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General search strategy
๏ Lots of SUSY models on market (or arise every day!)	

‣ Dedicated analysis for each model (top-down approach) may give 

the best search sensitivity, but experimentalists cannot do that.. 	

๏ We then adapt the bottom-up approach:	

‣ Identify event topologies/signatures that could be much distinctive 

when compared to SM and capture essential features of SUSY 
particle decays.	


‣ Develop an analysis (way to control background) for each signal 
topology.	

!

๏Our job in the experiment: ”develop analyses to 
access signal event topologies that are expected to 
appear in all possible sparticle decays”
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Data up to LHC long shutdown 1
๏ Could accumulate 21.3 fb-1 

of 8TeV pp collision data in 
2012 thanks to increased 
luminosities.	

!

๏ The price to pay for this is 
pileup:	

‣ ~20 pp interactions per bunch 

crossing.	

‣ Lots of effort to fully understand 

detector responses and better 
physics performances.
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ATLAS detector

General purpose detector: designed for the detection of SUSY decay products.	

‣ Superb performance in Run-1, providing excellent reconstruction performances for 

electrons, muons, taus, photons, (b-)jets and MET.
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Performance
๏ Pileup effect: severe especially for calorimeter energy 

measurement.	

‣ Electron response stability: OK	


- Bunch-integrated pileup contribution cancels thanks to bipolar pulse 
shape	


‣  Less pileup dependence on jet/MET 
measurement due to corrections to compensate 
pileup noise etc.	


- Also can see that MC simulation reasonably describe the data!
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Fig. 13 Typical pulse shapes, recorded during the cosmic ray cam-
paign, for a given cell in the second layer for the barrel (top left) and
the endcap (top right) of the EM calorimeter, as well as in the first layer

of the HEC (bottom left) and in the third layer of the FCal (bottom
right). The relative difference between data and prediction is indicated
by triangles on the right scale

have been used. Figure 13 shows a typical 32-sample pulse
recorded in the barrel (top left) and the endcap (top right)
of the EM calorimeter, as well as in the HEC (bottom left).
In each case, the pulse shape prediction, scaled to the mea-
sured cell energy, agrees at the few percent level with the
measured pulse.
As already mentioned, in the FCal the calibration pulse

is injected at the base-plane of the front-end crates, and
therefore the response to a calibration signal differs signif-
icantly from the response to an ionization pulse, prevent-
ing the use of methods described above. Instead, seven sam-
ple pulse shapes recorded during the beam test campaign
[9, 10] have been averaged to obtain a normalized reference
pulse shape for each layer. Figure 13 (bottom right) shows a
typical example where the agreement between the reference
pulse shape and the data is at the 4% level.

3.4.2 Quality of signal reconstruction
in the EM calorimeter

Several PeV were deposited in the full calorimeter in LHC
beam splash events. As an example, Fig. 14 shows the en-
ergy deposited in the second layer of the EM calorimeter.
The structure in φ reflects the material encountered by the
particle flux before hitting the calorimeter, such as the end-
cap toroid. In this layer, a total of 5 × 105 five sample sig-
nal shapes with at least 5 GeV of deposited energy were

recorded. These events were used to estimate the quality of
the pulse shape prediction for every cell.
For this purpose, a Q 2-estimator is defined as :

Q 2 =
1

Ndof

N samples

j = 1

(s j − Ag physj )2

σ2noise + (kA) 2
, (9)

where the amplitude A (3) is computed with a number of
samples N samples = 3 (because the timing was not yet ad-
justed everywhere for the beam splash events, not all sam-
ples can be used), sj is the amplitude of each sample j , in
ADC counts, gphysj is the normalized predicted ionization
shape and k is a factor quantifying the relative accuracy of
the amplitude A . Assuming an accuracy of around 1%, with
the 5 GeV energy cut applied one has σ2noise < (kA) 2. In
this regime, it is possible to fit a χ 2 function with 3 degree
of freedom on the Q 2 × Ndof distribution over cells in the
central region (where the Q 2 variation is small). Therefore,
Ndof = 3. A given value of Q 2 can be interpreted as a preci-
sion on the amplitude at the level kQ .
Figure 15 shows the Q 2-estimator in the second layer of

the EM calorimeter averaged over φ, assuming k = 1.5%
corresponding to Q 2 � 1 for η � 0. The accuracy is de-
graded by at most a factor of � 2 (i.e. Q 2 � 4) in some end-
cap regions. This shows that these data can be described with
a reasonable precision.

pvN
0 5 10 15 20 25

 R
es

ol
ut

io
n 

[G
eV

]
m

is
s

y
,E

m
is

s
xE

10

15

20

25

30 Data 2012 default
Data 2012 Pile-up suppression 
MC default
MC Pile-up suppression

µµ AZ 
 = 8 TeVs

-1Ldt=20 fb0

ATLAS Preliminary



Triggers in 8TeV run
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 Signature Offline selection Trigger selection 
        L1                  EF          

