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6 Chapter 1. Theory and Motivation

1.1.4 Short-comings of the Standard Model

The SM has been introduced as a physics success, describing and predicting obser-
vations in nature with satisfactory, and sometimes astounding, accuracy. Unfortu-
nately the SM does not provide a complete picture. There is no obvious candidate
particle to explain the nature of dark matter, which will be discussed in the coming
sections, and the SM fails to confront the matter – anti-matter asymmetry in the
universe. Gravity is not incorporated into the SM, with the strength of the gravi-
tational force being many orders of magnitude lower than the strength of the other
forces. In fact the gravitational force does not reach a strength comparable to that
of the other forces until energies approaching 1018 GeV, with possible unification
of the four forces occurring around the Planck scale, ⇥PL � 1019 GeV. The reason
for this hierarchy of scales in physics is a mystery, and it leads to the hierarchy
problem [11], explained below.
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Figure 1.1: Feynman diagram depicting a fermion loop, contributing a correction
to the Higgs mass.

The Higgs boson mass, both by necessity and according to recent observations,
is at the EW scale of � 100 GeV (� 125 GeV according to recent experimental
results). This mass is subject to radiative corrections from quantum loop interac-
tions with fermions and bosons. An example of such a loop is shown in Figure 1.1.
These quantum corrections are of order �m2

H � f2⇥2, where f is a factor contain-
ing other terms (including the mass of the particle the Higgs is coupling to and the
associated coupling squared), and ⇥ is the cut-o⇤ scale of the theory. That is to
say, the Higgs mass term is sensitive to the scale of physics beyond the EW scale.
For a cut-o⇤ scale of ⇥ � 1 TeV the corrections to the Higgs mass are small, with
large divergences being avoided. If the SM as it is now were the final word, and
therefore considered valid up to ⇥PL, the Higgs mass will be subject to enormous
corrections � ⇥2

PL. The quantum corrections to the physical Higgs mass term
would require the bare Higgs mass to be O(⇥PL) before the loop corrections. The
model then needs to be fine-tuned such that quadratic terms of this order cancel to
within � 100 GeV. Such exact tuning without adequate physical motivation spoils
the naturalness of the theory, making it far less attractive. This problem serves as
motivation for theories suggesting the existence of new physics between the EW and
Planck scales, with the SM being a low energy approximation valid up to ⇥ � 1 TeV.

The Standard Model…  
as of LHC run 1 

Higgs boson discovery in 
2012 ! the SM is complete! 
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The Standard Model…  
plus Supersymmetry? 
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SUSY searches at ATLAS 
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production 

 

Electroweak 
production 

Production modes! Final state signatures!

R-parity conservation!

Stable LSP  
MET, Dark matter?


R-parity violation!

LSP ! SM particles  
Multiple final state particles


Long lived particles!

Sparticle lifetimes 
Displaced decays


https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults 
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Gluinos/light 
squarks 
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Electroweak SUSY'
Lower production cross-section but: 
 
•  less hadronic activity 
     ! trigger on leptons 
 
•  light charginos/neutralinos  
      ! naturalness 
 
•  light sleptons  
      ! neutralino co-annihilation  
      ! DM 

Experimentally 
challenging 

Many production 
modes and final 
states explored 
in run 1 
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Wide range of  analyses targeting various decay topologies. 
Lower limits on stop masses of  up to ~800 GeV  
(given various assumptions). 

New analysis 
targetting 
previously 
uncovered space 

Dedicated 
spin 
correlation 
analysis 

Recent ATLAS summary paper on run 1 searches for third generation squarks [arXiv:1506.08616] 

Use the          distribution between the 
leptons in dileptonic events to probe the 
difficult region where           ~          
[arXiv:1412.4742] 
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Source of uncertainty �fSM
Detector modeling

Lepton reconstruction ±0.01
Jet energy scale ±0.02

Jet reconstruction ±0.01
Emiss

T < 0.01
Fake leptons < 0.01
b-tagging < 0.01

Signal and background modeling
Renormalization/factorization scale ±0.05

MC generator ±0.03
Parton shower and fragmentation ±0.06

ISR/FSR ±0.06
Underlying event ±0.04

Color reconnection ±0.01
PDF uncertainty ±0.05

Background ±0.01
MC statistics ±0.04

Total systematic uncertainty ±0.13
Data statistics ±0.05

TABLE II. Summary of systematic uncertainties on fSM in the
combined dilepton final state.

impact on the results.
The sizes of the systematic uncertainties in terms of

�fSM are listed in Table II. The total systematic uncer-
tainty is calculated by combining all systematic uncertain-
ties in quadrature.

