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26 1 Historical Introduction to the Elementary Particles

Fig. 1.6 Here, a pion decays into a muon (plus a neutrino);
the muon subsequently decays into an electron (and two
neutrinos). (Source: Powell, C. F., Fowler, P. H. and Perkins,
D. H. (1959) The Study of Elementary Particles by the Pho-
tographic Method Pergamon, New York. First published in
(1949) Nature 163, 82.)

How do we know there are two of them? Same way as before: we repeat the
experiment over and over, each time measuring the energy of the electron. If it
always comes out the same, we know there are just two particles in the final state.
But if it varies, then there must be (at least) three.∗ By 1949 it was clear that the

∗ Here, and in the original beta decay prob-
lem, conservation of angular momentum
also requires a third outgoing particle, quite
independently of energy conservation. But
the spin assignments were not so clear in

the early days, and for most people energy
conservation was the compelling argument.
In the interest of simplicity, I will keep
angular momentum out of the story until
Chapter 4.

				

Why	look	for	long-lived	par8cles? �3

𝜋	➝	µ	+		𝜈	

µ	➝	e	+	2	𝜈		

Standard	Model	is	full	of	long-lived	par8cles

(1949) Nature 163, 82. 
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Why	look	for	long-lived	par8cles? �4

small	couplings	
b-mesons, off-diagonal CKM, 𝜏 ≈ ps 

high	mass	mediator		
µ, 𝜋, via W, 𝜏 ≈ 2 µs, 26 ns 

small	mass	spliOngs	
neutron, mn-mp ≈ 1 MeV, 𝜏 = 15 min

Standard	Model	is	full	of	long-lived	par8cles

(1949) Nature 163, 82. 
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R-parity	viola1on	
long-lived  

Split	SUSY	
long-lived g 

pure	electroweakinos	
long-lived

Why	look	for	long-lived	par8cles? �5

These	same	mechanisms	come	into	play	with	SUSY
Standard	Model	is	full	of	long-lived	par8cles

~

χ̃±
1

χ̃0
1

(1949) Nature 163, 82. 

small	couplings	
b-mesons, off-diagonal CKM, 𝜏 ≈ ps 

high	mass	mediator		
µ, 𝜋, via W, 𝜏 ≈ 2 µs, 26 ns 

small	mass	spliOngs	
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Muon		
Spectrometer

Calorimeter

Tracker

Why	look	for	long-lived	par8cles? �6

1	m 4	m 10	m

3.3	ns 13	ns 33	ns

for	a	long-lived	par8cle	
with	𝛽=1

in	ATLAS,	most	interested	in	𝜏		
between	𝒪(ps)	and	𝒪(10	ns)
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Why	look	for	long-lived	par8cles? �7

If	you	like	a	challenge…	

long-lived	par8cles	make	striking	signatures	
charged or neutral 

light or massive 
a variety of lifetimes 
and decay products 

o\en	require	specialized	reconstruc8on/triggers
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An	example:	R-Parity	Viola8ng	SUSY �8ATLAS-CONF-2018-003

When	we	write	down	SUSY	in	its	most	generic	form	
we get couplings that violate lepton and baryon number 

W∆B,L	=	𝜆ijkLiLjEk	+	𝜆’ijkLiQjDk	+	𝜆’ijkUiDjDk	+	𝜅iLiHu	

Standard	SUSY	searches	assume	one	of	two	extremes	
R-parity conservation (RPC), 𝜆=0, stable LSP 

or maximal R-parity violation (RPV), 𝜆=large, prompt LSP decay

R-parity	=	+1	for	ordinary	par8cles	
R-parity	=	-1	for	superpartners

Figure 2.1: Basic tree diagrams associated with the trilinear R̸p superpotential interactions
involving the Yukawa couplings λ or λ′ (̸L), or λ′′ (̸B). q (q̃) and l (l̃) denote (s)quarks and
(s)leptons. The arrows on the (s)quark and (s)lepton lines indicate the flow of the baryon (resp.
lepton) number.