L1 Peak (kHz) 
Lpeak= 7×1033 

EF Ave (Hz) 
Lave= 5×1033 

Single leptons 
Single muon pT > 25 GeV 15 GeV 24 GeV 8 45 

Single electron pT > 25 GeV 18 GeV 24 GeV 17 70 

Two leptons  

2 muons pT > 6 GeV 2 × 6(4EOF) GeV 
(also 2mu4 barrel only) 

2 × 6 GeV 3 2 

2 muons pT >15 GeV 
2 muons pT > 20,10 GeV 

2 × 10 GeV 
15 GeV 

2 × 13 GeV 
18,8 GeV 

1 
8 

5 
8 

2 electrons, each pT > 15 GeV 2 × 10 GeV 2×12 GeV 6 8 

2 taus pT > 45, 30 GeV 15,11 GeV 29,20 GeV 12 12 

Two photons 2 photons, each pT > 25 GeV 
2 loose photons, pT > 40,30 GeV 

2 × 10 GeV 
12,16 GeV 

2 × 20 GeV 
35, 25 GeV 

6 
6 

10 
7 

Single jet  Jet pT > 360 GeV 75 GeV 360 GeV 2 5 

ET
miss  ET

miss > 120 GeV 40 GeV 80 GeV 2 17 

Multi-jets 5 jets, each pT > 60 GeV 
6 jets, each pT > 50 GeV 4×15 GeV 

5 × 55 GeV  
6 × 45 GeV 1 8 

b-jets b + 3 other jets pT > 45 GeV 4 × 15 GeV 4 × 45 GeV + b-tag 1 4 

TOTAL       < 75   ~ 400 (ave) 



Primer of SUSY search
๏ Missing transverse momentum (MET): calculated based on calorimeter 

energies and reconstructed muons.	

๏ LSPs(neutralino, gravitino) escape from detection ⟹ large MET	


๏ Jet multiplicity	

๏ Enhance squark/gluino decays, reduce multijet background	


๏ b-jet: Flavor tagging using 3D tracking impact parameter (e.g., 60% efficiency, <1% 
mis-tag rate) 	

๏ 3rd gen. squark decays, top, …	


๏ Transverse mass (mT)	

๏ Separate from W+jets	


๏ Scalar sum of visible objects (HT), effective mass (meff=HT+MET)	

๏ Large values expected when heavy particles are produced	


๏ Contraverse mass (mCT)	

๏ Separate from ttbar	


๏ …
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Standard Model Background Modelling

Reducible backgrounds
1–2 fake leptons or 

    hadronic taus
  Determined from data
  Analysis dependent

Irreducible backgrounds
Sources of real, prompt leptons
Dominant sources:
   Control regions in data used for normalisation 
   Transfer to signal regions using MC
Sub-dominant sources: MC simulation

SM processes can be SUSY-like – single/di-/tri-bosons, top, multijet, higgs
Need to understand and accurately model the SM backgrounds

Validation Regions
  
  for cross-checks

Signal Regions
Multiple signal regions per channel

Discriminating variables
E
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Primer of SUSY search
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How Are We Doing This?

SM Backgrounds:
top pairs, single top,
V+jets, dibosons,
multijets,...

Minor irreducible  Backgrounds:

Main irreducible  Backgrounds:

Reducible (fake) Backgrounds:

− Templates
− Jet smearing
− Matrix method

− Normalize MC prediction in

− Pure MC based prediction

− Fully data driven method

Validation Region:

− Closer to SR

− Cross check back−
ground predictions

Signal Region:
− Look for excess

dedicated Control Regions
− Extrapolate to Signal Regions

using MC

Combined global fit:
Consider experimental and theoretical uncertainties
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Search programs
๏ Again, topology-based analyses developed to cover all possible decay 

signatures by adopting given triggers and discriminants (previously listed).  
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ATLAS SUSY Search strategyATLAS SUSY Search strategy
Production cross-section

MSUSY (GeV)

ΔΔΔΔm

MSUSY

ΔΔΔΔM

1. Strong production (low, high ΔΔΔΔM/MSUSY)   Inclusive jets+MET
2. Natural spectrum Dedicated searches with bjets, multileptons, jet/Z veto
3. Low ΔΔΔΔm, tiny RPV, weak coupling to G   Long Lived or meta-stable sparticles
4. ‘Sizeable’ RPV                                          Multileptons (inc. tau), No Z, jet resonances, LFV
5. MSSM Extensions? Scalar Gluon 

Mass Spectrum

Phenomelogy Signature

Decay

or not if RPV

L. Hall (LBL Workshop, 21-Oct11)A

 Phenomenology oriented searches

~

displaced
vertex

disappearing 
(kink) track

~ stable 
slow (β<1)

~0.1-1mm

~10cm

O(1-10m)

Decay 
Length≥3 jets ~2 jets

≥2 jets
≥1 b-jet

~0 jet
≥2 leptons (tau)
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squark/gluino production
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Inclusive searches with jets+MET+X
๏ Can start by broad and inclusive searches in jets+MET+X 

final states to explore squark/gluino production.	