The measured value of fSM for the combined fit is 1.20
± 0.05 (stat) ± 0.13 (syst). This agrees with previous re-
sults from ATLAS using data at a center-of-mass energy of
7 TeV [41, 42], and compares to the best previous mea-
surement using �� of fSM = 1.19 ± 0.09 (stat) ±
0.18 (syst) [42]. It also agrees with the SM prediction
to within two standard deviations.

This agrees with previous results from ATLAS using
data at a center-of-mass energy of 7 TeV [41, 42] and
agrees with the SM prediction to within two standard devi-
ations. An indirect extraction of Ahelicity can be achieved
by assuming that the tt̄ sample is composed of top quark
pairs as predicted by the SM, but with varying spin corre-
lation. In that case, a change in the fraction fSM leads to a
linear change of Ahelicity (see also Ref. [42]), and a value
of the spin correlation strength in the helicity basis Ahelicity

at a center-of-mass energy of 8 TeV is obtained by apply-
ing the measured value of fSM as a multiplicative factor to
the SM prediction of ASM

helicity = 0.318± 0.005 [36]. This
yields a measured value of Ahelicity = 0.38± 0.04.

The measurement of the variable �� is also used to
search for top squark pair production with t̃1 ! t�̃0

1 de-

cays. The present analysis is sensitive both to changes in
the yield and to changes in the shape of the �� distribu-
tion caused by a potential admixture of t̃1¯̃t1 with the SM
tt̄ sample. An example is shown in Fig. 1, where the ef-
fect of t̃1¯̃t1 production in addition to SM tt̄ production and
backgrounds is compared to data. No evidence for t̃1

¯̃t1
production was found.

Limits are set on the top squark pair-production cross
section by fitting each bin of the �� distribution to the dif-
ference between the data and the SM prediction, varying
the top squark signal strength µ. In contrast to the mea-
surement of fSM where the tt̄ cross section is varied in the
fit, here the tt̄ cross section is fixed to its SM value [71].
In addition, a systematic uncertainty of 7% is introduced,
composed of factorization and renormalization scale varia-
tion, top quark mass uncertainty, PDF uncertainty and un-
certainty in the measurement of the beam energy. All other
sources of systematic uncertainty are identical to ones in
the measurement of fSM. All shape-dependent modeling
uncertainties on the SUSY signal are found to be negligi-
ble. The limits are determined using a profile likelihood
ratio in the asymptotic limit [105], using nuisance parame-
ters to account for the theoretical and experimental uncer-
tainties.
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FIG. 2. Expected and observed limits at 95% CL on the top
squark pair-production cross section as a function of m

t̃1
, for

pair-produced top squarks t̃1 decaying with 100% branching ratio
via t̃1 ! t�̃0

1 to predominantly right-handed top quarks, assum-
ing m

�̃

0
1
= 1GeV. The black dotted line shows the expected limit

with ±1 (green) and ±2 (green+yellow) standard deviation con-
tours, taking into account all uncertainties. The red dashed line
shows the theoretical cross section with uncertainties. The solid
black line gives the observed limit.

