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EXECUTIVE SUMMARY

We haven’t found it.
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EXECUTIVE SUMMARY

We haven’t found it.
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Let me elaborate on that…



OUTLINE

General remarks

simplified model limits

pMSSM limits

long lived searches, RPV

run2 and beyond
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OVERVIEW

Searches for R-parity conserving SUSY, based on 
ETMISS final states

squark and gluinos

direct stop and sbottom

direct electroweak production

RPV searches, based on high multiplicities (jets 
or leptons) or resonances (jet-jet, jet-lepton, di-
lepton) 

Long lived particle searches (could be RPC or 
RPV), requiring specialised techniques (re-
tracking, time-of-flight, dEdx, etc.) 
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A TYPICAL ATLAS SUSY SEARCH

Signal  selection (signal region SR) targeting a 
specific SUSY production/decay mode 

Background estimate: 

Irreducible backgrounds estimated using control 
region (CR) data as a constraint and MC to 
extrapolate from CR to SR in a likelihood fit   

Reducible background (fake/non isolated leptons, 
ETMiss from jet mismeasurement)  from data. 

Use only well modelled variable in CR => SR 
extrapolations ! Validation regions (VR) used to 
check the assumptions in the background 
estimate and the CR => SR variable modelling.
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Figure 1: A schematic view of an analysis strategy with multiple control, validation and signal regions. All
regions can have single- or multiple bins, as illustrated by the dashed lines. The extrapolation from the
control to the signal regions is verified in the validation regions that lie in the extrapolation phase space.

arrows on the figure.134

To extract accurate and quantitative information from the data, particle physicists frequently use135

a Probability Density Function (PDF) whose parameters are adjusted with a fitting procedure.136

The fit to data is based on statistically independent CRs and SRs, which ensures that they can be137

modeled by separate PDFs and combined into a simultaneous fit. A crucial point of the HistFitter138

analysis strategy is the sharing of PDF parameters in all regions: CRs, SRs and VRs. This139

procedure enables the use of information from each signal and background component, as well as140

systematics uncertainties, consistently in all regions.141

The analysis strategy flow is schematically shown in Fig. 2. Through the fit to data, the observed142

event counts in CR(s) are used to coherently normalize background estimates in all regions, no-143

tably the SR(s). If the dominant background processes are estimated with Monte Carlo (MC)144

simulations, their initial predictions are scaled to observed levels in the corresponding CRs using145

normalization factors computed in the fit. This results in so-called “normalized background pre-146

dictions”. These are then used for extrapolation into the VRs and SRs, as discussed in the next147

sub-section.148

2.2 Extrapolation and transfer factors149

An underlying assumption has been made in the previous sections, notably that extrapolations over150

the kinematic variables used to di↵erentiate SR(s) from CR(s) are well modeled after fitting the151

PDF to data in CR(s). Once the dominant background processes have been normalized in CR(s),152

the corresponding modifications to the PDF can be extrapolated to the VR(s), which is (are)153
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 ATLAS -1=8 TeV, 20.1 fbs
Soft lepton(s) Validation Regions

example: validation region results of the soft lepton selection 
of arXiv:1501.03555 
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INTERPRETATION OF RESULTS

Search optimized on simplified models (single production and decay mode) but interpreted for more 
general cases: simplified models with 2 decay modes as a function of the BR, MSSM 2D slices, constrained 
models (mSUGRA, NUHM, GMSB, …), 19-D scan of pMSSM (NEW!) 

A major effort has been done to assess how general our limits really are. I will discuss this in detail. Is SUSY 
hiding in 

Compressed mass spectra ?

RPV decays in fully hadronic final states ?

Multiple and/or long decay chains the analysis is not optimised for ? 

We also encourage reinterpretation of our results, providing model independent limits on NBSM for each SR,  
and additional information on HEPdata (cutflows, efficiency and acceptance maps for benchmark signal grids, 
1D distributions)

Links to paper, figures, auxiliary material and HEP data can all be found from the public ATLAS SUSY page :
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults
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OUTLINE

General remarks

simplified model limits 

pMSSM limits

long lived searches, RPV

run2 and beyond

NEW = results released this summer
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GLUINOS - DIFFICULT TO HIDE

A summary of the ATLAS limits to squarks and gluino is presented in arXiv:1507.05525, not 
including the photon channels which are in arXiv:1507.05493

For light LSP (small mg-mLSP) gluino limits between 1150 and 1340 GeV (around 600 GeV).

Limits on fully hadronic RPV decays (arXiv:1502.05686) still between 600 and 950 GeV. 

It’s hard to hide a gluino !  (colour octet, high cross section)

NEW

 8

NEW

More details in the parallel session talks of A. Kastanas and Y. Minami



SQUARKS - NOT SO DIFFICULT

Limits for 8-fold mass degeneracy,  light stable LSP, and simple decay are 600-900 GeV. 

Relax these conditions, and limits get a lot weaker - a 200 GeV squark might be allowed !

A squark mass-degenerate with the LSP is excluded up to about 240 (430) GeV for 1 (8-fold) 
mass degeneracy, with little dependence on flavour and decay mode, by the mono jet search

flavour light N1 small ΔM

sup 470 GeV 240 GeV

scharm 540 GeV 240 GeV

sbottom 620 GeV 240 GeV

stop 700 GeV 240 GeV

Limits on single squark, qN1 decay.
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SOME REFERENCES

channel journal arXiv
0L+(2-6)jets+MET  JHEP 1409, 176 1405.7875
0L+(7-10)jets+MET JHEP 1310, 130 1308.1841
(0-1)L+3b-jets+MET  JHEP 1410, 024 1407.0600

SS/3L+jets+MET JHEP 1406, 035 1404.2500
2L+jets+MET EPJC 75,318 1503.03290
1L+jets+MET JHEP 1504, 116 1501.03555

taus+jets+MET JHEP 1409, 103 1407.0603
photons+jets+MET submitted to PRD 1507.05493
summary paper submitted to JHEP 1507.05525

inclusive squark/gluinos ATLAS papers

NEW
NEW
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MANY LIMITS - AND ONE HINT ?

Search for a Z boson (ee or μμ), jets (HT > 600 GeV), ETMiss > 225 GeV

 Main backgrounds flavour symmetric,  estimated from eμ data

A combined (ee+μμ) excess of 3.0 sigma over SM observed.  At least 14 phone papers 
on this on the archive. 

Looking forward to run2 results, but don’t be too excited !  We have 180 SR in run1 
(0.5 three-σ excesses expected, one is observed), no excess in CMS Z+MET (cuts are 
different though) and in 0-lepton channel (need some model tuning). 
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THIRD GENERATION SEARCHES

scharm PRL 114, 161801 arXiv:1501.01325
sbottom JHEP 1310, 189 arXiv:1308.2631
stop 0L JHEP 1409, 015 arXiv:1406.1122
stop 1L JHEP 1411, 118 arXiv:1407.0583
stop 2L JHEP 1406, 124 arXiv:1403.4853

stop to charm PRD 90, 052008 arXiv:1407.0608
stop stau coming soon

stop2/gmsb (Z+jets+MET) EPJC 74, 2883 arXiv:1403.5222
summary paper submitted to EPJC arXiv:1506.08616

A light stop (and sbottom) are well motivated by naturalness. Thus, ATLAS has a program of dedicated 
searches for these. 

Main differences with inclusive squark searches : b-tagging, dedicated top candidate reconstruction (for some 
channels), softer cuts on jets and ETMiss (we assume a single mass eigenstate produced in s-channel while 
inclusive searches are optimised for 8-fold mass degeneracy)

NEW

NEW
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STOP, DIRECT DECAY TO LSP
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Figure 4: Summary of the ATLAS Run 1 searches for direct stop pair production in models where no supersym-
metric particle other than the t̃1 and the �̃0

1 is involved in the t̃1 decay. The 95% CL exclusion limits are shown in
the mt̃1 –m�̃0

1
mass plane. The dashed and solid lines show the expected and observed limits, respectively, including

all uncertainties except the theoretical signal cross-section uncertainty (PDF and scale). Four decay modes are
considered separately with a branching ratio of 100%: t̃1 ! t�̃0

1, where the t̃1 is mostly t̃R, for �m
⇣

t̃1, �̃
0
1

⌘

> mt;
t̃1 ! Wb�̃0

1 (three-body decay) for mW + mb < �m
⇣

t̃1, �̃
0
1

⌘

< mt; t̃1 ! c�̃0
1 and t̃1 ! b f f 0�̃0

1 (four-body decay) for
�m
⇣

t̃1, �̃
0
1

⌘

< mW + mb. The latter two decay modes are superimposed.

The cross-section limit is derived by combining the analyses discussed above. The SR giving the lowest
expected exclusion CLs for each signal model and for each value of BR(t̃ ! c�̃0

1) is chosen. Figure 5
shows the result of these combinations. For �m

⇣

t̃1, �̃
0
1

⌘

= 10 GeV, the sensitivity is completely dominated
by the tc-M signal regions, hence no significant dependence on BR(t̃ ! c�̃0

1) is observed. In this case,
stop masses up to about 250 GeV are excluded. For �m

⇣

t̃1, �̃
0
1

⌘

= 80 GeV, the sensitivity is dominated by
the tc-C signal regions at high values of BR(t̃ ! c�̃0

1). For lower values of BR(t̃ ! c�̃0
1), the “soft-lepton”

and WW signal regions both become competitive, the latter yielding a higher sensitivity at smaller values
of the stop mass. The maximum excluded stop mass ranges from about 180 GeV for BR(t̃ ! c�̃0

1) = 50%
to about 270 GeV for BR(t̃ ! c�̃0

1) = 100%.

mW + mb < �m
⇣
t̃
1
, �̃0

1

⌘
< mt . In this case, the three-body decay of Figure 2c is dominant. The signal

regions that are sensitive to this decay are the dedicated signal region defined in the analysis selecting one-
lepton final states (the t1L-3body) and the combination of several signal regions from the analysis select-
ing two-lepton final states, the t2L. The exclusion limits shown in Figure 4 assume BR(t̃1 ! bW�̃0

1) = 1.