and Higgs superfields (with Hd → H ′
d ∝ µHd + µiLi) [24]. However, this rotation will

generate R̸p scalar mass terms (see subsection 2.1.3) from the ordinary, R-parity conserving
soft supersymmetry-breaking terms of dimension 2, so that bilinear R-parity-violating terms
will then reappear in the scalar potential. The fact that one can make µi = 0 in Eq. (2.2) does
not mean that the Higgs-lepton mixing associated with bilinearR-parity breaking is unphysical,
but rather that there is no unique way of parametrizing it, as will be discussed insubsection 2.1.4.

Altogether, Eq. (2.2) involves 48 (a priori complex) parameters: 3 dimensionful param-
eters µi mixing the charged lepton and down-type Higgs superfields, and 45 dimensionless
Yukawa-like couplings divided into 9 λijk and 27 λ′ijk couplings which break lepton-number
conservation, and 9 λ′′ijk couplings which break baryon-number conservation.

2.1.2 Lagrangian Terms Associated with the Superpotential Couplings

We now derive the interaction terms in the Lagrangian density generated from the R-parity odd
superpotential of Eq. (2.2).

i) R̸p Yukawa couplings

Let us first consider the terms involving fermions. They consist of fermion bilinears as-
sociated with the bilinear superpotential terms µiHuLi, and of trilinear, Yukawa-like interac-
tions associated with the superpotential couplings λ, λ′ and λ′′. In two-component notation for
spinors, the fermion bilinears read (see Appendix A for the definition of fields, and Ref. [25]
for the two-component notation):

LHuLi
= µi

(
h̃0

uνi − h̃+
u l−i

)
+ h.c. . (2.6)

These terms, which mix lepton with higgsino fields, will be discussed in section 2.3. Expanded
in standard four-component Dirac notation, the trilinear interaction terms associated with the λ,
λ′ and λ′′ couplings read, respectively (see Appendix A for the definition of fields, and Appendix
B for the derivation of this Lagrangian density):

LLiLjEc
k

= −1

2
λijk

(
ν̃iLl̄kRljL + l̃jLl̄kRνiL + l̃⋆kRν̄

c
iRljL − (i ↔ j)

)
+ h.c. , (2.7)

l̃ λ λ′� λ′�′�
q̃

q
q̃

q̄l̄

l

l̄

q̄

https://cds.cern.ch/record/2308391/files/ATLAS-CONF-2018-003.pdf
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An	example:	R-Parity	Viola8ng	SUSY �9ATLAS-CONF-2018-003

Despite the usage of simplified models, the masses of all the squarks have to be specified even if they
are not considered in the accessible sparticle spectrum, since the LSP lifetime depends on the choice of
squark masses. The results are presented as a function of the RPV coupling strength, � 00, and as a function
of the LSP lifetime and branching ratio. The correspondence between coupling strength and lifetime or
branching ratio is determined by the choice of squark masses. The mean decay length for a bino-like
lightest neutralino can be numerically estimated [23] from:

L(cm) =
0.9��
� 002

 
m(q̃)

100 GeV

!4 *
,

1 GeV
m( �̃0

1)
+
-

5

(2)

For a fixed value of the coupling higher squark masses lead to higher neutralino lifetimes. The computation
of lifetime and branching ratios is performed with SP���� 4.0.2 [24, 25] in combination with SARAH
4.12.0 [26].
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Figure 1: Production and decay processes for the three RPV SUSY models considered: (top) Gqq model, (middle)
Gtt model, and (bottom) stop model. For each model the dominant process varies with increasing � 00 coupling from
left to right.