The observed and expected limits on the top squark

Measurement of Spin Correlation in Top–Antitop Quark Events and Search for Top Squark

Pair Production in pp Collisions at

p
s=8 TeV Using the ATLAS Detector

The ATLAS Collaboration

A measurement of spin correlation in tt̄ production is presented using data collected with the ATLAS
detector at the Large Hadron Collider in proton–proton collisions at a center-of-mass energy of 8 TeV,
corresponding to an integrated luminosity of 20.3 fb�1. The correlation between the top and antitop
quark spins is extracted from dilepton tt̄ events by using the difference in azimuthal angle between the
two charged leptons in the laboratory frame. In the helicity basis the measured degree of correlation
corresponds to Ahelicity = 0.38 ± 0.04, in agreement with the Standard Model prediction. A search
is performed for pair production of top squarks with masses close to the top quark mass decaying to
predominantly right-handed top quarks and a light neutralino, the lightest supersymmetric particle. Top
squarks with masses between the top quark mass and 191 GeV are excluded at the 95% confidence level.

PACS numbers: 14.65.Ha, 14.80.Ly, 12.38.Qk, 13.85.Qk, 11.30.Pb, 12.60.Jv

Detailed studies of the correlation of the spin of top
and antitop quarks in tt̄ events produced at hadron collid-
ers are of great interest; they provide important precision
tests of the predictions of the Standard Model (SM) and
are sensitive to many new physics scenarios [1–16]. The
orientations of the top and antitop quark spins are trans-
ferred to the decay products and can be measured directly
via their angular distributions [3, 17–36]. The strength of
their correlation has been studied previously by the CDF
and D0 collaborations in proton–antiproton scattering at
1.98 TeV [37–40] and by the ATLAS and CMS collabo-
rations in proton–proton scattering at 7 TeV [41–43].

In this Letter the first measurement of tt̄ spin correla-
tion in proton–proton collisions at a center-of-mass energy
of 8 TeV is presented. Because the polarization-analyzing
power of the angular distributions of charged leptons from
top and antitop quark decays is effectively 100% [44, 45],
dilepton final states of ee, µµ and eµ are analyzed. An
observable very sensitive to tt̄ spin correlation is the az-
imuthal angle �� between the charged leptons [34], which
is also well measured by the ATLAS detector.

First, the measurement of �� is used to extract the spin
correlation strength Ahelicity = Nlike�Nunlike

Nlike+Nunlike
, where Nlike

(Nunlike) is the number of events where the top quark and
top antiquark spins are parallel (anti-parallel) with respect
to the spin quantization axis. This axis is chosen to be that
of the helicity basis, using the direction of flight of the top
quark in the center-of-mass frame of the tt̄ system. Second,
to study a specific model that predicts zero spin correlation,
a search for supersymmetric (SUSY) top squark pair pro-
duction is performed.

At the Large Hadron Collider (LHC), the SUSY part-
ners of the top quark, the top squarks, could be produced
in pairs. Models with light top squarks are particularly at-
tractive since they provide a solution to the hierarchy prob-
lem [46–49]. In such models, the mass m

t̃1
of the lighter

top squark mass eigenstate t̃1 could be close to the mass of
the top quark m

t

[50, 51]. If the lightest SUSY particle, the
neutralino �̃0

1(or alternatively the gravitino), is light and the

top squark mass is only slightly larger than the top quark
mass, two-body decays t̃1 ! t�̃0

1 in which the momentum
of �̃0

1 is very small can predominate [16]. The masses of
all other SUSY particles are assumed to be large. In SUSY
models where R-parity is conserved, such as the Minimal
Supersymmetric Standard Model (MSSM) [52–56], this
could lead to tt̄�̃0

1�̃
0
1 intermediate states, appearing like

SM tt̄ production with additional missing transverse mo-
mentum carried away by the escaping neutralinos, mak-
ing traditional searches exploiting kinematic differences as
presented in Refs. [57–63] very difficult. t̃1

¯̃t1 events can
be distinguished from SM tt̄ events through an increase of
the measured tt̄ cross section as analyzed in Ref. [64], and
since top squarks have zero spin, through measuring angu-
lar correlations sensitive to spin correlation, as analyzed in
this Letter.

