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Figure 1. Illustration of a pp → χ̃+
1 χ̃

−
1 + jet event, with long-lived charginos. Particles produced

in pile-up pp interactions are not shown. The χ̃+
1 decays into a low-momentum pion and a χ̃0

1 after
leaving hits in the four pixel layers (indicated by red makers).

relative to the disappearing-track signature. The disappearing-track signature provides the

most sensitive search to date for SUSY models with charginos with O(ns) lifetimes.

Previous searches for a disappearing-track signature were performed by the ATLAS [19]

and CMS [20] collaborations using the full dataset of the LHC pp run at a centre-of-

mass energy of
√
s = 8TeV. These searches excluded chargino masses below 270GeV

and 260GeV respectively, with a chargino proper lifetime (τχ̃±
1
) of 0.2 ns. In the previous

ATLAS analysis, a special tracking algorithm was used to reconstruct short tracks, and

the search was sensitive to charginos decaying at radii larger than about 30 cm. A crucial

improvement in the analysis described here is the use of even shorter tracks, called tracklets,

which allows the reconstruction of charginos decaying at radii from about 12 cm to 30 cm.

The use of these tracklets is possible thanks to the new innermost tracking layer [21, 63]

installed during the LHC long shutdown between Run 1 and Run 2. The use of shorter

tracklets significantly extends the sensitivity to smaller chargino lifetimes.

This paper is organised as follows. A brief overview of the ATLAS detector is given

in section 2. In section 3, the signal processes and backgrounds are described and an

overview of the analysis method is given. The data samples used in this analysis and the

simulation model of the signal processes are described in section 4. The reconstruction

algorithms and event selection are presented in section 5. The analysis method is discussed

in section 6. The systematic uncertainties are described in section 7. The results are

presented in section 8. Section 9 is devoted to conclusions.

2 ATLAS detector

ATLAS [22] is a multipurpose detector with a forward-backward symmetric cylindrical ge-

ometry, covering nearly the entire solid angle around an interaction point of the LHC.2

2ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the

centre of the detector. The positive x-axis is defined by the direction from the interaction point to the centre

of the LHC ring, with the positive y-axis pointing upwards, while the beam direction defines the z-axis.

Cylindrical coordinates (r,φ) are used in the transverse plane, φ being the azimuthal angle around the
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Figure 6: The lifetime of charged wino evaluated by using δm at the one-loop (green

band) and two-loop (red band). We neglected the next-to-leading order corrections

to the lifetime of the charged wino estimated in terms of the pion decay rate, which

is expected to be a few percent correction. The black chain line is the upper limit

on the lifetime for a given chargino mass by the ATLAS collaboration at 95%CL

(
√
s = 7 TeV, L = 4.7 fb−1) [28]. The blue line shows the constraints which are

given by the LEP2 constraints [30]–[33].
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6 Analysis method215

The main SM background processes to the two analysis channels are tt, W+jets (with W ! e⌫, ⌧⌫),216

where the electrons or the hadrons, usually pions, from the ⌧ and top quark decays are reconstructed as a217

disappearing tracklet. A tracklet of a hadron or a lepton can be classified as disappearing if the particle218

interacts with the detector material and the hits in the tracking detectors other than pixel are not associated219

to the reconstructed tracklet, or the particle passes through inactive regions in the SCT. Another type220

of background arises from mismeasured tracklets due to wrong combinations of hits from two or more221

particles.222

The analysis method is to search for an excess of observed events in the region with high tracklet pT and223

large Emiss
T . The final yields are extracted by simultaneously fitting pT templates for the signal and for three224

di�erent background components to the full pT range of the signal region. The procedure is validated in225

a low-Emiss
T region. To suppress the mismeasured background, the event samples in the high-Emiss

T signal226

region are required to have Emiss
T larger than 140 (150) GeV for the electroweak (strong) channel and227

|d0 |/�(d0) of the tracklet must be smaller than 2. The low-Emiss
T region is defined by applying the same228

|d0 |/�(d0) requirement as above but requiring 90 GeV< Emiss
T < 140 GeV (100 GeV< Emiss

