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-> disappearing track
leave hits ETmiss Undetectable

If the LSP is wino, the masses of the lightest chargino and neutralino 
are highly degenerate and chargino can have a long lifetime.  
In the ATLAS pMSSM scan [JHEP 10 (2015) 134], about 70% of the wino-
LSP models have a charged wino lifetime in between 0.15 ns and 0.25 
ns, most of the other models have a larger mass splitting (shorter 
lifetime) due to a non-decoupled higgsino mass.

Introduction & Physics Motivation

2

Chargino mass and lifetime
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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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Signal Topology
“Electroweak Production”
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“Strong Production”

large ETmiss + single jet + 
disappearing track

large ETmiss + multi-jets + 
disappearing track

Initial State Radiation(ISR) 
Jet for trigger

• Independent of gluino mass 
- Sensitive even if gluino is heavy 

• ISR is required to boost the system

• High trigger efficiency due to large ETmiss 
• Searchable for wider chargino mass range 
• Low background
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Lifetime VS Decay Radius 
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ATLAS 内部飛跡検出器 

ATLAS 標準 Tracking : 主に SCT2 層目以上を通過するトラックを再構成 
 -> 寿命の短い飛跡を再構成することができない 

low-cτ 領域に感度を得るためには，短飛跡に対する飛跡再構成能が鍵となる． 

Improvement from Run1 Analysis
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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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FIG. 6 (color online). The constraint on the allowed #~$!
1
#

m~$!
1

space for tan! ¼ 5 and "> 0. The black 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 surround-
ing 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. 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].

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

112006-8

PoS(EPS-HEP2015)261

Layout of Inner Detector (ID)

Phys. Rev. D 88 112006 (2013)

We focused on shorter lifetime 
region in this time.

Requirements for disappearing track 
candidates : 
Run1 : 3 pixel + 1 SCT layers  
-> track length (L) ~ 30cm 
Run2 : 4 pixel layers (L ~ 12cm) 
- thanks to the new inner most layer (IBL)

Run1 Result
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Reconstruction efficiency is improved 
significantly for 12cm < R < 30cm region 
by using pixel tracklets.

Reconstruction efficiency

Pixel tracklets have a bad pT resolution 
due to short lever arm, but pointing 
resolution is good enough for this search

Charge (q) over pT resoluation Transverse impact parameter (d0) resolution
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Selection Criteria
Selection for disappearing track candidates 
(1)  Isolated highest pT selection :  
• pT > 20 GeV 
• ∆R > 0.4 for any Jets (pT > 50 GeV) 
• ∆R > 0.4 for any muon spectrometer 
track (pT > 10 GeV) 

• pTcone40/pT < 0.04 
(2)  Quality selection : 
• # of pixel layers = 4 
• |d0|/σ(d0) < 2.0 
• |z0 sinθ| < 0.5 mm 
• χ2-probability of the track fit > 10% 

(3)  Geometrical acceptance : 
• 0.1 < |η| < 1.9 

(4)  Disappearing condition : 
• # of SCT hits = 0

6

Common 
• 2015 - 2016 dataset (36.1 fb-1) 
• Lowest unprescaled ETmiss trigger 
• Lepton veto

“Electroweak Production” 
• leading Jet pT > 140 GeV 
• ETmiss > 140 GeV 
• ∆φmin (Jet1,2,3,4, ETmiss) > 1.0

“Strong Production” 
• leading Jet pT > 100 GeV 
• 2nd Jet pT > 50 GeV 
• 3rd Jet pT > 50 GeV 
• ETmiss > 150 GeV 
• ∆φmin (Jet1,2,3,4, ETmiss) > 0.4

σ(d0) : d0 uncertainty
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Background Components

7

Main SM background processes : 

DRAFT

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 E

miss
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 E

miss
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< E

miss
T < 140 GeV (100 GeV< E

miss
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(�z

2/2) (�↵ < 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

Categorization of background components

Background is strongly affected by detector conditions. 
So data-driven background estimation is very important.

Hadron Lepton Fake
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Analysis Method

8

Unbinned likelihood fit on the pT distribution of pixel tracklets to 
search for an excess at high pT region. 
pT templates : 
Hadron and lepton background template 
Obtain pT spectrum of standard tracks in dedicated control regions. 
Smear it to estimate pT spectrum of pixel tracklets. 
-> need to prepare smearing function 

Fake background template 
Obtain pT spectrum from a control region with large impact parameters 

Signal template 
Truth level pT in simulation is convolved with a smearing function 
Trigger efficiency curve measured in data is applied

Trut

Validate the analysis and constrain the fake background yield in low-
ETmiss validation region.
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• Smearing function is obtained from data. 
- Select Z->µµ events (require identified 
muons and kinematic selection) 

- Re-track muons with using only pixel hits 
- Compare their pT to standard track pT

9

Closure test

Smearing function

• Dependence on pT, η is negligible. 
• Dependence of the resolution on the particle 
mass is included as systematic uncertainty.

