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ATLAS Overview
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LHC (Large Hadron Collider)

3

ジュネーブ近郊にある陽子-陽子衝突型円形加速器．  
高エネルギー衝突によって重い既知•未知の粒子を作り出す．
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ATLAS 実験・CMS 実験 
LHC によって作られた重い粒子の 
崩壊物を検出し元の粒子を辿ることで， 
標準模型の精密測定や新粒子発見を目指す．

既知 
粒子

未知 
粒子

既知 
粒子

未知 
粒子

？

加速器実験による新粒子探索
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ATLAS 検出器
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ATLAS 検出器 (全体像)

陽子

陽子

Figure 13: The coordinate system of the ATLAS

3.2.2 Magnet System254

The ATLAS magnet system consists of four large superconducting magnets: central solenoid, barrel255

toroid, and two end-cap toroids. Figure 14 shows the layout of the magnet system. The central solenoid256

covers the inner detector and provides a uniform 2 T magnetic field for momentum measurement. Figure257

15 shows measured axial and radial magnetic fields at several radii as a function of z in the inner detector.258

The purpose of toroid magnets is to determine muon momentum with high precision. The barrel toroid259

covers |⌘ | < 1.4 and the end-cap toroids cover 1.6 < |⌘ | < 2.7. The region in 1.4 < |⌘ | < 1.6 is260

the transition region and a�ected by both barrel and end-cap fields. The magnetic field of the toroid261

system is not uniform, so the bending power is characterized by the integrated magnetic field
R

B · dl.262

Figure 16 shows the predicted field integral as a function of |⌘ | between the innermost and outermost263

muon chambers. Depend on the radius and azimuth angle, the field varies from 0.15 T to 2.5 T with an264

average value of 0.5 T in the barrel region, and from 0.2 T to 3.5 T in the end-cap region.265

Figure 14: Magnet system
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detector are described in the following sub-sections. The proton-proton collisions occur in the center236

of the detector, so the ATLAS detector covers almost full ranges in solid angle. The ATLAS detector is237

forward-backward symmetric to the interaction point and composed of the barrel region and the end-cap238

region. Detectors are aligned on cylindrical around the beam axis in the barrel region, while aligned239

perpendicular to the beam axis in the end-cap region.240

Figure 12: The overview of the ATLAS detector [11]

3.2.1 Coordinate System241

Figure 13 shows the coordinate system of the ATLAS experiment. The origin of the global coordinate242

is the center of the detector. The direction of the positive x-axis is pointing towards the center of the243

LHC-ring and the positive y-axis is pointing upwards. The z-axis is along with the beam pipe, and the244

positive z-axis side is called side A and the negative z-axis side is called side C. The azimuthal angle is245

measured from the x-axis in the x-y plane. The pseudorapidity defined as ⌘ = � ln tan(✓/2), where ✓ is246

the polar angle from the positive z-axis, is used to describe the angle of a particle relative to the beam247

axis. Angular distance is defined as �R =
p

(�⌘)2 + (��)2 and used to calculate closeness between248

objects. A cylindrical coordinate system (r, �) is used in the x-y plane. Transverse momentum and249

energy are defined as pT = p sin ✓ and ET = E sin ✓, respectively. The closest point on a track is used to250

calculate the impact parameter in the transverse plane d0, in the longitudinal plane z0, and other track251

parameters. The impact parameters are often referring to the primary vertex instead of the origin. In252

this case, impact parameters are shown as dPV

0 and zPV0 in this thesis.253
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ATLAS の座標系

z = ビーム軸
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ビーム衝突点からほぼ全方位をカバーする円筒形の検出器． 

方向距離
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Jets

• Jets: a well defined object, and produced 
by the hard scatting of partons at the initial 
stage of the collision. 

• A powerful probe to study the hot and 
dense QCD matter created in high energy 
heavy ion collisions, as a “self produced 
probe”. 

• LHC:%dominantly%produced%compared%to%that%
in%RHIC.

4チュートリアル研究会「重イオン衝突の物理：基礎から最先端まで」ジェットの物理（実験）, T. Chujo 

UA2$(1982)$$$$$$$$$$$$$$$$Delphi$(1992)$$$$$$$$$$$$$$$$$$$$$$$$$CDF$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$$

ATLAS 検出器の構成と粒子識別

5

ETmiss

クォークやグルーオンは 
ジェット（粒子の束） 
として再構成する

ニュートリノや DM は 
消失横運動量 ETmiss  
として観測する．

x-y 平面 
Jet

ミューオン

カロリメータ

内部飛跡
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トリガー

陽子-陽子 衝突

6

全事象を保存するにはリソースが足りないので， 
なるべくゴミだけの事象は落とし，興味深い事象は残す選別を行う． -> トリガー 
ここで落とした事象は一生見れないので，トリガーはとても重要．

25 ns 毎に起こる 
= 40 MHz

ハードウェアベースの 
初段トリガー (L1)

カロリメータやミューオン検出器の情報を 
使ったシンプルな高速トリガー． 
40 MHz -> 100 kHz 

ソフトウェアベースの 
次段トリガー (HLT)

より高度で複雑なトリガー． 
100 kHz -> 1 kHz 

データ保存 オフライン解析
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物理解析グループ

ATLAS グループ

7

B Physics and  
Light States 

Top

Standard Model

Higgs

HDBS

SUSY
Exotics Heavy Ions

Physics Modelling

RPV and long-lived

Disappearing Track
•••

•••

•••

•••

••• •••

•••

•••

•••

↑僕の解析グループ

1つの実験の中で様々な解析が行われている．
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大雑把に加速器実験の要素

8
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LHC の運転スケジュールなど

9

LHC 
Run1 (2010 ~ 2012) 
- 5 fb-1 @7TeV + 20 fb-1 @8TeV 
- ヒッグス粒子発見 

Run2 (2015 ~ 2018) 
- 139 fb-1 @13TeV 

Run3 (2022 ~ 2025) 
- ~300 fb-1 @13.6TeV

ノーベル賞

HL-LHC (High Luminosity LHC) 
Run4, 5, ... (2029 ~ 2040)? 
- ~3000 fb-1 @14TeV?

数年毎にデータ取得→加速器•検出器の増強
•メンテナンスを繰り返している． 
現行の解析 → Run2 
近未来の話 → Run3 
将来の話 → HL-LHC

10

Figure 1.4: Pileup simulations in conditions akin to the LHC and current ID (top)
as well as HL-LHC and ITk (bottom). The detector shown in blue is an old
layout of the ITk. [7]

integrated luminosity rather than its peak instantaneous counterpart is an integral

consideration for the HL-LHC’s operational targets. Since the peak luminosity is

co-opted this mode also augments the magnitude of the high luminosity upgrade in

the context in which it usually discussed.