T < 150 GeV)229

for the electroweak (strong) channel. The low-Emiss
T region is used to validate the background spectrum230

and to constrain the number of mismeasured events in the high-Emiss
T region. The signal contamination in231

the low-Emiss
T region is at the level of 3%. To test the data for the signal hypothesis, an unbinned likelihood232

fit is performed in the pT distribution of the disappearing tracklets. The extended likelihood function has233

signal and three background components, corresponding to the sum of hadrons and electrons, muons,234

and mismeasured tracklets. The hadron and electron components are combined together. Systematic235

uncertainties are included in the likelihood analysis as nuisance parameters with a gaussian probability236

density function. The profile-likelihood ratio [55] is used as the test statistic.237

7 Estimate of the pT spectrum of signal and background tracklets238

The pT spectrum of hadrons and leptons interacting with the ID material are constructed by smearing239

those of tracks associated to non-interacting hadrons and leptons. The smearing function is extracted240

from Z ! µµ events by re-running track reconstruction on the pixel hits belonging to the standard tracks241

associated to the muons. Z ! µµ events are selected by requiring two opposite sign muons, whose242

di�erence in azimuthal angle is larger than 1.5, and with an invariant mass between 81 GeVand 101 GeV.243

The q/pT resolution of tracklets is calculated from the measured distribution of di�erence between the244

q/pT of the obtained pixel tracklet and that of the original standard track, and it is shown in figure 3 (a).245

The q/pT resolution is modelled by the following formula:246

f (z) =

8>>>><>>>>:

exp(↵(z + ↵/2)) (z < �↵)
exp(�z2/2) (�↵ < z < ↵)
exp(�↵(z � ↵/2)) (z > ↵),

z =
�q/pT � m
�

,

where m,� and ↵ are function parameters representing the mean, the resolution of the core part and the247

slope of the tail part. The smearing procedure is validated by comparing a pT spectrum derived from248

6th March 2017 – 13:20 10

�.�B�J�O���4�.���C�B�D�L�H�S�P�V�O�E���Q�S�P�D�F�T�T�F�T������

�)�B�E�S�P�O �-�F�Q�U�P�O �'�B�L�F

�*�O���U�I�F���Q�V�S�F���X�J�O�P���-�4�1���T�D�F�O�B�S�J�P

1 Introduction

Supersymmetry (SUSY) models, including the Minimal Supersymmetric extension of the Standard Model
(MSSM) [1–6], predict superpartners of the Standard Model (SM) particles that di�er from their SM
partners by a half unit of spin. In R-parity conserving SUSY models [7], the lightest supersymmetric
particle (LSP) must be stable, and can be a good candidate of the dark matter. SUSY particles are
pair produced in R-parity conserving models. R-parity conservation is an assumption through this note.
Supersymmetric partners of the electroweak gauge bosons and the Higgs bosons, collectively referred
to as electroweakinos, have weak eigenstates (bino, winos, higgsinos) that mix to form neutral mass
eigenstates called neutralinos and charged mass eigenstates called charginos. When the lightest neutralino
is the LSP, and it is an almost pure-wino or higgsino state, the mass-splitting between the LSP and the
lightest chargino, ! m( �̃±1 , �̃

0
1), is predicted to be of order 100 MeV, and the lightest chargino becomes

long-lived. The lifetime of the chargino in the pure-wino (pure-higgsino) LSP scenarios is expected to
be approximately 0.2 (0.05) ns, such that the chargino may reach the detector before decaying. In such
scenarios, the chargino decays with approximately 95% branching ratio (B) into the LSP and a soft pion,
where the pion has a typical transverse momentum (pT) of ⇠300 MeV. Since the LSPs escape detection
and the pion from the chargino decay has too low momentum to be observed, such events can be identified
experimentally from the distinctive ‘disappearing’ chargino track(s). The search [8] for a disappearing-
track signature using

p
s = 13 TeV pp-collision data collected in 2015 and 2016 was performed by the

ATLAS collaboration setting a limit on the chargino mass of 460 GeV for the pure-wino LSP scenario. In
this note, we present a reinterpretation of the search for the pure-higgsino LSP scenario.