10

1. Combination of 0+1L channels, 
improves heavy stop sensitivity 
by 50 GeV

2. ttbar spin correlation and cross 
section reinterpretation

3. soft lepton, charm tagging,  
monojet, covering the 4-body 
and charm LSP decays

4. “WW-like stop” 2L+MET 
analysis covering gap between 3-
body and 4-body 

Even in this simple scenario, stop mass 
down to 200 GeV are possible for 
compressed mass spectra

1

3

2

4

NEW
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STOP - MORE POSSIBILITIES

Non-100% branching ratios, pMSSM slices (more examples: paper and 
parallel session talk of P. Butti)
No great loss of sensitivity even if most analyses not optimised on these 
scenarios.
Dedicated search for stop decaying through stau to τν b G 

sensitivity is comparable for the two analyses. The number of required leptons makes the two signal
regions mutually exclusive.
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Figure 6: Combined exclusion limits assuming that the stop decays through t̃1 ! t�̃0
1 with di↵erent branching ratios

x and through t̃1 ! b�̃±1 with branching ratios 1 � x. The limits assume m�̃±1 = 2m�̃0
1
, and values of x from 0% to

100% are considered. For each branching ratio, the observed (with solid lines) and expected (with dashed lines)
limits are shown.

To maximise the sensitivity to the t̃1 ! t�̃0
1 decays a statistical combination of the t0L and t1L signal

regions is performed. The details of the combination are given in Appendix C and the final limit is shown
in Figure 4 by the largest shaded region (yellow). The expected limit on the stop mass is about 50 GeV
higher at low m�̃0

1
than in the individual analyses. The observed limit is increased by roughly the same

amount and stop masses between 200 GeV and 700 GeV are excluded for small neutralino masses.5

A similar combination is performed to target a scenario where the stop can decay as t̃1 ! t�̃0
1 with

branching ratio x and as t̃1 ! b�̃±1 with branching ratio 1 � x. Assuming gauge universality, the mass of
the chargino is set to be twice that of the neutralino. Neutralino masses below 50 GeV are not considered,
to take into account limits on the lightest chargino mass obtained at LEP [66–70]. The exclusion limits
are derived for x = 75%, 50%, 25% and 0%.6 Regardless of the branching ratio considered, it is always
assumed that mt̃1

> mt + m�̃0
1

and mt̃1
> mb + m�̃±1 , such that the two decays t̃ ! t�̃0

1 and t̃ ! b�̃±1 are
both kinematically allowed. A statistical combination, identical to the one described above, is used for
x = 75%. For smaller values of x, no combined fit is performed, as the sensitivity is dominated by the t1L
analysis almost everywhere: rather either the t0L or the t1L analysis is used, depending which one gives
the smaller expected CLs value.

Figure 6 shows the result of the combination in the mt̃1
� m�̃0

1
plane. The limit is improved, with respect

5 This result holds if the top quark produced in the t̃1 decay has a right-handed chirality. The dependence of the individual
limits on the top quark chirality is discussed in Refs. [16] and [17].

6 A value of x = 0% is in fact not achievable in a real supersymmetric model. Nevertheless, this value has been considered as
the limiting case of a simplified model.
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Figure 10: Exclusion limits as a function of the t̃2 branching ratio for t̃2 ! t̃1h, t̃2 ! t̃1Z and t̃2 ! t�̃0
1. The blue,

red and green limit refers to the t2t1Z, t2t1h and combination of t0L and t1L analyses respectively. The limits are
given for three di↵erent values of the t̃2 and �̃0

1 masses.

The limits are shown in Figure 10 as a function of the three BRs, for di↵erent combinations of the t̃2 and
�̃0

1 masses. Three analyses have been considered: the t2t1Z, t2t1h and the combination of the t0L and t1L
discussed in Section 4.1.7 The three analyses have complementary sensitivities. Together, they exclude t̃2
pair production with a mass of 350 GeV and 500 GeV for m�̃0

1
= 20 GeV. A non-excluded region appears

for mt̃2
= 500 GeV if larger �̃0

1 masses are considered.

4.4. Natural gauge-mediated SUSY breaking scenarios

Besides the decays of the stop discussed earlier in this section, other possible scenarios have been con-
sidered. One of these scenarios is inspired by natural gauge-mediated SUSY breaking [71–76] (GMSB)
models. In GMSB models, the lightest neutralino is typically the NLSP, and the supersymmetric partner
of the graviton (the gravitino G̃) is the LSP, with mass of the order of a keV. The scenario considered,
which assumes direct t̃1 pair production and decays mostly through t̃1 ! t�̃0

1 ! tZG̃, gives final states
similar to those in the t2t1Z scenario and is described in detail in Ref. [20]. The derived 95% CL limits
are obtained in the plane defined by the stop and neutralino (assumed to be the NLSP) mass: they exclude
the existence of stops with masses up to 540 GeV for a neutralino mass of 100 GeV.

7 For the combination of the t0L and t1L analyses, the limits extracted for the t̃1 ! t�̃0
1 decay with branching ratio of 100%

have simply been rescaled by appropriate factors depending on the branching ratio of t̃2 ! t�̃0
1 considered here.

17

mt̃R = 2 TeV. The former is dominated by sbottom pair production, while both sbottom and stop pair
production are relevant for the latter. Stop mixing parameters are chosen with maximal mixing to satisfy
Higgs boson mass constraints. In these models the decays b̃1 ! �̃0

2b and t̃1 ! �̃0
2t are often followed by

�̃0
2 ! h�̃0

1, leading to final states rich in b-jets.

Exclusion limits for these pMSSM models are determined by combining many of the SRs defined for the
searches discussed in this paper (t0L, t1L, tb,9 t2t1Z, g3b, tc). For each set of parameters the individual
95% CL expected limit is evaluated. The combined exclusion contour is determined by choosing, for
each model point, the signal region having the smallest expected CLs value of the test statistic for the
signal-plus-background hypothesis.
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Figure 13: Expected and observed 95% CL exclusion limits for the naturalness-inspired set of pMSSM models from
the combination t0L, t1L and tb analyses using the signal region yielding the smallest CLs value for the signal-
plus-background hypothesis. The dashed black line indicates the expected limit, and the yellow band indicates
the ±1� uncertainties, which include all uncertainties except the theoretical uncertainties in the signal. The red
solid line indicates the observed limit, and the red dotted lines indicate the sensitivity to ±1� variations of the
signal theoretical uncertainties. The dashed and dotted grey lines indicate a constant value of the stop and sbottom
masses, while the dashed light-blue line indicates a constant value of the neutralino mass.

Figure 13 shows the exclusion limit for the naturalness-inspired set of pMSSM models based on the t0L,
t1L and tb analyses. The t0L and t1L analyses have a similar expected sensitivity. These SRs were
optimised assuming a 100% BR for t̃1 ! t�̃0

1 or t̃1 ! b�̃±1 , while for these pMSSM models, the stop
decays to t̃1 ! t�̃0

1, t̃1 ! b�̃±1 and t̃1 ! b�̃0
2 with similar branching ratios (and the sbottom to both

b̃1 ! b�̃0
1 and b̃1 ! t�̃±1 ). The tb signal regions, discussed in detail in Appendix B.2.3, are designed to be

sensitive to final states containing a top quark, a b-quark and missing transverse momentum and address
such mixed-decay scenarios by requiring a lower jet multiplicity.

The signal regions that dominate the sensitivity are the tb, t0L-SRC1 and t1L-bCd_bulk at low values

9 The tb signal region, discussed in detail in Appendix B.2.3, implement a one-lepton selection, designed to be sensitive to final
states containing a top quark, a b-quark and Emiss

T . It complements the selections of the t0L and t1L signal regions targeting
ttEmiss

T final states.
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DRAFT

fixed scalar top and scalar tau mass either mode can dominate, and we focus in this paper on the signature53

resulting from the three-body decay. The two-body decay would give a signature very similar to the decay54

into a top quark and a neutralino, which is addressed in previous searches [22–28]. In the simplest gauge55

mediated models, the predicted Higgs boson mass [29] is typically lower than the observed value [30],56

especially if a light scalar top is also required. However, a variety of mechanisms exist [31–35] to raise57

the Higgs boson mass to make it compatible with the observed value.58

No limits have been published so far from hadron collider searches for the three-body decay of the scalar59

top into the scalar tau. Searches for scalar top pair production in proton-proton (pp) collisions, targeting60
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collaborations. Searches for scalar tops decaying into gravitinos, but not including scalar tau in the decay62

chain, have been published by the ATLAS [36] and CMS [37, 38] collaborations. A lower limit of 87 GeV63

on the mass of the scalar tau was set by the LEP experiments [39–43].64

This paper presents a dedicated search for pair production of scalar tops resulting in a final state with65

two tau leptons, two jets that contain a b-hadron (b-jets), and two very light gravitationally interacting66

particles. The decay topology of the signal process is shown in Fig. 1; the model considered is a simplified67

model in which all the supersymmetric particles other than the scalar top and the ones entering its decay68

chain are decoupled. In order to maximize the sensitivity, two distinct analyses have been performed69

based on the decay mode of the tau leptons in the final state: one analysis requires two hadronically70

decaying tau leptons (the hadron-hadron channel) and the other requires one hadronically decaying tau71

lepton and one decaying into an electron or muon and neutrinos (the lepton-hadron channel). In addition,72

the results of the search reported in Ref. [44], which is sensitive to events where both tau leptons decay73

leptonically (referred to as the lepton-lepton channel), are reinterpreted and limits are set on the scalar top74

and scalar tau masses.75
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Figure 1: Diagram showing the decay topology of the signal process.
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FIG. 1: Natural electroweak symmetry breaking constrains the superpartners on the left to be

light. Meanwhile, the superpartners on the right can be heavy, M � 1 TeV, without spoiling

naturalness. In this paper, we focus on determining how the LHC data constrains the masses of

the superpartners on the left.

the main points, necessary for the discussions of the following sections. In doing so, we will

try to keep the discussion as general as possible, without committing to the specific Higgs

potential of the MSSM. We do specialize the discussion to 4D theories because some aspects

of fine tuning can be modified in higher dimensional setups.

In a natural theory of EWSB the various contributions to the quadratic terms of the Higgs

potential should be comparable in size and of the order of the electroweak scale v ⇠ 246 GeV.

