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Search for charginos nearly mass degenerate with the lightest neutralino based
on a disappearing-track signature in pp collisions

at
ffiffiðp sÞ¼ 8 TeV with the ATLAS detector

G. Aad et al.*

(ATLAS Collaboration)
(Received 14 October 2013; published 6 December 2013)

A search is presented for direct chargino production based on a disappearing-track signature using

20:3 fb�1 of proton-proton collisions at
ffiffiffi
s

p ¼ 8 TeV collected with the ATLAS experiment at the LHC.

In anomaly-mediated supersymmetry breaking (AMSB) models, the lightest chargino is nearly mass

degenerate with the lightest neutralino and its lifetime is long enough to be detected in the tracking

detectors by identifying decays that result in tracks with no associated hits in the outer region of the

tracking system. Some models with supersymmetry also predict charginos with a significant lifetime. This

analysis attains sensitivity for charginos with a lifetime between 0.1 and 10 ns, and significantly surpasses

the reach of the LEP experiments. No significant excess above the background expectation is observed for

candidate tracks with large transverse momentum, and constraints on chargino properties are obtained. In

the AMSB scenarios, a chargino mass below 270 GeV is excluded at 95% confidence level.

DOI: 10.1103/PhysRevD.88.112006 PACS numbers: 12.60.Jv, 13.85.Rm, 14.80.Nb

I. INTRODUCTION

Anomaly-mediated supersymmetry breaking (AMSB)
models [1,2], where soft supersymmetry (SUSY) breaking
is caused by loop effects, provide a constrained mass
spectrum of SUSY particles. One prominent feature of
these models is that the lightest supersymmetric particle
is the nearly pure neutral wino that is mass degenerate with
the charged wino. The lightest chargino (~��

1 ) is then
slightly heavier than the lightest neutralino (~�0

1) due to

radiative corrections involving electroweak gauge bosons.
The typical mass splitting between ~��

1 and ~�0
1 (�m~�1

) is

�160 MeV, which implies that ~��
1 has a considerable

lifetime and predominantly decays into ~�0
1 plus a low-

momentum (�100 MeV) ��. The mean lifetime (�~��
1
)

of ~��
1 is expressed in terms of �m~�1

and expected to be

typically a fraction of a nanosecond. Several other SUSY
models, which are motivated by the large value of the
Higgs boson mass, also predict charginos with a significant
lifetime and their decay to a soft pion and the lightest
supersymmetric particle [3–6]. Therefore, some charginos
could have decay lengths exceeding a few tens of centi-
meters at the Large Hadron Collider (LHC). When decay-
ing in the sensitive volume, they are expected to be
observed as ‘‘disappearing tracks’’ that have no more
than a few associated hits in the outer region of the tracking
system, and the softly emitted �� is not reconstructed as it
is curved away by the magnetic field. This article explores

AMSB scenarios by searching for charginos with their
subsequent decays that result in such disappearing tracks.
The electroweak production of charginos has a sizable
cross section in proton-proton (pp) collisions at LHC
energies. Chargino-pair and chargino-neutralino associ-
ated production processes are identified using jets of large
transverse momentum (pT) from initial-state radiation
(pp ! ~��

1 ~�0
1j and ~�þ

1 ~��
1 j, where j denotes a jet used to

trigger the signal event). The search presented here, based
on 20:3 fb�1 of 8 TeV pp collision data, increases the
sensitivity compared to the previous ATLAS searches [7,8]
due to analysis improvements and increases in the beam
energy and luminosity. The most significant improvement
is achieved by enhancing the track reconstruction effi-
ciency for charginos having short decay lengths. In
particular, the efficiency for charginos with �~��

1
� 0:2 ns,

predicted for �m~�1
�160MeV, is around 100 times larger

than in the previous searches. The present analysis also
provides sensitivity to a wider range of chargino lifetimes
and covers a larger angular acceptance. It significantly
surpasses the reach of the LEP experiments [9–12] for
charginos with lifetimes >0:1 ns.

II. THE ATLAS DETECTOR

ATLAS is a multipurpose detector [13], covering nearly
the entire solid angle [14] around the collision point with
layers of tracking devices surrounded by a superconducting
solenoid providing a 2 Taxial magnetic field, a calorimeter
system, and a muon spectrometer. The inner detector (ID)
provides track reconstruction in the region j�j< 2:5 and
consists of pixel and silicon microstrip (SCT) detectors
inside a straw-tube transition radiation tracker (TRT). The
pixel detector consists of three barrel layers and four disks
in the forward and backward directions, providing on
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average three measurement points for charged tracks. The
SCT is composed of four cylindrical layers of double-sided
silicon microstrip modules, with nine disk layers in each
endcap region; eight silicon microstrip sensors are typi-
cally crossed by each track. The TRT, of particular impor-
tance to this search, covers j�j< 1:0 with its barrel
detector, 0:8< j�j< 2:0 with the endcaps, and the radial
range 563–1066 mm. The average number of TRT hits on a
track going through the inner detector in the central region
is about 32. Tracks in the transition region 0:8< j�j< 1:2
pass partially through both the barrel and endcap and are
still expected to have >25 hits on average. Tracks passing
through the dead region of the barrel TRT at j�j< 0:1
produce no TRT hits. The calorimeter system covers the
range of j�j< 4:9. The electromagnetic calorimeter is a
lead/liquid-argon (lead/LAr) detector in the barrel (j�j<
1:475) and endcap (1:375< j�j< 3:2) regions. The had-
ronic calorimeters are composed of a steel and scintillator
barrel (j�j< 1:7), a copper/LAr endcap (1:5< j�j< 3:2),
and a LAr forward system (3:1< j�j< 4:9) with copper
and tungsten absorbers. The muon spectrometer consists of
three large superconducting toroids, trigger chambers, and
precision tracking chambers that provide muon momentum
measurements up to j�j ¼ 2:7.