2 Signal model

‘Natural’ models of SUSY [9–11] suggest a light higgsino LSP. In such scenarios, a typical ! m( �̃±1 , �̃
0
1)

varies from a few hundred MeV to several tens of GeV depending mainly on the mass scales for the weak
SUSY eigenstates. A mass-splitting of a few GeV may be probed by dedicated searches [12] requiring
low-momentum leptons (soft-leptons), typically pT ⇠ 4–5 GeV, that arise from highly o�-shell W/Z
bosons. However, probing a mass-splitting of a few hundred MeV is di�cult for soft-lepton searches.
Furthermore, the chargino becomes rather long-lived in this regime. The disappearing track search, which
was originally designed for the long-lived wino LSP scenario with a few hundred MeV mass-splitting, is
sensitive to the higgsino with a few hundred MeV mass-splitting and is complementary to the soft-lepton
seaches.

2.1 Pure-higgsino phenomenology

In the limit of the pure higgsino �̃0
1, namely the decoupling limit of the masses of gauginos, the mass-

splitting is derived by the electroweak-loop contribution. The mass-splitting of ! m( �̃0
2, �̃

0
1) vanishes, but

a non-zero mass-splitting of ! m( �̃±1 , �̃
0
1) remains due to radiative corrections [13]. For a higgsino mass

parameter (µ) greater than 1 TeV, the mass-splitting is approximately 355 MeV, and it gets smaller as µ
decreases. The mass-splitting is, for example, 257 MeV at µ =100 GeV. The lifetime of the chargino (c⌧)
is almost uniquely determined by the mass-splitting [14]:

2

Table 1: Number of observed events and predicted background events, together with the yield of expected signal
for a benchmark point (m�̃±1

, ⌧�̃±1 ) = (160 GeV, 0.05 ns) in the signal region with a requirement of pixel-tracklet
pT > 100 GeV. The observed and expected background yields, but not the signal yield, are taken from Ref. [8].
For a comparison, the number of expected signal events for the pure wino LSP model with (m�̃±1

, ⌧�̃±1 ) = (400 GeV,
0.2 ns) is also shown.

Number of observed events
9

Number of expected events
Hadron+electron background 6.1 ± 0.6
Muon background 0.15 ± 0.09
Fake background 5.5 ± 3.3
Total background 11.8 ± 3.1
Number of expected signal events
for the higgsino LSP model with (m !̃ ±1

, ⌧ !̃ ±1
) = (160 GeV, 0.05 ns)

10.3 ± 2.1
Number of expected signal events
for the wino LSP model with (m !̃ ±1

, ⌧ !̃ ±1
) = (400 GeV, 0.2 ns)
13.5 ± 2.1

A likelihood fit is performed in the pixel-tracklet pT distribution to determine yields of backgrounds
using the following data-driven templates: the sum of hadrons and electrons, muons, and fake tracklets,
following the procedure as described in Ref. [8]. The hadron and electron components are combined as the
shapes of their pT spectra are similar. For the exclusion limit, the signal templates for the pure-higgsino
LSP model are also constructed for each chargino mass and lifetime, by smearing the generator-level pT
distribution of charginos with the measured q/pT resolution, where q is the electric charge.

5 Results

Table 1 shows the number of observed events and the predicted number of SM background events in the
signal region with a requirement of the pixel-tracklet pT > 100 GeV to enhance signal events from the fit.
The number of observed events and the expected background event yields are taken from Ref. [8]. No
data excess is found in the signal region.