Three simplified models are considered:

Gqq model: the model contains light gluinos and the LSP, with non-zero � 00112 coupling and all other
RPV couplings equal to zero. The gluinos are pair-produced and decay via o�-shell squarks of the
first and second generation. For low values of the RPV coupling the gluino decays as g̃ ! qq �̃

0
1

(q = u, d, s, c) with the subsequent LSP decay, �̃0
1 ! qqq. For larger values of the coupling the

gluino can also decay as g̃ ! qqq. The masses of the first and second generation squarks are

4

𝜆’’

RPC RPV

0 10-4 10-2 1 1.07

N1 Stable N1 PromptN1 Long-lived single produc6on

Upper Limit 
from RGE 

on 𝜆’’

But	these	couplings	could	be	anything	in	between	
➝ reinterpret prompt searches as a function of RPV coupling (LLP lifetime)

https://cds.cern.ch/record/2308391/files/ATLAS-CONF-2018-003.pdf
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An	example:	R-Parity	Viola8ng	SUSY �10ATLAS-CONF-2018-003
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see more 
in backup!

Standard	searches	do	a	
great	job	

assume	lightest	SUSY	
	particle	is	stable	

assume	lightest	SUSY		
particle	decays	promptly	

direct	stop	decay		

single	stop	production	

τ( χ̃0)

https://cds.cern.ch/record/2308391/files/ATLAS-CONF-2018-003.pdf


Karri	Folan	DiPetrillo	—		Rencontres	du	Vietnam	—	7	August	2018

An	example:	R-Parity	Viola8ng	SUSY �11ATLAS-CONF-2018-003
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τ( χ̃0)

Gaps	in	coverage	highlight	need	for	dedicated	long-
lived	par8cle	searches!	

eg. room for light stops with neutralino lifetimes between 0.5 ns and 10 ns

But!

Standard	searches	do	a	
great	job	

assume	lightest	SUSY	
	particle	is	stable	

assume	lightest	SUSY		
particle	decays	promptly	

direct	stop	decay		

single	stop	production	

https://cds.cern.ch/record/2308391/files/ATLAS-CONF-2018-003.pdf
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A	few	long-lived	SUSY	searches	in	ATLAS �12

2.	disappearing	tracks		
small mass splittings between 

charginos & neutralinos

1.	highly	ionizing	par8cles	
massive, charged,  

(meta-)stable particles

3.	displaced	ver8ces	
hadronic decays of  
long-lived particles

		

JHEP	06	(2018)	022

Phys.	Rev.	D	97	(2018)	052012

SUSY-2016-31

Pixel	
33.5 - 122.5 mm

Silicon	Strips	
229 - 514 mm

Transi8on	
Radia8on	Tracker	

554 - 1082 mm

https://cds.cern.ch/record/2630371
https://doi.org/10.1007/JHEP06(2018)022
https://doi.org/10.1103/PhysRevD.97.052012
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-31/
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Step	1:	calibrate	dE/dx	
Time over threshold for each pixel hit ≈ charge 

average cluster charge = dE/dx 

Step	2:		
with dE/dx, and track momentum 

use 𝛽𝛾= p/m to measure particle mass

1.	Highly	Ionizing	par8cles �13	

Improvements	with	full	2015+2016	dataset!	
run dependent scale factors, low momentum correction for protons & kaons, 

𝜂-correction (traversed thickness) , and radiation damage correction N
ot

re
vi

ew
ed
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ATLAS DRAFT

The mass of a charged particle can be derived from a fit of the specific energy loss and the momentum175

measurement to an empirical function motivated by the low-� behaviour of the Bethe-Bloch distribution.176

After applying the low-momentum correction for kaons and protons, it is possible to fit the function177

relating dE/dx to �� with only three parameters (instead of five as in the previous analysis [21]), as shown178

in Figure 2. The parametric function describing the relationship between the most probable value of the179

energy loss (MPVdE/dx) and �� is:180

MPVdE/dx = A/(��)C + B (1)