The HL-LHC will use state-of-the-art technology developed specifically for the

fundamentally unique challenges that it entails. A compensatory response will be

required from the detectors that sit poised to capture the resultant interactions. The

foremost of which (in interest of this thesis) is ATLAS, one of the two general purpose

detectors on the LHC’s main ring. It is seen the grander scheme of the LHC accel-

erator machine in Figure 1.1. ATLAS plays as a minor stop on the inward journey

towards the ITk Strip sensors, necessary since it is the larger detector system into

which the ITk will be installed during HL-LHC operation.

1.2 The ATLAS Detector

A Toroidal LHC ApparatuS (ATLAS) is the largest detector in particle physics. At

7000 tonnes and roughly cylindrical with approximate dimensions of 46m by 25m by

pile-up
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ICEPP シンポジウム内での ATLAS トーク

10

解析 トリガー•検出器

Run-2

Run-3

HL-LHC

秋山(消失飛跡)

加地(消失飛跡)

南(内部飛跡)

吉村(ミューオン)

青木(ミューオン)

林(ミューオン)

岡崎(ミューオン) 河本(ミューオン)

Lu(q-g識別)

Zang(カロリメータ)

古川(カロリメータ)
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My Analysis
11
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Introduction

12

階層性問題 
標準模型では higgs 質量は計算出来ない． 
一方，higgs 質量の補正項 ~O(Λ2) かつ higgs 質量 125 GeV． 
mh2 = (mhbare)2 + (Δmh)2 Λ = 1015~19 GeV

→ SUSY (supersymmetry) の導入

+
力の統一

electroweak

strong
SUSY

2 次の発散項を相殺することが可能 
+ 力の統一具合も良くなる

10.1142/9789812839657_0001
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SUSY - Neutralino Dark Matter?

13

LSP は暗黒物質候補 
(neutralino or gravitino)

LSP neutralino は 
pure-bino, pure-wino,  
pure-higgsino or mixed state?

arXiv:1507.05029

Relic Density vs Neutralino Mass

観測値 Wino DM なら質量 約 3 TeV 以下 
Higgsino DM なら質量 約 1 TeV 以下
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SUSY Search
SUSY 粒子の生成断面積

stop

gluino

electroweak

Strong SUSY 探索： 

EWK SUSY 探索： 

squark

g̃

g̃
p

p

�̃0
1

q

q

�̃0
1

q

q

�̃±
1

�̃⌥
1p

p

�̃0
1

W±

�̃0
1

W⌥

gluino 対生成 chargino 対生成

複数の高エネルギージェット + 大きな MET 
- gluino/squark 探索 ~ 2 TeV,   stop 探索 ~ 1 TeV

レプトンと MET． 
生成断面積が低い分生成量が少ない． 
特に縮退領域はハードなオブジェクトが無く探索が難しい．
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Disappearing Track

Status of the search for disappearing track 
signature towards full Run2 analysis
Toshiaki Kaji (Waseda University) on behalf of disappearing track group
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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

– 3 –

T. Kaji @ MoriondEW 201721/Mar/2017

-> 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].

14

10.1016/j.physletb.2013.03.015

⇒ disappearing track

Motivation
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Strong Production

Electroweak Production

Background Components

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 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
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Main SM background processes : 

Hadron Lepton Fake

In the pure-wino LSP scenario

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]:
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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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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
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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]:
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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

p
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.

6

First Run2 Results

Performances of New Tracking

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

3-layer tracking was developed to 
explore more shorter lifetime region. 
Signal efficiency was recovered in  
9 cm ≤ Rdecay ≤ 12 cm . 
Estimation of BG tracks is on-going.

Summary
Search for charginos with 4-layer tracks was performed in 
2017. To explore more shorter lifetime regions, new short 
tracking method was developed. Search for charginos based 
on disappearing track signature by using 3-layer, 4-layer and 
pixel+SCT layer tracks will be performed with full Run2 
dataset. As a further improvements, 2-layer tracking and soft 
pion tracking were also developed.
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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． 

Layout of Inner Detector

2-layer tracking was developed to 
search for short lifetime regions.  
By requiring two tracks, even chargino 
masses can be reconstructed.

2-Layer Tracking

Soft Pion Tagging
Development of soft pion tracking is also on-going. Overall 
reconstruction efficiency is high(~80%), while there are many 
BG tracks. It is studied that how to suppress BG tracks.

3-layer tracks obtain same resolution as 4-layer tracks by 
requiring vertex constraint. It helps to remove BG tracks 
because most BG 3-layer tracks tend to have low pT and bad 
vertex association.
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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

– 23 –
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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． 
Pixel

SCT

ATLAS 内部飛跡検出器

衝突点から離れている 
低運動量 (~Δm){

LSP : pure-wino

LSP : pure-higgsino

(mass < ~3 TeV)

(mass < ~1 TeV)

(cτ ~ 60 mm)

(cτ ~ 12 mm)

c : 光速, τ: 寿命

chargino の短い飛跡を再構成することが 
出来れば，暗黒物質候補として有力な 
EWK SUSY の縮退領域を探索することが 
出来る．
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標準飛跡 4層飛跡

ATLAS 検出器の構成 ✓標準の飛跡再構成で使われなかったヒットのみ
を使い，条件を緩めて再構成 

✓ Pixel 4 層目(12 cm) を通過し，SCT 2 層目まで
到達しないような短い飛跡を再構成可能

> 37 cm ~ 12 cm

4.2 Pixel tracklet e�ciency548

Fig. 29 (a) shows the tracklets e�ciency for signal wino samples at (m�̃±1
, ⌧�̃±1 ) = (600 GeV, 1.0 ns) as549

a function of decay radius. Tracklet e�ciencies are calculated by applying truth matching within dR550

< 0.10 between truth charginos and reconstructed track(let)s. To increase statistics, kinematics cut is551

not applied because it does not have a strong impact on e�ciency. Without any track selections, the552

overall e�ciency in the fiducial volume is about 63%, and it decreases to 49% and 33% with four-layer553

selection and all track selections including pixel dead module map respectively. As shown in figure 29554

(b), the track e�ciency has lifetime dependence.
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Figure 29: Tracklet e�ciency
555