‣ Large production cross section via strong interaction	

‣ Excesses expected to appear in large MET & meff regions where few SM 

background expected.	


๏ Very powerful analyses!	

‣ Can address with early data sample, statistics does not help because the 

cross section steeply drops when squark/gluino mass increases.	

‣ Performed with several signal search regions that are (nearly) orthogonal.
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MSUGRA/CMSSM exclusion: 2013 summer

!

!

!

!

!

!

!

!

!

๏ Gluino masses below ~1.3 TeV for any squark mass
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Accessing the corner of parameter space 
๏ The inclusive searches are powerful, but there could be the 

corners of parameter space that they cannot   address..	

‣ Compressed mass spectrum leads to softer kinematics.
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3rd gen. squark production

10
-3

10
-2

10
-1

1

10

200 400 600 800 1000 1200 1400 1600

ĩeĩe
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Stop decays
๏ Many possible decay modes depending on stop-LSP mass 

relation:	

๏ Dedicated analyses to explore each decay/signal topology.
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1 Introduction

Partners of the top quark are an ingredient of several models addressing the hierarchy problem [1–4] of
the Standard Model (SM). A boson partner would stabilize the Higgs boson mass against quadratically
divergent quantum corrections, provided its mass is close to the electroweak symmetry breaking energy
scale, making it accessible at the LHC [5]. One of these models is supersymmetry (SUSY) [6–14]
which naturally resolves the hierarchy problem by introducing supersymmetric partners of the known
bosons and fermions. In a generic R-parity conserving minimal supersymmetric extensions of the SM
(MSSM) [15–19] the scalar partners of right-handed and left-handed quarks, q̃R and q̃L, can mix to form
two mass eigenstates. The lightest of the two top squark (stop) eigenstates is denoted t̃1. Depending
on the assumptions made on the SUSY model and the mass hierarchy of the sparticles, the stop might
decay into a b-quark and a chargino, with a subsequent decay of the chargino into the lightest neutralino
via a W (⇥) emission. If the chargino is heavier than the stop and m(W) + m(b) < m(t̃1) � m(�̃0

1) < m(t),
the dominant decay mode is expected to be the three-body Wb�̃0

1 decay. In both scenarios, the final
state from direct pair-production of top squarks has two W (⇥) bosons, two b-quarks, and two neutralinos.
Depending on the decays of the two W(⇥) bosons zero, one or two isolated charged leptons are produced.

In this note, a search for top squarks in events characterized by the presence of two isolated leptons
(e, µ) with opposite charge is reported. Significant missing transverse momentum, its magnitude referred
to as Emiss

T , is expected from the neutralinos �̃0
1 (assumed to be the lightest supersymmetric particle and

stable) and neutrinos in the final state.
For these final state topologies, to separate the signal from the large SM background contributions

dominated by top quark pair and W boson pair production, the mT2 variable [20, 21] was chosen as
discriminating variable. It is defined as:

mT2(p⇥1T ,p
⇥2
T ,p

miss
T ) = min

qT+rT=pmiss
T

�
max[ mT(p⇥1T ,qT),mT(p⇥2T , rT) ]

⇥
,

where mT indicates the transverse mass, p⇥1T and p⇥2T are the transverse momenta of the two leptons, and
qT and rT are vectors which satisfy qT + rT = pmiss

T . The minimization is performed over all the possible
decompositions of pmiss

T . The distribution of this variable for tt̄ events presents a sharp kinematic end-
point at the W boson mass [22, 23]. For stop pair production followed by t̃1 ⇤ �̃±b ⇤ W(⇥)�̃0

1b the
kinematic limit is strongly correlated with the mass di�erence between the chargino and the neutralino,
allowing for a good discrimination from the background for mass di�erences between the chargino and
the neutralino larger than the W mass. For the direct three body decay, values of mT2 will have an end-
point correlated with the di�erence between the mass of the stop and the mass of the neutralino, but the
mT2 distribution will approach the kinematic limit with a much softer derivative than in the on-shell case.

The results are interpreted in various two-dimensional projections of a three-dimensional parameter
space defined by the masses of the stop, the chargino and the neutralino for the two-body decay chain,
while limits on the stop and neutralino masses are derived for the three-body decay.

A similar search for direct stop production has already been reported [24] based on the first 13 fb�1

of data collected by the ATLAS experiment in 2012. The present analysis is based on the full 2012 data,
corresponding to an integrated luminosity of 20.3 fb�1, and includes additional selections improving the
parameter space coverage of the search in regions where there is a significant mass di�erence between
stop and chargino. Previous ATLAS analyses using the 2011 data have placed exclusion limits on models
with a top squark mass lighter than the top quark, for the stop decay mode into the lightest chargino and
a b-jet [25,26] and on models with an heavier stop quark decaying into a top quark and a neutralino [27–
29]. Preliminary results on 2012 data placed further constraints on direct stop production assuming one
of these decay modes [30–32]. The present analysis extends the sensitivity in the m(t̃1),m(�̃±1 ),m(�̃0

1)
parameter space and investigates for the first time the three-body decay mode.