The A, B and C calibration constants have been measured using low momentum pions, kaons and protons181

reconstructed by ATLAS in low-luminosity runs where all reconstructed tracks with pT >100 MeV are182

considered. The MPVdE/dx is extracted from a fit to the distribution of dE/dx values for each particle183

species. The mass parameterisation is valid for both data and simulation after the correction to dE/dx in184

simulation is applied.185

Given a measured value of dE/dx and momentum, and assuming unit charge, the mass M is calculated186

from Eq.1 by numerically solving the equation MPVdE/dx(p/M) = dE/dx for the unknown M , where187

the MPVdE/dx is approximated by the truncated mean measurement of dE/dx. Using this method, the188

reconstructed mass for simulated R-hadrons reproduces well the generated mass up to about 1.5 TeV, above189

which bias in the measured momentum causes the reconstructed mass to fall below the generated value.190

The momentum uncertainty dominates the mass resolution above masses of 200 GeV. The measurement191

of the proton mass in all data taking runs used in this analysis allows the monitoring of the stability of the192

A, B and C calibration constants. These are found to be stable at the 1% level after all corrections have193

been applied.194

6 Event selection195

Events are first selected with a trigger based on Emiss
T , which is calculated using energy measurements196

in the calorimeter with corrections for multiple pp interactions in each event [24]. The high-level Emiss
T197

trigger threshold varies from 70 GeV to 110 GeV during the data-taking period. In the reconstruction,198

Emiss
T is built from calibrated muons and electrons which pass baseline selections, from calibrated jets199

reconstructed with the anti-kt jet clustering algorithm [51] with radius parameter R = 0.4 using clusters200

of energy depositions in the calorimeter as inputs, and from a term that includes soft tracks not associated201

to any other objects in the event [52] but consistent with the primary vertex (PV). Events are required to202

have Emiss
T > 170 GeV to enhance the signal sensitivity and to ensure that the selected events are near203

the e�ciency plateau of the trigger. To ensure a good calculation of Emiss
T , events are rejected if they204

contain a jet with ET > 20 GeV that is consistent with detector noise or beam-induced backgrounds, as205

determined from shower shape information. Relative to standard ATLAS selections for jet-cleaning [53],206

a requirement on the relationship between track and calorimeter measurements of pT and a requirement on207

the fraction of jet energy deposited in the electromagnetic calorimeter are not applied as they are found to208

be ine�cient for signal events in which an R-hadron decays before or inside the calorimeters. For signal209

events which pass the o�ine Emiss
T requirement, the trigger is above 95% e�cient for R-hadrons with a210

lifetime of 10 ns and around 70% e�cient for the stable case.211

There are two separate signal regions with slightly di�erent optimisations for metastable and stable212

particles: the isolation selections di�er slightly for the two signal regions, and a muon veto is applied213

only for the metastable region. Additionally, events with a high pT muon whose momentum uncertainty214

11th July 2018 – 15:01 9

SUSY-2016-31DRAFT

Figure 1: Feynman diagram representing production of long-lived gluinos in a Split SUSY model, which form
R-hadrons and give rise to displaced decays with hadronic final states.

2. Data and Monte Carlo samples129

2.1. Data sample130

The analysis uses the full 25 ns pp dataset from 2016. As the standard ATLAS tracking algorithms131

are ine�cient for finding tracks with impact parameters as large as expected for the sought signal, track132

reconstruction has to be re-run with relaxed settings downstream in the analysis workflow. Since this Large133

Radius Tracking processing (see Section 3) requires low-level data, we make use of the DRAW_RPVLL [15]134

described below, and the DAOD_SUSY15 derivation format.135

As a brief executive summary, here is an overview of the workflow and the various formats for the136

processing of the data:137

RAW => DRAW_RPVLL (Tier-0 f-tags) => DAOD_RPVLL (r8669) => DAOD_SUSY15 (p2875)138

The Run II data used for this analysis are from datasets matching the following patterns:139