The relevant terms are actually those determining the curvature of the potential in the

direction of the Higgs vacuum expectation value. Therefore the discussion of naturalness
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L’accoppiamento dell’Higgs ai fermioni 
è proporzionale alla loro massa => i  
vincoli di naturalezza sulla massa del 
top scalari sono molto più stringenti di 
quelli sulla massa degli squark delle 
prime generazioni 
 
Le particelle che devono essere 
leggere sono in effetti 
#  higgsini (livello albero) 

#  µ = massa degli higgsini 
#  Top e bottom scalari (a 1-loop) 

#  Q3 = termine di massa comune per I 
partner di top e bottom left-handed 

#  U3 = termine di massa dei partner di 
top e bottom right-handed 

#  At = termine di mixing right-left  
#  Gluino (a 2-loop) 

#  M3 = massa del gluino 

NATURAL SUSY

To target the natural SUSY scenario (light stops & 
sbottoms, heavier 1st/2nd generation), work with 
simplified spectra.

Bosons and fermions come in pairs of equal 
masses and quantum numbers, with related 
interactions

Must be broken in our world: no two 
particles we know are superpartners of each 
other!

Hierarchy problem:

SUSY stabilizes the weak 
scale, if superpartners are 
nearby!

P. Meade & MR, ’06

Focus on the hierarchy problem:
which particles do we need?

The scalar top quark cancels the biggest divergence.

SUSY e la naturalezza  

3rd generation and naturalness 
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So far SUSY search strategy has been driven by the 
need to optimise the chances of discovery from the 
very first analyses, significantly pushing limits on the 
first two generation squarks. 

!  However the naturalness of the theory can be 
achieved even with the first two generations 
squarks with masses around the TeV scale. 

The Higgs boson mass is regularized by the scalar 
top mass and is still possible to have a natural SUSY 
with a relatively light stop. 
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Additional gluino decays: theory guidance
SUSY spectrum required by naturalness 

Decays of gluinos involving 3rd generation squarks not addressed by

generic searches: dedicated searches in final states with b-jets

R. Barbieri

Naturalness requires the following particles to 
be light: 
!  Higgsinos (µ�mZ at tree level) 

!  Stop up to 600 GeV  
(1-loop radiative corrections) 

!  Gluinos up to 1.5 TeV  
(2-loop radiative corrections) 

FOCUS OF  
THE TALK 
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No limit if only EWKinos with 0.2 < ΔM < 30 GeV without intermediate sleptons (µ << M1,M2).
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Q̃1,2, ũ1,2, d̃1,2

FIG. 1: Natural electroweak symmetry breaking constrains the superpartners on the left to be

light. Meanwhile, the superpartners on the right can be heavy, M � 1 TeV, without spoiling

naturalness. In this paper, we focus on determining how the LHC data constrains the masses of

the superpartners on the left.

the main points, necessary for the discussions of the following sections. In doing so, we will

try to keep the discussion as general as possible, without committing to the specific Higgs

potential of the MSSM. We do specialize the discussion to 4D theories because some aspects

of fine tuning can be modified in higher dimensional setups.

In a natural theory of EWSB the various contributions to the quadratic terms of the Higgs

potential should be comparable in size and of the order of the electroweak scale v ⇠ 246 GeV.

The relevant terms are actually those determining the curvature of the potential in the

direction of the Higgs vacuum expectation value. Therefore the discussion of naturalness

7

18 

A Natural Spec)um
M

1 TeV

500 GeV

(

(

)

)

w̃

B̃

t̃1

t̃2

b̃L

Closeness to Higgs

g̃

h̃0
1

h̃0
2

h̃+µ

Would I prefer a factor of 3 lower?

General “bottom-up” viewpoint

The “Nuclear Family” 
of the Higgs

q̃1,2 b̃R l̃

“Distant 
Cousins”

Bottom-up natural spectrum

Fig. from L.Hall’s talk
13

L’accoppiamento dell’Higgs ai fermioni 
è proporzionale alla loro massa => i  
vincoli di naturalezza sulla massa del 
top scalari sono molto più stringenti di 
quelli sulla massa degli squark delle 
prime generazioni 
 
Le particelle che devono essere 
leggere sono in effetti 
#  higgsini (livello albero) 

#  µ = massa degli higgsini 
#  Top e bottom scalari (a 1-loop) 

#  Q3 = termine di massa comune per I 
partner di top e bottom left-handed 

#  U3 = termine di massa dei partner di 
top e bottom right-handed 

#  At = termine di mixing right-left  
#  Gluino (a 2-loop) 

#  M3 = massa del gluino 

NATURAL SUSY

To target the natural SUSY scenario (light stops & 
sbottoms, heavier 1st/2nd generation), work with 
simplified spectra.

Bosons and fermions come in pairs of equal 
masses and quantum numbers, with related 
interactions

Must be broken in our world: no two 
particles we know are superpartners of each 
other!

Hierarchy problem:

SUSY stabilizes the weak 
scale, if superpartners are 
nearby!

P. Meade & MR, ’06

Focus on the hierarchy problem:
which particles do we need?

The scalar top quark cancels the biggest divergence.

SUSY e la naturalezza  

3rd generation and naturalness 
2 

So far SUSY search strategy has been driven by the 
need to optimise the chances of discovery from the 
very first analyses, significantly pushing limits on the 
first two generation squarks. 

!  However the naturalness of the theory can be 
achieved even with the first two generations 
squarks with masses around the TeV scale. 

The Higgs boson mass is regularized by the scalar 
top mass and is still possible to have a natural SUSY 
with a relatively light stop. 

 mH
2

2
= − µ

2
+...+δmH

2

δmH
2

stop
≅ −

3yt
2

8π 2 mQ3
2 +mU3

2 + At
2( ) ln Λ

TeV
$

%
&

'

(
)

δmH
2

gluino
≅ −

2yt
2

π 2
αs

π

$

%
&

'

(
)M3

2 ln2 Λ
TeV
$

%
&

'

(
)

11

Additional gluino decays: theory guidance
SUSY spectrum required by naturalness 

Decays of gluinos involving 3rd generation squarks not addressed by

generic searches: dedicated searches in final states with b-jets

R. Barbieri

Naturalness requires the following particles to 
be light: 
!  Higgsinos (µ�mZ at tree level) 

!  Stop up to 600 GeV  
(1-loop radiative corrections) 

!  Gluinos up to 1.5 TeV  
(2-loop radiative corrections) 

FOCUS OF  
THE TALK 

M2 or µ

χ1
0

χ2
0, χ3

0, χ1
±

W,Z,H 

χ2
0, χ3

0, χ1
±

M1

M2 or µ

χ1
0M1

l 
~ l,ν 

l,ν 

 ) [GeV]
2
0χ∼, 

1
±χ∼m( 

100 150 200 250 300 350 400 450

 ) 
[G

eV
]

0 1χ∼
m

( 

0

50

100

150

200

250
Expected limits
Observed limits

 2l,   arXiv:1403.5294 via  WW  −
1χ

∼ +1χ
∼

 2l+3l, arXiv:1403.5294 via  WZ 
+3l, arXiv:1501.07110±l±+lγγ lbb+l via  Wh 

0
2χ

∼±
1χ

∼ All limits at 95% CL

=8 TeVs,     -1 Preliminary                20.3 fbATLAS

1
0

χ∼

 = 
m

2
0

χ∼m

Z

 + 
m

1
0

χ∼

 = 
m

2
0

χ∼m

h

 + 
m

1
0

χ∼

 = 
m

2
0

χ∼m

1
0
χ∼

 = 2m
2

0
χ∼m

 ) [GeV]
3
0χ∼, 

2
0χ∼, 

1
±χ∼m( 

100 200 300 400 500 600 700

 ) 
[G

eV
]

0 1χ∼
m

( 

0

100

200

300

400

500

600
Expected limits
Observed limits

 2l,   arXiv:1403.5294  ν∼/ Ll
~via  

 SR2l-1    ν∼/ Ll
~via  

,   arXiv:1407.0350τ2≥   τν∼/ Lτ
∼via  

 −
1χ

∼ +1χ
∼

 SS MVA + 3l soft/ISR + 3l  ν∼/ Ll
~via  

 + 3lτ 2  τν∼/ Lτ
∼via  

0
2χ

∼±
1χ

∼

 3l+4l  Rl
~via  

0

3χ
∼ 02χ

∼

All limits at 95% CL

=8 TeVs,     -1 Preliminary                20.3 fbATLAS

)
2
0

χ∼ + m 
1
0

χ∼ = 0.5(m 
ν∼/ Lτ

∼/ Ll
~m 

1
0
χ∼

 = m
2

0
χ∼m 1

0
χ∼ = 2m

2
0
χ∼m

NEW

NEW



ELECTROWEAK PRODUCTION SUMMARY 
PAPER

A new search with 2 hadronic taus and a MVA discriminant, targeting direct 
stau production

New searches with 2 OS, 2 SS, or 3 soft leptons, targeting C1C1 or C1N2  
with compressed spectra.

A new search with 2 SS leptons, two VBF jets, and ETMiss, targeting C1C1 
with compressed spectra.

statistical combinations of different analyses

New interpretations (dependence on intermediate slepton mass, pMSSM, 
GMSB, and NUHM limits)

See the talk of Christophe Bock for all details
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Figure 2: The diagrams for the simplified models of the direct pair production of staus and the direct production of
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1 studied in this paper. All three generations are included
in the definition of ˜̀/⌫̃, except for the direct production of �̃0
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3 where only the first two generations are assumed.