1

Two possible sets of SUSY mass spectra are considered in this paper. In the first
set of scenarios, the lightest sbottom is the only coloured sparticle contributing to the

production processes and it only decays via b̃1 → bχ̃0
1. In the second set, the lightest

stop is the only coloured sparticle allowed in the production processes and it decays
exclusively via t̃1 → bχ̃±

1 , where the lightest chargino (χ̃±

1 ) decays via a virtual W

boson into the three-body final state χ̃0
1f f̄

′. In the cases considered in this article, the
fermions f and f ′ may have transverse momenta below the reconstruction thresholds

applied in the analysis, as a consequence of a small value for ∆m ≡ mχ̃±
1

−mχ̃0
1
.

In both scenarios, events are characterised by the presence of two jets originating

from the hadronisation of the b-quarks and large missing transverse momentum.
Results of searches for direct sbottom and stop production have been previously
reported by the ATLAS [22–27] and CMS [28–30] experiments at the LHC, and by

the Tevatron [31, 32] and LEP [33] experiments.

2 The ATLAS detector and data samples

The ATLAS detector [34] consists of inner tracking devices surrounded by a super-

conducting solenoid, electromagnetic and hadronic calorimeters and a muon spec-
trometer with a magnetic field produced by a set of toroids. The inner detector

(ID), in combination with a superconducting solenoid magnet with a central field of
2 T, provides precision tracking and momentum measurement of charged particles in

a pseudorapidity1 range |η| < 2.5 and allows efficient identification of jets originat-
ing from b-hadron decays using impact parameter measurements and reconstructed
secondary decay vertices. The ID consists of a silicon pixel detector, a silicon mi-

crostrip detector and a straw tube tracker (|η| < 2.0) that also provides transition
radiation measurements for electron identification. The calorimeter system covers

the pseudorapidity range |η| < 4.9. It is composed of sampling calorimeters with
either liquid argon or scintillating tiles as the active medium. The muon spectrom-
eter has separate trigger and high-precision tracking chambers, the latter providing

muon identification and momentum measurement for |η| < 2.7.
The data sample used in this analysis was taken during the period from March to

December 2012 with the LHC operating at a pp centre-of-mass energy of
√
s = 8 TeV.

Candidate signal events are selected using a trigger based on a missing transverse

momentum selection (Emiss
T ), which is found to be 99% efficient for events passing the

offline selection of Emiss
T > 150 GeV. The trigger efficiency variations over data-taking

1ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point
(IP) in the centre of the detector and the z-axis along the beam pipe. The x-axis points from the IP
to the centre of the LHC ring, and the y-axis points upward. Cylindrical coordinates (r,φ) are used
in the transverse plane, φ being the azimuthal angle around the beam pipe. The pseudorapidity is
defined in terms of the polar angle θ as η = − ln tan(θ/2). The distance ∆R in the η–φ space is
defined as ∆R =

√

(∆η)2 + (∆φ)2.

– 2 –

0-leptons + 6-jets (2 b-jets) + MET	

1-lepton + 4-jets (2 b-jets) + MET	

2-leptons (+ 2 b-jets) + MET	

charm / mono-jet + MET	

Z(ll) + 2 b-jets + MET 	

…



Summary: stop to t/b/c+LSP
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Summary: stop to b+chargino
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Direct stop search summary 
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gaugino/slepton production
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ĩeĩe
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M1, M2, and μ
Decay mode/cross section determined by the order of M1, M2, 
and μ	

!
!
!
!

In natural SUSY scenarios (Bino LSP), EW gaugino decays lead to 
high lepton multiplicities.	

‣ Dedicated analyses performed depending on the lepton multiplicity
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Bino LSP  
M1 < M2, µ 

Bino 

Wino LSP 
M2 < M1, µ  

Wino 

Higgsino LSP 
µ < M1, M2 

Higgsino 

EWK SUSY Searches at ATLAS Tina Potter – SUSY 2013 3

Search Strategy

Long-lived electroweak searches 
covered by Nimrod Taiblum

Electroweak RPV searches 
covered by Nick Barlow

Chargino Pair Production χ̃1

+ χ̃1

−

Chargino-Neutralino Production χ̃1

± χ̃2

0

Neutralino Pair Production χ̃2

0 χ̃3

0

Slepton Pair Production l̃
+
l̃
−

Stau Pair Production τ̃+ τ̃−

2 lepton final states (e,μ)
   ATLAS-CONF-2013-049

2 hadronic τ final states
   ATLAS-CONF-2013-028

3 lepton final states (e,μ)
   ATLAS-CONF-2013-035

4 lepton final states (e,μ,τ)
   ATLAS-CONF-2013-036

2L

2L 2τ

4L

3L2τ

2τ

∫Ldt = 20 fb-1, √s = 8 TeV dataset

Simplified models studied
Bottom-up approach, capturing essential 
features of existing models.
Small number of sparticles, assumed BR. 
Described by masses and cross-sections.