DRAW_RPVLL : data16_13TeV.*.physics_Main.merge.DRAW_RPVLL.f*_m*140

DAOD_RPVLL : data16_13TeV.*.physics_Main.recon.DAOD_RPVLL.f*_r8669141

DAOD_SUSY15 : data16_13TeV.*.physics_Main.recon.DAOD_RPVLL.f*_r8669_p2875142

Table 1 describes the various data periods and their corresponding integrated luminosity for the dataset143

used in this search.144

2.1.1. The DRAW_RPVLL format145

This data format is designed specifically to give access to low-level detector and reconstruction information146

for searches that need to do custom reconstruction or use unconventional variables based on low-level147

detector data. To minimize the disk space used by this format, only a small subset of events are made148

available this way. To select them, tight trigger and o�ine selections are applied to “skim” the data, while149

July 31, 2018 – 15:42 5

Search	for	long-lived	massive	charged	par8cles,		
which	are	slow	moving	and	highly	ionizing		

eg. gluino in Split SUSY, decays via heavy squarks, 

 hadronizes with Standard Model particles

https://cds.cern.ch/record/2630371
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-31/
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1.	Highly	Ionizing	par8cles

Selec8on:	
MET Trigger, MET > 170 GeV 

track pT > 150 GeV 
dE/dx > 1.8 MeV g-1cm2 

meta-stable & stable signal regions 

Backgrounds:		
from long Landau tail,  

shared hits, or spurious hits  

Data-driven	bkg	es8ma8on:		
Measure p in low dE/dx  

Measure dE/dx in low MET 
normalize in M < 160 GeV 

Results	
mild excess: 2.4𝜎 local in stable SR 

targeting 600 GeV gluino  
no excess in meta-stable signal 

regions

�14SUSY-2016-31

lifetimes probed: 𝜏 > 0.4 ns 
masses excluded 

𝜏 ~ 10 ns : 2060 GeV 
stable : 1890 GeV

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/SUSY-2016-31/
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2.	Disappearing	tracks

non	standard	reconstruc1on	
short pixel tracks with 4 hits = tracklet 

Selec8on:	
MET trigger, 

1 high pT jet, lepton veto 
1 isolated pixel tracklet

�15JHEP	06	(2018)	022

Improvements	w.r.t	Run	1!	
addition of IBL ➝ shorter tracklets 

probe shorter lifetimes

small																							➝	long-lived	charginos,	
 pure wino-LSP: ∆m = 160 MeV, 𝜏 = 0.2 ns 

pure higgsino-LSP: ∆m = 350 MeV, 𝜏 = 0.05 ns 

neutralinos	make	good	candidates	for	DM! J
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Figure 2. Example diagrams of the benchmark signal processes used in this analysis. In the case
of direct chargino/neutralino production (a), the signal signature consists of a long-lived chargino,
missing transverse momentum and initial-state radiation. In the case of the strong channel (b),
each gluino decays into two quarks and a chargino or neutralino. A long-lived chargino, missing
transverse momentum and multiple quarks, which are observed as jets, are the signatures of this
signal.

Electroweak production. This search targets the production processes pp → χ̃±
1 χ̃

0
1j

and pp → χ̃+
1 χ̃

−
1 j, where j denotes an energetic jet from initial-state radiation (ISR).

The presence of the ISR jet is required to ensure significant Emiss
T and hence high trigger

efficiency. An example diagram for the pp → χ̃±
1 χ̃

0
1j process is presented in figure 2a. The

resulting signal topology is characterised by a high-pT jet, large Emiss
T , and at least one

high-pT pixel tracklet.

Strong production. This search targets gluino pair production with a long-lived

chargino in the decay chains pp → g̃g̃ → qqqqχ̃
±
1 χ̃

0
1 and pp → g̃g̃ → qqqqχ̃

±
1 χ̃

±
1 . These

are typical decay modes in AMSB models. An example diagram is shown in figure 2b. The

signal topology is characterised by four high-pT jets, large Emiss
T , and at least one high-pT

pixel tracklet.