The di↵erent decay modes are discussed in the text.

considered in this paper, the direct production of charginos and neutralinos is dominant in a large area201

of the parameter space considered. The mass hierarchy, composition and production cross-section of202

the SUSY particles are governed by the universal soft SUSY-breaking scalar mass m0, the soft SUSY-203

breaking gaugino mass m1/2, the trilinear SUSY-breaking parameter A0, the pseudoscalar Higgs boson204

mass mA, tan � and µ. Both µ and m1/2 are treated as free parameters and the other parameters are fixed205
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SO HOW WELL IS SUSY ?

gluino 
(heavy squarks)

difficult to evade limits

Much more constrained than before LHC run1, but plenty of room for light (low FT) SUSY
Beside, the above is valid for simplified models in the standard scenario. But 

Are simplified model limits realistic ? What if competing decays, complex spectra 
Beyond the standard scenario: RPV, long lived particles, beyond MSSM 

=> next slides

limits dependent on assumptions no constraint
Fine tuning bars based on formulas from arXiv:1110.6926 with m(t1)=m(t2), xt=0, 
tan β  large, Λ = 103 TeV. Use with care - other calculations proposed, possible 
dependence on the fundamental parameters of SUSY breaking. 

mass (GeV)  100

light squark
(heavy gluino)

1200600 1000400200

stop1

mC1=mN2

Fine tuning < 10
10-100
> 100 

800 1400

can be reduced to a one-dimensional problem as in the Standard Model,

V = m2
H |H|2 + �|H|4 (2)

where m2
H will be in general a linear combination of the various masses of the Higgs fields with

coe�cients that depend on mixing angles, e.g. � in the MSSM.2 Each contribution, �m2
H ,

to the Higgs mass should be less than or of the order of m2
H , otherwise various contributions

need to be finely tuned to cancel each other. Therefore �m2
H/m2

H should not be large. By

using m2
h = �2m2

H one can define as a measure of fine-tuning [26],

� ⌘ 2�m2
H

m2
h

. (3)

Here, m2
h reduces to the physical Higgs boson mass in the MSSM in the decoupling regime. In

fully mixed MSSM scenarios, or in more general potentials, m2
h will be a (model-dependent)

linear combination of the physical neutral CP-even Higgs boson masses. As is well known,

increasing the physical Higgs boson mass (i.e. the quartic coupling) alleviates the fine-

tuning [34, 35].

If we specialize to the decoupling limit of the MSSM and approximate the quartic coupling

by its tree level value � / (g2 + g02) cos2 2�, then we find that m2
h = cos2 2� m2

Z . We then

recover the usual formula for fine tuning in the MSSM, Eq. 1, in the large tan � limit.

In a SUSY theory at tree level, m2
H will include the µ term3. Given the size of the

top quark mass, m2
H also includes the soft mass of the Higgs field coupled to the up-type

quarks, mHu . Whether the soft mass for the down-type Higgs, mHd
, or other soft terms in

an extended Higgs sector, should be as light as µ and mHu is instead a model-dependent

question, and a heavier mHd
can even lead to improvements [48]. The key observation that

is relevant for SUSY collider phenomenology is that higgsinos must be light because their

mass is directly controlled by µ,

µ <⇠ 200 GeV
✓

mh

120 GeV

◆ 
��1

20%

!�1/2

(4)

2 It is straightforward to extend this discussion to include SM singlets that receive vevs, see for example [35].
3 In theories where the µ-term is generated by the vev of some other field, its e↵ective size is generically

bound to be of the order of the electroweak scale by naturalness arguments. For a proof in the NMSSM

see, e.g., [35].

8
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OUTLINE

General remarks

simplified model limits

pMSSM limits 

long lived searches, RPV

run2 and beyond
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PMSSM SUMMARY PAPER 
(COMING SOON)

  
Interpreted in the general [19-parameter] pMSSM

• “phenomenological” MSSM
• R-parity conserving
• Neutralino LSP

Random sampling of the parameters (with sparticle masses up to 4 TeV)
500 million models sampled

Apply prior experimental constraints:
EW precision measurements
Mass bounds e.g. from LEP, Tevatron
ΩLSP < ΩPlanck

Consider carefully the remainder
310,327 : models before Run-1
30 billion : signal events generated
44,559 : models required detector simulation
600 million : signal events thru GEANT

Present exclusion (fraction of models) in 2D or 1D projections.
Interpret with care, some dependence on constraints and scan range 
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*

Evaluate limits from 22 separate 
run1 search papers

Only a preview/overview given here, more detailed  
results in the parallel session talk of C. Wanatotaroj
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Following the approach of “SUSY without prejudice”, arXiv:0812.0980 



STRONG PRODUCTION

The fraction of models excluded 
is drawn as a function of pair of 
parameters

1. Limits from a simplified model 
drawn for comparison. pMSSM 
limits are not radically different !

2. All models with compressed 
gluino-neutralino spectra are 
excluded up to about 600 GeV 
by monojet analysis  

3. For mLSP < 250 GeV, visible 
effect from disappearing track 
analysis killing wino LSP models.
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OTHER EXAMPLES

Stop Sbottom Slepton
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HIGGS AND DARK MATTER

The distribution of Hbb coupling and H to invisible BR is 
compared to the measurements  

Relic density vs neutralino mass shown before and after run1 
atlas constraints (animation)
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LONG LIVED (S)PARTICLES

Prompt decay, displaced vertices, dEdx/TOF searches provide robust limits on strongly interacting 
particles over the full lifetime range.

Non pointing photons (1409.5542) not included in the plots
 24



R-PARITY VIOLATION

best limits from RPC SS/
3L and RPV 4L searches, 
1050-1400 GeV 
depending on BR and 
neutralino mass

ATLAS-CONF-2015-018

best limits from RPC 0L 
and 1L searches, 
900-1200 GeV 
depending on BR and 
neutralino mass

best limits from RPC 0L 
and 1L searches, up to 
1200 GeV, but no limit if 
neutralino is light. Will 
need a targeted search. 
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A systematic study of the sensitivity to RPV SUSY with LLE and LQD couplings

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2015-018/


R-PARITY VIOLATION, UDD

gluino UDD decays - limits between 600 and 950 GeV 
from dedicated multi-jet analyses (1502.05686). Even 
better limits if non-prompt decay, from displaced vertices

stop decay to bs. 100 to 310 GeV limit using b-tagging 
and large-R jet mass

Both analysis data-driven, using innovative large-R jet 
techniques to separate the signal from the QCD 
background

Not enough sensitivity for squark UDD decays in light 
jets only (low energy constraints?)

Search for massive supersymmetric particles decaying to many jets using the ATLAS

detector in pp collisions at

p
s = 8 TeV

The ATLAS Collaboration

Results of a search for decays of massive particles to fully hadronic final states are presented.
This search uses 20.3 fb�1 of data collected by the ATLAS detector in

p
s = 8 TeV proton–proton

collisions at the LHC. Signatures based on high jet multiplicities without requirements on the
missing transverse momentum are used to search for R-parity-violating supersymmetric gluino pair
production with subsequent decays to quarks. The analysis is performed using a requirement on
the number of jets, in combination with separate requirements on the number of b-tagged jets, as
well as a topological observable formed from the scalar sum of the mass values of large-radius jets
in the event. Results are interpreted in the context of all possible branching ratios of direct gluino
decays to various quark flavors. No significant deviation is observed from the expected Standard
Model backgrounds estimated using jet-counting as well as data-driven templates of the total-jet-
mass spectra. Gluino pair decays to ten or more quarks via intermediate neutralinos are excluded
for a gluino with mass mg̃ < 1 TeV for a neutralino mass m�̃0

1
= 500 GeV. Direct gluino decays to

six quarks are excluded for mg̃ < 917 GeV for light-flavor final states, and results for various flavor
hypotheses are presented.

PACS numbers: 12.60.Jv,12.38.Qk,11.30.Pb,13.87.-a

I. INTRODUCTION

Supersymmetry (SUSY) [1–9] is a theoretical exten-
sion of the Standard Model (SM) which fundamentally
relates fermions and bosons. It is an alluring theoret-
ical possibility given its potential to solve the natural-
ness problem [10–15] and to provide a dark-matter can-
didate [16, 17]. Partially as a result of the latter pos-
sibility, most searches for SUSY focus on scenarios such
as a minimal supersymmetric standard model (MSSM)
in which R-parity is conserved (RPC) [18–21]. In these
models, SUSY particles must be produced in pairs and
must decay to a stable lightest supersymmetric particle
(LSP). With strong constraints now placed on standard
RPC SUSY scenarios by the experiments at the Large
Hadron Collider (LHC), it is important to expand the
scope of the SUSY search program and explore models
where R-parity may be violated and the LSP may decay
to SM particles, particularly as these variations can alle-
viate to some degree the fine-tuning many SUSY models
currently exhibit [22].

In R-parity-violating (RPV) scenarios, many of the
constraints placed on the MSSM in terms of the allowed
parameter space of gluino (g̃) and squark (q̃) masses
are relaxed. The reduced sensitivity of standard SUSY
searches to RPV scenarios is due primarily to the high
missing transverse momentum (Emiss

T ) requirements used
in the event selection common to many of those searches.
This choice is motivated by the assumed presence of two
weakly interacting and therefore undetected LSPs. Con-
sequently, the primary challenge in searches for RPV
SUSY final states is to identify suitable substitutes for
the canonical large Emiss

T signature of RPC SUSY used
to distinguish signals from background processes. Com-
mon signatures used for RPV searches include resonant
lepton pair production [23–25], exotic decays of long-lived

particles, and displaced vertices [26–29].

g̃

g̃
p

p

�00

q

q

q

�00

q

q

q

g̃

g̃

�̃0
1

�̃0
1

p

p

q q

�00

q

q
q

q q

�00

q

q
q

Figure 1. Diagrams for the benchmark processes considered
for this analysis. The solid black lines represent Standard
Model particles, the solid red lines represent SUSY partners,
the gray shaded circles represent effective vertices that in-
clude off-shell propagators (e.g. heavy squarks coupling to a
�̃0
1 neutralino and a quark), and the blue shaded circles rep-

resent effective RPV vertices allowed by the baryon-number-
violating �00 couplings with off-shell propagators (e.g. heavy
squarks coupling to two quarks).