1 e/μ + bb final states
 ATLAS-CONF-2013-093

1L



Summary: EW gaugino production
๏ Constraint on N1-C1(N2) masses by searches with multilepton final states	


‣ Weakly constrained in the case that gauginos decay via gauge bosons 
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Wino-LSP case
Wino-LSP scenarios (AMSB, PGM,…) predicts the mass-
degenerate C1 that could have a significant lifetime.	

‣ Decaying C1 could be reconstructed as a 

“high-pT disappearing track”	

‣ Explored in the events having ISR jet + 

disappearing track
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Slepton production
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Searches with odd tracks/
signatures



Odd signatures
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Pixel
SCT

TRT

LAr/Tile

Calorimet
Muon detector

Inner 

1

2
3

4

5

Signature Particle Typical scenario decay length (cτγ)

1 low β (large dE/dx) Slepton, R-hadron GMSB, split-SUSY >1000mm

2 Stopped particle R-hadron split-SUSY —

3 Displaced vertex N1 decay, Z/H/slepton RPV coupling, GMSB O(10-100)mm

4 Disappearing track C1 mass-degenerate C1-N1 O(100-1000)mm

5 Non-pointing photon Photon from N1 decay GMSB O(100-1000)mm

(8TeV results in public)

‣ LLPs in SUSY events result in “odd tracks”.	

- Very distinctive signatures, very low SM background.	

- Instrumental background dominates; full understanding 
of the detector performances required (challenging!)



Stopped R-hadron
๏ Gluino could be meta-stable (split-SUSY) and form R-

hadrons, can get stuck in the calorimeter and decay much 
later.	


๏ Look for energetic jets via gluino decays in empty bunches.
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Stopped-Gluino R hadrons 

9 

Signature Overview 
• pp → 𝑔𝑔 
• 𝑔  have  long  lifetimes  →  form  R-hadrons with 

SM quarks from the vacuum 
• R-hadron looses energy via dE/dx and nuclear 

scattering (can exchange charge)  →   
𝑔 comes to rest within ATLAS and decays at a 
later time  

• 𝑔 that decay during empty bunch-crossing can 
be  detected  →  Out-of-time jets 

 
Efficiency 
Depends on lifetime τ (short/long): 
𝜀௦௧ × 𝜀்(𝜏) × 𝜀 

Beam 1 
Beam 2 

paired crossing 

empty crossing unpaired crossing 

50 ns between bunches 

• LHC bunch structure and crossing 
types 

• ~10% empty bunches are usable for 
this analysis 

stopping 
fraction 

reconstruction 
efficiency 

probability to decay 
in an empty bunch 
(timing acceptance) 

Figure 4: The timing acceptance for signal as a function of gluino lifetime (in seconds). This corresponds
to the ϵT (τ) variable described in the text.

There is also uncertainty from the modeling of nuclear interactions of the R-hadron with the calorimeter
since these can affect the stopping fraction. The effect is estimated by calculating the stopping fraction
after varying the nuclear cross section up and down by a factor of two. The difference gave a relative
uncertainty of 11% which is used as the systematic uncertainty in limit setting.

10.2 Timing in the Calorimeters

Since the R-hadron decay is not synchronized with a bunch crossing it is possible that the calorimeters
respond differently to the energy deposits in the simulated signals than in data. The simulation only
considers a single bunch crossing for each event; it does not simulate the trigger in multiple bunch
crossings and the firing of the trigger for the first bunch crossing which passes the trigger. In reality, a
decay at -15 ns relative to a given bunch crossing might fire the trigger for that bunch crossing, or it may
fire the trigger for the following bunch crossing. The reconstructed energy response of the calorimeter
can vary between these two cases by up to 10% since the reconstruction is optimized for in-time energy
deposits. To estimate the systematic uncertainty, the total number of simulated signal events passing the
offline selections is studied when varying the timing offset by 5 ns in each direction (keeping the 25 ns
range). This variation conservatively covers the timing difference observed between simulated signal jets
and cosmic ray muon showers. The minimum and maximum efficiency for each mass point is calculated,
and the difference is used as the uncertainty, which is always less than 3% across all mass points.

10.3 Selection Criteria

The systematic uncertainty of selection criteria on signal efficiency was evaluated by varying each se-
lection up and down by its known uncertainty. The uncertainties from each selection are combined in

12

The signal efficiency depends 
on the lifetime.



Stopped R-hadron
๏ Gluino could be meta-stable (split-SUSY) and form R-

hadrons, can get stuck in the calorimeter and decay much 
later.	