3.2 Background sources

The main SM background processes for the two analysis channels are top-quark pair produc-

tion (tt) and W boson production associated with hadron jets (W+jets) with subsequent

decay W → eν, τν. Hadrons or leptons in these events can be reconstructed as a pixel

tracklet if they interact with the detector material and any hits in the tracking detectors

after the pixel detector are not assigned to the reconstructed tracklet. Interactions that

contribute to this background include severe multiple-scattering, hadronic interactions or,

in the case of leptons, bremsstrahlung, as shown in figure 3a and 3b. The other main cat-

egory of background is from “fake” tracklets, which originate from random combinations

of hits from two or more particles, as shown in figure 3c.

– 5 –
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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, 22]

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 [23] 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 –

Δm( χ̃±
1 , χ̃0

1)

https://doi.org/10.1007/JHEP06(2018)022
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Background	es8ma8on	
measure data-driven templates 

likelihood fit to pixel tracklet pT spectrum
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Figure 3. Sketch of the different background components in the search with pixel tracklets. Thin
solid and dotted red lines show trajectories of charged and neutral particles respectively. Thick blue
lines show reconstructed pixel tracklets. (a) A hadron undergoing a hard scattering can yield track
segments in the pixel and SCT detector that are not recognised as belonging to the same track, thus
faking a pixel tracklet. (b) A lepton emitting hard photon radiation could be identified as a pixel
tracklet through a similar mechanism. (c) A pixel tracklet can arise from a random combination of
hits created by different particles in close proximity.

3.3 Analysis method

Candidate events are required to have large Emiss
T , at least one high-pT jet, and at least

one isolated pixel tracklet. A lepton-veto is used to suppress background events from W/Z

+ jets and top-pair production processes. Kinematic requirements, optimised for each

channel, are applied to enhance the signal purity in the event samples. After selection, the

search is performed by looking for an excess of candidate events in the pT distribution of

pixel tracklets. The shapes of the pT spectrum for the background from hadrons, muons,

electrons, and fake tracklets are derived from data using dedicated techniques for each

background process. A fit to the observed pT distribution to extract the normalisation of

the total background component and the signal strength is performed simultaneously in a

low-Emiss
T control region, two fake-tracklet control regions, and a high-Emiss

T signal region.

The regions are defined by the requirements described in section 5 and in section 6.3.

The expected signal spectrum and yield are estimated from simulation and the measured

detector performance. Further details are given in section 6.

4 Data and simulated event samples

The data used in this analysis were recorded by the ATLAS detector in 2015 and 2016. The

pp centre-of-mass energy was 13TeV and the bunch spacing was 25 ns. The mean number

of pp interactions per bunch crossing in the dataset was 14 in 2015 and 24 in 2016.

Events were selected by Emiss
T triggers [25] with trigger thresholds varying from 70GeV

to 110GeV depending on the data-taking period. Data samples used to estimate the

background contribution and to measure tracking performance were selected using triggers

– 6 –
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(d) Strong channel high-Emiss
T region.

Figure 7. Pixel-tracklet pT spectrum in various regions: (a) electroweak channel in the low-
Emiss

T region, (b) strong channel in the low-Emiss
T region, (c) electroweak channel in the high-Emiss

T

region, and (d) strong channel in the high-Emiss
T region. Observed data are shown with markers

and the background components for the background-only fit are shown with lines. In the strong
channel, total background lines overlap hadron and electron background lines. An example of
the expected signal spectrum at τχ̃±

1
= 0.2 ns and mχ̃±

1
= 400GeV for the electroweak channel

and mg̃ = 1600GeV, mχ̃±
1

= 500GeV for the strong channel is overlaid for comparison. The
bottom panels show the ratio of the data to the background predictions. The error band shows the
uncertainty in the background prediction including both the statistical and systematic uncertainties.
Red arrows in the Data/BG ratio indicate bins where the corresponding entry falls outside the
plotted range.

the use of longer tracklets. For τχ̃±
1
∼ 0.2 ns, which corresponds to ∆mχ̃1 ∼ 160MeV in the

pure wino LSP model, winos with a mass up to 460GeV are excluded at 95% CL. Figure 9