As no excess is observed, exclusion limits are set based on profile-likelihood fits for the higgsino pair
production models by following the CLs prescription [30]. Figure 1 shows the model-dependent exclusion
limits in the (m�̃±1

, ⌧�̃±1 ) and (m�̃±1
� m�̃0

1
,m�̃±1

) planes, where ⌧�̃±1 is the lifetime of the chargino. When

the lifetime of the chargino is translated to the mass-splitting �m( �̃±1 , �̃
0
1) and vice versa, the full decay

width of the chargino is properly considered including the leptonic decay modes. Chargino masses up to
152 GeV are excluded in the pure higgsino LSP model at 95% confidence level (CL).
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Figure 1: Expected (black dashed) and observed (red solid) 95% CL exclusion limit in the plane of (a) the chargino
mass and its lifetime, and (b) the chargino mass and the mass-splitting between the chargino and the LSP. The
pink-coloured region is excluded. The yellow band shows the 1� region of the expected limit. The grey region is
a limit obtained by the LEP [31]. The black dot-dashed curve crossing over the exclusion line shows a theoretical
prediction in the pure-higgsino scenario.

6 Conclusion

The reinterpretation of the disappearing track search previously established for the long-lived wino LSP
was performed targeting the pure-higgsino signature. The search is based on pp collision data collected
by the ATLAS experiment at the LHC in 2015 and 2016 at

!
s = 13 TeV, corresponding to an integrated

luminosity of 36.1 fb" 1. No significant excess is observed over the estimated SM backgrounds. Exclusion
limits at 95% CL are derived for direct production of higgsinos. Chargino masses up to 152 GeV are
excluded in the pure-higgsino LSP model.
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Figure 8. Exclusion limit at 95% CL obtained in the electroweak production channel in terms
of the chargino lifetime (τχ̃±

1
) and mass (mχ̃±

1
). The yellow band shows the 1σ region of the

distribution of the expected limits. The median of the expected limits is shown by a dashed line.
The red line shows the observed limit and the orange dotted lines around it show the impact on
the observed limit of the variation of the nominal signal cross-section by ±1σ of its theoretical
uncertainties. Results are compared with the observed limits obtained by the previous ATLAS
search with disappearing tracks and tracklets [19] and an example of the limit obtained at LEP2
by the ALEPH experiment [60]. The chargino lifetime as a function of the chargino mass is shown
in the almost pure wino LSP scenario at the two-loop level [61].

shows the model-dependent exclusion limits in the mg̃–mχ̃±
1
plane for the strong channel.

For a chargino lifetime of 0.2 ns, gluino masses up to 1.65TeV are excluded assuming a

chargino mass of 460GeV, and chargino masses up to 1.05TeV are excluded assuming very

compressed spectra with a mass difference between the gluino and the chargino of less than

200GeV. Charginos are assumed to decay into a pion and a neutralino in the considered

models. However, the results do not depend on this decay mode since the decay products

of charginos cannot be detected due to their low momentum.

The effects of systematic uncertainties are estimated using the exclusion significance,

which is defined as the number of standard deviations corresponding to the signal confidence

CLs. Relative changes in the exclusion significance, when nuisance parameters are shifted
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Region Emiss
T condition Track condition

Control regions

Electron e-subtracted Emiss
T well-identified electron

Muon µ-subtracted Emiss
T well-identified muon

Hadron standard Emiss
T inner detector track

Fake-tracklet standard Emiss
T pixel-tracklet with |d0/�d0 | > 10

Low-Emiss

T
control region

Low-Emiss
T standard Emiss

T pixel-tracklet

Middle-Emiss

T
validation regions

Low pT standard Emiss
T pixel-tracklet with pT < 60 GeV

Calorimeter side-band standard Emiss
T pixel-tracklet with 5 GeV< Eclus

T < 10 GeV

Table 3: A summary of control and validation regions definitions. The track condition corresponds to the modified
selection on the pixel-tracklet, or tracks used as a proxy to the pixel-tracklet to estimate background processes. The
table shows the treatment of the Emiss

T for the lepton scattering backgrounds. The electron, muon and hadron control
regions are defined for each of the low, middle and high Emiss

T selections as described in the text.

the pixel-tracklet to have 5 GeV< Etopocluster
T < 10 GeV. The signal contamination is less than 10% of the316

background yield in all control and validation regions.317

A summary of the control and validation regions is shown in Table 3.318

6.2 Charged-particle background templates319

Backgrounds arising from charged particles are estimated using a fully data-driven method. Transfer factors320

are derived using a Z ! `` tag-and-probe method. In this method, a good quality tag electron or muon321

with pT >30 GeV that is matched to any of the single lepton triggers described in Section 3 is selected for322

analysis. Probe leptons are identified via either a calorimeter cluster, a muon track reconstructed in the MS323

detector only, or a high quality inner detector track, depending on the measurement as described below.324