๏ Look for energetic jets via gluino decays in empty bunches.
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There is also uncertainty from the modeling of nuclear interactions of the R-hadron with the calorimeter
since these can affect the stopping fraction. The effect is estimated by calculating the stopping fraction
after varying the nuclear cross section up and down by a factor of two. The difference gave a relative
uncertainty of 11% which is used as the systematic uncertainty in limit setting.
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respond differently to the energy deposits in the simulated signals than in data. The simulation only
considers a single bunch crossing for each event; it does not simulate the trigger in multiple bunch
crossings and the firing of the trigger for the first bunch crossing which passes the trigger. In reality, a
decay at -15 ns relative to a given bunch crossing might fire the trigger for that bunch crossing, or it may
fire the trigger for the following bunch crossing. The reconstructed energy response of the calorimeter
can vary between these two cases by up to 10% since the reconstruction is optimized for in-time energy
deposits. To estimate the systematic uncertainty, the total number of simulated signal events passing the
offline selections is studied when varying the timing offset by 5 ns in each direction (keeping the 25 ns
range). This variation conservatively covers the timing difference observed between simulated signal jets
and cosmic ray muon showers. The minimum and maximum efficiency for each mass point is calculated,
and the difference is used as the uncertainty, which is always less than 3% across all mass points.

10.3 Selection Criteria

The systematic uncertainty of selection criteria on signal efficiency was evaluated by varying each se-
lection up and down by its known uncertainty. The uncertainties from each selection are combined in
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The signal efficiency depends 
on the lifetime.



Stopped R-hadron
๏ Gluino could be meta-stable (split-SUSY) and form R-

hadrons, can get stuck in the calorimeter and decay much 
later.	


๏ Look for energetic jets via gluino decays in empty bunches.
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Stopped-Gluino R hadrons 
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Signature Overview 
• pp → 𝑔𝑔 
• 𝑔  have  long  lifetimes  →  form  R-hadrons with 

SM quarks from the vacuum 
• R-hadron looses energy via dE/dx and nuclear 

scattering (can exchange charge)  →   
𝑔 comes to rest within ATLAS and decays at a 
later time  

• 𝑔 that decay during empty bunch-crossing can 
be  detected  →  Out-of-time jets 

 
Efficiency 
Depends on lifetime τ (short/long): 
𝜀௦௧ × 𝜀்(𝜏) × 𝜀 

Beam 1 
Beam 2 

paired crossing 

empty crossing unpaired crossing 

50 ns between bunches 

• LHC bunch structure and crossing 
types 

• ~10% empty bunches are usable for 
this analysis 

stopping 
fraction 

reconstruction 
efficiency 

probability to decay 
in an empty bunch 
(timing acceptance) 

Figure 4: The timing acceptance for signal as a function of gluino lifetime (in seconds). This corresponds
to the ϵT (τ) variable described in the text.

There is also uncertainty from the modeling of nuclear interactions of the R-hadron with the calorimeter
since these can affect the stopping fraction. The effect is estimated by calculating the stopping fraction
after varying the nuclear cross section up and down by a factor of two. The difference gave a relative
uncertainty of 11% which is used as the systematic uncertainty in limit setting.

10.2 Timing in the Calorimeters

Since the R-hadron decay is not synchronized with a bunch crossing it is possible that the calorimeters
respond differently to the energy deposits in the simulated signals than in data. The simulation only
considers a single bunch crossing for each event; it does not simulate the trigger in multiple bunch
crossings and the firing of the trigger for the first bunch crossing which passes the trigger. In reality, a
decay at -15 ns relative to a given bunch crossing might fire the trigger for that bunch crossing, or it may
fire the trigger for the following bunch crossing. The reconstructed energy response of the calorimeter
can vary between these two cases by up to 10% since the reconstruction is optimized for in-time energy
deposits. To estimate the systematic uncertainty, the total number of simulated signal events passing the
offline selections is studied when varying the timing offset by 5 ns in each direction (keeping the 25 ns
range). This variation conservatively covers the timing difference observed between simulated signal jets
and cosmic ray muon showers. The minimum and maximum efficiency for each mass point is calculated,
and the difference is used as the uncertainty, which is always less than 3% across all mass points.

10.3 Selection Criteria

The systematic uncertainty of selection criteria on signal efficiency was evaluated by varying each se-
lection up and down by its known uncertainty. The uncertainties from each selection are combined in
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The signal efficiency depends 
on the lifetime.



Long-lived stau
๏ In GMSB, signal topology characterized by sparticle-type of NLSP.	

‣ GMSB staus could have a significant lifetime and be observed 

as heavy muons.

���30 13Andy Haas

Long-lived slepton (stau) search

ATLAS-CONF-2013-058

Updating to full 2012 dataset,
with improved calibrations...

