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1. Introduction

New physics beyond the Standard Model (SM) may appear in the forrmgflieed particles
(LLPs) with proper decay lengtbr > 1 mm. Examples of LLPs are found in several models.
In gauge-mediated supersymmetry-breaking (GMSB) models the lightestsyupmetric particle
(LSP) can be a gravitino and the next-to-lightest particle (NLSP) can lgplieed. In R-parity
violating (RPV) supersymmetry, the LSP can be meta-stable, decaying intca8Ml¢s through
the RPV couplings. Another class of models predicts the existence of aarhéédtor, decoupled
from the SM except for the interaction with the Higgs boson or other magsivticles. Once
produced, for example in Higgs boson decays, these hidden-sectiotgsawould decay back to
SM particles with long lifetimes.

This contribution summarizes the searches for LLPs performed with the STd#tector in
pp collisions at the LHC. Collider detectors such as ATLA] [1] are not optimfzedtentifying
and measuring LLPs, as they are typically intended to measure SM partiokscpd close to
the interaction point. These searches therefore involve an ongoing tefionprove the detector
capability to detect these signals.

Depending on their lifetime, the LLPs would appear in the form of differeqpeemental
signatures. Several of these signatures have been searchedAdLA$ in different dedicated
analyses. LLPs witler from 1 mm up to approximately 1 m could still decay inside the tracking
Inner Detector (ID) and could be detected as a high-mass second#ey we as particles not
pointing to the primary interaction. Two recent searches, one lookingdofpointing photons
and one searching displaced vertices (DVs), are described in se@taordB, respectively. If the
LLP is charged and decays into neutrals plus one charged track, itlseu&tonstructed as a track
emerging from thep interaction and ending (or showing a “kink”) at the decay point. Theckear
for these disappearing tracks is reported in another contribution to theseeplings[]2]. LLPs with
longer lifetimes could decay mostly outside the ID volume. The ATLAS Muon Speeter (MS)
can be used to reconstruct decay vertices at a distance of the orti@moffrom the interaction
point. This capability was exploited in a dedicated search for neutral staddaged in hidden-
sector modelqJ3].

Stable or very long-lived particles could traverse most of the ATLAS detetn the case of
charged particles they would be visible as penetrating tracks with high iomzatid low velocity
B. A new search for penetrating (meta-)stable sleptons in described inrgdctidultiply-charged
particles and magnetic monopoles would also appear as highly-ionizing txtadksave been the
subject of dedicated searchgh[[¥, 5]. Similar signatures have beeexalsited in the search of
long-lived squarks or gluinos in RPV mode[$ [6].

The LLPs could be stopped inside the detector material due to their larggydoss. If the
lifetime is sufficiently long, their decays could be detected as energy depefatged with respect
to pp collision time. A new search for “out-of-time” jets, in the context of RPV modslsgported
in sectio|b. Special trigger strategies, developed to select LLP signaldescribed in[]7].

2. Non-pointing photons

GMSB models in which the NLSP is the lightest neutralino decaying into a photdraan
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Figure 1. Thezpca distribution for photon candidates in the searchﬁ@m yG decays. Superimposed are
the results of the background-only fit, as well as the regiitise signal-plus-background fit, shown with the
associated uncertainty band.