The resulting transfer factors assess the probability that a lepton is mis-identified as a pixel tracklet and325

fulfils the full set of pixel tracklet selection criteria, and are used to scale the events in the electron or muon326

control regions defined in Table 3 to obtain an estimate for the number of events from charged particle327

scattering in the signal regions.328

All probe leptons are required to have pT >10 GeV and |⌘ | < 2.5. In order to select events originating from329

Z ! `±`⌥ decays, the probe lepton is required to have opposite charge to the tag-lepton, and the invariant330

mass of the tag-and-probe pair is required to have 81 GeV< mtag,probe < 101 GeV. Backgrounds to this331

measurement are estimated by subtracting same-sign tag-probe pairs from the opposite-sign selection.332

The templates for the shape of electron scattering backgrounds are estimated by multiplying the number of333

events in the single-electron control region with a set of transfer factors. The electron transfer factors are334
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The lepton control sample for electrons (muons) is obtained by applying the same kinematic requirements266

as for the signal, but requiring the presence of exactly one electron (muon) with an associated isolated267

track with pT > 16 (10) GeV.268

The transfer factor is extracted with a tag-and-probe method using Z ! `` events in data, selected by269

using a single lepton trigger. A fully identified lepton is used as tag, while the probe lepton is identified by270

very loose track and calorimeter (in the case of electrons) selections, and by requiring that the tag-probe271

pair has an invariant mass within 10 GeV of the Z boson.272

Tag electrons are required to fully satisfy electron identification criteria, and are required to have pT >273

30 GeV. Probe electrons are identified as calorimeter clusters with an associated track satisfying the same274

quality, isolated high pT and geometrical acceptance requirements described in Section 5. The transfer275

factor is extracted as a function of pT and ⌘ as the ratio of number of probe electrons satisfying the full276

disappearing tracklets selection to that satisfying the full electron selection.277

The transfer factor for muons consists of two components: the probability of a muon ID track to be278

classified as disappearing and the probability of a muon ID track not to have associated MS tracks. The279

first component of the muon transfer factor is estimated with a method similar to the one used for the280

electron transfer factor. The same selections are applied for the tag and probe muons replacing the electron281

identification criteria with those for the muon. The second component is extracted with a similar tag and282

probe method, where tracks with more than 15 TRT hits are used as a probe, and the presence of a283

matching MS track is checked. The transfer factor is measured as a function of pT, ⌘ and � to fully take284

into account the detector geometry.285

Tracklets with mismeasured pT: Mismeasured tracklets are tracklets likely to be seeded from a wrong286

combination of space-points or a wrong extension of pixel-seeded tracklets. The d0 distribution of287

mismeasured tracklets is broad, whereas the high-pT chargino tracklets have a good pointing resolution288

and have values of d0 clustering around zero. The mismeasured control region is defined by requiring a289

|d0 |/�(d0) > 10, and without a Emiss
T requirement. This region is dominated by mismeasured tracklets.290

The pT spectrum of mismeasured tracklets is modelled with the following functional form:291

f (pT) = exp
⇣
�p0 · log(pT) � p1 · (log(pT))2

⌘
, (1)

where p0 and p1 are fit parameters. The pT shape is confirmed to be independent of Emiss
T by comparing292

it in three Emiss
T regions: Emiss

T < 90 GeV, 90 GeV  Emiss
T < 140 GeV and Emiss

T � 140 GeV. A293

slight dependence of the fit parameters on |d0 |/�(d0) is observed by comparing them in three regions:294

10  |d0 |/�(d0) < 20, 20  |d0 |/�(d0) < 30 and 30  |d0 |/�(d0) < 100. The size of the possible295

dependence on |d0 |/�(d0) is added to the uncertainty of the pT template shape.296