A description of the ATLAS detector can be found else-
where [65]. This analysis uses proton–proton collision data
with a center-of-mass energy of

p
s = 8 TeV, correspond-

ing to an integrated luminosity of 20.3 fb�1.
Monte Carlo (MC) simulation samples are used to eval-

uate the contributions, and shapes of distributions of kine-
matic variables, for signal tt̄ events and for background
processes not evaluated from complementary data samples.
All MC samples are processed with the GEANT4 [66]
simulation of the ATLAS detector [67] and are passed
through the same analysis chain as data. The simulation
includes multiple proton–proton interactions per bunch
crossing (pile-up). Events are weighted such that the dis-
tribution of the average number of interactions per bunch
crossing matches that observed in data.

Samples of tt̄ events with SM spin correlation and
without spin correlation are generated using MC@NLO
v4.06 [68, 69] interfaced to HERWIG v6.520 [70] for
shower simulation and hadronization. Both samples are
normalized to the NNLO cross section including next-to-
next-to-leading-logarithm corrections [71, 72]. The CT10
parton distribution function (PDF) set [73] is used. For the
sample with no spin correlation, the parton shower simu-
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of 8 TeV is presented. Because the polarization-analyzing
power of the angular distributions of charged leptons from
top and antitop quark decays is effectively 100% [44, 45],
dilepton final states of ee, µµ and eµ are analyzed. An
observable very sensitive to tt̄ spin correlation is the az-
imuthal angle �� between the charged leptons [34], which
is also well measured by the ATLAS detector.

First, the measurement of �� is used to extract the spin
correlation strength Ahelicity = Nlike�Nunlike

Nlike+Nunlike
, where Nlike

(Nunlike) is the number of events where the top quark and
top antiquark spins are parallel (anti-parallel) with respect
to the spin quantization axis. This axis is chosen to be that
of the helicity basis, using the direction of flight of the top
quark in the center-of-mass frame of the tt̄ system. Second,
to study a specific model that predicts zero spin correlation,
a search for supersymmetric (SUSY) top squark pair pro-
duction is performed.

At the Large Hadron Collider (LHC), the SUSY part-
ners of the top quark, the top squarks, could be produced
in pairs. Models with light top squarks are particularly at-
tractive since they provide a solution to the hierarchy prob-
lem [46–49]. In such models, the mass m

t̃1
of the lighter

top squark mass eigenstate t̃1 could be close to the mass of
the top quark m

t

[50, 51]. If the lightest SUSY particle, the
neutralino �̃0

1(or alternatively the gravitino), is light and the

top squark mass is only slightly larger than the top quark
mass, two-body decays t̃1 ! t�̃0

1 in which the momentum
of �̃0

1 is very small can predominate [16]. The masses of
all other SUSY particles are assumed to be large. In SUSY
models where R-parity is conserved, such as the Minimal
Supersymmetric Standard Model (MSSM) [52–56], this
could lead to tt̄�̃0

1�̃
0
1 intermediate states, appearing like

SM tt̄ production with additional missing transverse mo-
mentum carried away by the escaping neutralinos, mak-
ing traditional searches exploiting kinematic differences as
presented in Refs. [57–63] very difficult. t̃1

¯̃t1 events can
be distinguished from SM tt̄ events through an increase of
the measured tt̄ cross section as analyzed in Ref. [64], and
since top squarks have zero spin, through measuring angu-
lar correlations sensitive to spin correlation, as analyzed in
this Letter.

A description of the ATLAS detector can be found else-
where [65]. This analysis uses proton–proton collision data
with a center-of-mass energy of

p
s = 8 TeV, correspond-

ing to an integrated luminosity of 20.3 fb�1.
Monte Carlo (MC) simulation samples are used to eval-

uate the contributions, and shapes of distributions of kine-
matic variables, for signal tt̄ events and for background
processes not evaluated from complementary data samples.
All MC samples are processed with the GEANT4 [66]
simulation of the ATLAS detector [67] and are passed
through the same analysis chain as data. The simulation
includes multiple proton–proton interactions per bunch
crossing (pile-up). Events are weighted such that the dis-
tribution of the average number of interactions per bunch
crossing matches that observed in data.