gravitino ()”(f — yG) would generate events with the typical signature of two photons and miss-
ing transverse momentum. The photon from a displaced decay vertex @distinguished from
prompt photons exploiting two features: the reconstructed line of flighidvoot point back to-
wards thepp interaction vertex (but rather towards the displaﬁf@djecay vertex) and the arrival
time at the calorimeter would be delayed. Thanks to its longitudinal segmentatitimsmall
strips, the ATLAS liquid argon (LAr) electromagnetic calorimeter can meas$erdirection of the
photons with good resolution. The variable used to quantify the degremgbointing of the pho-
ton iszpca, the distance along thedirection between the primary interaction vertex and the point
of closest approach between the beamline and the photon line of flighte$okition orepca, is
abut 15 mm for prompt photons at central rapidity and with energy in thger&0-100 GeV. The
resolution on the arrival time of the photons is approximately 0.29 ns, mostlyodhe spread of
the pp collisions (0.22 ns). The analysis of {fe= 7 TeV data[[B], corresponding to an integrated
luminosity L = 4.8 fb~1, is based on the selection of events with two photons with>- 50 GeV
and missing transverse momentum above 75 GeV. Tight identification requitehreeve been ap-
plied to one photon. A looser selection has been applied to the other photwojddbiases in the
direction measurement. The distributionzpta of the photon with the looser selection is shown
in Figure[l for the 46 surviving events. The distribution is in good agreewmig the background
expectation, obtained from a mixture 6f— ee and multijet events. The timing distribution is also
compatible with prompt production. This result has been used to set limits orLtBE Netime in

a reference model known as Snowmass point SPS8. In this magelvih lifetime between 0.25
(0.25) ns and 50 (2.7) ns is excluded by this analysis for a gcate’0 (170) TeV, corresponding
to a ¥ mass of 100 (240) GeV.
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Figure 2: Vertex reconstruction efficiency as a function of the disptavertex radiuspy, for the standard
and the dedicated reconstruction with re—tracking. The dgorespond to decays immediately before a pixel
detector layer, where many tracks from the vertex have dhaxrel hits failing track quality requirements.

3. Displaced vertex plusmuon

In RPV SUSY models, the lightest neutralino could decay into a muon and two jetggtir
the Yukawa coupling\y; (X2 — uqigj). The standard ATLAS tracking and vertex reconstruction
algorithms are optimized for vertices produced within few mm from the interaptiamt, loosing
efficiency at larger radial distance from the beamling,. A dedicated algorithm has been devel-
oped to reconstruct a DV at largeyy in the ID, including a re—tracking step to recover hits not as-
sociated with tracks originating from the interaction point. The efficiency ingreent is shown in
Figure[? . A search for events with a muon and a DV has been performgd eri7 TeV datd [l
Events have been selected requiring an highnuon and a DV with X rpy < 180 mm. Only
vertices located outside the material of the ID have been considered, tegelisplaced vertices
from secondary interaction. Finally the vertex has been required tollwaeecharged multiplicity
(Npv > 4) and high massMpy > 10 GeV). No event has been found in the signal region, to be
compared to an expected background from combinatorials and interaatitbnair molecules of
(4f§°)10*3 events. This result has been used to set limits on the production of scpiesknith
their subsequent decay-> qx? andx? — uq;q; through/\éij. As an example, supergravity models
with squark mass; = 700 GeV and a neutralino masseg = 108 GeV are excluded up 5P
lifetimes of approximatelgt = 1 m, for a branching ratio of one.

4. Stable charged particles

In GSMB models the lightest stai;) could act as a long-lived NLSP. It would appear as
a “heavy muon”, passing through the ATLAS sub-detectors without shiag. Due to its large
mass it may hav@ significantly lower than one and an energy loss by ionization higher than the
minimum. A first search was performed qs = 7 TeV data [[f]. The analysis has now been

1After the conference this search has been extende&te 8 TeV dataEp]
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Figure 3: Left: measured velocity3 for muons fromZ decays. Right: distribution of the lowest recon-
structed mass for events with a pair of long-lived sleptamdadates, compared to the background estimate
and two examples of simulated signals.

extended orh. = 15.9 fo~! of \/s= 8 TeV data[T]L]. The (or other sleptons) has been sought in
muon triggers. The particle track has been reconstructed in the MS usaaticated reconstruction
algorithm which fits simultaneously the track parameters fndhe 8 measured in the MS has
been combined with timing measurements in the calorimeters to obtain a global nmeaisuoéthe
particle velocity. The typical resolution ¢& measured for muons frozdecays, iog = 0.025,

as shown in Figurd 3 (left).