New analyses that do not rely on Emiss
T are required

in order to search for fully hadronic final states involving
RPV gluino decays directly to quarks or via �̃0

1 neutrali-
nos as shown in the diagrams in Fig. 1. Cases in which
pair-produced massive new particles decay directly to a
total of six quarks, as well as cascade decays with at least
ten quarks, are considered. Three-body decays of the
type shown in Fig. 1 are given by effective RPV vertices
allowed by the baryon-number-violating �00 couplings as
described in Sec. II with off-shell squark propagators.
This analysis is an extension of the search conducted atp
s = 7 TeV for the pair production of massive gluinos,

each decaying directly into three quarks [30].
The diagrams shown in Fig. 1 represent the bench-

mark processes used in the optimization and design of
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1 neutralino and a quark), and the blue shaded circles rep-
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New analyses that do not rely on Emiss
T are required

in order to search for fully hadronic final states involving
RPV gluino decays directly to quarks or via �̃0

1 neutrali-
nos as shown in the diagrams in Fig. 1. Cases in which
pair-produced massive new particles decay directly to a
total of six quarks, as well as cascade decays with at least
ten quarks, are considered. Three-body decays of the
type shown in Fig. 1 are given by effective RPV vertices
allowed by the baryon-number-violating �00 couplings as
described in Sec. II with off-shell squark propagators.
This analysis is an extension of the search conducted atp
s = 7 TeV for the pair production of massive gluinos,

each decaying directly into three quarks [30].
The diagrams shown in Fig. 1 represent the bench-

mark processes used in the optimization and design of

RPV is not that stealthy, but requires a dedicated effort for 
fully hadronic states. Some blind spots remain for squarks. 
Trigger on multijet states not trivial as luminosity increases!

NEW
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13 TEV COLLISIONS

Greatest gain from the collision 
energy for heavy particles

Early searches focus on high mass 
(i.e. strong production, high S/B).

Electroweak production, difficult 
low-mass blind spots will require 
more luminosity 
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Projections for Run 2
• Expected integrated luminosity | 100/fb (by 2018)
• Extrapolate current limits:

8/12/2015 Ulrich Heintz - SSI 2015 45

𝑀 𝑔 > 2 𝑇𝑒𝑉 𝑀 𝑡 > 1 𝑇𝑒𝑉 𝑀𝑍′ > 5 𝑇𝑒𝑉

Salam, Weiler http://cern.ch/collider-reach
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EARLY DATA

0.18 fb-1 recorded

A few fb-1 expected in September and 
October (with large uncertainties)

100 fb-1 expected by the end of run2

Radius of hadronic interactions, the new 
pixel layer (IBL) is visible

 29



RUN2 ANALYSIS RESULTS

Plenty of detector performance and physics results (including charge particle multiplicity, 
jet, W , Z, and top cross sections) see 

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/Summer2015-13TeV
 30
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RUN2 SUSY BACKGROUND STUDIES

Backgrounds appear to be 
well modeled

More details in parallel 
session talks

top left: Zero lepton search, top CR

bottom left: Multijet search, 7-jet 
data vs data driven QCD estimate

top right: One lepton search, data vs 
background (normalised in CRs)

bottom right: pixel dEdx
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RUN2 PROSPECTS

Possibility of a 3σ excess for gluino or sbottom signals not excluded by 
run1 searches with a few fb-1

 32



CONCLUSIONS
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CONCLUSIONS

We haven’t found it. 
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CONCLUSIONS

We haven’t found it. Yet
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CONCLUSIONS

We haven’t found it. Yet

Stay tuned !
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CONCLUSIONS

We haven’t found it. Yet

Stay tuned !
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And check out the ATLAS SUSY parallel session talks:

P.F. Butti, direct pair production of third generation squarks (today)
A. Kastanas, searches with photons and taus (today)
G. Cottin, long lived sparticles (today) 
K. Bredlinger, squark and gluinos with two leptons (tomorrow)
Y. Minami, inclusive searches for squark and gluinos (thursday)
C. Wanotayaroj, pMSSM interpretations (thursday)
C. Bock, electroweak production (thursday)
E.T. Pastor, RPV with lepton number violation (friday)
B.D. Jackson, RPV with baryon number violation (friday)



BACKUP



The derivation of upper bounds on the different SUSY particles from naturalness 
was first discussed in a paper of Barbieri and Giudice in 1987 (Nucl. Phys. B306, 63)

After the 2011 LHC results pushed limits on squark and gluinos around 1 TeV, lots of 
discussion on naturalness-based susy spectra. In slide X I used the formulas in 
Papucci, Rudermann and Weiler, arXiv:1110.6926v1

SUSY FINE TUNING FORMULAS

can be reduced to a one-dimensional problem as in the Standard Model,

V = m2
H |H|2 + �|H|4 (2)

where m2
H will be in general a linear combination of the various masses of the Higgs fields with

coe�cients that depend on mixing angles, e.g. � in the MSSM.2 Each contribution, �m2
H ,

to the Higgs mass should be less than or of the order of m2
H , otherwise various contributions

need to be finely tuned to cancel each other. Therefore �m2
H/m2

H should not be large. By

using m2
h = �2m2

H one can define as a measure of fine-tuning [26],

� ⌘ 2�m2
H

m2
h

. (3)

Here, m2
h reduces to the physical Higgs boson mass in the MSSM in the decoupling regime. In

fully mixed MSSM scenarios, or in more general potentials, m2
h will be a (model-dependent)

linear combination of the physical neutral CP-even Higgs boson masses. As is well known,

increasing the physical Higgs boson mass (i.e. the quartic coupling) alleviates the fine-

tuning [34, 35].

If we specialize to the decoupling limit of the MSSM and approximate the quartic coupling

by its tree level value � / (g2 + g02) cos2 2�, then we find that m2
h = cos2 2� m2

Z . We then

recover the usual formula for fine tuning in the MSSM, Eq. 1, in the large tan � limit.

In a SUSY theory at tree level, m2
H will include the µ term3. Given the size of the

top quark mass, m2
H also includes the soft mass of the Higgs field coupled to the up-type

quarks, mHu . Whether the soft mass for the down-type Higgs, mHd
, or other soft terms in

an extended Higgs sector, should be as light as µ and mHu is instead a model-dependent

question, and a heavier mHd
can even lead to improvements [48]. The key observation that

is relevant for SUSY collider phenomenology is that higgsinos must be light because their

mass is directly controlled by µ,

µ <⇠ 200 GeV
✓

mh

120 GeV

◆ 
��1

20%

!�1/2

(4)

2 It is straightforward to extend this discussion to include SM singlets that receive vevs, see for example [35].
3 In theories where the µ-term is generated by the vev of some other field, its e↵ective size is generically

bound to be of the order of the electroweak scale by naturalness arguments. For a proof in the NMSSM

see, e.g., [35].

8

Tree-level Higgs mass relation to Higgsinos. Very simple, just solve for delta. 

At loop level there are additional constraints. The Higgs potential in a SUSY theory is

corrected by both gauge and Yukawa interactions, the largest contribution coming from the

top-stop loop. In extensions of the MSSM there can be additional corrections, e.g. coming

from Higgs singlet interactions in the NMSSM, which can be important for large values of

the couplings. The radiative corrections to m2
Hu

proportional to the top Yukawa coupling

are given by,

�m2
Hu

|stop = � 3

8⇡2
y2
t

⇣
m2

Q3
+ m2

u3
+ |At|2

⌘
log

✓
⇤

TeV

◆
, (5)

at one loop in the Leading Logarithmic (LL) approximation (which is su�cient for the

current discussion), see e.g. [49]. Here ⇤ denotes the scale at which SUSY breaking e↵ects

are mediated to the Supersymmetric SM. Since the soft parameters m2
Q3

, m2
u3

and At control

the stop spectrum, as it is well-known, the requirement of a natural Higgs potential sets an

upper bound on the stop masses. In particular one has

q
m2

t̃1
+ m2

t̃2
<⇠ 600 GeV

sin �

(1 + x2
t )1/2

 
log (⇤/ TeV)

3

!�1/2 ✓
mh

120 GeV

◆ 
��1

20%

!�1/2

, (6)

where xt = At/
q

m2
t̃1

+ m2
t̃2
. Eq. 6 imposes a bound on the heaviest stop mass. Moreover,

for a fixed Higgs boson mass, a hierarchical stop spectrum induced by a large o↵-diagonal

term At tend to worsen the fine-tuning due to the direct presence of At in the r.h.s. of eq. 5.

All the other radiative contributions to the Higgs potential from the other SM particles

pose much weaker bounds on the supersymmetric spectrum. The only exception is the

gluino, which induces a large correction to the top squark masses at 1-loop and therefore

feeds into the Higgs potential at two loops. One finds, in the LL approximation,

�m2
Hu

|gluino = � 2

⇡2
y2
t

✓
↵s

⇡

◆
|M3|2 log2

✓
⇤

TeV

◆
, (7)

where M3 is the gluino mass and we have neglected the mixed AtM3 contributions that can

be relevant for large A-terms. From the previous equation, the gluino mass is bounded from

above by naturalness to satisfy,

M3
<⇠ 900 GeV sin �

 
log (⇤/ TeV)

3

!�1 ✓
mh

120 GeV

◆ 
��1

20%

!�1/2

. (8)

In the case of Dirac gauginos [50] there is only one power of the logarithm4 in Eq. 7, amelio-

4 The other logarithm is traded for a logarithm of the ratio of soft masses. We assume that the new log is

O(1), but in principle it can be tuned to provide further suppression.
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One loop Higgs mass relation to stops. The 
minimum fine tuning for a given lightest stop mass 
occurs for sinb =1, no mixing, and mt1 = mt2. I put 
these conditions and solved for delta.

At loop level there are additional constraints. The Higgs potential in a SUSY theory is

corrected by both gauge and Yukawa interactions, the largest contribution coming from the

top-stop loop. In extensions of the MSSM there can be additional corrections, e.g. coming

from Higgs singlet interactions in the NMSSM, which can be important for large values of

the couplings. The radiative corrections to m2
Hu

proportional to the top Yukawa coupling

are given by,
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at one loop in the Leading Logarithmic (LL) approximation (which is su�cient for the

current discussion), see e.g. [49]. Here ⇤ denotes the scale at which SUSY breaking e↵ects

are mediated to the Supersymmetric SM. Since the soft parameters m2
Q3

, m2
u3

and At control

the stop spectrum, as it is well-known, the requirement of a natural Higgs potential sets an

upper bound on the stop masses. In particular one has
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where xt = At/
q

m2
t̃1

+ m2
t̃2
. Eq. 6 imposes a bound on the heaviest stop mass. Moreover,

for a fixed Higgs boson mass, a hierarchical stop spectrum induced by a large o↵-diagonal

term At tend to worsen the fine-tuning due to the direct presence of At in the r.h.s. of eq. 5.