– 22 –

1. shape: drop MET 
requirement and 
|d0|/𝜎(d0) > 10 
2. normaliza6on:  
low MET region

1. measure pT of standard tracks from non-
scamered hadrons and leptons 

2. e/µ: account for P( lepton ➝ tracklet ) 
3. smear to account for track v. tracklet pT 

resolu6on (measured in Z ➝ µµ)

red	=	par8cle’s	path,	blue	=	reconstructed	tracklet
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Karri	Folan	DiPetrillo	—		Rencontres	du	Vietnam	—	7	August	2018

2.	Disappearing	tracks

ATL-PHYS-PUB-2017-019	
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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 [61]. The chargino lifetime as a function of the chargino mass is shown
in the almost pure wino LSP scenario at the two-loop level [62].

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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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

pure	higgsino		
exclude chargino masses up to 152 GeV 

JHEP	06	(2018)	022
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3.	Displaced	Ver8ces	+	MET �18Phys.	Rev.	D	97	(2018)	052012

targe8ng	hadronic	decays	in	pixel	barrel		
non	standard	reconstruc1on	

large radius tracking (LRT) and secondary vertexing
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3.	Displaced	Ver8ces	+	MET �19Phys.	Rev.	D	97	(2018)	052012

Selec8on	
trigger on MET, MET > 250 GeV 
at least 1 displaced vertex with 

Ntrk ≥ 5, mDV > 10 GeV 

Backgrounds	
hadronic interactions 

random track crossings 
merged vertices 
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3.	Displaced	Ver8ces	+	MET �20Phys.	Rev.	D	97	(2018)	052012

Exploring	gluino-neutralino	mass	spliOngs	
more difficult to get compressed scenarios,  

fewer tracks and lower MET

0	events	expected	/	observed		
best sensitivity: 2.37 TeV gluinos excluded at 𝜏 = 0.1 ns, m(LSP) = 100 GeV

https://doi.org/10.1103/PhysRevD.97.052012
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Parameterized	efficiencies	

If	you	prefer	another	interpreta8on…		
take	a	look	at	our	parametrized	efficiencies	

with prescriptions for easy use!

�21

disappearing	track		
acceptance x efficiency

displaced	vertices	+	MET	
vertex efficiency

efficiencies efficiencies	and	prescrip8on	

https://www.hepdata.net/record/78375
https://hepdata.net/record/ins1630632
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Conclusions

Long-lived	SUSY	
is well motivated  

creates challenging and spectacular signatures 
which require dedicated searches 

No	discovery	yet…	
but there is more phase space to explore in Run 2 

Stay	tuned!
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Reinterpre8ng	prompt	searches	in	RPV	scenarios �24
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Figure 2: Impact of neutralino decays with di�erent lifetimes on the number of jets, number of b-tags, E
miss
T , and

me� . All observables are shown at the reconstruction level with full simulation of the ATLAS detector.

Long-lived gluinos may hadronize into gluino-gluon balls (g̃g), gluino R-baryons (g̃qqq), or gluino R-
mesons (g̃qq̄). In this note, a model of R-hadrons is employed as described in [47–49]. Signal samples
are simulated with P����� 6.428, with the AUET2B tune [35] parameters for the underlying event and
the CTEQ6L1 [50] PDF set. Dedicated routines [49, 51, 52] for hadronization of heavy colored particles
were used to simulate the production of R-hadrons, while the interactions of the R-hadrons with matter
are handled by a dedicated simulation implemented in G����4 [48].

The decay of the R-hadrons produces a final state with jets and E
miss
T . In the range of lifetimes where the

decay of the R-hadron occurs within the inner detector, it can produce a displaced vertex signature for
which dedicated searches exist [15]. For shorter lifetimes the number of su�ciently displaced vertices
decreases and the signal resembles an RPC decay.