Figure 30 (a) shows the truth pT of charginos decayed in 122.5 mm < R < 299.0 mm. The fraction556

of charginos with pT > 500 GeV is about 71%, 27%, 14% and 11% at ⌧�̃±1 = 0.2, 1.0, 4.0 and 10.0 ns557

respectively. The charginos in the short lifetime region need to be boosted to reach fiducial volume558

and tend to have high-pT, so the e�ciency of reconstructed objects becomes high. Figure 30 (b) shows559

the chargino distribution of decay radius. Track e�ciency decreases along with the lifetime, while the560

mother spectrum of charginos becomes the maximum around ⌧�̃±1 = 1.0 ns, and the overall acceptance561

times e�ciency is a convolution of them. Actually, it also becomes the maximum around ⌧�̃±1 = 1.0 ns.562

563

Figure 31 shows the relative tracklet e�ciency which normalized at hµi = 20. The denominator is564

the pile-up distribution drawn with a grey histogram, and the numerator is the number of events in565

each category. No kinematics cut is applied to every category to increase statistics and require pixel566

tracklet which basically satisfies all requirements described at Sec. 3.2. Only signals are MC and others567

are data. For fake BG, |d0/err(d0) | > 10 is required instead of |d0/err(d0) | < 1.5. For low-pT BG,568

October 28, 2021 – 17:32 36

最終的な飛跡効率は  
~30%/chargino
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j ISR
Electroweak(EWK) Production

Strong Production

• 消失飛跡候補 : 
- 飛跡の質が良く他のオブジェクトから離れている 
- high-pT (> 60 GeV for model-independent analysis) 
- 4 層飛跡 (SCT VETO) 
- カロリメータ VETO

背景事象削減のための新しい要求

事象選択 
• Data : 2015 - 2018 (136 fb-1) 
• ETmiss トリガー 
• Lepton VETO 
• Kinematics EWK Strong

ETmiss > 200 GeV 250 GeV
leading Jet pT > 100 GeV 100 GeV
2nd and 3rd Jet pT > - 20 GeV
∆φmin (Jet1,2,3,4, ETmiss) > 1.0 0.4

pT > 100 GeV

ETmiss > 200 GeV

pT > 60 GeV
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主な BG process :

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 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
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, Z→νν+fake

ランダムコンビネーション 
VETO することが難しい

散乱によって折れ曲がり， 
4 層飛跡として再構成される場合がある

飛跡周りの検出器情報を 
用いて削減可能
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背景事象推定の概要
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信号事象のトポロジー

e/μ/hadron BG の見積もり

データドリブンで見積もった補正項を適用し， 
smearing function で 4 層飛跡の pT 分布を推測

解析手法の概要 
BG の pT 分布をデータドリブンで見積もり， 
low-ETmiss 領域, high-ETmiss 領域の pT 分布を 
同時にフィット(BG only)． 
各 BG の内訳及び SR(信号領域) の BG 数を見積もる．

(d0 が大きい)

候補
jet

e/μ/had e/μ/had

fake BG の見積もり

fake

補正項

4層飛跡の pT 分布を 
直接見積もる
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Figure 35: Transfer factor TFe

calo�veto for electron backgrounds
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Figure 36: The pT spectrum in the single-electron CR and the electron pT template for the strong channel.
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Figure 33: Reconstructed mass distribution for TFe

calo�veto measurement.
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Figure 34: Transfer factor TFe

pixel�only for electron backgrounds
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例) Electron BG の見積もり

20

TF(e, calo)

normalization は TF, 
shape は smearing 
function の 
寄与が支配的．

TF(e, disap)Track pT in BG-CR

smearing

×
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Figure 37: The pT spectrum in the single-electron CR and the electron pT template for the electroweak channel.

as disappearing tracks, and TFµ
noMStrack is the transfer factor that a muon with a good inner detector (ID)920

track to not have an associated MS track. Finally, the muon pT template is obtained by smearing f µ
SR

.921

The control region is defined by the following requirements:922

— The same kinematic-selection requirements as for the signal region, but requiring exactly one923

muon that fulfills the signal-muon criteria. Here, Emiss
T is calculated as if the leading muon is not924

identified.925

— The ID track corresponding to the muon satisfies the same track selection requirements as in the926

signal region except for a track pT threshold of 10 GeV instead of 20 GeV, and not requiring927

NSCT = 0, the highest pT, �R(muon, IDtrack) > 0.4 and �R(MStrack, IDtrack) > 0.4.928

7.2.1 Transfer factor for muon background: TFµ

pixel�only
and TFµ

noMStrack
929

The transfer factor TFµ
pixel�only is the probability of that the muon track is identified as disappearing930

track. The transfer factor TFµ
noMStrack is the probability of that the muon with good ID track misses MS931

track. The event selection criteria to enhance Z ! µµ events and object definitions for tag and probe932

muons are summarized below.933

Event selection934

• Trigger: The lowest unprescaled single-muon triggers.935

• No identified electrons.936

• At least one tag muon.937

• At least one probe muon.938

• |mtag,probe � mZ | < 10 GeV.939
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Figure 37: The pT spectrum in the single-electron CR and the electron pT template for the electroweak channel.
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T is calculated as if the leading muon is not924

identified.925
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signal region except for a track pT threshold of 10 GeV instead of 20 GeV, and not requiring927

NSCT = 0, the highest pT, �R(muon, IDtrack) > 0.4 and �R(MStrack, IDtrack) > 0.4.928
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• No identified electrons.936
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EWK channel

ATLAS DRAFT

The number of events in the validation regions is shown in Table 7. Good agreement is observed between541

data and background predictions in all validation regions. No significant excess above the background542

predictions is observed in the high-Emiss
T signal regions as shown in Table 8. The probability of a543

background-only experiment being more signal-like than observed (p0), its equivalent formulation in544

terms of the number of standard deviations (Z), and the upper limit on the model-independent visible545

cross-section at 95% CL using the CLs technique [57] are also shown in Table 8.546

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.547

The likelihood function is expanded to contain both signal and background components. The signal548

normalization is the parameter of interest and is unconstrained in the fit.549

For the electroweak production of pure winos or pure higgsinos, the exclusion limits are shown as a function550

of the chargino lifetime and mass.551
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Table 8: Expected and observed number of events and corresponding background predictions in the signal regions
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Model-dependent exclusion limits at 95% confidence level (CL) are placed on the various signal models.547

The likelihood function is expanded to contain both signal and background components. The signal548
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✓信号領域に有意な超過は見られない 
✓増加統計以上の感度改善を達成 
- UL on σvis95%CL ~1/5 