All the other radiative contributions to the Higgs potential from the other SM particles

pose much weaker bounds on the supersymmetric spectrum. The only exception is the

gluino, which induces a large correction to the top squark masses at 1-loop and therefore

feeds into the Higgs potential at two loops. One finds, in the LL approximation,

�m2
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where M3 is the gluino mass and we have neglected the mixed AtM3 contributions that can

be relevant for large A-terms. From the previous equation, the gluino mass is bounded from

above by naturalness to satisfy,
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��1

20%

!�1/2

. (8)

In the case of Dirac gauginos [50] there is only one power of the logarithm4 in Eq. 7, amelio-

4 The other logarithm is traded for a logarithm of the ratio of soft masses. We assume that the new log is

O(1), but in principle it can be tuned to provide further suppression.
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In the case of Dirac gauginos [50] there is only one power of the logarithm4 in Eq. 7, amelio-

4 The other logarithm is traded for a logarithm of the ratio of soft masses. We assume that the new log is

O(1), but in principle it can be tuned to provide further suppression.
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Two loop contribution from gluinos. The minimum 
fine tuning for a given gluino mass occurs for sinb =1. 
I put these conditions and solved for delta.



SYSTEMATIC UNCERTAINTIES

Source Relative systematic uncertainty (%)
Binned soft single-lepton Soft dimuon

3-jet 5-jet 3-jet inclusive 2-jet
Total systematic uncertainty 20 24 17 43
Lepton identification � � 5 �
JER 6 � � �
JES (flavour composition) � � � 5
Fake leptons 10 6 5 40
t¯t MC generator 11 9 7 8
t¯t parton shower � 19 � �
t¯t scales, ISR and FSR � � 9 5
t¯t normalisation � 7 � �
MC statistics 8 � 6 7

Binned hard single-lepton
3-jet 5-jet 6-jet

Total systematic uncertainty 9 22 24
t¯t MC generator � 9 23
t¯t parton shower � 17 �
t¯t scales, ISR and FSR � 7 �
t¯t normalisation 5 6 �
MC statistics � 5 5

Binned hard dilepton
Low-multiplicity ( 2-jet) 3-jet
ee/µµ eµ ee/µµ eµ

Total systematic uncertainty 11 11 23 18
b-tagging 7 6 11 11
JES (in-situ measurement) � � � 5
Fake leptons 5 � � �
MC statistics 6 � � �

Table 9. The main sources of systematic uncertainty on the SM background estimates for the
various signal regions are shown and their value given as relative uncertainties (in %) on the signal
region event yields. The values are only shown if the relative uncertainty is at least 5%.

8.4 Theoretical uncertainties on the signal expectation

The mUED model cross sections are based on a calculation at LO in QCD, and the events
are generated with a leading order MC event generator. No theoretical uncertainties on the
acceptance are considered for this case.

Several theoretical uncertainties on the acceptance for the remaining signal models are
taken into account. These uncertainties are estimated using Madgraph 5+Pythia 6 sam-
ples for which the following parameters are varied up and down in turn by a factor of two:
the Madgraph scale used to determine the event-by-event renormalisation and factorisa-
tion scale, the Madgraph parameter used to determine the scale for QCD radiation, the
Pythia parameter which controls the QCD scale value used for final-state radiation (the
upward variation of this parameter is by a factor of 1.5) and the Madgraph parameter

– 30 –

Only leading systematics shown (analysis specific), but the structure is typical
1. Detector response systematics
2. Analysis specific systematics (closure test, statistics of control samples, dependency on true fake 

composition) on the data driven background estimate
3. Theoretical uncertainties
4. Normalization of background (from CR statistics)
5. MC statistics
Many systematics cancel or are reduced in the CR => SR extrapolation. Validation regions and multiple 
check in data to show that the data are well modeled within systematics - in particular, the variable 
used in the extrapolation.

1

2

3

4
5



HIDING SUSY - COMPRESSED ? 

Sensitivity degrades when ΔM(X,LSP) is small. For ΔM => 0, the monojet (ISR) + ETMISS (the XX 
system) provides sensitivity, with little dependence on the X decay mode

No sensitivity to EWK production yet but powerful limits for single squark (240 GeV), squark 
octet (430 GeV) and gluinos (roughly 600 GeV)  

Irreducible and large Z(νν)+jet background - sensitivity is systematic limited (3-4% error on 
background in SR in run1!). At 13 TeV sensitivity improves (signal x-sec increases more), but it’s 
difficult to make projections - it will depend on the precision we achieve on the background.  

NEWNEW
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PHOTON+X PAPER

Four channels : γγ+MET, γ+jets+MET, γ+b-jets+MET, γ+lepton+MET

(arXiv:1507.05493)

g+jets+METgg+MET g+bjets+MET



(arXiv:1507.05493)
PHOTON+X PAPER
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FIG. 2. Distribution of the discriminator against b-jets, log(Pc/Pb), for the first-leading jet and against light-jets, log(Pc/Pu), for the third-
leading jet. The data are compared to MC simulations for the different SM processes, separated by jet flavor, and include the signal preselection
defined in Sec. V without applying the tagging requirements, which are indicated by the arrows. The bottom panels show the ratio between
data and MC predictions. The error bands in the ratios include the statistical and experimental uncertainties in the predictions. For illustration
purposes, the distributions of two different SUSY scenarios for stop pair production with the decay mode t̃1 → c+ χ̃01 are included. In the
SUSY signal, the first-leading jet mostly originates from ISR and the third-leading jet is expected to contain a large fraction of c-jets.

A. Monojet-like selection

The monojet-like analysis targets the region in which the
stop and the lightest neutralino are nearly degenerate in mass
so that the jets from the charm-quark fragmentation (c-jets)
are too soft to be identified. Stop pair production events
are then characterized by large EmissT and a small number
of jets, and can be identified via the presence of an ener-
getic jet from initial-state radiation. A maximum of three
jets with pT > 30 GeV and |η | < 2.8 in the event are al-
lowed. An additional requirement on the azimuthal separa-
tion of ∆φ(jet,pmissT ) > 0.4 between the missing transverse
momentum direction and that of each of the selected jets is
imposed. This requirement reduces the multijet background
contribution where the large EmissT originates mainly from jet
energy mismeasurement. Three separate signal regions (here
denoted byM1,M2 andM3) are defined with increasing lower
thresholds on the leading jet pT and EmissT , as the result of
an optimization performed across the stop–neutralino mass
plane with increasing t̃ and χ̃01 masses. For the M1 selection,
events are required to have EmissT > 220 GeV and leading jet
pT > 280 GeV. For the M2 (M3) selection, the thresholds are
increased to EmissT > 340 GeV (EmissT > 450 GeV) and leading
jet pT > 340 GeV (pT > 450 GeV).

B. c-tagged selection

The kinematics of the charm jets from the stop decays de-
pendmainly on ∆m. As ∆m decreases, the pT of the charm jets
become softer and it is more likely that other jets from initial
state radiation have a higher transverse momentum than the
charm jets. As a consequence, the stop signal is expected
to have relatively large jet multiplicities and a c-tagged jet

can be found among any of the subleading jets. An opti-
mization of the c-tagged selection criteria is performed across
the t̃ and χ̃01 mass plane to maximize the sensitivity to a
SUSY signal. In the c-tagged analysis, the events are required
to have at least four jets with pT > 30 GeV, |η | < 2.5 and
∆φ(jet,pmissT )> 0.4. A veto against b-jets is applied to the se-
lected jets in the event by using a loose c-tag requirement. In
addition, at least one of the three subleading jets is required to
be c-tagged using the medium criteria. The leading jet is re-
quired to have pT > 290 GeV and two separate signal regions,
here denoted by C1 and C2, are defined with EmissT > 250 GeV
and EmissT > 350 GeV, respectively. The tighter requirement on
EmissT for the C2 signal region targets models with larger stop
and neutralino masses.

VI. BACKGROUND ESTIMATION

The expected SM background is dominated by Z(→
νν̄)+jets, tt̄ and W (→ ℓν)+jets (ℓ = e,µ ,τ) production, and
includes small contributions from Z/γ∗(→ ℓ+ℓ−)+jets, single
top, tt̄+V , diboson (WW,WZ,ZZ) and multijet processes.
TheW/Z+jets backgrounds are estimated using MC event

samples normalized using data in control regions. The sim-
ulatedW/Z+jets events are re-weighted to data as a function
of the generated pT of the vector boson, following a proce-
dure similar to that in Ref. [78], which is found to improve
the agreement between data and simulation. The weights ap-
plied to the simulation result from the comparison of the re-
constructed boson pT distribution in data and SHERPA MC
simulation inW+jets and Z+jets control samples where the jet
and EmissT preselection requirements (see Table I) have been
applied. The weights are defined in several bins in boson pT.
Due to the limited number of data events at large boson pT,

Two multivariate discriminants, trained to reject b-jets 
and light-jets, respectively. 
Working point used in SUSY papers : 19% charm 
efficiency, 13% b-jet efficiency, 0.5% light jet efficiency 
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SM predictions for each SR. The data are found to be be-283

low the SM background expectations, but consistent with284

them given the uncertainties. Figure 1 shows the mea-285

sured mCT and mcc distributions in the mCT > 150GeV286

region compared to the SM predictions. Monte Carlo287

estimates are shown after the normalizations extracted288

from the profile likelihood fit are applied. For illustra-289

tive purposes, the distributions expected for the simpli-290

fied model with (c̃, �̃0
1) masses of (400, 200)GeV and291

(550, 50)GeV are also shown.292

FIG. 1: Distributions of m
CT

(top) and mcc (bottom), and
their corresponding SM predictions. Signal region selections
(m

CT

> 150 GeV for the mcc distribution) are applied, other
than for the variable plotted. Arrows indicate the SR require-
ments on m

CT

and mcc. In the ratio plots, the grey bands
correspond to the combined MC statistical and experimental
systematic uncertainty.