III. DATA AND SIMULATED EVENT SAMPLES

The data analyzed for this search were recorded in 2012
with the LHC colliding protons at

ffiffiffi
s

p ¼ 8 TeV. The
integrated luminosity, after the application of beam,
detector, and data quality requirements, corresponds to
20:3� 0:6 fb�1, where the luminosity measurement is
based on the calibration procedure described in Ref. [15]
and uses the most recent van der Meer scans performed
in November 2012 to determine the calibration and its
uncertainty.

The analysis makes use of a dedicated topological trig-
ger in order to suppress a huge Standard Model (SM)
multijet background: it requires at least one jet with pT >
80 GeV, large missing transverse momentum (its magni-

tude, Emiss
T , above 70 GeV), and ��

jet-Emiss
T

min > 1, where

��
jet-Emiss

T

min indicates the azimuthal separation between the

missing transverse momentum and the jet. If the event
contains multiple jets with pT > 45 GeV, the smallest

��
jet-Emiss

T

min value is taken by using either of the two

highest-pT jets. For the multijet background, ��
jet-Emiss

T

min

peaks near zero since a large Emiss
T is usually due to jet

mismeasurement and is thus aligned with a high-pT jet,

while the signal events cluster at ��
jet-Emiss

T

min � �.
Simulated Monte Carlo (MC) events are used to assess

the experimental sensitivity to given models. The minimal
AMSB model is characterized by four parameters: the
gravitino mass (m3=2), the universal scalar mass (m0),

the ratio of Higgs vacuum expectation values at the

electroweak scale ( tan�), and the sign of the Higgsino
mass term (�). A large value of 1 TeV is used for m0 in
order to prevent the appearance of a tachyonic slepton. The
production cross section is determined largely by the wino
mass and is fairly independent of the other parameters. In
this model, the wino mass is proportional to m3=2. The

SUSY mass spectrum and the decay tables are calculated
with the ISASUSY from ISAJET v7.80 [16]. The correspond-
ing MC signal samples are produced using Herwigþþ
2:5:2 [17] with CTEQ6L1 [18] parton distribution functions
of the proton (PDFs). All samples used in this article are
produced using a detector simulation [19] based on GEANT4

[20] and include multiple pp interactions (pileup) in the
triggered and adjacent bunch crossings to model the pileup
effect. Simulated points with chargino masses (m~��

1
) rang-

ing from 80–600 GeV and various values of the chargino
lifetime �~��

1
are generated. In the GEANT4 simulation the

charginos decay exponentially and the branching fraction
for the decay ~��

1 ! ~�0
1�

� is set to 100%. Signal cross

sections are calculated at next-to-leading order in �s using
the PROSPINO2 [21] program as shown in Fig. 1. The
nominal cross section and its uncertainty are taken from
an envelope of cross section predictions using different
PDF sets and factorization and renormalization scales, as
described in Ref. [22].

IV. RECONSTRUCTION, OBJECT
IDENTIFICATION, AND EVENT SELECTION

Standard Model processes, especially W þ jet events
that naturally have large Emiss

T , can result in final-state
kinematics similar to that of the signal. Kinematic selec-
tion criteria are applied to ensure high trigger efficiency
and to reduce background arising from multijet processes
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or from electroweak gauge bosons that decay leptonically.
At the next stage, the vast majority of SM background
events are removed by identifying and demanding a dis-
appearing track in the event.

A. Track reconstruction

Charged particle trajectories are reconstructed as tracks
in the ID. In order to improve the efficiency of reconstruct-
ing particles leaving short tracks, this analysis applies an
extra extended-track reconstruction that provides pixel-
seeded reconstructed tracks in addition to the ATLAS
standard tracks. The standard track reconstruction algo-
rithm [23] is a sequence made of two main steps. First, an
inside-out sequence starts from triplets of three-
dimensional space points from the pixel and SCT detec-
tors, with each space point originating from a unique
detector layer, and then extends the resulting trajectories
by combining other pixel, SCT, and TRT hits. A second
sequence takes the remaining TRT hits as seeds and
attempts to extend identified trajectories inwards by com-
bining them with unused space points. The first sequence is
optimized to find primary tracks coming from the interac-
tion point, while the second sequence is optimized for the
reconstruction of electrons from photon conversions in the
ID volume. The inside-out sequence is of particular interest
for finding long-lived chargino trajectories, although it is
optimized for the reconstruction of stable particles that
leave long tracks in the ID, and, in particular, only recon-
structs tracks with a minimum of seven space points. In
order to increase the acceptance of the track reconstruction
and especially the chargino track reconstruction efficiency
at low radius, a third sequence is applied. This sequence
proceeds using leftover pixel and SCT hits from the two
previous tracking sequences and reconstructs tracks with a
minimum of three pixel hits, while no SCT or TRT hits are
required. The outward extension then follows; SCT and
TRT hits are attached if they lie along the track trajectory.
The tracks reconstructed by the third sequence are used
only to select disappearing-track candidates.