✓共通の 1 事象がある

high-pT (pT > 60 GeV)領域における予測•観測事象数
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信号領域に残った事象の詳細

22

# Entry Year <μ> ETmiss 1st Jet Pt Δφ

1 2017 25 211 GeV 206 GeV 3.11

2 2017 30 201 GeV 101 GeV 2.38

3 2016 19 536 GeV 498 GeV 3.06

# Entry pT Eta Phi |d0 sig| |z0sinθ|
飛跡の質 
悪 0 ~ 1 良

(周辺飛跡の pT 
総和)/(自身のpT)

ETcalo

1 103 GeV -1.19 1.07 0.66 0.25 0.26 0.000 3.7 GeV

2 334 GeV 1.01 -0.82 1.31 0.01 0.12 0.000 0.5 GeV

3 1184 GeV 1.52 0.37 0.89 0.00 0.58 0.001 1.1 GeV

Meta & Kinematics

飛跡情報

EWK 
• ETmiss > 200 GeV 
• leading Jet pT > 100 GeV 
• ∆φmin (Jet1,2,3,4, ETmiss) > 1.0

Strong 
• ETmiss > 250 GeV 
• leading Jet pT > 100 GeV 
• 2nd, 3rd Jet pT > 20 GeV 
• ∆φmin (Jet1,2,3,4, ETmiss) > 0.4

< 1.
5

> 60
 Ge

V
< 0.

5 < 0.
04

< 5 
GeV

Entry は飛跡の pT 順

インパクトパラメータ

> 0.
10

隔離パラメータ

閾値
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信号領域に残った事象の絵

23

ETmiss ~ 500 GeV

比較的 pile-up の少ない (<μ>=19) 
2016 年の事象

飛跡 pT ~ 1 TeV

x-y 平面 3D
飛跡周りのカロリメータへの 
エネルギー損失が少ない

1st jet pT ~ 500 GeV
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信号領域に残った事象の絵
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ETmiss ~ 500 GeV

比較的 pile-up の少ない (<μ>=19) 
2016 年の事象

飛跡 pT ~ 1 TeV

x-y 平面
飛跡周りのカロリメータへの 
エネルギー損失が少ない

1st jet pT ~ 500 GeV

比較的 pile-up の少ない (<μ>=19) 
2016 年の事象

飛跡周りにズームアップした図

3D
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SCT を含む消失飛跡

３層, ４層飛跡

CMS (140 fb-1) 
Phys. Lett. B 806 (2020) 135502

本解析

短寿命領域において CMS より良い感度 
(CMS の 4 層飛跡は 16 cm)

ATLAS (36.1 fb-1)

到達感度 @ τ = 0.2 ns 
前回解析(36.1 fb-1) : 460 GeV 
本解析 (136 fb-1) : 660 GeV

460 GeV 660 GeV

先月 arXiv に投稿 (arXiv:2201.02472)． 
EPJC にも投稿中．

https://arxiv.org/abs/2201.02472
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到達感度 @ 理論線 
前回解析 (36.1 fb-1) : 155 GeV 
本解析 (136 fb-1) : 210 GeV

Lifetime vs Mass ΔM vs Mass
higgsino 探索のサマリープロット

本解析

本解析

pure-higgsino LSP 領域に高い感度

ATLAS (36.1 fb-1)
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0.2 ns 1.0 ns

@ 0.2 ns (1.0 ns)        [TeV]       [TeV]
前回解析 (36.1 fb-1) 1.05 (1.35) 1.70 (1.75)

本解析 (136 fb-1) 1.40 (1.80) 2.10 (2.18)
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Figure 7: Exclusion limits at 95% CL obtained in the electroweak production channel with the pure wino scenario.
The limits are shown as a function of the chargino lifetime and mass. The black dashed line shows the median value,
and the yellow band shows the 1� uncertainty band on the expected limits. The red line shows the observed limits
and the red dotted lines, the corresponding 1� uncertainty on the signal cross-section. The blue and violet broken
lines show the observed limits from the ATLAS results [16] and [18] respectively.
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Figure 9: Exclusion limits at 95% CL obtained in the strong production channel. The limits are shown as function of
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Future Study
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EWK サンプルで chargino 2 本要求（大統計が必要） 
-> 数学的に chargino の運動量が解ける 

条件は緩めにかける．

様々な理由 
- サンプル 
- dE/dx 
- BG

600 GeV 0.2 ns 1.0 ns

4L 1本 11.6 36.9

4L~7L 2本 0.2 5.0

飛跡1本で BG 分離 O(10-5)

信号数

purity : 100 % 
pT reco efficiency : 98% 長い飛跡よりも良い分解能

≒ neutralino pt vector sum 
≒ chargino pt vector sumETmiss

neutralino

chargino
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Chargino 質量再構成
m = p/(βγ) かつ dE/dx から ‘βγ’ を 
推測することが出来るので， 
chargino の質量も再構成することが可能．

29

Disappearing Track Meeting26/Apr/2017

Mass Reconstruction

4

dE/dx vs βγ を 3 パラメータでフィット 
-> dE/dx から βγ がわかる 

m = p/(βγ) なので，運動量もわかれば質量
を再構成することができる．

dE/dx vs truth p dE/dx vs reco. p

truth p から再構成した mass 
reco p から再構成した mass

運動量の分解能が悪いと mass 分布も広がる

2.4 TeV gluino, stable?

通常 Track における 
質量換算関数の較正結果

βγ

pion 
kaon 
proton
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短い寿命領域だと 
4L ~ 7L 1本では出来ない

信号発見後は chargino 質量 (≒ DM 質量) が重要．
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Chargino 質量再構成の結果

※MC のサンプル数分だけ使った結果で Int. Lumi. とは紐づいていない 
全体的に低め（~93%）に見積もられており，~1 TeV まで大きな違いは見られない． 

- dE/dx 算出方法(truncated mean)によるバイアスの可能性 

30
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事象数に応じた Chargino 質量の精度
元の分布 : 1309 events = 2618 tracks

31
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5 events, σ = 52 GeV 
20 events, σ = 34 GeV 
50 events, σ = 16 GeV

N events 毎に 1 entry

Mean は改善できると仮定

600 GeV 1000 GeV

0.2 ns 5 0.4

1.0 ns 116 9

予想観測事象数 @ 3000 fb-1 +3L track -> 信号効率 2 倍 / track -> 4 倍 
+2L track -> 信号効率 4 倍 / track -> 16 倍 
今後 ITK ジオメトリでの見積もりが必要． 