Samples of tt̄ events with SM spin correlation and
without spin correlation are generated using MC@NLO
v4.06 [68, 69] interfaced to HERWIG v6.520 [70] for
shower simulation and hadronization. Both samples are
normalized to the NNLO cross section including next-to-
next-to-leading-logarithm corrections [71, 72]. The CT10
parton distribution function (PDF) set [73] is used. For the
sample with no spin correlation, the parton shower simu-
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Search for photonic signatures 
gauge mediated SUSY (GGM)!

Strongly produced SUSY'

Gravitino LSP  
(<1 GeV) 

Photons 

Strong/EW 
production 

(b-)jets 
leptons 

arXiv:1507.05493 

Di=photon,''''photon+jets,''''photon+b=jet,''''photon+lepton'

Bino'NLSP''

(μ<0)''

Bino/higgsino'NLSP'

(μ>0)''

Wino'NLSP'

NLSP is prompt ! Non-prompt 
bino-NLSP: arXiv:1409.5542 

"  Photon triggers 
"  10 SRs in total 
"  HT & MET !high NLSP masses 
"                                 ,                                    to 

reject fake MET background 

The vector momentum imbalance in the transverse plane is obtained from the negative vector sum
of the reconstructed and calibrated physics objects and is referred to as missing transverse momentum
E

miss
T [71]. Calorimeter energy deposits are associated with a reconstructed and identified high-pT object

in a specific order: electrons with pT > 10 GeV, photons with pT > 10 GeV, and jets with pT > 20 GeV.
Deposits not associated with any such objects are also taken into account in the E

miss
T determination, as

are muons with pT > 10 GeV.
The transverse mass MT of a system of two massless particles with four-vectors p1 and p2 is given by

MT =
p

2pT,1 pT,2(1 � cos��1,2),

where ��1,2 is the angular separation between the two vectors projected into the transverse plane. The

analyses presented here make use of the transverse mass of both the photon-Emiss
T (M�,E

miss
T

T ) and lepton-

Emiss
T (M`,E

miss
T

T ) systems, where the lepton is taken to be massless in the transverse-mass determination.
Several additional observables are defined to help in the discrimination of SM backgrounds from

potential GGM signals. The total visible transverse energy HT is calculated as the scalar sum of the
transverse momenta of the selected photons and any additional leptons and jets in the event; a similar
observable based only on the momenta of jets in the events is referred to as Hjets

T . The ‘e↵ective mass’
me↵ is defined as the scalar sum of HT and Emiss

T . The photon-Emiss
T separation ��(�, Emiss

T ) is defined
as the azimuthal angle between the missing transverse momentum vector and the selected photon. In
the case of the diphoton analysis, ��min(�, Emiss

T ) is defined to be the minimum value of ��(�, Emiss
T ) of

the two selected photons. The minimum jet-Emiss
T separation ��min(jet, Emiss
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is defined as the distance in ⌘–� space between the leading photon and lepton. Finally, the quantity R4

T is
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6 Event selection

The data sample is selected by a trigger requiring the presence of one loose photon with energy projected
into the plane transverse to the beampipe (ET) of greater than 120 GeV for the photon+b, photon+j
and photon+` analyses, or two loose photons with ET > 40 GeV for the diphoton analysis. Events are
removed from the data sample if they contain jets likely to be produced by beam backgrounds, cosmic
rays or detector noise, as described in Ref. [67]. After applying data-quality requirements related to the
beam and detector conditions, the total available integrated luminosity is 20.3 fb�1. The uncertainty on
the integrated luminosity is ±2.8%, estimated via the methodology of Ref. [72].

For the diphoton analysis, geared towards the exploration of the gluino-bino and wino-bino GGM
models incorporating a purely bino-like �̃0

1, two separate signal-region (SR) selection strategies were
developed: a ‘SR��S ’ selection geared towards the production of higher-mass strongly coupled SUSY
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miss
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Several additional observables are defined to help in the discrimination of SM backgrounds from

potential GGM signals. The total visible transverse energy HT is calculated as the scalar sum of the
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observable based only on the momenta of jets in the events is referred to as Hjets
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T ) is defined
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event. The number of leading jets used di↵ers depending on the signature under study and is shown in
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is found, no requirement is placed on the observable. The quantity ��min(jet, �) is defined as the minimum
separation between the selected photon and each of the two leading jets in the event. The quantity �R(`, �)
is defined as the distance in ⌘–� space between the leading photon and lepton. Finally, the quantity R4

T is
defined as the scalar sum of the transverse momentum of the four highest-pT jets in the event divided by
the sum of the transverse momentum of all jets in the event.