B. Event reconstruction

The event vertex [24] is required to have at least five
associated tracks. When more than one such vertex is
found, the vertex with the largest

P jpTj2 of the associated
tracks is chosen as primary. Jets are reconstructed using the
anti-kt algorithm [25] with a distance parameter of 0.4. The
inputs to the jet reconstruction algorithm are topological
calorimeter energy clusters seeded by cells with energy
significantly above the noise level. Jet energies are then
calibrated back to the particle level [26]. Reconstructed
jets must satisfy the requirements of pT > 20 GeV and
j�j< 2:8. Electron candidates are reconstructed from en-
ergy clusters in the electromagnetic calorimeter matched to
a track in the ID. Electrons must then fulfill the ‘‘loose’’
identification requirements described in Ref. [27], have

transverse energy ET > 10 GeV, and be within the region
j�j< 2:47. Muon candidates are formed by matching ID
tracks with either a complete track or a track segment
reconstructed in the muon spectrometer [28].
Furthermore, muons must satisfy the requirements of
Nb-layer > 0 if crossing an active module of the innermost

pixel layer, Npixel > 0, NSCT � 6, pT > 10 GeV, and

j�j< 2:4, where Nb-layer, Npixel, and NSCT are the numbers

of hits in the innermost pixel layer, the pixel and SCT
detectors, respectively.
Following the object reconstruction described above,

overlaps between jets and leptons are resolved to ensure
isolation of leptons. First, any jet candidate lying within a

distance of�R � ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið��Þ2 þ ð��Þ2p ¼ 0:2 of an electron is
discarded. Then, any lepton candidate within a distance of
�R ¼ 0:4 of any surviving jet is discarded.
The calculation of Emiss

T is based on the transverse
momenta of remaining jets and lepton candidates and on
all calorimeter energy clusters that are not associated with
such objects [29].

C. Kinematic selection

Following the event reconstruction, selection require-
ments to reject noncollision background events, given in
Ref. [26], are applied to jets. In order to suppress back-
grounds from W=Zþ jets and top-pair production pro-
cesses, events are discarded if they contain any electron
or muon candidates (lepton veto). Events containing
muons are further suppressed by requiring no tracks with
pT > 10 GeV reconstructed in the muon spectrometer.
The candidate events are finally required to have
Emiss
T > 90 GeV, at least one jet with pT > 90 GeV, and

��
jet-Emiss

T

min > 1:5. The trigger selection is >98% efficient

for signal events satisfying these selection requirements.

D. Selection of disappearing tracks

The tracks originating from charginos are expected to
have high transverse momenta, to be isolated, and to have
few associated hits in the outer region of the ID. The TRT
detector, in particular, provides substantial discrimination
against penetrating stable charged particles if only a small
number of hits on the track is required. Therefore, candi-
date tracks for decaying charginos are required to fulfill the
following criteria:
(I) the track must have Npixel � 3, Nb-layer � 1 if cross-

ing an active module of the innermost pixel layer,
NSCT � 2, jd0j< 0:1 mm, and jz0 sin	j< 0:5 mm,
where d0 and z0 are the transverse and longitudinal
impact parameters with respect to the primary
vertex;

(II) the track reconstruction must be of good quality,
meeting the following requirements: it must have a
track fit �2 probability of>10%, no hits formed in a
single pixel row of which the readout is shared with
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another pixel, and no hits missing in active silicon
modules along the trajectory between the first and
last hit of the track;

(III) the track must be isolated: it must fulfill
pcone40
T =pT < 0:04, where pcone40

T is the sum of pT

of all tracks with pT > 400 MeV, jd0j< 1:5 mm,
and jz0 sin	j< 1:5 mm that lie within a cone of
�R ¼ 0:4 around the track. There must also be no
jets having pT above 45 GeV within a cone of
�R ¼ 0:4 around the candidate track;

(IV) the candidate track must have pT above 15 GeV,
and must be the highest-pT isolated track in the
event;

(V) the candidate track must satisfy 0:1< j�j< 1:9;
(VI) the number of TRT hits associated with the track

(NTRT), determined by counting hits lying on the
extrapolated track, must be less than five.

Criteria (I) and (II) are applied in order to ensure well-
reconstructed primary tracks. Criteria (III) and (IV) are
employed to select chargino tracks that are isolated and
have in most cases the highest pT. These criteria also
substantially reduce background tracks from the pileup.
Criterion (V) is used to ensure coverage by the TRT active
region and enhance the rejection of background tracks.
Criterion (VI) helps to remove the majority of background
tracks in SM processes, as shown in Fig. 2. For SM charged
particles traversing the TRT detector, the number of TRT
hits is typically NTRT ’ 32, whereas for charginos that
decay before reaching the TRT detector the expected is
NTRT’0. Hereafter, ‘‘high-pT isolated track selection’’ and
‘‘disappearing-track selection’’ indicate criteria (I)–(V)
and (I)–(VI), respectively. Charginos triggered in this

search should be highly boosted, thus no discriminant
based on the energy loss dE=dx measurable in the pixel
detector is adopted.
Making use of short tracks and the whole TRT detector

for the background track rejection extends the sensitive
decay volume inwards and enlarges the region of signal
acceptance in �. This results in better sensitivity for char-
ginos, especially with small lifetime, than in the previous
search [8] based on the 7 TeV collision data. Figure 3
shows the tracking efficiency with the disappearing-track
selection for decaying charginos as a function of the radius
and � of the decay vertex. It is fully efficient for charginos
that reach the first SCT layer and decay before reaching the
TRT detector. The MC simulation shows that it is also
largely independent of m~��

1
. A summary of the kinematic

selection criteria, disappearing-track requirements, and
data reduction is given in Table I.
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TABLE I. Summary of selection requirements and data reduc-
tion for data and expected signal events (m~��

1
¼ 200 GeV,

�~��
1
¼ 0:2 ns). The signal selection efficiencies are also shown

in parentheses. Signal efficiencies are low at the first stage due to
the trigger based on a jet from initial-state radiation.