5 events だと 100 GeV 程度の広がり

(実際は dE/dx の算出と BG の削減についても)
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Summary
• 消失飛跡を用いることで探索の難しい EWK SUSY の縮退領域
（pure-wino DM, pure-higgsino DM シナリオ）の探索が可能． 

• LHC-ATLAS 実験 Run2 全データ(~136 fb-1)を用いた 4 層飛跡検出に
よる消失飛跡探索を行った結果，解析手法の改善により統計以上の感度
改善を達成（到達断面積 ~1/5） 

• chargino を 2 本再構成することで短い飛跡に対しても高い運動量
分解能を持ち，Pixel dE/dx 情報と併用することで chargino （≒ 
DM）質量を再構成することが出来る． 

• 5 events 観測すると ~100 GeV 程度の精度で質量がわかる．

32
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Backup
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Disappearing Track（消失飛跡）
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Status of the search for disappearing track 
signature towards full Run2 analysis
Toshiaki Kaji (Waseda University) on behalf of disappearing track group
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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

– 3 –
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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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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
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Main SM background processes : 

Hadron Lepton Fake

In the pure-wino LSP scenario

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).

5

: ~ 160 MeV 
: ~ 0.2 ns

In the pure-higgsino LSP scenario

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).

5
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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

p
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.

6

First Run2 Results

Performances of New Tracking

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

3-layer tracking was developed to 
explore more shorter lifetime region. 
Signal efficiency was recovered in  
9 cm ≤ Rdecay ≤ 12 cm . 
Estimation of BG tracks is on-going.

Summary
Search for charginos with 4-layer tracks was performed in 
2017. To explore more shorter lifetime regions, new short 
tracking method was developed. Search for charginos based 
on disappearing track signature by using 3-layer, 4-layer and 
pixel+SCT layer tracks will be performed with full Run2 
dataset. As a further improvements, 2-layer tracking and soft 
pion tracking were also developed.
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 -> 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． 

Layout of Inner Detector

2-layer tracking was developed to 
search for short lifetime regions.  
By requiring two tracks, even chargino 
masses can be reconstructed.

2-Layer Tracking

Soft Pion Tagging
Development of soft pion tracking is also on-going. Overall 
reconstruction efficiency is high(~80%), while there are many 
BG tracks. It is studied that how to suppress BG tracks.

3-layer tracks obtain same resolution as 4-layer tracks by 
requiring vertex constraint. It helps to remove BG tracks 
because most BG 3-layer tracks tend to have low pT and bad 
vertex association.
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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

– 23 –
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標準飛跡 4層飛跡

ATLAS 検出器の構成 ✓標準の飛跡再構成で使われなかったヒットのみ
を使い，条件を緩めて再構成 

✓ Pixel 4 層目(12 cm) を通過し，SCT 2 層目まで
到達しないような短い飛跡を再構成可能
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4.2 Pixel tracklet e�ciency548

Fig. 29 (a) shows the tracklets e�ciency for signal wino samples at (m�̃±1
, ⌧�̃±1 ) = (600 GeV, 1.0 ns) as549

a function of decay radius. Tracklet e�ciencies are calculated by applying truth matching within dR550

< 0.10 between truth charginos and reconstructed track(let)s. To increase statistics, kinematics cut is551

not applied because it does not have a strong impact on e�ciency. Without any track selections, the552

overall e�ciency in the fiducial volume is about 63%, and it decreases to 49% and 33% with four-layer553

selection and all track selections including pixel dead module map respectively. As shown in figure 29554

(b), the track e�ciency has lifetime dependence.
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Figure 29: Tracklet e�ciency
555

Figure 30 (a) shows the truth pT of charginos decayed in 122.5 mm < R < 299.0 mm. The fraction556

of charginos with pT > 500 GeV is about 71%, 27%, 14% and 11% at ⌧�̃±1 = 0.2, 1.0, 4.0 and 10.0 ns557

respectively. The charginos in the short lifetime region need to be boosted to reach fiducial volume558

and tend to have high-pT, so the e�ciency of reconstructed objects becomes high. Figure 30 (b) shows559

the chargino distribution of decay radius. Track e�ciency decreases along with the lifetime, while the560

mother spectrum of charginos becomes the maximum around ⌧�̃±1 = 1.0 ns, and the overall acceptance561

times e�ciency is a convolution of them. Actually, it also becomes the maximum around ⌧�̃±1 = 1.0 ns.562

563

Figure 31 shows the relative tracklet e�ciency which normalized at hµi = 20. The denominator is564

the pile-up distribution drawn with a grey histogram, and the numerator is the number of events in565

each category. No kinematics cut is applied to every category to increase statistics and require pixel566

tracklet which basically satisfies all requirements described at Sec. 3.2. Only signals are MC and others567

are data. For fake BG, |d0/err(d0) | > 10 is required instead of |d0/err(d0) | < 1.5. For low-pT BG,568
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飛跡パラメータの真値との差分

最終的な飛跡効率は ~30%/chargino 方向分解能は十分良い
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標準飛跡の pT 分布から 4 層飛跡の pT 分布に焼き直す 
ために ‘smearing function’ を用意する．

Smearing Function の作り方 
良く ID された lepton 2 本で Z -> ll events を選ぶ． 
μ/e 飛跡を pixel 4 層のみで飛跡再構成し直すことで 
4 層飛跡を得て，元の飛跡からの (q/pT) 差分を見る．

Smearing Function

Closure Testoriginal track new track
• 原理的に 4 層飛跡の pT 分布を
再現可能であることは確認済み 

• pT, η 依存は negligible． 
• pile-up 依存性があり， 
systematic uncertainty に含ま
れる (最大~10%)．
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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 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

6th March 2017 – 13:20 12

Fake CR の事象選択 
• |d0|/σ(d0) > 10 
• without ETmiss requirement

以下の関数でフィット
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signal contami. 1.6% 2.3% < 0.1% 4.5%

予想事象数と観測事象数
は誤差の範囲内で一致．

信号事象の割合が少ない領域
を用いて背景事象見積もりの
正当性を検証．

ATLAS DRAFT

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

6th April 2021 – 12:50 21
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Future Prospect

40

Soft pion 飛跡の再構成

３層飛跡の再構成と 
衝突点を用いた運動量分解能の改善

Chargino Track

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
/g]2pixel dE/dx [MeV cm

0

0.05

0.1

0.15

0.2

0.25

a.
u.

