exploits features relevant for both hadronic τ decays (such as the
number of charged hadrons and their isolation properties), as well as displaced τ decays (such
as the impact parameters of the charged constituent tracks). Impact parameters are also
used by the DeepTau algorithm as input features, but they play a more significant role
in the discriminating power of the DisTau algorithm. Displacements of less than 10 mm
result in reduced discrimination between τ

dis
h candidates and background jets, while for

displacements above around 500 mm, the τ
dis
h candidate cannot produce enough hits in the

tracker to be distinguished from the track of the τ̃ that produced it, leading to a lower
identification efficiency.

The distributions of DisTau scores for signal and background jets are presented in figure 2.
The “loose”, “medium”, and “tight” WPs of the DisTau algorithm are denoted as WPL,
WPM, and WPT, with signal efficiencies of about >99, 98, and 80%, respectively, measured
in simulated events for a signal hypothesis of m

τ̃
= 200 GeV and cτ0 = 100 mm. Their

respective misidentification probabilities, evaluated in simulated tt events, are approximately
7, 1, and 0.06%. The efficiencies (misidentification probabilities) quoted here are inclusive,
i.e., measured with respect to all signal (background) jets in the simulated sample. The
lower thresholds on the tagger score corresponding to the three WPs are 0.05, 0.7, and 0.99,
respectively. To be chosen as a τ

dis
h candidate, a jet selected with the criteria mentioned in

section 4.1 is also required to satisfy |dxy| > 2 mm, d̂xy > 5, and pass the WPL selection.
The requirement on d̂xy ensures that the dxy of the selected τ

dis
h candidates is well measured.

The efficiency of the DisTau identification algorithm for the simulated signal is corrected
to match the efficiency measured in data, using a control region (CR) enriched in DY(Z/γ

∗ →
ττ)+jets events, where one of the tau leptons decays to a muon and the other decays
hadronically. This is referred to as the µτh CR. As there are no truly signal-like τ

dis
h candidates

in SM processes, the τh in the event serves as a proxy to evaluate the identification efficiency.
Following a strategy similar to that in ref. [91], events are selected online with a single-muon
trigger, and required to have exactly one id-muon and one τh candidate with opposite electric
charges, angular separation ∆R(µ, τh) > 0.5, invariant mass of the µτh system between 60
and 80 GeV, transverse mass mT(µ, p⃗ miss

T ) < 60 GeV, and Dζ(µ, τh, p⃗ miss
T ) > −25 GeV, with
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Figure 2. Distributions of DisTau score for signal and background jets. The background jets are
taken from simulated tt events where both top quarks decay hadronically, while signal jets are sampled
from four representative (m

τ̃
[GeV], cτ0 [mm]) hypotheses: (200, 5), (200, 100), (400, 5), and (400,

100). Each distribution is normalized such that its integral is unity.

Dζ(µ, τh, p⃗ miss
T ) defined as [91, 92]

Dζ(µ, τh, p⃗ miss
T ) = p⃗ miss

T · ζ̂ − 0.85[p⃗T(µ) + p⃗T(τh)] · ζ̂, (4.1)

where ζ̂ is the unitary vector oriented along the bisector of the muon and the τh candidate
transverse momenta, p⃗T(µ) and p⃗T(τh), respectively. The transverse mass for two objects
labeled “a” and “b” is defined as

m2
T(a, b) = m2

a + m2
b + 2(Ea

TE b
T − p⃗ a

T · p⃗ b
T ). (4.2)

Here the masses (transverse momenta) of the particles are denoted by ma and mb (p⃗ a
T and p⃗ b

T ),
respectively, and E2

T = m2 + p2
T. The mT(µ, p⃗ miss

T ) formulation is then obtained by replacing
the generic particles with a muon and a massless particle of transverse momentum p⃗ miss

T .
Correction factors are estimated using the “tag-and-probe” technique described in refs. [44,

45, 93]. The muon serves as the “tag” in this procedure, while the τ
dis
h candidate nearest

to the τh and satisfying ∆R(τh, τ
dis
h ) < 0.4 is treated as the “probe”. The distribution

of the DisTau score for the probes in the µτh CR is shown in figure 3. To measure the
simulation-to-data correction for a given WP, a maximum likelihood fit is performed on
the invariant mass distribution of the µτh system, which offers a bounded (60–80 GeV, as
stated above) distribution that includes probes of any momenta, provided they satisfy the
requirements on jet pT and |η| discussed in section 4.1. The fit is performed simultaneously
for events in two regions: one in which the probe passes the chosen WP and one in which it
fails. The correction to the DisTau efficiency is then treated as an anticorrelated parameter
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Figure 3. Distributions of DisTau score for τ
dis
h probes in the µτh CR described in section 4.2,

for data and predicted SM processes, corresponding to the 2018 data-taking period. Here DY(µτh)
represents events from the Z/γ