6 Event selection

The data sample is selected by a trigger requiring the presence of one loose photon with energy projected
into the plane transverse to the beampipe (ET) of greater than 120 GeV for the photon+b, photon+j
and photon+` analyses, or two loose photons with ET > 40 GeV for the diphoton analysis. Events are
removed from the data sample if they contain jets likely to be produced by beam backgrounds, cosmic
rays or detector noise, as described in Ref. [67]. After applying data-quality requirements related to the
beam and detector conditions, the total available integrated luminosity is 20.3 fb�1. The uncertainty on
the integrated luminosity is ±2.8%, estimated via the methodology of Ref. [72].

For the diphoton analysis, geared towards the exploration of the gluino-bino and wino-bino GGM
models incorporating a purely bino-like �̃0

1, two separate signal-region (SR) selection strategies were
developed: a ‘SR��S ’ selection geared towards the production of higher-mass strongly coupled SUSY
states (gluinos and squarks) and a ‘SR��W ’ selection geared towards the production of lower-mass weakly
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No evidence for physics beyond SM: 
 
•  M(gluino) lower limit @ ~1140 GeV for 

higgsino-bino NLSP (right) 
 
•  M(gluino) lower limit @ ~1260 GeV for 

higgsino-bino NLSP (lower left) 
 
•  M(gluino) lower limit @ ~1300 GeV for bino 

NLSP (lower right) 

Direct 
gaugino 
production 
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The vector momentum imbalance in the transverse plane is obtained from the negative vector sum
of the reconstructed and calibrated physics objects and is referred to as missing transverse momentum
E

miss
T [71]. Calorimeter energy deposits are associated with a reconstructed and identified high-pT object

in a specific order: electrons with pT > 10 GeV, photons with pT > 10 GeV, and jets with pT > 20 GeV.
Deposits not associated with any such objects are also taken into account in the E

miss
T determination, as

are muons with pT > 10 GeV.
The transverse mass MT of a system of two massless particles with four-vectors p1 and p2 is given by

MT =
p

2pT,1 pT,2(1 � cos��1,2),

where ��1,2 is the angular separation between the two vectors projected into the transverse plane. The

analyses presented here make use of the transverse mass of both the photon-Emiss
T (M�,E

miss
T

T ) and lepton-

Emiss
T (M`,E

miss
T

T ) systems, where the lepton is taken to be massless in the transverse-mass determination.
Several additional observables are defined to help in the discrimination of SM backgrounds from

potential GGM signals. The total visible transverse energy HT is calculated as the scalar sum of the
transverse momenta of the selected photons and any additional leptons and jets in the event; a similar
observable based only on the momenta of jets in the events is referred to as Hjets

T . The ‘e↵ective mass’
me↵ is defined as the scalar sum of HT and Emiss

T . The photon-Emiss
T separation ��(�, Emiss

T ) is defined
as the azimuthal angle between the missing transverse momentum vector and the selected photon. In
the case of the diphoton analysis, ��min(�, Emiss

T ) is defined to be the minimum value of ��(�, Emiss
T ) of

the two selected photons. The minimum jet-Emiss
T separation ��min(jet, Emiss

T ) is defined as the minimum
azimuthal angle between the missing transverse momentum vector and the leading (highest-pT) jets in the
event. The number of leading jets used di↵ers depending on the signature under study and is shown in
Tables 2 and 3. For the diphoton analysis, leading jets are required to have pT > 75 GeV, and if no such jet
is found, no requirement is placed on the observable. The quantity ��min(jet, �) is defined as the minimum
separation between the selected photon and each of the two leading jets in the event. The quantity �R(`, �)
is defined as the distance in ⌘–� space between the leading photon and lepton. Finally, the quantity R4

T is
defined as the scalar sum of the transverse momentum of the four highest-pT jets in the event divided by
the sum of the transverse momentum of all jets in the event.