• It was confirmed by closure test that pT 
spectrum of pixel tracklets can be 
reproduced by smearing pT spectrum of 
standard tracks.
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Hadron control region 
The same kinematic selection as in the signal region with additional 
requirements to select a sample enriched in hadrons :  
- # of TRT hits ≥ 15 
- # of SCT hits ≥ 6 
- ETcone20 > 3 GeV 
- ETclus40/pT > 0.5
ETcone20 : transverse calorimeter energy 
deposit in ∆R < 0.2 
ETclus40 : sum of cluster energies in ∆R < 0.4

Comparison of pT shape between 
scattered/non-scattered pion 

The pT spectrum of scattered/non-
scattered hadrons are confirmed to be 
same in simulation.

Then smear pT spectrum by using 
smearing function.
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Lepton Background
1. Obtain pT spectrum in lepton control samples. 
- almost same selection as signal region except for requirement of 
one lepton instead of disappearing track 

2. Apply transfer factor, which is the probability for a lepton to pass 
the disappearing track selection 

3. Smear pT spectrum by using smearing function.

11

Transfer factor calculation with a tag-and-probe method (Z -> ll)
Tag : well identified electron 
Probe : e.g. EM calorimeter

(Probability of electron track is identified 
as disappearing) = 
(# of calorimeter cluster with associated  
disappearing tracks)/(# of calorimeter 
cluster with associated any tracks)
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Fake Tracks
Mainly come from a wrong combination of space-points. 
These tracks have a large impact parameter, whereas signal chargino 
tracklets have values of d0 clustering around zero. 
Obtain pT spectrum of fake tracklets and fit with following function : 

12

DRAFT

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 E

miss
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 E

miss
T by comparing292

it in three E

miss
T regions: E

miss
T < 90 GeV, 90 GeV  E

miss
T < 140 GeV and E

miss
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 E

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

of the o�ine E

miss
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 E

miss
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

6th March 2017 – 13:20 12

Fake tracks selection 
• |d0|/σ(d0) > 10 
• without ETmiss requirement

pT shape is independent of ETmiss. 
Small dependence of impact parameter 
cut is added to the uncertainty of the 
pT template shape.
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Systematic Uncertainty

13

Dominant systematic uncertainties

Uncertainty of tracklet efficiency is considering differences of track 
reconstruction efficiency between MC and data.
Calculation of tracklet reconstruction efficiency 
- Select Z->µµ events (require identified muons and kinematic selection) 
- Re-track muons with using only pixel hits 
- Apply same quality selection as signal region 
- Calculate tracklet efficiency with respect to standard track

Electroweak channel Strong channel

Statistics in simulation

6.6 6.5

ISR/FSR

7.6 0.2

Jet energy scale and resolution

2.0 0.7

Trigger e�ciency

0.2 0.0

Pile-up modelling

11.0 4.5

Tracklet e�ciency

6.9

Luminosity

3.2

Sub-total

16.6 11.3

Cross-section

6.4 28.1

Total

17.8 30.2
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Fitting Results (“Electroweak channel”)

14

low-ETmiss region high-ETmiss region

No excess is found
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Winos with a mass up to 
430 GeV are excluded at 
95% C.L. for 

DRAFT

9 Results331

The fitted pT spectra are shown in figure 4. The fit results for the background yields in the hadron+electron,332

muon and mismeasured components in the high-Emiss
T region for the electroweak (strong) channel search333

are: 139.0±13.8, 0.4±0.0 and 11.9±7.6 (31.9±5.7, 0.1±0.0 and 0.0±4.6), respectively. Table 2 lists the334

observed events together with the predicted background and signal yields in the high-Emiss
T region with a335

tracklet pT > 100 GeV requirement, the compatibility level with the background-only hypothesis (CLb)336

and the model independent upper limit on the signal cross section. The confidence levels are computed337

based on the asymptotic formula [55] and following the CLs prescription [56]. The observed data are338

consistent with the background expectations.339

(high-Emiss
T , pT > 100 GeV) Electroweak channel Strong channel

Observed events 9 2

Expected background 11.5 ± 3.1 2.3 ± 0.5

Signal 10.4 ± 1.7 4.1 ± 0.5

CLb 0.403 0.647

Observed �95%
vis [fb] 0.24 0.12

Expected �95%
vis [fb] 0.30+0.13

�0.14 0.11+1.53
�0.04

Table 2: Observed events, background predictions, and expected signal yields for two benchmark models: elec-
troweak channel with (m�̃±1

, ⌧�̃±1 ) =(400 GeV, 0.2 nsec) and strong channel with (mg̃, m�̃±1
, ⌧�̃±1 ) =(1600 GeV,

500 GeV, 0.2 nsec) in the high-Emiss
T region. Also shown are the CLb and the model-independent upper limit on the

visible cross section (�95%
vis ) at 95% CL.