∗ → ττ process, where one of the tau leptons decays to a muon and
the other decays hadronically. Events from other decay modes of Z/γ

∗ are denoted as DY(other).
Processes denoted as “Top quark” comprise tt , single top, and ttV, and other SM processes include
events from diboson production. Uncertainties in the simulation are shown as a grey band and include
only the statistical uncertainty in the number of simulated events. Simulation is not fully calibrated
to describe data, as the distribution is shown to illustrate the general behavior of the classifier and is
not directly used for the measurement of simulation-to-data correction factors. The bars representing
the statistical uncertainty in the data are not visible as they are smaller than the marker size. The
results for the 2016 and 2017 data-taking periods are similar in behavior.

across the two regions in the fit, in which the efficiency of the selected WP in simulation is
corrected to match the one in data. This procedure yields a correction factor that can be
applied to simulation for each τ

dis
h candidate (satisfying the chosen WP) in an event. The

correction factor per τ
dis
h candidate for WPT is evaluated from the fit to be within 10% of

unity for all years with an uncertainty of 0.15. The leading contribution to this uncertainty
arises from the statistical uncertainty in the number of events that pass the WPT selection.
The behavior of the correction factors with increasing probe jet dxy has also been studied,
and no significant dependence is observed. In figure 3, the small departures from unity in
the ratio between data and predicted SM processes (≈10–15% in most bins) do not affect
the measurement of the correction factors to any appreciable degree, as the fit is intended to
measure the difference in the efficiency of the WPT selection between data and simulation,
and not the overall normalization difference.
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5 Event selection

In order to reject the vast majority of events that are easily identifiable as incompatible
with the signal topology, we define a baseline region (BR) containing events in both the
signal-enriched search region (SR) and the sideband regions that are used for estimating
the background contribution in the SR.

Since the signal is expected to have high missing momentum from gravitinos that escape
without interacting with the detector, events in the BR are selected with high-level triggers
requiring a large transverse momentum imbalance: pmiss

T > 100 GeV in 2016 and pmiss
T >

120 GeV in 2017 and 2018. The efficiency of the pmiss
T triggers increases from about 70%

at 120 GeV to a plateau of almost unity at 250 GeV. Offline, events are required to have
pmiss

T > 120 GeV and exactly two τ
dis
h candidates. Since the offline requirement on pmiss

T is
in the turn-on region of the trigger efficiency, the uncertainty in the trigger efficiency is
treated differently for events with pmiss

T below and above 250 GeV, as described in section 7.
Events are rejected if they have any veto-electron, veto-muon, or b-tagged jet. The leading
(higher-pT) and subleading (lower-pT) τ

dis
h candidate jets in an event are referred to as j1 and

j2, respectively. The background contribution from jets produced in noncollision processes,
such as beam halo interactions, is greatly mitigated by requiring events to satisfy the beam
halo filters [89]. Since beam halo jets usually populate the plane defined by the beam axis and
ϕ = 0 or π, their contribution is further reduced by requiring events to satisfy ∆ϕ(j1, j2) > 0.5.
In order to mitigate the impact of increased noise in the ECAL endcaps observed during the
2017 data-taking period, events with Hsoft, fwd

T > 50 GeV are vetoed. Here Hsoft, fwd
T is defined

as the scalar sum of the pT of all soft (uncorrected pT < 50 GeV) jets in the forward region
(2.65 < |η| < 3.139). Since jets in signal processes are typically harder and in the central
region, this selection has a negligible effect on signal events, while suppressing background
events. The requirement on Hsoft, fwd

T thus helps to improve sensitivity to the signal, and
is applied to all data-taking periods.

A separate CR enriched in W+jets events (WCR) is selected using single-muon triggers.
Offline, events are required to satisfy the aforementioned beam halo filters, have exactly one
id-muon, no additional veto-muons or veto-electrons, pmiss

T > 50 GeV, 60 < mT(µ, p⃗ miss
T ) <

120 GeV, and exactly two τ
dis
h candidates satisfying the same requirement on ∆ϕ(j1, j2) as in

the BR. The region thus defined is about 85% pure in W+jets events.
Single-muon triggers are also used to identify another separate CR enriched in DY+jets

(DYCR). Offline, events are required to satisfy the aforementioned beam halo filters, have
exactly two id-muons with opposite charges, no additional veto-muons or veto-electrons,
dimuon invariant mass between 70 and 120 GeV, and the same requirement on the τ

dis
h

candidates as the WCR. This region is found to be approximately 96% pure in DY+jets events.
The contamination from signal processes in WCR and DYCR is found to be negligible