6 Event selection

The data sample is selected by a trigger requiring the presence of one loose photon with energy projected
into the plane transverse to the beampipe (ET) of greater than 120 GeV for the photon+b, photon+j
and photon+` analyses, or two loose photons with ET > 40 GeV for the diphoton analysis. Events are
removed from the data sample if they contain jets likely to be produced by beam backgrounds, cosmic
rays or detector noise, as described in Ref. [67]. After applying data-quality requirements related to the
beam and detector conditions, the total available integrated luminosity is 20.3 fb�1. The uncertainty on
the integrated luminosity is ±2.8%, estimated via the methodology of Ref. [72].

For the diphoton analysis, geared towards the exploration of the gluino-bino and wino-bino GGM
models incorporating a purely bino-like �̃0

1, two separate signal-region (SR) selection strategies were
developed: a ‘SR��S ’ selection geared towards the production of higher-mass strongly coupled SUSY
states (gluinos and squarks) and a ‘SR��W ’ selection geared towards the production of lower-mass weakly
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Use missing transverse momentum triggers 
! Most efficient for LLPs decaying within  
     detector volume 
!  For light neutralinos high momentum jets 

contribute to energy imbalance 
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charged particles!
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Scan of phenomenological 
MSSM parameter space'
•  19 dimensional phenomenological MSSM sampled 
 
•  310,000 models surviving all theory and non-LHC experimental constraints 
  
•  interpreted using results from 22 ATLAS run 1 searches 
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•  An enormous variety of  searches undertaken during LHC run 1 covering 
many different production and decay modes and final states. 

 
•  No evidence for physics beyond the SM during run 1 ! experiments 

have published many exclusion limits, continuing to constrain SUSY 
parameter space. 

 
•  All eyes are now on run 2: will we find something in the new data? If  so 

will it be SUSY? 
 
•  Whatever the new data brings, SUSY provides us with enough diversity 

to build analyses that push further into the uncovered corners of  
possibilities. 

Conclusions'
15'
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t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z) 1 b Yes 20.3 m(χ̃
0
1)<200 GeV 1403.5222290-600 GeVt̃2

ℓ̃L,R ℓ̃L,R, ℓ̃→ℓχ̃
0
1

2 e, µ 0 Yes 20.3 m(χ̃
0
1)=0 GeV 1403.529490-325 GeVℓ̃

χ̃+
1
χ̃−
1 , χ̃

+

1→ℓ̃ν(ℓν̃) 2 e, µ 0 Yes 20.3 m(χ̃
0
1)=0 GeV, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1403.5294140-465 GeVχ̃±

1

χ̃+
1
χ̃−
1 , χ̃

+

1→τ̃ν(τν̃) 2 τ - Yes 20.3 m(χ̃
0
1)=0 GeV, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1407.0350100-350 GeVχ̃±

1

χ̃±
1
χ̃0
2→ℓ̃Lνℓ̃Lℓ(ν̃ν), ℓν̃ℓ̃Lℓ(ν̃ν) 3 e, µ 0 Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1402.7029700 GeVχ̃±

1 ,
χ̃0
2

χ̃±
1
χ̃0
2→Wχ̃

0
1Zχ̃

0
1

2-3 e, µ 0-2 jets Yes 20.3 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, sleptons decoupled 1403.5294, 1402.7029420 GeVχ̃±

1 ,
χ̃0
2

χ̃±
1
χ̃0
2→Wχ̃

0
1h χ̃

0
1, h→bb̄/WW/ττ/γγ e, µ, γ 0-2 b Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, sleptons decoupled 1501.07110250 GeVχ̃±