Chargino: The signal pT spectrum is estimated by smearing the truth pT distribution of charginos from297

the signal simulation. The parameters of the smearing function for the signal are computed from the298

parameters for muons in data and the di�erence of the parameters for charginos and muons in simulation.299

The Emiss
T trigger e�ciency, which is applied to the simulated signal samples, is measured as a function300

of the o�ine Emiss
T using a data control sample consisting of events selected by the muon triggers and an301

o�ine selection for extracting nearly pure W ! µ⌫ events. For Emiss
T > 200 GeV, the trigger e�ciency302

is almost 100%. The trigger e�ciency for the signal is about 20% depending on the assumed SUSY303

particle masses in EW production. For the strong production, the trigger e�ciency is over 90% when304
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The number of events in the validation regions is shown in Table 7. Good agreement is observed between519

data and background predictions in all validation regions. No significant excess above the background520

predictions is observed in the high-Emiss
T signal regions as shown in Table 8. The probability of a521

background-only experiment being more signal-like than observed (p0), its equivalent formulation in522

terms of the number of standard deviations (Z), and the upper limit on the model-independent visible523

cross-section at 95% CL using the CLs technique [55] are also shown in Table 8.524

Electroweak channel Strong channel

Middle-Emiss
T VR

Calo side-band Low pT Calo side-band Low pT
pT > 60 GeV pT < 60 GeV pT > 60 GeV pT < 60 GeV

Fake 4.3 ± 2.2 5.5 ± 1.5 3.2 ± 1.5 3.5 ± 1.0
Hadron 1.0 ± 0.8 23 ± 6 0.36 ± 0.23 13 ± 4
Electron 0.8 ± 0.5 1.2 ± 1.3 0.29 ± 0.20 0.5 ± 0.5
Muon 0.023 ± 0.007 0.25 ± 0.06 0.012 ± 0.004 0.129 ± 0.032

Total Expected 6.1 ± 1.9 29 ± 5 3.8 ± 1.5 17 ± 4

Observed 5 30 3 18

Table 7: Expected and observed number of events and corresponding background predictions in the validation regions.
The uncertainty on the total background prediction is di�erent than the quadratic sum of the individual components
due to anti-correlation of fit parameters between the backgrounds.

Electroweak channel Strong channel

High-Emiss
T SR

Fake 2.6 ± 0.8 0.77 ± 0.33
Hadron 0.26 ± 0.13 0.024 ± 0.031
Electron 0.021 ± 0.023 0.004 ± 0.004
Muon 0.17 ± 0.06 0.049 ± 0.018

Total Expected 3.0 ± 0.7 0.84 ± 0.33

Observed 3 1

p0 (Z) 0.5 (0) 0.38 (0.30)
Observed �vis95% [fb] 0.037 0.028
Expected �vis95% [fb] 0.038 +0.014

�0.009 0.024 +0.009
�0.003

Table 8: Expected and observed number of events and corresponding background predictions in the signal regions
with transverse momenta above 60 GeV. The uncertainty on the total background prediction is di�erent than the
quadratic sum of the individual components due to anti-correlation of fit parameters between the backgrounds.

Model-dependent exclusion limits at 95% confidence level (CL) are placed on the various signal models.525

The likelihood function is expanded to contain both signal and background components. The signal526

normalization is the parameter of interest and is unconstrained in the fit. For the electroweak production of527

pure winos or pure higgsinos, the exclusion limits are shown as a function of the chargino lifetime and528

mass. In the case of pure winos, chargino masses are excluded up to 660 GeV as shown in Figure 7, in529
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Table 8: Expected and observed number of events and corresponding background predictions in the signal regions
with transverse momenta above 60 GeV. The uncertainty on the total background prediction is di�erent than the
quadratic sum of the individual components due to anti-correlation of fit parameters between the backgrounds.

Model-dependent exclusion limits at 95% confidence level (CL) are placed on the various signal models.525

The likelihood function is expanded to contain both signal and background components. The signal526

normalization is the parameter of interest and is unconstrained in the fit. For the electroweak production of527

pure winos or pure higgsinos, the exclusion limits are shown as a function of the chargino lifetime and528
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