(<1%) using simulation. Events satisfying the BR, WCR, and DYCR selections are categorized
into the T0, T1, and T2 regions based on whether zero, one, or two jets, respectively, passed
the DisTau WPT, as illustrated in table 1. For example, BRT0 includes events in the BR
satisfying the T0 selection. We use BRT2 as the SR, whereas BRT0, BRT1, WCR, and
DYCR are CRs used for background estimation and validation, as described in section 6.
All the regions discussed here are mutually orthogonal.
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Tag criteria T0 T1 T2

Description Exactly two τ
dis
h candidates

of which none pass WPT
Exactly two τ

dis
h candidates of

which only one passes WPT
Exactly two τ

dis
h candidates

of which both pass WPT
Baseline selections BRT0 (6287) BRT1 (1384) BRT2 ≡ SR (81)

W+jets CR selections WCRT0 (5517) WCRT1 (1094) WCRT2 (86)

DY+jets CR selections DYCRT0 (1156) DYCRT1 (218) DYCRT2 (18)

Table 1. Signal and control region definitions. The observed number of events in each region is shown
in parentheses.

The dominant sources of pmiss
T in the signal events would be the weakly interacting

gravitinos, whose kinematic properties are correlated with those of the visible objects, namely,
the τh candidates. In contrast, pmiss

T in the SM background processes primarily originates
from neutrinos. This difference can be exploited by first constructing the transverse mass
mT(vis, inv), defined in eq. (4.2), with the visible (“vis”) and the invisible (“inv”) particles.
The distribution of mT(vis, inv) presents a maximum at the mass of the parent of the visible
and the invisible particles when there is only one source of missing momentum in the system.
To account for pair-produced particles where both have visible and invisible decay products,
the “stransverse mass (mT2)” [94, 95] is defined as:

m2
T2(vis1, vis2, p⃗ miss

T ) = min
p⃗

inv1
T +p⃗

inv2
T =p⃗

miss
T

[max{m2
T(vis1, inv1), m2

T(vis2, inv2)}]. (5.1)

Since the momenta of the individual invisible particles in eq. (5.1) are unknown, p⃗ miss
T is

divided into two components (p⃗ inv1
T and p⃗ inv2

T ) in such a way that the value of mT2 is
minimized. If mT2 is computed using the two τ

dis
h candidates as the visible objects, “vis1”

and “vis2”, then its upper limit in the signal will be the stau mass. This is different from
the SM background processes. For example, in tt → bbW+W− events, where both the
W bosons decay to a lepton (visible) and a neutrino (invisible), the upper limit is at the
W boson mass. In searches where the masses of the invisible particles are unknown, the
calculation of mT2 requires an assumption on their masses [96]. In this analysis, we consider
the gravitino to be massless when calculating mT2.

In addition to pmiss
T and mT2, the pT of the subleading τ

dis
h candidate (pT, j2) is found

to be useful to discriminate between signal and background. Distributions of these three
variables for events within the SR are presented in figure 4. The background distributions
have been estimated using the procedure described in section 6. Signal events with different
m

τ̃
populate different regions of the parameter space. For example, regions with low (high)

pmiss
T , mT2, and pT, j2 are sensitive to signals with low (high) m

τ̃
. In order to have high

sensitivity over a wide range of m
τ̃
, selected events are categorized into eight bins in the

measured pmiss
T , mT2, and pT, j2, as shown in table 2.

6 Background estimation

The dominant background in this search arises from light quark and gluon jets that are
misidentified as τ

dis
h candidates. Such jets can be produced in SM processes from pp collisions,
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Figure 4. Distributions of the variables used to define the signal region for data and the predicted
background: pT, j2 (upper left), pmiss

T (upper right), and mT2 (lower). The signal distributions
expected in the maximally mixed scenario for four representative sets of (m

τ̃
[GeV], cτ0 [mm]) values

are overlaid: (100, 50), (100, 100), (200, 50), and (200, 100). In bins where the observed yield is
zero, the Garwood interval at 68% CL is shown as a positive uncertainty. The lower panel indicates
the ratio of the observed number of events to the total predicted number of background events. The
shaded bands indicate the statistical and systematic uncertainties in the predicted backgrounds, added
in quadrature. The last bin includes the overflow.

or in noncollision processes, such as beam halo interactions. The latter contribution is greatly
mitigated with the selections discussed in section 5. Jets arising from beam halo are mostly
trackless and preferably populate the forward (high |η|) regions. Any residual contamination
from beam halo is expected to be negligible as DisTau relies heavily on the properties
of charged PF candidates in jets, and jets are required to have at least one charged PF
candidate (i.e. a track) and be reconstructed within |η| < 2.1, as discussed in section 4.1.
The contribution to the background yield from electrons, muons, and τh candidates from SM
processes being misidentified as τ

dis
h candidates is estimated from simulation to be negligible,

i.e., with an event yield lower than 0.1 across all bins defined in table 2, because of the
requirements on veto-electrons and veto-muons, and on the dxy of the jets, as described in
sections 4.1 and 5. Therefore, they are not included in the background estimation.
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Bin no. pT, j2 [GeV] pmiss
T [GeV] mT2 [GeV]

1 30–50 120–250 <100
2 30–50 120–250 >100
3 30–50 >250 —
4 50–100 120–250 <100
5 50–100 120–250 >100
6 50–100 >250 —
7 >100 — <100
8 >100 — >100

Table 2. The pT, j2, pmiss
T , and mT2 requirements for each of the eight analysis bins.