3 Analyses

A set of nine ATLAS searches that are sensitive to the models described in Section 2 are re-interpreted to
set exclusion limits. None of the analyses saw significant excesses above the SM expectation in datasets
ranging from 3.2 fb�1 to 37 fb�1 of 13 TeV proton–proton collision data. An outline of each of the included
analyses is presented below, and the main characteristics of the most sensitive signal regions used can
be found in Table 2. All the signal regions from the corresponding analyses are considered in the limit
setting procedure, even if not listed in the table, except where explicitly noted. The requirements on E

miss
T

7

impact of neutralino decay on key kinematic distributions
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Figure 3: Exclusion limits for the Gqq model as a function of � 00112 and m(g̃). Expected limits are shown with dashed
lines, and observed as solid. The RPC-limit is shown on the leftmost part of the axes.
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is forbidden by constraints from the renormalization group equations.
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Despite the usage of simplified models, the masses of all the squarks have to be specified even if they
are not considered in the accessible sparticle spectrum, since the LSP lifetime depends on the choice of
squark masses. The results are presented as a function of the RPV coupling strength, � 00, and as a function
of the LSP lifetime and branching ratio. The correspondence between coupling strength and lifetime or
branching ratio is determined by the choice of squark masses. The mean decay length for a bino-like
lightest neutralino can be numerically estimated [23] from:

L(cm) =
0.9��
� 002
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m( �̃0
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+
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(2)

For a fixed value of the coupling higher squark masses lead to higher neutralino lifetimes. The computation
of lifetime and branching ratios is performed with SP���� 4.0.2 [24, 25] in combination with SARAH
4.12.0 [26].
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Figure 1: Production and decay processes for the three RPV SUSY models considered: (top) Gqq model, (middle)
Gtt model, and (bottom) stop model. For each model the dominant process varies with increasing � 00 coupling from
left to right.

Three simplified models are considered:

Gqq model: the model contains light gluinos and the LSP, with non-zero � 00112 coupling and all other
RPV couplings equal to zero. The gluinos are pair-produced and decay via o�-shell squarks of the
first and second generation. For low values of the RPV coupling the gluino decays as g̃ ! qq �̃

0
1

(q = u, d, s, c) with the subsequent LSP decay, �̃0
1 ! qqq. For larger values of the coupling the

gluino can also decay as g̃ ! qqq. The masses of the first and second generation squarks are

4
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Figure 3: Exclusion limits for the Gqq model as a function of � 00112 and m(g̃). Expected limits are shown with dashed
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Despite the usage of simplified models, the masses of all the squarks have to be specified even if they
are not considered in the accessible sparticle spectrum, since the LSP lifetime depends on the choice of
squark masses. The results are presented as a function of the RPV coupling strength, � 00, and as a function
of the LSP lifetime and branching ratio. The correspondence between coupling strength and lifetime or
branching ratio is determined by the choice of squark masses. The mean decay length for a bino-like
lightest neutralino can be numerically estimated [23] from:
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For a fixed value of the coupling higher squark masses lead to higher neutralino lifetimes. The computation
of lifetime and branching ratios is performed with SP���� 4.0.2 [24, 25] in combination with SARAH
4.12.0 [26].
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Figure 1: Production and decay processes for the three RPV SUSY models considered: (top) Gqq model, (middle)
Gtt model, and (bottom) stop model. For each model the dominant process varies with increasing � 00 coupling from
left to right.

Three simplified models are considered:

Gqq model: the model contains light gluinos and the LSP, with non-zero � 00112 coupling and all other
RPV couplings equal to zero. The gluinos are pair-produced and decay via o�-shell squarks of the
first and second generation. For low values of the RPV coupling the gluino decays as g̃ ! qq �̃

0
1

(q = u, d, s, c) with the subsequent LSP decay, �̃0
1 ! qqq. For larger values of the coupling the

gluino can also decay as g̃ ! qqq. The masses of the first and second generation squarks are
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Summary:	gluino	R-hadrons �31
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