Since no significant excesses are observed, the results293

are translated into 95% confidence-level (C.L.) upper lim-294

its on contributions from non-SM processes using the295

CLs prescription [51]. Figure 2 shows the observed296

and expected exclusion limits at 95% C.L. on the c̃–�̃0
1297

mass plane, assuming a single accessible c̃ particle with298

BR(c̃ ! c + �̃0
1) = 100%. The SR with the best ex-299

pected sensitivity at each point in the plot is adopted300

as the nominal result. In the region where the c-tagged301

analysis of the ATLAS t̃ ! c + �̃0
1 search [18] provides302

a stronger expected limit, i.e. for mc̃ � m�̃0
1 ⇠< mW ,303

that result is used. The region excluded by the ATLAS304

monojet-like search, also described in Ref. [18], is shown305

separately as a grey shaded area. Systematic uncertain-306

FIG. 2: Exclusion limits at 95% C.L. in the c̃–�̃0

1

mass plane.
The observed (solid red line) and expected (dashed blue line)
limits include all uncertainties except for the theoretical sig-
nal cross-section uncertainty (PDF and scale). The band
around the expected limits show ±1� uncertainties. The dot-
ted lines around the observed limits represent the results ob-
tained when moving the nominal signal cross section up or
down by the ±1� theoretical uncertainty.

ties, other than in the c̃ pair-production cross section, are307

treated as nuisance parameters and correlated when ap-308

propriate. For the SUSY scenario considered, the upper309

limit at 95% C.L. on the scalar-charm mass obtained in310

the most conservative cross-section hypothesis is 540GeV311

for m�̃0
1
= 0 (increasing to 555GeV for the central esti-312

mate of the signal cross section). Neutralino masses up313

to 200GeV are similarly excluded for mc̃ < 490GeV.314

This significantly extends the results of previous flavour-315

blind analyses [16, 17], which provide no exclusion for316

m�̃0
1
> 160GeV, nor for single light squarks with masses317

above 440GeV. The signal regions are used to set limits318

on the e↵ective cross sections �vis of any non-SM pro-319

cesses, including the e↵ects of branching ratios, experi-320

mental acceptance and e�ciency, neglecting any possible321

contamination in the control regions. Values of �vis larger322

than 0.44 fb, 0.36 fb and 0.23 fb are excluded at 95% C.L.323

for mCT greater than 150, 200 and 250GeV respectively.324

In summary, this Letter reports results of a search for325

scalar-charm pair production in 8TeV pp collisions at the326

LHC, based on 20.3 fb�1 of ATLAS data. The selected327

events have large Emiss
T and two c-tagged jets. The results328

are in agreement with SM predictions for backgrounds329

and translate into 95% C.L. upper limits on scalar-charm330

and neutralino masses in a simplified model with a single331

accessible c̃ state for which the exclusive decay c̃ ! c+�̃0
1332

is assumed. For neutralino masses below 200GeV, scalar-333

charm masses up to 490GeV are excluded, significantly334

extending previous limits.335

We thank CERN for the very successful operation of the336
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out of the geometric acceptance or not reconstructed or191

identified. Contributions from multijet, diboson and as-192

sociated production of tt̄ with W, Z are subdominant.193

Non-collision backgrounds are found to be negligible.194

The estimation of the main background processes is195

carried out by defining a set of three data control re-196

gions (CR) that do not overlap with each other or with197

the signal regions. The CRs are kinematically close to198

the SRs and each of them is enhanced in one or two199

of the backgrounds that is dominant in the SRs, while200

having low expected signal contamination. A statistical201

model is set up in which the background expectation in202

the CRs and SRs depends on several parameters of in-203

terest: the normalizations of the dominant backgrounds,204

top (tt̄ + single top), Z+jets and W+jets, as well as on205

nuisance parameters including the e↵ect of uncertainties206

on the jet energy scale (JES) and resolution, calorime-207

ter resolution for energy clusters not associated with any208

physics objects, energy scale and resolution of electrons209

and muons, c-tagging and mistagging rates, pileup and210

luminosity. A profile likelihood fit of the background ex-211

pectation to the data is performed simultaneously in all212

CRs [48], and from it the background normalizations are213

extracted. The normalization factors, which are consis-214

tent with unity within uncertainties, are then applied to215

the MC expectation in the signal regions.216

The first control region is populated largely by tt̄ and217

W+jets. It contains events with exactly one isolated218

electron or muon with pT above 50GeV. The leading219

two jets, with pT > 130GeV and 50GeV, must be c-220

tagged. To select events containing W ! `⌫, the trans-221

verse mass of the (`, Emiss
T ) system is required to be be-222

tween 40GeV and 100GeV. The upper bound reduces223

possible signal contamination from SUSY models that224

produce leptons in cascade decays. Finally, it is required225

that Emiss
T > 100GeV and mCT > 150GeV. The sec-226

ond control region is populated by Z ! `+`� events227

with two opposite-sign, same-flavour leptons, where the228

minimum pT requirement is 70GeV for the leading lep-229

ton and 7(6)GeV for the subleading electron (muon).230

The transverse momenta of the leptons are added vec-231

torially to the ~Emiss
T to mimic the Z ! ⌫⌫̄ decay, and232

the modulus of the resulting two-vector is required to233

be larger than 100GeV. The leading two jets are re-234

quired to be c-tagged and their pT must each be above235

50GeV. The invariant mass m`` of the two leptons is236

required to be between 75GeV and 105GeV (Z-mass in-237

terval). A third control region, populated almost exclu-238

sively by dileptonic tt̄ events, contains events with two239

opposite-sign, di↵erent-flavour leptons, where the leading240

lepton has pT > 25GeV and the sub-leading lepton pT241

is above 7(6) GeV for electrons (muons). It is required242

that Emiss
T > 50GeV and m`` > 50GeV. The leading two243

jets are required to be c-tagged and have pT > 50GeV.244

In all CRs, events with additional lepton candidates be-245

yond the required number of signal leptons are vetoed246

using the same lepton requirements used to veto events247

in the SRs.248

The subdominant background contributions from di-249

bosons, Ztt̄ and Wtt̄ are estimated by MC simulation.250

Finally, the residual multijet background is estimated251

using a data-driven technique based on the smearing of252

jets in a low-Emiss
T data sample with jet response func-253

tions [49].254

The experimental and theoretical uncertainties a↵ect-255

ing the main backgrounds are correlated between control256

and signal regions, and the data observed in control re-257

gions constrain the uncertainties on the expected yields258

in the signal regions. The residual uncertainty due to the259

theoretical modeling of the top-production background is260

about 7%. It is evaluated using additional MC samples261

generated with AcerMC (where initial- and final-state ra-262

diation parameters are varied) an alternative fragmenta-263

tion model (HERWIG), an alternative generator (MC@NLO)264

and by using diagram subtraction rather than diagram265

removal to account for the interference between tt̄ and266

single top Wt-channel production [50]. After the fit, the267

residual uncertainties on the W+jets and Z+jets theo-268

retical modeling account for less than 20% of the total269

uncertainty. The dominant contributions to the residual270

uncertainty on the total background are from c-tagging271

(⇠20%), normalization uncertainties related to the num-272

bers of events in the CRs (10%–20%), and JES (⇠10%).273

For the SUSY signal processes, theoretical uncertain-274

ties on the cross section due to the choice of renormaliza-275

tion and factorization scales and from PDFs are found to276

be between 14% and 16% for c̃ masses between 100GeV277

and 550GeV. Prior to the fit, the detector-related uncer-278

tainties with largest impact on the signal event yields are279

those for c-tagging (typically 15%–30%) and JES (typi-280

cally 10%–30%).281

m
CT

(GeV) >150 >200 >250

Top 7.4± 2.7 (7.1) 3.9± 1.6 (3.7) 1.6± 0.7 (1.5)

Z+jets 14± 3 (13) 7.7± 1.7 (7.0) 4.3± 1.2 (3.9)

W+jets 7.2± 4.5 (7.4) 4.1± 2.6 (4.2) 1.9± 1.2 (1.9)

Multijets 0.3± 0.3 0.2± 0.2 0.05± 0.05

Others 0.5± 0.3 0.4± 0.3 0.4± 0.3

Total 30 ± 6 16 ± 3 8.2 ± 1.9

Data 19 11 4

TABLE I: Expected and observed number of events for an in-
tegrated luminosity of 20.3 fb�1 at

p
s = 8TeV. Top, Z+jets

and W+jets contributions are estimated using the fit de-
scribed in the text. For comparison, the numbers obtained
using MC simulations only are shown in parentheses. The row
labelled as ‘Others’ reports subdominant electroweak back-
grounds estimated from MC. The total uncertainties are also
reported.

Table I reports the observed number of events and the282

Two leading jets c-tagged, pt>130, 100 GeV , mcc > 200 GeV, 
MET > 150 GeV, MCT(cc,MET) > 150,200,250 GeV

top, Z+jets, W+jets normalized to CR. Multijet from jet smearing 
data driven technique.  

scharm search  
[arXiv:1501.01325]

stop to charm search  
[arXiv:1407.0608]
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TABLE I. Event selection criteria applied for monojet-like (M1–M3) and c-tagged (C1,C2) analyses.

Selection criteria

Preselection
Primary vertex
EmissT > 150 GeV
At least one jet with pT > 150 GeV and |η|< 2.8
Jet quality requirements
Lepton vetoes

Monojet-like selection
At most three jets with pT > 30 GeV and |η|< 2.8
∆φ(jet,pmissT )> 0.4
Signal region M1 M2 M3
Minimum leading jet pT (GeV) 280 340 450
Minimum EmissT (GeV) 220 340 450

c-tagged selection
At least four jets with pT > 30 GeV and |η|< 2.5
∆φ(jet,pmissT )> 0.4
All four jets must pass loose tag requirements (b-jet vetoes)
At least one medium charm tag in the three subleading jets
Signal region C1 C2
Minimum leading jet pT (GeV) 290 290
Minimum EmissT (GeV) 250 350

an inclusive last bin with boson pT > 400 GeV is used. The
uncertainties of the re-weighting procedure are taken into ac-
count in the final results.
The top-quark background contribution to the monojet-like

analysis is very small and is determined using MC simulated
samples. In the case of the c-tagged analysis, the top-quark
background is sizable, as it is enhanced by the jet multiplicity
and c-tag requirements, and is estimated using MC simulated
samples normalized in a top-quark-enriched control region.
The simulated tt̄ events are re-weighted based on the mea-
surement in the data [79], indicating that the differential cross
section as a function of the pT of the tt̄ system is softer than
that predicted by the MC simulation.
The normalization factors forW/Z+jets and tt̄ background

contributions are extracted simultaneously using a global fit
to all control regions and include systematic uncertainties, to
properly take into account correlations. The remaining SM
backgrounds from tt̄ +W/Z, single top, diboson and Higgs
processes are determined using Monte Carlo simulated sam-
ples, while the multijet background contribution is extracted
from data. Finally, the potential contributions from beam-
related background and cosmic rays are estimated in data us-
ing jet timing information and are found to be negligible.
In the following subsections, details on the definition of

W/Z+jets and tt̄ control regions and on the data-driven de-
termination of the multijet background are given. This is fol-
lowed by a description of the background fits and the valida-
tion of the resulting background estimations.