Simulated samples are not suitable for estimating the misidentified-jet background from
SM processes owing to the limited number of events entering the SR, especially in the tails of
the search variable distributions presented in section 5. Therefore, we employ a technique
fully based on control samples in data for evaluating the SM background arising from jets
that are misidentified as τ

dis
h candidates. The procedure has been developed by combining

the strategies used in refs. [36, 97, 98]. In order to describe the method, the following
quantities are to be considered:

• Misidentification probability f , defined as the probability of a jet passing WPT, provided
it has passed WPL:

f = njet(WPT)/njet(WPL). (6.1)

The probability of a jet passing WPL but failing WPT is then 1 − f .

• N : total number of events where exactly two jets pass WPL.

• NT0, NT1, and NT2: number of events satisfying T0, T1, and T2 criteria, respectively,
as described in table 1.

Noting the above definitions, the following equations can be established:

NT0 = (1 − f1)(1 − f2)N, (6.2a)
NT1 = [f1(1 − f2) + (1 − f1)f2]N, (6.2b)
NT2 = f1f2N. (6.2c)

Here f1 and f2 are the misidentification probabilities of the τ
dis
h candidate with higher and

lower pT, respectively. Taking the ratio between the subequations of eq. (6.2), the following
quantities can be obtained:

• Prediction of NT1 from NT0:

NT10 ≡ Npred
T1 = f1(1 − f2) + (1 − f1)f2

(1 − f1)(1 − f2) NT0. (6.3)
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• Prediction of NT2 from NT0:

NT20 ≡ Npred
T2 = f1f2

(1 − f1)(1 − f2)NT0. (6.4)

• Prediction of NT2 from NT1:

NT21 ≡ Npred
T2 = f1f2

f1(1 − f2) + (1 − f1)f2
NT1. (6.5)

Equation (6.1) is used to measure the misidentification probability fW from data, in the
WCR described in section 5. An alternate measurement, fDY, is performed in the DYCR in
data as a cross-check, and is found to agree with fW within the statistical uncertainties.

The misidentified-jet background predictions in BRT1 and the SR are obtained using fW
parametrized in two dimensions, in bins of pT (30–40, 40–50, 50–70, 70–120, and >120 GeV)
and |dxy| (0.2–0.5, 0.5–1, 1–2, 2–4, 4–10, 10–20, and >20 cm) of the jet. Their values are,
approximately, in the 10–20 and 5–10 (5–10 and 30–40)% ranges with increasing pT (|dxy|),
depending on the data-taking period.

Jets with large dxy can have a degraded pT resolution as the displacement of the tracks
from the primary vertex can affect the measurement of their transverse momenta. Such jets
would increase the pmiss

T in the event, potentially causing the event to fail the mT requirement
used to select the WCR. This effect would induce a downward bias in the measured value
of fW, as the contribution from jets with large dxy would be underestimated. To test the
impact of this possible bias, the measurement of fW is also performed in the WCR, without
imposing the aforementioned selection on mT. Additional measurements of fW are performed
in two subregions of this modified WCR, one with 50 ≤ pmiss

T < 120 GeV, and the other
with pmiss

T ≥ 120 GeV. These estimates of fW obtained without the mT requirement are
found to be consistent with the nominal measurement reported above within the statistical
uncertainties, even in the bins populated by jets with high pT or large dxy. This indicates
that the potential bias from this effect is negligible.

We use BRT1 as the primary region for validating the background estimation as it is
adjacent to the SR, while having a negligible signal contamination of ≲1%, compared to
the predicted background. Figure 5 shows the observed event yields in BRT1 compared
with the signal and background predictions, the latter (obtained using NT10) being found
to be consistent with the observed data. Additional validations are performed by using fW
(fDY) to predict the yields in DYCRT1 and DYCRT2 (WCRT1 and WCRT2) and comparing
them with the observed data in the corresponding regions. These comparisons are also found
to agree within the uncertainties.