• Mass:    𝒎 = 𝒑
𝜷𝜸 

 
 
• Good detector calibration is crucial  
• Calibration uses muons from Z0→μ+μ- events 

and takes their timing measurements from 
different detector elements: 
– Means of distributions used to correct calibration 
– Widths used as resolution of time measurement 

in β-1 average and to smear simulation 
 

Heavy Long-Lived Sleptons 

3 

• Framework of gauge-mediated SUSY breaking (GMSB) where the �̃�ଵ is the NLSP and 
may be long-lived 
− Events contain two �̃�ଵ 

 
• Heavy charged LLP with 𝑐𝜏 > few meters appears like a heavy muon 
• Signature: 

– low β →  time-of-flight 
– High hadronization →  large dE/dx 

 taken from track 

pixel (dE/dx) + calorimeter  
+ muon detector (ToF) 
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Figure 3: On the left, observed data and expected signal in the two-candidate signal region in the slepton
search. On the right, the lower of the two masses is plotted for observed data, background estimate and
expected signal for ⌧̃1 masses of 346 GeV and 437 GeV.

samples shown on the right have ⌧̃1 masses of 346 GeV and 437 GeV.

No indication of signal above the expected background is observed, and limits on new physics scenarios
are set. Cross-section limits are obtained using the CL

s

prescription [50]. Mass limits are derived by
comparing the obtained cross-section limits to the lower edge of the 1� band around the theoretically
predicted cross-section for each process.

The resulting production cross-section limits at 95% confidence level (CL) in the GMSB scenario as a
function of the ⌧̃1 mass are presented in Figure 4 and compared to theoretical predictions. A long-lived
⌧̃1 in GMSB models with N5 = 3, mmessenger = 250 TeV and sign(µ) = 1 are excluded at 95% CL up to
masses of 391, 402, 392, 382, 366, 347, GeV for tan� = 5, 10, 20, 30, 40 and 50, respectively.

Limits on the rates of specific production mechanisms are obtained by repeating the analysis on subsets
of the GMSB samples corresponding to each production mode. For GMSB models with parameters in
this range, strong production of squarks and gluinos is suppressed due to their large masses. Directly
produced sleptons comprise 30–63% of the GMSB cross-section, and the corresponding ⌧̃1 production
rates depend only on the ⌧̃1 mass and the mass di↵erence between the right handed ẽ (or µ̃) and the
⌧̃1. Thus, using the same analysis, constraints can be made on a simple model with only pair-produced
sleptons which are long lived, or which themselves decay to long-lived sleptons of another flavour. Such
direct production is excluded at 95% CL up to ⌧̃1 masses of 342 to 300 GeV for models with slepton
mass splittings of 0.75 to 90 GeV. The slepton direct production limits are shown in Figure 5. Figure 6
shows the cross-section limits on direct ⌧̃1 production, as would be the case when the mass splitting to
the other sleptons is very large. Masses below 267 GeV are excluded if only ⌧̃1 is produced.

Finally, in the context of the GMSB model, 30–50% of the GMSB cross-section arises from direct
production of charginos and neutralinos (dominated by �̃0

1�̃
+
1 production) and subsequent decay to ⌧̃1.

9

‣ Mass can be reconstructed 
and used as the discriminant:



Displaced photon
๏ Neutralino NSLP could a significant lifetime (GMSB),  

then decays to gravitino+photon.	

๏ Use timing and shower direction to distinguish 

photons from displaced decays.
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Non-prompt di-photon + MET

Updating with 8 TeV data and improved calibrations and techniques!



Displaced vertex
Displaced vertices having a large mass & large track multiplicity could arise in:	

‣ GMSB: long-lived NLSP neutralino decay into Z/h + graviton	

‣ GMSB: long-lived stau that decays in the inner detector	

‣ Split-SUSY: long-lived gluino decays 	


Provide background-free searches, no candidate events observed yet..	

At the moment, results interpreted in displaced neutralino decays via RPV 
coupling (mentioned later).
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considered here, there could be one or two true candidates per event, depending on the branching ratio
(BR) for the whole decay chain from squark to neutralino to muon-plus-quarks. The e�ciency for an
event to pass all selection criteria (✏evt) is related to the BR and the e�ciency for a single vertex (✏DV)
(shown in Fig. 4) via:

✏evt = 2 ⇥ BR ⇥ ✏DV � BR2 ⇥ ✏2DV. (3)

Upper limits at 95% CL on the squark production cross-section �, corresponding to BR=100% and
BR=50%, are shown in Figure 8. These are obtained using the CL

s

method [31], using the profile
likelihood as a test statistic, and with the uncertainties on e�ciency, background, and luminosity treated
as nuisance parameters. The NLO+NLL predictions for the production cross-sections for 700 GeV and
1000 GeV squark pairs are shown as bands, which represent the variation in predicted cross-section
when using two di↵erent sets of PDFs (CTEQ6.6 and MSTW [32, 33]) and varying the factorisation and
renormalisation scales each up and down by a factor of two. Since essentially no background is expected
and no events are observed, the expected and observed limits are indistinguishable.

In addition, since the association between the reconstructed DV and muon is only made at the very
last stage of the selection, an upper limit can be obtained for the situation where both a muon and a DV
are reconstructed in the event, but not necessarily associated to one another. The corresponding 95%
upper limits are 0.8 fb for the “MH” sample, 2.9 fb for the “ML” sample, and 5.4 fb for “HL”. Note
that these cross-section limits are only applicable at the values of c⌧MC listed in Table 1, since the c⌧
dependence of the e�ciency for reconstructing a muon that did not come from the same true neutralino
decay as the DV is non-trivial.