As no excess is found, exclusion limits are computed on the signal strength. Figure 5 shows the exclusion340

limits in the m�̃±1
�⌧�̃±1 plane for the electroweak channel, where ⌧�̃±1 is the lifetime of the chargino. A large341

region is excluded by this analysis while the 8 TeV result [16] has higher sensitivity for long lifetimes due342

to the use of longer tracklets. For ⌧�̃±1 ⇠ 0.2 ns, which corresponds to �m�̃1 ⇠ 160 MeV in the minimal343

AMSB model, winos with a mass up to 430 GeV are excluded at 95% CL. Figure 6 shows the exclusion344

limits in the mg̃ � m�̃±1
plane for the strong channel. For a chargino lifetime of 0.2 ns, gluino masses up345

to 1.6 TeV are excluded assuming a chargino mass of 430 GeV, and chargino masses up to 1.15 TeV are346

excluded assuming very compressed spectra with a mass di�erence between the gluino and the chargino347

of less than 200 GeV.348
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Pixel tracklets lead to significant 
improvement of sensitivity for the 
important region of small lifetimes 
(~ 0.2ns) w.r.t. Run1.
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low-ETmiss region high-ETmiss region

No excess is found
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Exclusion Limit (“Strong channel”)
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Chargino masses up to 1.05 TeV are 
excluded for compressed spectra with mass 
difference between gluino and chargino of 
200 GeV for a chargino lifetime of 0.2 ns, 
and 1.4 TeV for 1.0 ns.
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Tables 5 and 6.793

The model-dependent fits in all the SRs are then used to set limits on specific classes of SUSY models.794

Two searches presented in this document are combined such that the final combined observed and expec-795

ted 95% CL exclusion limits are obtained from the signal regions with the best expected CLs value.796

In Figure 13, limits are shown for two classes of simplified models in which only direct production797

of light-flavour mass-degenerate squark or gluino pairs are considered. Limits are obtained by using798

the signal region with the best expected sensitivity at each point. In these simplified model scenarios,799

the upper limit of the excluded light-flavour squark mass region is 1.59 TeV assuming massless �̃0
1, as800

obtained from the signal region RJR-S4. The corresponding limit on the gluino mass is 2.05 TeV, if801

the �̃0
1 is massless, as obtained from the signal region Me↵-4j-3000. The best sensitivity in the region802

of parameter space where the mass di↵erence between the squark (gluino) and the lightest neutralino is803

small, is obtained from the dedicated RJR-C signal regions. In these regions with very compressed spectra804

and where mass di↵erence < 50 GeV, squark (gluino) masses up to 650 GeV (1 TeV) are excluded.805
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Figure 13: Exclusion limits for direct production of (a) light-flavour squark pairs with decoupled gluinos and (b)
gluino pairs with decoupled squarks. Gluinos (light-flavour squarks) are required to decay to two quarks (one quark)
and a neutralino LSP. Exclusion limits are obtained by using the signal region with the best expected sensitivity at
each point. Expected limits from the Me↵- and RJR-based searches separately are also shown for comparison. The
blue dashed lines show the expected limits at 95% CL, with the light (yellow) bands indicating the 1� excursions
due to experimental and background-only theoretical uncertainties. Observed limits are indicated by medium dark
(maroon) curves where the solid contour represents the nominal limit, and the dotted lines are obtained by varying
the signal cross-section by the renormalization and factorization scale and PDF uncertainties. Results are compared
with the observed limits obtained by the previous ATLAS searches with no leptons, jets and missing transverse
momentum [11].

In Figure 14, limits are shown for pair-produced light-flavour squarks or gluinos each decaying via an806

intermediate �̃±1 to a quark (for squarks) or two quarks (for gluinos), a W boson and a �̃0
1. Two sets of807

models of mass spectra are considered for each production. One is with a fixed m�̃±1 = (mq̃ + m�̃0
1
)/2 (or808

(mg̃ +m�̃0
1
)/2), the other is with a fixed m�̃0

1
= 60 GeV. In the former models with squark-pair production,809

mq̃ up to 1.15 TeV are excluded for a massless �̃0
1, and mg̃ up to 2.05 TeV with gluino-pair production.810

These limits are obtained from the signal region RJR-G2b and Me↵-6j-2600, respectively. In the regions811

with very compressed spectra with mass di↵erence between gluino (or squark) and �̃0
1 is less than 50 GeV,812
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• Wino search with disappearing track signature was performed 
based on 36.1 fb-1 of pp collisions collected at       = 13 TeV by the 
ATLAS experiment at the LHC. 

• Pixel tracklets lead to significant improvement of sensitivity for the 
important region of small lifetimes (~ 0.2ns) w.r.t. Run1.  

• Results are found to be consistent with SM predictions. 
• For a chargino lifetime of 0.2 ns, chargino masses up to 430 GeV 
are excluded from electroweak channel, and 1.05 TeV are excluded 
for compressed spectra with mass difference between gluino and 
chargino of 200 GeV from strong channel.
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the LHC. The use of short track segments reconstructed from the innermost tracking layers
significantly improves the sensitivity to small chargino lifetimes. The results are found to be
consistent with the Standard Model predictions. Exclusion limits are set at 95% confidence
level on the mass of charginos and gluinos for different chargino lifetimes. For a pure wino
with a lifetime of about 0.2 ns the exclusion limit reaches chargino masses up to 430 GeV.
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