The primary background prediction in the SR is obtained using NT21 (eq. (6.5)). An
alternate measurement is performed using NT20 (eq. (6.4)), serving as a cross-check against
potential signal contamination in BRT1, which would have an impact on the estimation of
NT21. The two estimates are found to agree within uncertainties, and the difference between
them is propagated as a systematic uncertainty, as reported in section 7.
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Figure 5. Observed and predicted event yields in the eight BRT1 bins, as defined in table 2. The signal
yields expected in the maximally mixed scenario for four representative sets of (m

τ̃
[ GeV], cτ0 [ mm])

values are overlaid: (100, 50), (100, 100), (200, 50), and (200, 100). The lower panel indicates the
ratio of the observed number of events to the total predicted number of background events in each
bin. The shaded bands indicate the statistical and systematic uncertainties in the background, added
in quadrature.

7 Systematic uncertainties

Several sources of systematic uncertainties affecting the prediction of both signal and back-
ground yields are taken into account, and their contributions are summarized in table 3.

Sources of theoretical uncertainties affecting the signal simulation include the PDFs
and missing higher-order corrections. The effect of these are estimated from the variation
in signal yields from alternate PDF sets [57, 58, 99], and from independently varying the
factorization (µF) and renormalization (µR) scales up and down by a factor of two with the
constraint 0.5 ≤ (µR/µF) ≤ 2 to account for the uncertainty arising from missing higher-order
corrections. The SysCalc package [100] is used for this purpose.

The experimental sources affecting the signal include the jet energy scale and jet energy
resolution, the effect of unclustered energy in calculating pmiss

T , pileup reweighting, integrated
luminosity, and the uncertainty in the modeling of the pmiss

T trigger. The last uncertainty
is taken to be the difference from unity of the simulation-to-data correction to the trigger
efficiency for events with pmiss

T < 250 GeV, estimated with events selected by a single-muon
trigger. This uncertainty is larger than the statistical uncertainty in the correction factor in
this pmiss

T region, and is intended to account for potential mismodeling of the trigger efficiency
turn-on curve in simulation. For events with higher pmiss

T , i.e. in the plateau region of the
trigger efficiency, the statistical uncertainty in the correction factor is used. The simulation is
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Uncertainty source Background
m

τ̃
(100)

cτ0(50)
m

τ̃
(100)

cτ0(100)
m

τ̃
(200)

cτ0(50)
m

τ̃
(200)

cτ0(100)
Parton distribution
function — 3.5, 3.8, 6 2.9, 4.2, 6.4 4, 4.6, 5.9 3.9, 4.4, 5.2

µR scale — <0.1, 0.29, 1.4 <0.1, 0.46, 1.3 <0.1 0.1

µF scale — 0.62, 4.3, 7.1 1.3, 5.1, 7.1 0.63, 1.1, 2.9 0.65, 0.94, 2.8

Jet energy scale — 0.83, 2.4, 7.4 0.68, 3.2, 10 0.39, 1.4, 2.5 0.47, 1.1, 2.5

Jet energy resolution — 0.19, 0.54, 7.4 0.14, 0.82, 4.3 0.22 0.17

pmiss
T unclustered

energy — 0.26, 0.9, 7.4 0.31, 1.1, 8.9 0.28 0.33

Pileup — 0.66, 1.2, 3.3 0.62, 0.98, 5.1 0.61 0.59

Integrated luminosity — 1.7 1.7 1.7 1.7

pmiss
T trigger — 1.6, 16, 20 1.6, 15, 20 1.7, 14, 16 1.6, 14, 16

DisTau identification — 17, 18, 19 17, 18, 19 17 18

Misid. probability
estimation region 11, 11, 13 — — — —

Misid. probability
sample size 15, 30, 57 — — — —

Alternative bkg.
prediction 8.5, 24, 53 — — — —

Bkg. correction
from BRT1 2.8, 5.2, 8.1 — — — —

Table 3. Relative systematic uncertainties expressed as a percentage (%) of the signal and background
yields in the SR, from various sources considered in this search, after accounting for their correlations
between the data-taking periods. The three values correspond to the minimum, median, and maximum
values across the eight SR bins, as defined in table 2. For cases where the minimum and maximum
values differ by less than 1, only the median is shown. In the header row, m

τ̃
and cτ0 are in units of

GeV and mm, respectively. The uncertainty values shown here are prior to the maximum likelihood
fit described in section 8.

reweighted to make its pileup vertex distribution identical to that of the data. The uncertainty
in estimating the number of pileup interactions is estimated by varying the total inelastic
cross section by ±4.6% [101]. This is propagated as an uncertainty in the pileup reweighting
factor applied to the simulation. The uncertainty in the measured integrated luminosity
amounts to 1.2, 2.3, and 2.5% in 2016, 2017, and 2018 [102–104], respectively. In addition,
the uncertainty in the correction factor for the DisTau identification efficiency described
in section 4.2, is also taken into account.

All sources of systematic uncertainties affecting the signal are considered uncorrelated
across data-taking years, except for those from theory and the integrated luminosity un-
certainty. The theory uncertainties are treated as fully correlated across the years, and
the integrated luminosity uncertainty is treated as partially correlated, which results in a
value of 1.7% on combining the years.