Selection requirement

Observed

events

Expected signal

MC events

(efficiency [%])

Quality requirements and trigger 20479553 1873 (8.8)

Jet cleaning 18627508 1867 (8.8)

Lepton veto 12485944 1827 (8.6)

Leading jet pT > 90 GeV 10308840 1571 (7.4)

Emiss
T > 90 GeV 6113773 1484 (7.0)

��
jet-Emiss

T

min > 1:5 5604087 1444 (6.8)

High-pT isolated track selection 34379 21.9 (0.10)

Disappearing-track selection 3256 18.4 (0.087)
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V. ESTIMATE OF THE pT SPECTRUM OF
BACKGROUND TRACKS

There are three primary sources of tracks from back-
ground processes that mimic the disappearing-track signa-
ture: charged hadrons interacting with material in the ID
(interacting-hadron tracks), prompt electrons or muons
failing to satisfy their identification criteria (lepton tracks),
and low-pT charged particles whose pT is highly mismeas-
ured (pT-mismeasured tracks). Interacting-hadron and
electron tracks are responsible for the background
in the approximate range pT < 50 GeV, whereas
pT-mismeasured tracks are dominant for pT > 100 GeV.
A small contribution from muon tracks is expected
throughout the full pT range. The contribution of
charged-hadron decays is significantly smaller than that
of interacting hadrons; therefore, such a background source
is neglected. A background estimation based on the MC
simulation has difficulty accurately describing the proper-
ties of these background tracks. Therefore, the background
contribution to the disappearing-track candidates is esti-
mated using techniques that do not rely on the MC simu-
lation. Each of the three types of background tracks shows
a distinctive pT spectrum; a simultaneous fit is performed
for signal and background yields using the observed pT

spectrum and templates of background track pT spectra
produced from dedicated control data samples. The pT

spectra of the first two background types are obtained in
the same way as in Ref. [8].

A. Interacting-hadron tracks

Charged hadrons, mostly charged pions, can interact
with material in the ID and their tracks can be misidentified
as disappearing tracks. The shape of the pT distribution of
interacting-hadron tracks is obtained from that of non-
interacting-hadron tracks. In the pT range above 15 GeV,
where inelastic interactions dominate, the interaction rate
has nearly no dependence on pT [30], which is also con-
firmed by the detector simulation. By adopting kinematic
selection criteria identical to those for the signal and
ensuring traversal of the TRT detector by requiring
NTRT > 25, a data sample of non-interacting-hadron tracks
is obtained. A pure control data sample is ensured by
requiring associated calorimeter activity and removing
the contamination from electron and muon tracks
(described below) and any chargino signal. The following
requirements are applied: Econe40

T > 7:5 GeV andP
�R<0:4E

clus
T =ptrack

T > 0:4, where Econe40
T is the calorimeter

transverse energy deposited in a cone of �R< 0:4 around
the track (excluding ET of the calorimeter cluster matched
to the track),

P
�R<0:4E

clus
T is the sum of cluster energies

in a cone of �R< 0:4 around the track, and ptrack
T is the

track pT.
In most cases, interacting hadrons have associated calo-

rimeter activity that can be used to form jets. Therefore,
after the selection requirements, the contribution of this

background to the disappearing-track candidates having
pT > 100 GeV is negligibly small.

B. Leptons failing to satisfy identification criteria

Some charged leptons (‘ � e or �) lose much of their
momenta in the ID due to scattering with material or large
bremsstrahlung. Such leptons are unlikely to be correctly
identified (hence surviving the lepton veto) and may be
classified as disappearing tracks.
In order to estimate the lepton-track background, a

control data sample is defined by requiring kinematic
selection identical to those for the signal search sample,
while requiring one lepton that fulfills both its identifica-
tion criteria and the isolated track selection criteria. The pT

spectrum of leptons without any identification require-
ments is obtained by applying a correction for the
identification efficiency. The pT distribution of lepton
background tracks is then estimated by multiplying this
distribution by the probability (P dis

‘ ) of failing to satisfy the

lepton identification criteria (hence being retained in the
signal search sample) and passing the disappearing-track
selection criteria. The electron and muon components are
considered separately.
For the measurement of P dis

‘ , a tag-and-probe method is

applied to Z ! ‘‘ events collected with unprescaled
single-lepton triggers and by requiring a Z boson candidate
with reconstructed invariant mass within�5 GeV of the Z
mass. Tag-leptons are required to be well isolated from jets
and to fulfill the lepton identification criteria. Probe-
leptons are selected without any identification require-
ments but with exactly the same high-pT isolated track
selection criteria used for chargino candidate tracks. The
probability P dis

‘ is given by the fraction of events in which

the probe-lepton passes the disappearing-track selection
criteria; it ranges between 10�2 and 10�4 for electrons
and 10�4 and 10�5 for muons. Statistical uncertainties
and uncertainties on the identification efficiency are con-
sidered in deriving the estimated pT spectra and their
uncertainties.

C. Tracks with mismeasured pT

The background contribution to disappearing-track can-
didates with pT > 100 GeV originates primarily from
tracks with mismeasured pT (pT-mismeasured tracks). A
high density of silicon hits, hadronic interactions, and
scattering can lead to combinations of wrong space points
in the procedure of track-seed finding or outward extension
of trajectories, resulting in anomalously high values of pT

especially for short-length tracks. Simulation studies
indicate that the pT spectrum of such tracks depends little
on the reconstructed d0 or production process. Figure 4
shows the pT spectrum of disappearing tracks with differ-
ent d0 values in a multijet-enriched data sample collected
with single-jet triggers and requirements of Emiss

T <
90 GeV and no leptons: the contamination from
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interacting-hadron and lepton tracks is expected to be very
small in the range pT > 50 GeV or jd0j> 1 mm. The pT

shape of pT-mismeasured tracks with jd0j< 0:1 mm is
found to be the same as that of similarly mismeasured
tracks with 1 mm< jd0j< 10 mm. A sample with a
nearly pure pT-mismeasured track contribution can be
obtained with the same requirements as for the signal
tracks, while requiring 1 mm< jd0j< 10 mm. The pT

shape is finally determined by a fit to the sample by a
functional form x�a (x � ptrack

T ), where a ¼ 1:78� 0:05 is
obtained.

VI. ESTIMATE OF SYSTEMATIC
UNCERTAINTIES

The sources of systematic uncertainty on the signal ex-
pectation are the following: the theoretical cross section,
parton radiationmodel, jet energy scale (JES) and resolution
(JER), trigger efficiency, pileup modeling, track reconstruc-
tion efficiency, and the integrated luminosity. The contribu-
tions of each systematic uncertainty in the signal yield are
summarized in Table II for two reference signal samples.