ATLAS work in progress
-1 = 13 TeV, 42.4 fbs

Data (2017)
Signal (1400, 1200)
Signal (1800,  800)

Data : 17 % 
Signal : 99%

dE/dx の利用

今のデータだけでも 
やれることがまだまだある．
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32

Expectation
track reconstruction + selection efficiency = 50 % に仮定． 
barrel track を前提とした acceptance cut 有り． 
pT resolution や BG は考慮していない．

41
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ATLAS における消失飛跡を用いた Wino 探索感度の推移

解析手法の改善により毎回 統計以上の感度改善を達成． 
今後の解析でも新たな改善を予定している．

y = ap
x

1

統計増加により 
予想されるライン

τ = 0.2 ns を想定
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LHC-ATLAS 実験

43

これまでの運転状況及び計画 
Run1 (2010 ~ 2012) 
- 5 fb-1 @7TeV + 20 fb-1 @8TeV 
- ヒッグス粒子発見 

Run2 (2015 ~ 2018) 
- 139 fb-1 @13TeV 
- https://twiki.cern.ch/twiki/bin/view/AtlasPublic 

Run3 (2021 ~ 2023) 
- ~300 fb-1 @14TeV?

陽子-陽子衝突型円形加速器 LHC で行なわ
れている主要 4 実験の内の 1 つであり，
標準模型の精密測定や新物理の発見が目
的．

ATLAS 検出器

ヒッグス粒子発見以降， 
その他の新粒子は見つかっていな
い． Month in Year

Jan '15
Jul '15

Jan '16
Jul '16

Jan '17
Jul '17

Jan '18
Jul '18
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Good for Physics

 = 13 TeVs
-1 fbDelivered: 156
-1 fbRecorded: 147

-1 fbPhysics: 139

2/19 calibration

Run2 におけるデータ取得量の推移

https://twiki.cern.ch/twiki/bin/view/AtlasPublic
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Natural SUSY

44

階層性問題を解決するために SUSY を導入したのだから， 
新たに別の fine tuning が必要になっては本末転倒． 
→ higgs 質量の補正項は小さいのが自然． 10.1007/JHEP09(2012)035

Higgsino-LSP を示唆

higgsino, stop, gluino は軽いかもしれない． 
→ LHC で到達出来るエネルギー領域に well-motivated な物理があるのは面白い．
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LLP (Long-Lived Particle)
✓ BSM 粒子が長寿命になるケースは多々ある 

- 媒介粒子が重い (SM : μ -> eνν) 
- 質量差が小さい (SM : n -> peν) 
- 結合定数が小さい 

✓ 特殊なオブジェクトを伴う場合が多い

長寿命粒子が残すであろう様々な実験的特徴

- 通常の解析では捉えられず，見逃して
しまう可能性がある． 

- 解析技術•手法の発展により探索可能
領域が拡張． 

- 技術面•リソース面の問題に直面する
こともしばしば． 

-> まだまだ発展途上であり， 
工夫次第で飛躍的に進展する 
可能性のある面白い分野！

arXiv:1903.04497

https://arxiv.org/abs/1903.04497
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Simplified Model

46
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CLs method について
• CLs method とか、 95 % 信頼度ってなに？

– 取り決めた「test statistic」を使った統計処理

• 緑 / 黄色 > 0.05 となるような信号数を棄却
• あとは、信号の検出効率とルミノシティーを考慮
すれば、「断面積」の上限値になる

2− 1− 0 1 2 3 4

CLS = 1� P (x < obs|µ⇥ S +B)

P (x > obs|B)

B Only の PDF
(この例では 0 を中心
とする Gaussian)

S+B の PDF (S=1)
(この例では 1 を中心とする
Gaussian)

ところで。どんな分布になるかは、ど
の 「test statistic」を使うかで違う。
LHC は negative log likelihood ratio
(B-only の分布が chi2 分布に従うので、
確率分布関数を準備するのに便利)

Test statistics
( 信号を含む場合により
右に来るような測定可能な値 )

33
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6

Run-1 pMSSM-19 Scan Parameters
● Using a 19 parameter pMSSM as basis model

● No CP violating parameters
● Minimal flavor violation
● Degenerate 1st and 2nd generations sfermions
● Lightest sparticle (LSP) is a neutralino
● R-parity is exactly conserved (LSP is stable)

● Sample parameters uniformly over wide range (up to 4TeV)

Flavor physics

constraints

Higgs sector parameters:

  1 < tan b < 60

  0.1 TeV < M
A
 < 4 TeV

  

Squark/gluino mass parameters:

  0.2 TeV < M
3
 < 4 TeV

  0.2 TeV < m
q1L

=m
q2L

 < 4 TeV

  0.2 TeV < m
uR

=m
cR

 < 4 TeV

  0.2 TeV < m
dR

=m
sR

 < 4 TeV

  0.1 TeV < m
q3L

 < 4 TeV

  0.1 TeV < m
tR

 < 4 TeV

  0.1 TeV < m
bR

 < 4 TeV

Neutralino/chargino mass parameters:

  -4 TeV < m < 4 TeV,    |m|>80 GeV

  -4 TeV < M
1
 < 4 TeV

  -4 TeV < M
2
 < 4 TeV,    |M

2
|>70 GeV

Slepton mass parameters:

  0.09 TeV < m
eL

=m
mL

 < 4 TeV

  0.09 TeV < m
eR

=m
mR

 < 4 TeV

  0.09 TeV < m
tL

< 4 TeV

  0.09 TeV < m
tR

 < 4 TeV

Trilinear coupling parameters:

  -4 TeV <A
b
 < 4 TeV

  -8 TeV < A
t
 < 8 TeV

  -4 TeV < A
t
 < 4 TeV
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8

Run-1 Non-ATLAS Search Constraints
● For each point evaluate whether it is a “viable” model

● Model has to be theoretically “sound” 
● Model should not already be excluded by other measurements

Low energy constraints:
±3s union of theory and exp. meas.

±2s union of theory and exp. meas.}

Higgs mass constraints:

Raised to 103 GeV for c
1

+ in most cases

Invisible width in addition to neutrinos

Dark matter constraints:

0.1221

Relic dark matter density from Planck
only used as upper limit (use +2s)

Allow other DM component than LSP

For direct detection use factor 4 looser limit
to account for nuclear form factor uncertainties

(also scale down by LSP relic density/DM density)

Higgs mass range was set at end of 2013
Uncertainty is set by theory prediction

LEP constraints:
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38

Run-1: Dark Matter Relic Abundance
Dark Matter relic abundance only applied as an upper bound

2/3 of models in
Z and H funnel
excluded

80% of Wino LSP
models excluded 
for m(c

1
0)<200 GeV

by disappearing
track analysis

Higgsino LSP
harder to exclude
as chargino too
short lived 



To reconstruct shorter tracks, considering 
about tracks consist of IBL cluster,  
B-layer cluster and primary vertex.