The following systematic uncertainties are propagated to the prediction of the final
background yields. They are discussed here in the order of their appearance in table 3.
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Since the predicted background in the BR is obtained using fW, which is measured in
a W+jets enriched region, one needs to account for how differences between WCR and BR
can impact the extrapolation of the misidentification probability in the BR (fBR). These
can arise from differences between the two regions in the flavor composition of the parton
corresponding to the jet that is misidentified as a τ

dis
h candidate. We use simulations of the SM

processes described in section 3 to estimate the relative difference |fMC
W −fMC

BR |/fMC
W , which is

found to be about 10%. This is treated as an uncertainty in fW (labeled “Misid. probability
estimation region”) correlated across data-taking years and propagated to the background
prediction. The statistical uncertainty in fW due to the finite size of the WCR (labeled
“Misid. probability sample size”) is also propagated to the prediction of the background
yields. In addition, the difference between the primary and alternate background predictions,
as discussed in section 6 is taken as an uncertainty (labeled “Alternative bkg. prediction”).
These last two sources of uncertainties are treated as uncorrelated across data-taking years.

The observed data in the BRT1 region for the first 19 fb−1 of 2016 data taking were
observed to be lower than the estimated background by a factor of 0.7 uniformly across all
bins. The discrepancy can possibly be attributed to the saturation effects observed in the
APV25 readout chip preamplifier used in the tracker [105], during the same data-taking
period. Therefore, an additional correction of 0.7 ± 0.3 is applied to the SR in that portion
of the data set, with the uncertainty (“Bkg. correction from BRT1”) being taken as the
deviation of the factor from unity. This correction has a negligible effect on the final results
described in section 8.

8 Results

The observed and expected yields along with their uncertainties in all eight SR bins are
shown in table 4 and figure 6, along with four representative signal hypotheses. The number
of events observed in data is found to be consistent with the SM background prediction.

The test statistic used for the interpretation of the result is the LHC-style profile like-
lihood ratio qr = −2 ln (Lr/Lmax), where Lr is the maximum likelihood for a fixed signal
strength modifier r, and Lmax is the global maximum of the likelihood [106]. The systematic
uncertainties discussed in section 7 are modeled by log-normal distributions [106] in the
likelihood function. We set upper limits on signal production cross section at 95% CL
using a modified frequentist approach with a CLs criterion [107, 108], with test-statistic
distributions obtained from ensembles of pseudo-experiments. In this calculation, all the
background and signal uncertainties are incorporated as nuisance parameters and profiled
in the maximum likelihood fit [106].

The final results are obtained by simultaneously fitting all the SR bins from the 2016, 2017,
and 2018 data sets, using the CMS statistical analysis and combination tool Combine [109].
Figure 7 shows the observed and expected exclusion limits for the pair production of long-lived
staus decaying to a τ lepton and a nearly massless gravitino (mG̃ = 1 GeV) in the plane of
the stau mass and the proper decay length. In the maximally mixed scenario, the observed
(expected) range of excluded m

τ̃
values is 126–260 (90–335) GeV for cτ0 = 50 mm, and the

observed (expected) range of excluded cτ0 values is 21–94 (12–169) mm for m
τ̃

= 200 GeV.
In the mass-degenerate scenario, the observed (expected) range of excluded m

τ̃
values is
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Figure 6. Observed and predicted event yields in the eight SR bins as defined in table 2. The signal
yields expected in the maximally mixed scenario for four representative sets of (m

τ̃
[GeV], cτ0 [mm])

values are overlaid: (100, 50), (100, 100), (200, 50), and (200, 100). In bins where the observed yield
is zero, the Garwood interval at 68% CL is shown as a positive uncertainty. The lower panel indicates
the ratio of the observed number of events to the total predicted number of background events in
each bin. The shaded bands indicate the statistical and systematic uncertainties in the background
prediction, added in quadrature. The predicted yields and uncertainties shown in the upper (lower)
panel are before (after) the maximum likelihood fit to data under the background-only hypothesis, as
described in section 8.
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SR
bin Data Bkg.

(prefit)
Bkg.