Theoretical uncertainties on the signal cross section,
already described in Sec. III, range from 6% to 8% depend-
ing on m~��

1
. The uncertainties on the modeling of high-pT

jets, originating from initial- and final-state radiation, are
estimated by varying the generator tunes in the simulation
as well as by generator-level studies carried out on samples
produced with an additional jet in the matrix-element
method using the MADGRAPH5 program [31] and the
PYTHIA6 program [32]. By adopting PDF tunes that provide

less and more radiation and taking the maximum deviation
from the nominal tune, the uncertainty due to jet radiation

is evaluated. The uncertainty arising from the matching of
matrix elements with parton showers is evaluated by dou-
bling and halving the default value of the matching
parameter [33]. The resulting changes are combined in
quadrature and yield an uncertainty of 10%–17% depend-
ing onm~��

1
. The uncertainties on the JES and JER result in

a variation of the signal selection efficiency that is assessed
according to Ref. [26], and an uncertainty of 3%–6% is
assigned. An uncertainty due to the trigger efficiency is
estimated to be 4.5% by taking the difference between data
and MC simulation in aW þ jet sample in whichW decays
into� plus 
�. The uncertainty originating from the pileup

modeling in the simulation is evaluated by weighting
simulated samples so that the average number of pileup
interactions is varied by �10%, which yields a 0.5%
uncertainty on the signal efficiency. The IDmaterial affects
the track reconstruction efficiency. An uncertainty of 2% is
assigned from Ref. [34] to take into account differences in
the tracking efficiency between data and MC simulation
related to the detector material description in the simula-
tion. The uncertainty on the integrated luminosity is
�2:8%. It is derived, following the same methodology as
that detailed in Ref. [15].
Systematic uncertainties on the background pT shapes

and normalizations arising from statistical uncertainties of
the control data samples and uncertainties on the lepton
identification efficiencies are also considered in deriving
the results (discussed in Sec. VII). In order to account for a
possible bias induced by the d0 requirement in the control
data sample of pT-mismeasured tracks, an additional
uncertainty is assigned by taking the difference between
the value of the parameter a given in Sec. VC and the value
1:82� 0:07 derived using SM background MC events
remaining after the selection requirements.

VII. FIT TO THE pT SPECTRUM
OF DISAPPEARING TRACKS

The signal hypothesis with a given value ofm~��
1
and �~��

1

is tested based on an extended maximum likelihood fit to
the pT spectrum of the disappearing-track candidates. The
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FIG. 4 (color online). The pT distributions of disappearing
tracks with impact parameter ranges jd0j< 0:1 mm and
1 mm< jd0j< 10 mm in the multijet-enriched data sample,
normalized to unity. The ratio between the two distributions is
also shown at the bottom of the figure. The error bars and band in
the ratio plot indicate the statistical uncertainties of each sample.

TABLE II. Summary of systematic uncertainties [%] on the ex-
pected number of signal events form~��

1
¼ 200 GeV and 300 GeV.

200 GeV 300 GeV

(Theoretical uncertainty) Cross section 6.4 6.8

(Uncertainty on the acceptance)

Modeling of initial/final-state radiation 14.5 16.4

JES/JER 3.9 6.0

Trigger efficiency 4.5 4.5

Pileup modeling 0.5 0.5

Track reconstruction efficiency 2.0 2.0

Luminosity 2.8 2.8

Subtotal 16.1 18.4
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likelihood function for the track pT consists of one proba-
bility density function for the signal and four for the differ-
ent backgrounds derived in Sec. V. In the fit, the yields of
the signal, interacting-hadron, and pT-mismeasured tracks
are left free. The yields of electron and muon background
tracks are constrained to their estimated values within the
uncertainties. The effects of systematic uncertainties on the
yields and the parameters describing the pT-distribution
shapes of the background tracks are also incorporated into
the likelihood function.

The number of observed events having a high-pT dis-
appearing track above a given threshold and the expecta-
tion for the background, derived by the background-only fit
in the pT range below 75 GeV, are given in Table III. No
significant deviations from the background expectations
are found. The probability (p0 value) that a background-
only experiment is more signal-like than the observation
and the model-independent upper limit on the visible cross
section (�95%

vis ) at 95% confidence level (C.L.) are also

given in the table. Figure 5 shows the pT distribution for

the selected data events compared to the background model
derived by the background-only fit in the full pT range: the
best-fit values for the yields of interacting hadrons, electron
tracks, muon tracks, and pT-mismeasured tracks are
2187� 71, 852� 35, 23� 8, and 212� 33, respectively.
Three selected examples for the signal are also shown in
the figure.
An excess with a corresponding significance of �2� is

seen in Fig. 5 at pT around 90 GeV. Detailed investigation
of the events in this region show no peculiarities or
significant differences in event kinematics or track proper-
ties compared to candidates in nearby track-pT regions.
The discrepancy is also not consistent with any of the
signal hypotheses studied in this article. For the models
considered, high-pT tracks are expected and the best ex-
pected sensitivity derives from the region with pT above
200 GeV, where a deficit is observed as reported in
Table III.
Events with two disappearing-track candidates, being

particularly sensitive to chargino-pair production with a
long lifetime, are also explored. One candidate event is
found; however, the event lacks high-pT disappearing-
track candidates (their pT being 30 GeV and 18 GeV).