2-Layer Tracking

Lifetime VS Decay Radius 
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η = − ln(tan
θ

2
) (7)

dLY =
dE

1 + kB · dE
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(8)

（反応確率）= σρdx (9)

∆z = (tt − tb)× v(E) (10)
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E = exp

(
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(
Emax
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2 (13)
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.u
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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． 

Radius Position of Pixel/SCT

Current Algorithm
(1) Use only good clusters in barrel region.

(2) Define η, φ, dE/dx w.r.t. 
primary vertex for each cluster.

(3) Make 2-Layer tracks by 
connecting clusters between each 
IBL and B-layer.

bad clusters : dE/dx can not be measured 
correctly due to geometrical reason

these fake tracks will be 
removed by quality cut.

need to make  
more reliable (ToDo)
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2-Layer Tracking Efficiency

52

= (1600 GeV, 1400 GeV, 0.2 ns)

Sample A :

Total 
ATLAS Standard Track 
Pixel Tracklet 
2-layer Track

Sample A Sample B
ATLAS Standard Track 0.1% 1.5%

Pixel Tracklet 1.8% 10.1%
2-layer Track 11.3% 23.4%

= (2000 GeV, 600 GeV, 0.2 ns)

Sample B : 

Reconstruction Efficiency w.r.t. All Generated Charginos

Improve efficiency for 
short tracks region.

low β sample

high β sample

Reconstruction Efficiency vs Decay Radius(Sample B)

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． 

Radius Position of Pixel/SCT
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Chargino pT Reconstruction by Two 2-Layer Tracks

53
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Figure 1: Diagrams of gluino production processes.

• 1 ( or 2) high-pT disappearing track.128

The advantage of this channel is that the larger mass di�erence between gluino and chargino, the more129

boost of chargino is expected. Then, the chargino life time become longer in experimental system and the130

reconstruction e�ciency of the pixel-only track gets better. Depending on the relation of gluino mass and131

chargino mass, higher mass region may be reachable in this channel. Fig.2 shows normalized chargino132

decay radius distribution for events with gluino mass 1800 GeV, LSP mass 500 GeV, life time 0.2 ns and133

direct production with LSP mass 500 GeV, life time 0.2 ns. Chargino from gluino decay tend to decay in134

larger radius. As discussed later in Sec.3, our main target is chargino decay in radius between 122 mm135

and 300 mm, which is outside of pixel detector and in side of SCT detector. In this region, signal from136

gluino pair decay has twice more e�ciency than direct production.137

The other advantage is that gluino crosss section is larger than direct electroweakino production because138

gluino is coloured particle.139

The main SM background processes are tt, W ! e⌫+jets and W ! ⌧⌫+jets where the electron or the140

hadron from the ⌧ decay are scattered and look like disappeared. A detailed discussion is done in [1]141

Sec.6.142

In Run1, the analysis was performed for direct production requiring at least two hits in SCT and exclusion143

limits shown in Figure 3 was set on the plane of the mass vs. lifetime of chargino in the context of144

mAMSB [5] (Supporting document is in Ref. [6]).145

3rd March 2017 – 21:21 6

Signal Topology ETmiss ≒ neutralino pt vector sum 
≒ chargino pt vector sum

Δm(    -    ) ～ 160 MeV

There is no pT resolution for 2-layer 
tracks. 
If we require two chargino tracks, 
chargino pT can be calculated from 
track φi (i=1,2) and ETmiss with high 
resolution.

Δ1/pT

2-layer Track x 2 
Pixel-only Track 
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Some Checks

54

∆pT between chargino and neutralino

~O(100 MeV)

chargino pT vs ETmiss
Truth pT vs Reconstructed pT
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Chargino 質量再構成
m = p/(βγ) かつ dE/dx から ‘βγ’ を 
推測することが出来るので， 
chargino の質量も再構成することが可能．

55

expected line for 
m=1400GeV

Disappearing Track Meeting26/Apr/2017

Mass Reconstruction

4

dE/dx vs βγ を 3 パラメータでフィット 
-> dE/dx から βγ がわかる 

m = p/(βγ) なので，運動量もわかれば質量
を再構成することができる．

dE/dx vs truth p dE/dx vs reco. p

truth p から再構成した mass 
reco p から再構成した mass

運動量の分解能が悪いと mass 分布も広がる

2.4 TeV gluino, stable?

通常 Track における 
質量換算関数の較正結果

※ 2 層 Track の dE/dx 値は通常の Track と算出方法が異なるので，別途較正が必要

expected line for 
m=1GeV

m=1400GeV βγ

再構成した Chargino の運動量
再構成した Chargino の質量

pion 
kaon 
proton
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Pixel dE/dx
charge は ToT で測定（1 ToT = 25 ns） 
- IBL 4-bit (FE-I4) 
- Pixel 8-bit (FE-I3)

56

Charge measurement in Pixel 
9 Any hit in the Pixel Detector contains 

the following information: L1, ROW, 
COL and ToT (Time over Threshold)

9 The calibration of the detector is such 
that a MIP crossing perpendicular to 
the sensor will give a ToT count of 30, 
while the overflow is at 255. Each pixel 
will then measure a charge ranging 
from 3.5ke (threshold) to 170ke.

9 ToT is converted to Charge (electrons) 
through calibration scans in which a 
known charge is injected into the pixel. 
Conversion functions ToT Æ # electrons 
are derived this way and checked 
periodically.