(postfit)
m

τ̃
(100)

cτ0(50)
m

τ̃
(100)

cτ0(100)
m

τ̃
(200)

cτ0(50)
m

τ̃
(200)

cτ0(100)

1 66 67±23 67±8 7.3±1.8 5.7±1.4 1.8±0.4 1.5±0.4

2 4 8.1±2.2 7.6±1.4 0.28±0.09 0.11±0.04 1.26±0.29 1.02±0.23

3 5 2.1±0.9 2.4±0.7 1.8±0.4 1.39±0.30 1.08±0.21 0.89±0.17

4 2 2.5±1.3 2.6±0.7 7.1±1.8 5.2±1.3 2.5±0.6 2.2±0.5

5 0 0.7±0.4 0.66±0.22 0.20±0.06 0.17±0.06 2.5±0.6 2.0±0.5

6 2 0.47±0.34 0.56±0.25 2.0±0.4 1.36±0.30 1.62±0.31 1.29±0.25

7 2 1.2±0.6 1.2±0.4 3.0±0.7 1.9±0.5 2.4±0.5 2.1±0.5

8 0 0.15±0.13 0.14±0.10 0.032±0.015 0.041±0.017 1.9±0.4 1.5±0.4

Tot. 81 83±27 83±11 22±5 16±4 15.1±3.3 12.6±2.8

Table 4. Predicted background and signal yields in the eight SR bins, as defined in table 2, are
shown alongside the background yields obtained from the maximum likelihood fit to data under the
background-only hypothesis and the number of events observed in the recorded data. All yields,
except for the number of recorded events, are quoted with uncertainties obtained by adding statistical
and systematic components in quadrature. Signal and predicted background uncertainties correspond
to the prefit values, while the postfit background uncertainties are taken from the fit described in
section 8. In the header row, m

τ̃
and cτ0 are in units of GeV and mm, respectively.

90–425 (90–491) GeV for cτ0 = 50 mm, and the observed (expected) range of excluded cτ0
values is 6–333 (5.5–442) mm for m

τ̃
= 200 GeV. The exclusion limits in the mass-degenerate

scenario are stronger than in the maximally mixed scenario, as the former has a larger cross
section from the production of both τ̃1 and τ̃2, as discussed in section 3. Upper limits on
the cross section as functions of m

τ̃
are presented in figures 8 and 9, for maximally mixed

and mass-degenerate scenarios, respectively.
As reported in table 4 and figure 6, the predicted background is lower than the observed

yield by approximately one standard deviation in bin 6. Since bin 6 corresponds to an
intermediate range of pT, j2 (50–100 GeV), high pmiss

T (>250 GeV), and any value of mT2, it
is sensitive to a broad range of m

τ̃
and cτ0 signal hypotheses. This results in the observed

limits being weaker than the expected ones by approximately one standard deviation, across
all tested hypotheses in the plane of m

τ̃
and cτ0.

The upper limits on the production cross section become weaker for cτ0 below about
10 mm, as the τ

dis
h candidates have smaller displacements and resemble background jets. For

cτ0 above a few hundred millimeters, the stau decays in the outer layers of the tracker, which
reduces the reconstruction efficiency of τ

dis
h candidates as the charged pions from the decay

of the τ lepton have fewer hits in the tracker. In addition, a stau with high cτ0 can produce
a signature in the tracker similar to that of a τ

dis
h candidate with very small |dxy| or of a

background jet. These effects result in a degradation of the upper limits at large values

– 19 –



J
H
E
P
0
7
(
2
0
2
6
)
1
0
2

100 200 300 400 500 600
 [GeV]

τ
∼m

1

10

210

3
10

410

5
10

 [
m

m
]

0
τ

c

CMS  (13 TeV)
1−

138 fbCMS

 = 1 GeV
G
~ , mG

~
τ→τ

∼ , τ
∼

τ
∼

→pp

Maximally mixed scenario

Observed theoryσ 1± Observed

Expected experimentσ 1± Expected

experimentσ 2− Expected

1−10

1

10

210

3
10

9
5

%
 C

L
 u

p
p

e
r 

lim
it
 o

n
 c

ro
s
s
 s

e
c
ti
o

n
 [

fb
]

 = 1 GeV
G
~ , mG

~
τ→τ

∼ , τ
∼

τ
∼

→pp

Maximally mixed scenario

Observed theoryσ 1± Observed

Expected experimentσ 1± Expected

experimentσ 2− Expected

100 200 300 400 500 600
 [GeV]

τ
∼m

1

10

210

3
10

410

5
10

 [
m

m
]

0
τ

c

CMS  (13 TeV)
1−

138 fbCMS

 = 1 GeV
G
~ , mG

~
τ→τ

∼ , τ
∼

τ
∼

→pp

Mass-degenerate scenario

Observed theoryσ 1± Observed

Expected experimentσ 1± Expected

experimentσ 2± Expected

1−10

1

10

210

3
10

9
5

%
 C

L
 u

p
p

e
r 

lim
it
 o

n
 c

ro
s
s
 s

e
c
ti
o

n
 [

fb
]