VIII. RESULTS

In the absence of a signal, constraints are set onm~��
1
and

�~��
1
. The upper limit on the production cross section for a

givenm~��
1
and �~��

1
at 95% C.L. is set at the point where the

C.L. of the ‘‘signalþ background’’ hypothesis, based on
the profile likelihood ratio [35] and the CLs prescription
[36], falls below 5% when scanning the C.L. along various
values of signal strength. The constraint on the allowed
�~��

1
�m~��

1
parameter space is shown in Fig. 6. The

expected limit is set by the median of the distribution of
95% C.L. limits calculated by pseudoexperiments with the
expected background and no signal, where the systematic
parameters are varied according to their systematic uncer-
tainties. The regions excluded by the previous ATLAS
search [8] and the LEP2 searches are indicated. The
example of the exclusion reached by the ALEPH experi-
ment [9] of 8 GeV at 95% C.L. that is derived for the
chargino mass in the case of heavy sfermions, irrespective
of the chargino-neutralino mass difference, is shown as the

TABLE III. Numbers of observed and expected background events as well as the probability
that a background-only experiment is more signal-like than observed (p0) and the model-
independent upper limit on the visible cross section (�95%

vis ) at 95% C.L.

ptrack
T > 75 GeV ptrack

T > 100 GeV ptrack
T > 150 GeV ptrack

T > 200 GeV

Observed events 59 36 19 13

Expected events 48:5� 12:3 37:1� 9:4 24:6� 6:3 18:0� 4:6
p0 value 0.17 0.41 0.46 0.44

Observed �95%
vis [fb] 1.76 1.02 0.62 0.44

Expected �95%
vis [fb] 1:42þ0:50

�0:39 1:05þ0:37
�0:28 0:67þ0:27

�0:19 0:56þ0:23
�0:16
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FIG. 5 (color online). The pT distribution of disappearing-
track candidates. The solid circles show data and lines show
each background track pT spectrum obtained by the background-
only fit. The resulting uncertainties on the pT spectrum for each
background are indicated by the error bands. The signal expec-
tations are also shown. The ratio of the data to the background
track pT spectrum is shown at the bottom of the figure.
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LEP2 result. This constraint is largely independent of tan�
or the sign of �.

The analysis is not performed for signals having �~�1
>

10 ns (corresponding �m~�1
being below the charged pion

mass) because a significant fraction of charginos would
traverse the ID before decaying, thereby reducing the event
selection efficiency. In these scenarios the charginos are
considered as stable particles and the main search tool
would be to look for tracks with anomalous ionization
energy loss [37]. In comparison with the previous result,
the sensitivity to charginos having �~��

1
< 1 ns is signifi-

cantly improved and the exclusion reach is extended by
�200 GeV.

Figure 7 shows the constraint on the allowed �m~�1
�

m~��
1
parameter space of the minimal AMSB model; the

expected 95% C.L. exclusion reaches m~��
1
¼ 245þ25

�30 GeV

for �m~�1
� 160 MeV. The limits on �~��

1
are converted

into limits on �m~�1
following Ref. [38]. The theoretical

prediction of �m~�1
for winolike lightest chargino and

neutralino states at two-loop level [39] is also indicated
in the figure. A new limit that excludes charginos ofm~��

1
<

270 GeV (corresponding �m~�1
and �~��

1
being�160 MeV

and�0:2 ns, respectively) at 95% C.L. is set in the AMSB
models.

IX. CONCLUSIONS

The results from a search for charginos nearly mass
degenerate with the lightest neutralino based on the
high-pT disappearing-track signature are presented. The
analysis is based on 20:3 fb�1 of pp collisions at

ffiffiffi
s

p ¼
8 TeV collected by the ATLAS experiment at the LHC.
The pT spectrum of observed candidate tracks is found to
be consistent with the expectation from SM background
processes, and no indication of decaying charginos is
observed. Constraints on the chargino mass, the mean
lifetime, and the mass splitting are set, which are valid
for most scenarios in which the lightest supersymmetric
particle is a nearly pure neutral wino. In the AMSB
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FIG. 7 (color online). The constraint on the allowed �m~�1
�

m~��
1
space of the AMSB model for tan� ¼ 5 and �> 0. The

dashed line shows the expected limits at 95% C.L., with the
surrounding shaded band indicating the 1� exclusions due to
experimental uncertainties. Observed limits are indicated by the
solid bold contour representing the nominal limit and the narrow
surrounding shaded band is obtained by varying the cross section
by the theoretical scale and PDF uncertainties. The previous
result from Ref. [8] and an example of the limits achieved at
LEP2 by the ALEPH experiment [9] are also shown on the left
by the dotted line and the shaded region, respectively. Charginos
in the lower shaded region could have significantly longer life-
time values for which this analysis has no sensitivity as the
chargino does not decay within the tracking volume. For this
region of long-lived charginos, the limits achieved at LEP2 by
the ALEPH experiment is 101 GeV [9].
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contour representing the nominal limit and the narrow surround-
ing shaded band is obtained by varying the cross section by the
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Ref. [8] and an example of the limits achieved at LEP2 by the
ALEPH experiment [9] are also shown on the left by the dotted
line and the shaded region, respectively. The search for charginos
with long lifetimes, as indicated by the upper shaded region, is
not covered by this analysis. The limits achieved at LEP2 by the
ALEPH experiment of 101 GeV for long-lived charginos is taken
from [9].
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models, a chargino having a mass below 270 GeV is
excluded at 95% C.L.
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A. E. Barton,71 V. Bartsch,150 A. Bassalat,116 A. Basye,166 R. L. Bates,53 L. Batkova,145a J. R. Batley,28 M. Battistin,30

F. Bauer,137 H. S. Bawa,144,h T. Beau,79 P. H. Beauchemin,162 R. Beccherle,50a P. Bechtle,21 H. P. Beck,17

K. Becker,176 S. Becker,99 M. Beckingham,139 A. J. Beddall,19c A. Beddall,19c S. Bedikian,177 V.A. Bednyakov,64

C. P. Bee,84 L. J. Beemster,106 T. A. Beermann,176 M. Begel,25 K. Behr,119 C. Belanger-Champagne,86 P. J. Bell,49

W.H. Bell,49 G. Bella,154 L. Bellagamba,20a A. Bellerive,29 M. Bellomo,30 A. Belloni,57 O. L. Beloborodova,108,i