Figure 8: Upper limits at 95% CL on � vs. the neutralino lifetime for di↵erent combinations of squark
and neutralino masses, based on the observation of zero events satisfying all criteria in a 20.3 fb�1

data sample, for the case where the branching ratio for the decay chain from squark to neutralino to
muon-plus-jets is 100% (left), or 50% (right). The shaded areas around these curves represent the ±1�
uncertainty bands on the expected limits. The horizontal lines show the cross-sections at NLO+NLL
for squark masses of 700 GeV and 1000 GeV, and the shaded regions around these lines represent the
uncertainties on the cross-sections obtained from the procedure described in the text.
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MH ML HL
MC statistics (1–7)% (4–12)% (7–20)%

Muon e�ciency (6–8)% (5–7)% (5–7)%
Tracking e�ciency (2.5–4.5)% (3.5–4.5)% (4–5.5)%
Trigger e�ciency 1.8% 1.8% 1.8%

Pile- up (0.5–2)% (0.5–2)% (1.5–2.5)%

Table 4: Summary of relative systematic uncertainties on the e�ciency for values of c⌧ between 0.8 mm
and 1 m.

8 Results

Figure 7 shows the distribution of mDV vs. Nt for vertices in events passing trigger and event-selection
requirements, but no o✏ine muon requirements, and for vertices passing all requirements apart from
those on mDV and Nt. The corresponding signal distributions for the MH sample are also shown. The
signal region, corresponding to a minimum number of tracks in a vertex of five and a minimum vertex
mass of 10 GeV, which was defined before looking at the data, is marked. No vertices are observed in
the signal region.

Figure 7: The left plot shows vertex mass (mDV) vs. vertex track multiplicity (Nt) for reconstructed
DVs in non-material regions, in events that pass the trigger and primary vertex requirements. The right
plot shows the same distribution for DVs where all event, muon, and vertex selection requirements are
satisfied. Only four vertices in the data meet these criteria. Shaded bins show the distribution for the
signal MC MH sample (see Table 1), and data are shown as filled ellipses, with the area of the ellipse
proportional to the number of vertices in the corresponding bin.

Based on the observation of zero candidates in data, a 95% confidence-level (CL) upper limit of
0.14 fb is set on the visible cross-section, that is the production cross-section � for any new physics
process multiplied by the detector acceptance and the reconstruction e�ciency for that process.

Although an event is only required to contain one reconstructed DV (with associated muon) to be
considered “signal”, for models featuring pair-production such as the R-parity-violating SUSY scenario
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RPV decays

W = WMSSM + �ijkLiLjĒk + �0
ijkLiQjD̄k + iLiHu + �00

ijkŪiD̄jD̄k

Could be non-zero?!



Assume that λ has non-zero value >> large lepton multiplicity	

Assume that λ’ has non-zero value >> neutralino LSP could have a significant 
lifetime when λ’<<~10-5 (decay width proportional to (λ’)2 )	

!
!
Assume that λ’’ has non-zero value >> neutralino could hadronically decay (into 
3 quarks)

-RPV terms are allowed in the superpotential: 
!
!

-All terms cannot appear simultaneously, protons become unstable... 

-Part of them need not to be zero, leading to variety of signatures. 

-LSP could decay..

RPV signature
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LQD̄(�0) : �̃0
1 !

✓
e, µ, ⌧
⌫

◆
+ 2 jets

W = WMSSM + �ijkLiLjĒk + �0
ijkLiQjD̄k + iLiHu + �00

ijkŪiD̄jD̄k

Lepton number violating Baryon number violating



Large jet multiplicity (w/o MET)
๏ Hadronic RPV decay of LSP (to 3 quarks) leads to large jet 

multiplicity + diluted MET.	

๏ Analysis carried out by requiring ≥6 and ≥7 jets with and 

without b-jet requirements
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Searches for all possible SUSY decays… may complete the job for 
8TeV data hopefully this winter.



Summary
๏ Nothing found yet in 8TeV pp collisions.. but still at the beginning of a long 

SUSY search program at the LHC energy frontier.	

‣ The colored sparticle mass reach significantly improves (up to ~3TeV) 

with increased beam energies.	

‣ 3rd. gen squarks?? The allowed parameter space has been squeezed, but 

there’s still room that could not be accessed.	

‣ The sensitivity to EW production still limited by statistics. Could be 

addressed down to O(0.01)fb.	

‣ Have developed a number of new analyses that utilize ISR/soft lepton 

tagging and exotic tracks to cover “holes” of general/traditional searches.	

‣ Have nearly completed out job for 8TeV data and many search tools in 

hand to address all possible decays.	

!

๏ LHC resumes operation in 2015 with the designed collision energy.	

‣ What comes in next years??
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