The compatibility of the timing measurements from different sub-detectors @&ndoifsis-
tency with the energy loss measured in the pixels of the ID have been usksghiotice sample,
leaving only tracks with a well measured mass, givenrby: p/(By). As the long-lived sleptons
are expected to be produced in pairs, the highest sensitivity is obtainselbghing events with
two different highpt candidates. The main background comes from instrumental tails [ tbe-
olution and has been estimated by mixjffigneasurements and track momenta from independent
control samples. Figufg 3 (right) shows the reconstructed mass of thestigatedidate for events
with two candidates witlpr > 50 GeV and3 < 0.95, compared to the expected background. No
event has been observed abaver 170 GeV. The efficiency times acceptance of this selection, for
events with directly produced stau pairs, is approximately 20%, which §y#supper limits on
the cross section diii, ~ 1 fb over the mass range 250m; < 500 GeV.

Different processes would lead to the production of stau pairs: the PaaHlike direct pro-
duction of slepton pairs; the strong production of gluinos and squarkssultbequent cascade
decays; the electrowaek production of chargino and/or neutralino, patrsthe following decay
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Figure 4: Left: transverse energy of the leading jet for out-of-tinverds, the data are compared to to
background expectations from cosmic and beam-halo muathgcatwo simulated signals. Right: Mass

limits for a gluino decaying into g)"(f orto q(i)”(f as a function of the gluino lifetime, for a neutralino mass
ng =100 GeV.

into T1. Mass limits have been derived in the context of GSMB models With- 3, Mmessange=

250 TeV, sigiip) = +1. At the time of the conference, only mass limits for the electroweak neu-
tralino and chargino production were available. They correspond toxtheston of ax? decaying

into T3 for fo < 475— 490 GeV, depending on the tBrparameter. Assuming that the only pro-
duction mechanism is the direct productiorigfairs, themm; is excluded below 267 GeV at 95%
CL.

5. Out-of-timejets

In RPV models, squarks and gluinos can be long-lived and hadronizeartalled R-hadrons.
Massive R-hadrons could be detected as penetrating particles with teeggy doss and lovB [f].
They could also come to rest inside the ATLAS calorimeter and decay aftgnéicant time.
This would lead to the striking signature of large energy deposits delayedegpect to thepp
collisions. The full availablgp data setl( = 5.3 fb~* collected at,/s= 7 TeV andL = 22.9 fb~!
collected at/s= 8 TeV) has been used to search for out-of-time jefs [12]. The LHC bsimabture
in 2011 and 2012 was such that more than half of the 25ns intervals déiyndek LHC clock
did not correspond to the passage of proton bunches in the interacti@n@mpty bunches). A
dedicated trigger was used to select events with jets and missing transversaniam in empty
bunches, for a total live time of 515.1 hours. This method gives sensitivi:hadron lifetimes
ranging from 100 ns to approx. 100 days. The main backgrounds asaesyitom cosmic rays
and from upstream beam-halo interactions. The first low-luminosity pdheoflata set has been
used to evaluate the cosmic background, while a sample of beam-halo exeivisdn collected in
“unpaired bunches”, in which only one of the two beams contained a platooh. A dedicated
muon veto has been used to reduce the backgrounds. The leadingiggetse energy for the final
sample is shown in Figuf¢ 4 (left) compared to the expected backgrourekanmgles of simulated
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signals. As there is no evidence of any excess, limits on gluino massesd®vesdt as a function
of the R-hadron lifetime. An example is given in Figiife 4 (right).

6. Conclusions

The ATLAS collaboration is undertaking an ongoing effort to push theati@teapabilities to
detect long-lived particles and their unusual signatures. Severahssaor new physics have
been performed recently exploiting these capabilities: searches fotil@ugaeutralinos
decaying into photons and gravitinos in GMSB models, for long-lived nindsadecaying into a
muon and jets in RPV models, for meta-stable sleptons predicted by GMSB maddtzra
long-lived gluinos in RPV models. No evidence for LLPs has been foorfdrsand the null
results were used to set new stringent limits on GMSB and R-parity violatireysymmetry.
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