1 ,
χ̃0
2

χ̃0
2
χ̃0
3, χ̃

0
2,3 →ℓ̃Rℓ 4 e, µ 0 Yes 20.3 m(χ̃

0
2)=m(χ̃

0
3), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

0
2)+m(χ̃

0
1)) 1405.5086620 GeVχ̃0

2,3

GGM (wino NLSP) weak prod. 1 e, µ + γ - Yes 20.3 cτ<1 mm 1507.05493124-361 GeVW̃

Direct χ̃
+

1 χ̃
−
1 prod., long-lived χ̃

±
1 Disapp. trk 1 jet Yes 20.3 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )=0.2 ns 1310.3675270 GeVχ̃±

1

Direct χ̃
+

1
χ̃−
1 prod., long-lived χ̃

±
1 dE/dx trk - Yes 18.4 m(χ̃

±
1 )-m(χ̃

0
1)∼160 MeV, τ(χ̃

±
1 )<15 ns 1506.05332482 GeVχ̃±

1

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 27.9 m(χ̃
0
1)=100 GeV, 10 µs<τ(g̃)<1000 s 1310.6584832 GeVg̃

Stable g̃ R-hadron trk - - 19.1 1411.67951.27 TeVg̃

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 19.1 10<tanβ<50 1411.6795537 GeVχ̃0

1

GMSB, χ̃
0
1→γG̃, long-lived χ̃

0
1

2 γ - Yes 20.3 2<τ(χ̃
0
1)<3 ns, SPS8 model 1409.5542435 GeVχ̃0

1

g̃g̃, χ̃
0
1→eeν/eµν/µµν displ. ee/eµ/µµ - - 20.3 7 <cτ(χ̃

0
1)< 740 mm, m(g̃)=1.3 TeV 1504.051621.0 TeVχ̃0

1

GGM g̃g̃, χ̃
0
1→ZG̃ displ. vtx + jets - - 20.3 6 <cτ(χ̃

0
1)< 480 mm, m(g̃)=1.1 TeV 1504.051621.0 TeVχ̃0

1

LFV pp→ν̃τ + X, ν̃τ→eµ/eτ/µτ eµ,eτ,µτ - - 20.3 λ′
311

=0.11, λ132/133/233=0.07 1503.044301.7 TeVν̃τ

Bilinear RPV CMSSM 2 e, µ (SS) 0-3 b Yes 20.3 m(q̃)=m(g̃), cτLS P<1 mm 1404.25001.35 TeVq̃, g̃

χ̃+
1
χ̃−
1 , χ̃

+

1→Wχ̃
0
1, χ̃

0
1→eeν̃µ, eµν̃e 4 e, µ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ121!0 1405.5086750 GeVχ̃±

1

χ̃+
1
χ̃−
1 , χ̃

+

1→Wχ̃
0
1, χ̃

0
1→ττν̃e, eτν̃τ 3 e, µ + τ - Yes 20.3 m(χ̃

0
1)>0.2×m(χ̃

±
1 ), λ133!0 1405.5086450 GeVχ̃±

1

g̃g̃, g̃→qqq 0 6-7 jets - 20.3 BR(t)=BR(b)=BR(c)=0% 1502.05686917 GeVg̃

g̃g̃, g̃→qχ̃
0
1, χ̃

0
1 → qqq 0 6-7 jets - 20.3 m(χ̃

0
1)=600 GeV 1502.05686870 GeVg̃

g̃g̃, g̃→t̃1t, t̃1→bs 2 e, µ (SS) 0-3 b Yes 20.3 1404.250850 GeVg̃

t̃1 t̃1, t̃1→bs 0 2 jets + 2 b - 20.3 ATLAS-CONF-2015-026100-308 GeVt̃1

t̃1 t̃1, t̃1→bℓ 2 e, µ 2 b - 20.3 BR(t̃1→be/µ)>20% ATLAS-CONF-2015-0150.4-1.0 TeVt̃1

Scalar charm, c̃→cχ̃
0
1 0 2 c Yes 20.3 m(χ̃

0
1)<200 GeV 1501.01325490 GeVc̃

Mass scale [TeV]10−1 1

√
s = 7 TeV

√
s = 8 TeV

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: July 2015

ATLAS Preliminary
√
s = 7, 8 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1σ theoretical signal cross section uncertainty.
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