ToT

3/3/2011

4

C. Gemme, INFN Genova  CONF-2010-109

Approved plot

track 

Pixel cluster 

� 
d = 250 um 

x 

dE
dx

∝
Q
x
=
Qcos(α)

d

Old method calculate x by finding the angle alpha. 

x = d
cos(α)

Calculating dE/dx from cluster charge… 

ToT で charge を測定

飛跡方向から層を通過した距離を算出

overflow bin あり

overflow はロスト

MIP に相当する ToT の値 
- 30 (2015, 2016 の外側 pixel) 
- 18 (2016 の B-layer) 
- 10 (2015 の IBL) 
- 8 (2016 の IBL)

track dE/dx は個々の good cluster の平均値で定義． 
good cluster は geometrical に正しく charge を収集
出来ているであろう cluster．（確率 91%） 
local coordinate と cos(α) に制限．（前者がメイン）

通常の track dE/dx を計算するときは Landau のテール
を除くために highest charge cluster を除外して平均値
を計算する．(truncated mean)

1 hit あたりなので， 
例えば IBL でも ToT 
16 は超え得る
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Bias @ Low Momentum Region

57

ref :

pion

kaon proton

A B C
kaon 1.242x102 5.939x10-3 -1.934x10-6

proton 2.288x102 3.798x10-3 -7.378x10-7

bias の原因は multi-scatter の散乱角を考慮するときに pion を仮定しているため．
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dE/dx Calculation

58

Track dE/dx
9 The track dE/dx is then defined as an average of the individual cluster dE/dx

measurements (charge collected in the cluster, corrected for the track length), for 
all the Good Clusters associated to the track (nGC). To reduce the Landau tails, 
the average is calculated after having removed the cluster(s) with the highest 
dE/dx: 
• one cluster is removed for tracks with 3,4 good clusters;  
• two clusters for tracks with 5 or more good clusters.

9 A track dE/dx resolution of ~12% is measured using particles with p>3 GeV
(dE/dx plateau for p‟s) . Mean and sigma are obtained from a gaussian fit to the 
data. 

9 The resolution is significantly worse when only one Good Cluster is available (6% 
of all tracks), these cases are therefore excluded from the analysis.

Distribution of Clusters/Good Clusters

Reduce Landau Tails

補正した dE/dx を使って適切な dE/dx 計算方法を模索する．(ToDo) 
standard track では truncated mean が用いられている．

(古い) (古い)

(古い) (古い)
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Figure 2: Two-dimensional distribution of dE/dx versus charge signed momentum (qp) for minimum-bias event
tracks compatible with a primary vertex, which has the same data selection as in Ref. [34]. The distributions of the
most probable value for the fitted probability density functions of pions, kaons and protons are superimposed.

A mass estimate M is obtained by numerically solving the equation 1 for the unknown M. In simulated
R-hadron events, the reconstructed mass is found to reproduce well the generated mass up to masses
around 1800 GeV, and a residual 3% correction is applied to the reconstructed mass to improve the agree-
ment. For particles with higher masses (beyond the current sensitivity of this analysis), the reconstructed
mass is observed to slightly underestimate the generated mass. The half-width at half maximum of the
reconstructed mass distribution increases with the mass value. This is due to the momentum measurement
uncertainty dominating the mass resolution for masses greater than ⇡200 GeV.

4 R-hadron Simulation

A number of samples of simulated signal events are used in this analysis to determine the expected LLP
signal e�ciencies and to estimate uncertainties in the e�ciency.

For stable R-hadrons, pair production of gluinos with masses between 800 GeV and 1800 GeV is sim-
ulated in Pythia 6.4.27 [36] with the AUET2B [37] set of tuned parameters for the underlying event
and the CTEQ6L1 [38] parton distribution function (PDF) set, incorporating dedicated hadronization
routines [39] to produce final states containing R-hadrons.

The cross-sections are calculated at next-to-leading order in the strong coupling constant (NLO), includ-
ing the resummation of soft-gluon emission at next-to-leading-logarithmic accuracy (NLO+NLL) [40–
44]. The nominal cross-section predictions and the uncertainty are taken from an envelope of cross-
section predictions using di↵erent PDF sets and factorization and renormalization scales, as described in
Ref. [45].

Selected events containing R-hadrons undergo a full detector simulation [46], where interactions of R-
hadrons with matter are handled by dedicated Geant4 [47] routines based on the physics model described

5

dE/dx @ Pixel Detector
Pixel 検出器では ToT を使って 
cluster charge を見積もっている． 
ToT と飛跡情報から，飛跡に付随す
る 1 つ 1 つの cluster に対し， 
dE/dx を計算できる．
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Charge measurement in Pixel 
9 Any hit in the Pixel Detector contains 

the following information: L1, ROW, 
COL and ToT (Time over Threshold)

9 The calibration of the detector is such 
that a MIP crossing perpendicular to 
the sensor will give a ToT count of 30, 
while the overflow is at 255. Each pixel 
will then measure a charge ranging 
from 3.5ke (threshold) to 170ke.

9 ToT is converted to Charge (electrons) 
through calibration scans in which a 
known charge is injected into the pixel. 
Conversion functions ToT Æ # electrons 
are derived this way and checked 
periodically.
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Figure 1: Distribution of the dE/dx computed with the Pixel algorithm in data (black dots) and Pixel without IBL
(red triangles) for minimum bias event tracks selected as in Ref. [34], with the additional requirements of p > 3 GeV
and at least two associated pixel clusters. The corresponding dE/dx distributions for simulation with and without
the IBL are also plotted, respectively, as dashed and dotted lines. The simulation overestimates the dE/dx, which
is taken into account in the systematic uncertainty evaluation. The addition of IBL clusters reduces the tails at both
low and high dE/dx. The fraction of tracks with dE/dx <0.5 (>1.8) MeV g�1 cm2 decreases with the use of the
IBL charge information from 0.065% to 0.018% (from 0.89% to 0.44%).

is obtained with a gaussian fit to the data using the complete Pixel detector (see Figure 1); the variance
of the gaussian fit is 0.13 MeV g�1 cm2. The �� measurable with the current dE/dx method cannot be
smaller than approximately 0.3 for particles with unit charge because of the ToT dynamic range.

3 Mass Calculation

The average energy loss of massive, charged particles in matter is expected to follow the Bethe–Bloch
distribution, which can be expressed as a function of the �� of the LLPs. Their mass can be derived from
a fit of the measured specific energy loss and the reconstructed momentum to a parametric Bethe-Bloch
distribution in the range 0.3 < �� < 1.5. This range overlaps the expected average �� of LLPs produced at
the LHC, which decreases with the particle mass from h��i ⇡ 2.0 at 100 GeV to h��i ⇡ 0.5 at 1600 GeV.
The parametric function describing the relationship between the most probable value of the energy loss
(dE/dx)MPV and �� is:

(dE/dx)MPV(��) =
p1

�p3
ln(1 + [p2��]p5 ) � p4 (1)

The pi, with i = 1 . . . 5, calibration constants were measured in this data set using low-momentum pions,
kaons and protons reconstructed in ATLAS as described in Ref. [35].

The distribution of the dE/dx versus momentum is shown in Figure 2 together with the fits to the pion,
kaon and proton masses. The mass calculation performed through the dE/dx method is monitored by
checking the stability of the proton mass measurement during the data taking.

4

飛跡方向から層を通過した距離を算出

Pixel layer