 = 1 GeV
G
~ , mG

~
τ→τ

∼ , τ
∼

τ
∼

→pp

Mass-degenerate scenario

Observed theoryσ 1± Observed

Expected experimentσ 1± Expected

experimentσ 2± Expected

Figure 7. Exclusion limits at 95% CL for the pair production of long-lived staus decaying to a τ

lepton and a nearly massless gravitino (mG̃ = 1 GeV), displayed in the plane of m
τ̃

and cτ0. The
maximally mixed (mass-degenerate) scenario is presented in the upper (lower) panel. The color axis
represents the observed upper limit on the cross section. The signal cross sections are evaluated using
NLO+NLL calculations. The black (red) lines represent the observed (expected) limits on m

τ̃
and cτ0

and enclose the region excluded at 95% CL. The solid lines represent the central values. The dashed
(dotted) red lines indicate the region containing 68% (95%) of the distribution of limits expected
under the background-only hypothesis accounting for experimental uncertainties (σexperiment). The red
dotted line corresponding to “Expected+2σexperiment” is not shown for the maximally mixed scenario,
as it does not exclude any points in this plane. The dashed black lines show the change in the observed
limit from the variation of the signal cross sections within their theoretical uncertainties (σtheory).
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of cτ0. With growing m
τ̃
, there is a gain in signal event yields because of an increase in

the momenta of the τ
dis
h candidates and the pmiss

T in the events, which causes the upper
limits to become more stringent.

The improvement in observed upper limits on the production cross section for m
τ̃

=
300 GeV in the mass-degenerate scenario ranges from a factor of 5.7 at cτ0 = 3 mm to 2.5 at
cτ0 = 300 mm, compared to the best available limits at

√
s = 13 TeV reported in the search

for long-lived staus in ref. [35]. The improvement in the observed (expected) exclusion limits
is also significant, for example, the maximum excluded τ̃ mass reaches 425 GeV (490 GeV)
at cτ0 = 50 mm, compared to 330 GeV (315 GeV) in ref. [35]. The range of excluded τ̃

masses in this search is similar to that in ref. [40], which also includes data collected at√
s = 13.6 TeV. However, the range of excluded cτ0 values at low τ̃ masses in ref. [40] is wider

(3–1200 mm at m
τ̃

= 100 GeV) than that in the present search (6–200 mm at m
τ̃

= 100 GeV)
owing to the usage of novel triggers for reconstructing displaced tracks with low momentum.
The results are also complementary to some previous searches, e.g. the search described in
ref. [36], which explored small lifetimes (cτ0 < 2.5 mm) for the maximally mixed scenario,
and the one described in ref. [39], which targeted long lifetimes (cτ0 > 900 mm) for the
mass-degenerate scenario.
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Figure 8. Cross section upper limits at 95% CL for the pair production of long-lived staus decaying
to a τ lepton and a nearly massless gravitino (mG̃ = 1 GeV) in the maximally mixed scenario, as
a function of m

τ̃
, for cτ0 = 10, 30, 50, 100, 200, and 300 mm (left to right, upper to lower). The

inner (yellow) and outer (blue) bands indicate the regions containing 68 and 95%, respectively, of
the distribution of limits expected under the background-only hypothesis. The central values of
the expected upper limits are denoted by the dashed black line. The solid black line represents
the observed upper limits. The signal cross sections and uncertainties evaluated using NLO+NLL
calculations are shown as a red line and shaded band.
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Figure 9. Cross section upper limits at 95% CL for the pair production of long-lived staus decaying to
a τ lepton and a nearly massless gravitino (mG̃ = 1 GeV) in the mass-degenerate scenario, as a function
of m

τ̃
, for cτ0 = 10, 30, 50, 100, 200, and 300 mm (left to right, upper to lower). The inner (yellow)

and outer (blue) bands indicate the regions containing 68 and 95%, respectively, of the distribution
of limits expected under the background-only hypothesis. The central values of the expected upper
limits are denoted by the dashed black line. The solid black line represents the observed upper limits.
The signal cross sections and uncertainties evaluated using NLO+NLL calculations are shown as a red
line and shaded band.
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9 Summary

A search for the direct pair production of long-lived superpartners of the tau lepton (staus)
has been performed in final states with two hadronically decaying tau leptons (τh) using data
collected by the CMS detector in 2016–2018, corresponding to an integrated luminosity of
138 fb−1. The potentially large background from misidentified jets in the fully hadronic final
state is efficiently suppressed by the DisTau neural network algorithm, specifically designed
to identify displaced τh candidates. In the maximally mixed (mass-degenerate) scenario, stau
masses, m

τ̃
, in the 126–260 (90–425) GeV range are excluded for a proper decay length, cτ0,

of 50 mm, and stau proper decay lengths in the range 21–94 (6–333) mm are excluded for
m

τ̃
= 200 GeV. The development of a dedicated algorithm targeting displaced τh signatures

has led to a significant improvement in the experimental sensitivity. These results improve
the exclusion limits compared to previous searches [33–39] at

√
s = 13 TeV, and extend the

parameter space explored in the context of supersymmetry.
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