K. Belotskiy,97 O. Beltramello,30 O. Benary,154 D. Benchekroun,136a K. Bendtz,147a,147b N. Benekos,166

Y. Benhammou,154 E. Benhar Noccioli,49 J. A. Benitez Garcia,160b D. P. Benjamin,45 J. R. Bensinger,23

K. Benslama,131 S. Bentvelsen,106 D. Berge,30 E. Bergeaas Kuutmann,16 N. Berger,5 F. Berghaus,170 E. Berglund,106

J. Beringer,15 C. Bernard,22 P. Bernat,77 R. Bernhard,48 C. Bernius,78 F. U. Bernlochner,170 T. Berry,76 P. Berta,128

C. Bertella,84 F. Bertolucci,123a,123b M. I. Besana,90a G. J. Besjes,105 O. Bessidskaia,147a,147b N. Besson,137

S. Bethke,100 W. Bhimji,46 R.M. Bianchi,124 L. Bianchini,23 M. Bianco,30 O. Biebel,99 S. P. Bieniek,77

K. Bierwagen,54 J. Biesiada,15 M. Biglietti,135a J. Bilbao DeMendizabal,49 H. Bilokon,47 M. Bindi,20a,20b S. Binet,116

A. Bingul,19c C. Bini,133a,133b B. Bittner,100 C.W. Black,151 J. E. Black,144 K.M. Black,22 D. Blackburn,139

R. E. Blair,6 J.-B. Blanchard,137 T. Blazek,145a I. Bloch,42 C. Blocker,23 J. Blocki,39 W. Blum,82,a U. Blumenschein,54

G. J. Bobbink,106 V. S. Bobrovnikov,108 S. S. Bocchetta,80 A. Bocci,45 C. R. Boddy,119 M. Boehler,48 J. Boek,176

T. T. Boek,176 N. Boelaert,36 J. A. Bogaerts,30 A.G. Bogdanchikov,108 A. Bogouch,91,a C. Bohm,147a J. Bohm,126

V. Boisvert,76 T. Bold,38a V. Boldea,26a A. S. Boldyrev,98 N.M. Bolnet,137 M. Bomben,79 M. Bona,75

M. Boonekamp,137 S. Bordoni,79 C. Borer,17 A. Borisov,129 G. Borissov,71 M. Borri,83 S. Borroni,42 J. Bortfeldt,99

V. Bortolotto,135a,135b K. Bos,106 D. Boscherini,20a M. Bosman,12 H. Boterenbrood,106 J. Bouchami,94

J. Boudreau,124 E. V. Bouhova-Thacker,71 D. Boumediene,34 C. Bourdarios,116 N. Bousson,84 S. Boutouil,136d

G. AAD et al. PHYSICAL REVIEW D 88, 112006 (2013)

112006-10

http://dx.doi.org/10.1140/epjc/s10052-007-0490-5
http://dx.doi.org/10.1140/epjc/s10052-011-1636-z
http://dx.doi.org/10.1140/epjc/s10052-011-1554-0
http://dx.doi.org/10.1140/epjc/s10052-011-1554-0
http://dx.doi.org/10.1088/0954-3899/28/10/313
http://dx.doi.org/10.1016/j.physletb.2013.02.015
http://arXiv.org/abs/hep-ph/9902309
http://arXiv.org/abs/hep-ph/9902309
http://dx.doi.org/10.1016/j.physletb.2013.03.015
http://dx.doi.org/10.1016/j.physletb.2013.03.015


A. Boveia,31 J. Boyd,30 I. R. Boyko,64 I. Bozovic-Jelisavcic,13b J. Bracinik,18 P. Branchini,135a A. Brandt,8

G. Brandt,15 O. Brandt,54 U. Bratzler,157 B. Brau,85 J. E. Brau,115 H.M. Braun,176,a S. F. Brazzale,165a,165c

B. Brelier,159 K. Brendlinger,121 R. Brenner,167 S. Bressler,173 T.M. Bristow,46 D. Britton,53 F.M. Brochu,28

I. Brock,21 R. Brock,89 F. Broggi,90a C. Bromberg,89 J. Bronner,100 G. Brooijmans,35 T. Brooks,76 W.K. Brooks,32b

J. Brosamer,15 E. Brost,115 G. Brown,83 J. Brown,55 P. A. Bruckman de Renstrom,39 D. Bruncko,145b R. Bruneliere,48

S. Brunet,60 A. Bruni,20a G. Bruni,20a M. Bruschi,20a L. Bryngemark,80 T. Buanes,14 Q. Buat,55 F. Bucci,49

J. Buchanan,119 P. Buchholz,142 R.M. Buckingham,119 A. G. Buckley,46 S. I. Buda,26a I. A. Budagov,64 B. Budick,109

F. Buehrer,48 L. Bugge,118 O. Bulekov,97 A. C. Bundock,73 M. Bunse,43 H. Burckhart,30 S. Burdin,73 T. Burgess,14
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M. Fincke-Keeler,170 K. D. Finelli,45 M. C.N. Fiolhais,125a,j L. Fiorini,168 A. Firan,40 J. Fischer,176 M. J. Fisher,110

E. A. Fitzgerald,23 M. Flechl,48 I. Fleck,142 P. Fleischmann,175 S. Fleischmann,176 G. T. Fletcher,140 G. Fletcher,75

T. Flick,176 A. Floderus,80 L. R. Flores Castillo,174 A. C. Florez Bustos,160b M. J. Flowerdew,100 T. Fonseca Martin,17

A. Formica,137 A. Forti,83 D. Fortin,160a D. Fournier,116 H. Fox,71 P. Francavilla,12 M. Franchini,20a,20b

S. Franchino,30 D. Francis,30 M. Franklin,57 S. Franz,61 M. Fraternali,120a,120b S. Fratina,121 S. T. French,28

C. Friedrich,42 F. Friedrich,44 D. Froidevaux,30 J. A. Frost,28 C. Fukunaga,157 E. Fullana Torregrosa,128

B. G. Fulsom,144 J. Fuster,168 C. Gabaldon,55 O. Gabizon,173 A. Gabrielli,20a,20b A. Gabrielli,133a,133b S. Gadatsch,106

T. Gadfort,25 S. Gadomski,49 G. Gagliardi,50a,50b P. Gagnon,60 C. Galea,99 B. Galhardo,125a E. J. Gallas,119 V. Gallo,17

B. J. Gallop,130 P. Gallus,127 G. Galster,36 K. K. Gan,110 R. P. Gandrajula,62 J. Gao,33b,p Y. S. Gao,144,h

F.M. Garay Walls,46 F. Garberson,177 C. Garcı́a,168 J. E. Garcı́a Navarro,168 M. Garcia-Sciveres,15 R.W. Gardner,31

N. Garelli,144 V. Garonne,30 C. Gatti,47 G. Gaudio,120a B. Gaur,142 L. Gauthier,94 P. Gauzzi,133a,133b

I. L. Gavrilenko,95 C. Gay,169 G. Gaycken,21 E. N. Gazis,10 P. Ge,33d,q Z. Gecse,169 C. N. P. Gee,130

D.A.A. Geerts,106 Ch. Geich-Gimbel,21 K. Gellerstedt,147a,147b C. Gemme,50a A. Gemmell,53 M.H. Genest,55

S. Gentile,133a,133b M. George,54 S. George,76 D. Gerbaudo,164 A. Gershon,154 H. Ghazlane,136b N. Ghodbane,34

B. Giacobbe,20a S. Giagu,133a,133b V. Giangiobbe,12 P. Giannetti,123a,123b F. Gianotti,30 B. Gibbard,25 S.M. Gibson,76

M. Gilchriese,15 T. P. S. Gillam,28 D. Gillberg,30 A. R. Gillman,130 D.M. Gingrich,3,g N. Giokaris,9

M. P. Giordani,165a,165c R. Giordano,103a,103b F.M. Giorgi,16 P. Giovannini,100 P. F. Giraud,137 D. Giugni,90a

C. Giuliani,48 M. Giunta,94 B. K. Gjelsten,118 I. Gkialas,155,r L. K. Gladilin,98 C. Glasman,81 J. Glatzer,21

A. Glazov,42 G. L. Glonti,64 M. Goblirsch-Kolb,100 J. R. Goddard,75 J. Godfrey,143 J. Godlewski,30 C. Goeringer,82

S. Goldfarb,88 T. Golling,177 D. Golubkov,129 A. Gomes,125a,e L. S. Gomez Fajardo,42 R. Gonçalo,76
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(Commissariat à l’Energie Atomique et aux Energies Alternatives), Gif-sur-Yvette, France

138Santa Cruz Institute for Particle Physics, University of California Santa Cruz, Santa Cruz, California, USA
139Department of Physics, University of Washington, Seattle, Washington, USA

140Department of Physics and Astronomy, University of Sheffield, Sheffield, United Kingdom
141Department of Physics, Shinshu University, Nagano, Japan
142Fachbereich Physik, Universität Siegen, Siegen, Germany

143Department of Physics, Simon Fraser University, Burnaby, British Columbia, Canada
144SLAC National Accelerator Laboratory, Stanford, California, USA

145aFaculty of Mathematics, Physics & Informatics, Comenius University, Bratislava, Slovak Republic
145bDepartment of Subnuclear Physics, Institute of Experimental Physics of the Slovak Academy of Sciences,

Kosice, Slovak Republic
146aDepartment of Physics, University of Cape Town, Cape Town, South Africa

146bDepartment of Physics, University of Johannesburg, Johannesburg, South Africa
146cSchool of Physics, University of the Witwatersrand, Johannesburg, South Africa

147aDepartment of Physics, Stockholm University, Sweden
147bThe Oskar Klein Centre, Stockholm, Sweden

148Physics Department, Royal Institute of Technology, Stockholm, Sweden
149Departments of Physics & Astronomy and Chemistry, Stony Brook University, Stony Brook, New York, USA

150Department of Physics and Astronomy, University of Sussex, Brighton, United Kingdom
151School of Physics, University of Sydney, Sydney, Australia

152Institute of Physics, Academia Sinica, Taipei, Taiwan
153Department of Physics, Technion: Israel Institute of Technology, Haifa, Israel

154Raymond and Beverly Sackler School of Physics and Astronomy, Tel Aviv University, Tel Aviv, Israel
155Department of Physics, Aristotle University of Thessaloniki, Thessaloniki, Greece

156International Center for Elementary Particle Physics and Department of Physics, The University of Tokyo, Tokyo, Japan
157Graduate School of Science and Technology, Tokyo Metropolitan University, Tokyo, Japan

158Department of Physics, Tokyo Institute of Technology, Tokyo, Japan
159Department of Physics, University of Toronto, Toronto, Ontario, Canada

160aTRIUMF, Vancouver, British Columbia, Canada
160bDepartment of Physics and Astronomy, York University, Toronto, Ontario, Canada

161Faculty of Pure and Applied Sciences, University of Tsukuba, Tsukuba, Japan
162Department of Physics and Astronomy, Tufts University, Medford, Massachusetts, USA

163Centro de Investigaciones, Universidad Antonio Narino, Bogota, Colombia
164Department of Physics and Astronomy, University of California Irvine, Irvine, California, USA

165aINFN Gruppo Collegato di Udine, Italy
165bICTP, Trieste, Italy

165cDipartimento di Chimica, Fisica e Ambiente, Università di Udine, Udine, Italy
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