A. W/Z+jets background

In the monojet-like analysis, control samples in data, or-
thogonal to the signal regions, with identified electrons or
muons in the final state and with the same requirements on
the jet pT, subleading jet vetoes, and EmissT , are used to de-
termine the W/Z+jets electroweak background contributions
from data. A W (→ µν)+jets control sample is defined us-
ing events with a muon with pT > 10 GeV andW transverse
mass[80] in the range 30 GeV < mT < 100 GeV. Similarly,
a Z/γ∗ (→ µ+µ−)+jets control sample is selected, requir-
ing the presence of two muons with invariant mass in the
range 66 GeV < mµµ < 116 GeV. The EmissT -based online
trigger used in the analysis does not include muon informa-
tion in the EmissT calculation. This allows the W (→ µν)+jets
and Z/γ∗ (→ µ+µ−)+jets control samples to be collected
with the same trigger as for the signal regions. Finally, a
W (→ eν)+jets dominated control sample is defined with an
electron candidate with pT > 20 GeV. The EmissT calcula-
tion includes the contribution of the energy cluster from the
identified electron in the calorimeter, since W (→ eν)+jets
processes contribute to the background in the signal regions
when the electron is not identified. In theW (→ µν)+jets and
Z/γ∗ (→ µ+µ−)+jets control regions, the EmissT does not in-
clude muon momentum contributions, motivated by the fact
that these control regions are used to estimate the irreducible
Z(→ νν̄)+jets background in the signal regions.
The definition of the control regions in the c-tagged anal-

6

TABLE I. Event selection criteria applied for monojet-like (M1–M3) and c-tagged (C1,C2) analyses.

Selection criteria

Preselection
Primary vertex
EmissT > 150 GeV
At least one jet with pT > 150 GeV and |η|< 2.8
Jet quality requirements
Lepton vetoes

Monojet-like selection
At most three jets with pT > 30 GeV and |η|< 2.8
∆φ(jet,pmissT )> 0.4
Signal region M1 M2 M3
Minimum leading jet pT (GeV) 280 340 450
Minimum EmissT (GeV) 220 340 450

c-tagged selection
At least four jets with pT > 30 GeV and |η|< 2.5
∆φ(jet,pmissT )> 0.4
All four jets must pass loose tag requirements (b-jet vetoes)
At least one medium charm tag in the three subleading jets
Signal region C1 C2
Minimum leading jet pT (GeV) 290 290
Minimum EmissT (GeV) 250 350

an inclusive last bin with boson pT > 400 GeV is used. The
uncertainties of the re-weighting procedure are taken into ac-
count in the final results.
The top-quark background contribution to the monojet-like

analysis is very small and is determined using MC simulated
samples. In the case of the c-tagged analysis, the top-quark
background is sizable, as it is enhanced by the jet multiplicity
and c-tag requirements, and is estimated using MC simulated
samples normalized in a top-quark-enriched control region.
The simulated tt̄ events are re-weighted based on the mea-
surement in the data [79], indicating that the differential cross
section as a function of the pT of the tt̄ system is softer than
that predicted by the MC simulation.
The normalization factors forW/Z+jets and tt̄ background

contributions are extracted simultaneously using a global fit
to all control regions and include systematic uncertainties, to
properly take into account correlations. The remaining SM
backgrounds from tt̄ +W/Z, single top, diboson and Higgs
processes are determined using Monte Carlo simulated sam-
ples, while the multijet background contribution is extracted
from data. Finally, the potential contributions from beam-
related background and cosmic rays are estimated in data us-
ing jet timing information and are found to be negligible.
In the following subsections, details on the definition of

W/Z+jets and tt̄ control regions and on the data-driven de-
termination of the multijet background are given. This is fol-
lowed by a description of the background fits and the valida-
tion of the resulting background estimations.

A. W/Z+jets background

In the monojet-like analysis, control samples in data, or-
thogonal to the signal regions, with identified electrons or
muons in the final state and with the same requirements on
the jet pT, subleading jet vetoes, and EmissT , are used to de-
termine the W/Z+jets electroweak background contributions
from data. A W (→ µν)+jets control sample is defined us-
ing events with a muon with pT > 10 GeV andW transverse
mass[80] in the range 30 GeV < mT < 100 GeV. Similarly,
a Z/γ∗ (→ µ+µ−)+jets control sample is selected, requir-
ing the presence of two muons with invariant mass in the
range 66 GeV < mµµ < 116 GeV. The EmissT -based online
trigger used in the analysis does not include muon informa-
tion in the EmissT calculation. This allows the W (→ µν)+jets
and Z/γ∗ (→ µ+µ−)+jets control samples to be collected
with the same trigger as for the signal regions. Finally, a
W (→ eν)+jets dominated control sample is defined with an
electron candidate with pT > 20 GeV. The EmissT calcula-
tion includes the contribution of the energy cluster from the
identified electron in the calorimeter, since W (→ eν)+jets
processes contribute to the background in the signal regions
when the electron is not identified. In theW (→ µν)+jets and
Z/γ∗ (→ µ+µ−)+jets control regions, the EmissT does not in-
clude muon momentum contributions, motivated by the fact
that these control regions are used to estimate the irreducible
Z(→ νν̄)+jets background in the signal regions.
The definition of the control regions in the c-tagged anal-
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FIG. 6. Measured leading jet pT and EmissT distributions for the V3–V4 (top) and V5 (bottom) selections compared to the SM predictions.
The error bands in the ratios include both the statistical and systematic uncertainties on the background predictions.

TABLE VIII. Data and SM background prediction in the signal region for the monojet-like and c-tagged selections. For the SM predictions
both the statistical and systematic uncertainties are included. In each case the individual uncertainties can be correlated, and do not necessarily
add in quadrature to the total background uncertainty.

Signal Region M1 M2 M3 C1 C2
Observed events (20.3 fb−1) 33054 8606 1776 208 71
SM prediction 33450±960 8620±270 1770±81 210±21 75±11
W (→ eν) 3300±140 700±43 130±12 11±2 3.0±0.7
W (→ µν) 3000±100 700±29 133±8 8±2 3.0±0.7
W (→ τν) 7800±290 1690±74 320±24 42±9 14±3
Z/γ∗ (→ e+e−) − − − − −
Z/γ∗ (→ µ+µ−) 170±27 53±9 13±3 0.07±0.01 0.04±0.01
Z/γ∗(→ τ+τ−) 95±6 17±1 1.8±0.3 0.7±0.1 0.15±0.03
Z(→ νν̄) 17400±720 5100±240 1090±72 62±9 27±3
tt̄, single top, tt̄+V 780±73 150±19 27±4 63±13 18±4
Dibosons 650±99 220±40 60±14 21±13 10±9
Higgs − − − 0.16±0.03 0.07±0.01
Multijets 300±300 30±30 4±4 2±2 0.1±0.1

then quoted. As anticipated, the monojet-like selections drive the exclu-
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FIG. 6. Measured leading jet pT and EmissT distributions for the V3–V4 (top) and V5 (bottom) selections compared to the SM predictions.
The error bands in the ratios include both the statistical and systematic uncertainties on the background predictions.

TABLE VIII. Data and SM background prediction in the signal region for the monojet-like and c-tagged selections. For the SM predictions
both the statistical and systematic uncertainties are included. In each case the individual uncertainties can be correlated, and do not necessarily
add in quadrature to the total background uncertainty.

Signal Region M1 M2 M3 C1 C2
Observed events (20.3 fb−1) 33054 8606 1776 208 71
SM prediction 33450±960 8620±270 1770±81 210±21 75±11
W (→ eν) 3300±140 700±43 130±12 11±2 3.0±0.7
W (→ µν) 3000±100 700±29 133±8 8±2 3.0±0.7
W (→ τν) 7800±290 1690±74 320±24 42±9 14±3
Z/γ∗ (→ e+e−) − − − − −
Z/γ∗ (→ µ+µ−) 170±27 53±9 13±3 0.07±0.01 0.04±0.01
Z/γ∗(→ τ+τ−) 95±6 17±1 1.8±0.3 0.7±0.1 0.15±0.03
Z(→ νν̄) 17400±720 5100±240 1090±72 62±9 27±3
tt̄, single top, tt̄+V 780±73 150±19 27±4 63±13 18±4
Dibosons 650±99 220±40 60±14 21±13 10±9
Higgs − − − 0.16±0.03 0.07±0.01
Multijets 300±300 30±30 4±4 2±2 0.1±0.1

then quoted. As anticipated, the monojet-like selections drive the exclu-



SBOTTOM SEARCH

Description
Signal Regions

SRA SRB

Event cleaning Common to all SR

Lepton veto No e/µ after overlap removal with pT > 7(6) GeV for e(µ)

Emiss
T > 150 GeV > 250 GeV

Leading jet pT(j1) > 130 GeV > 150 GeV

Second jet pT(j2) > 50 GeV, > 30 GeV

Third jet pT(j3) veto if > 50 GeV > 30 GeV

∆φ(pmiss
T , j1) - > 2.5

b-tagging leading 2 jets 2nd- and 3rd-leading jets

(pT > 50 GeV, |η| < 2.5) (pT > 30 GeV, |η| < 2.5)

nb-jets = 2

∆φmin > 0.4 > 0.4

Emiss
T /meff(k) Emiss

T /meff(2) > 0.25 Emiss
T /meff(3) > 0.25

mCT > 150, 200, 250, 300, 350 GeV -

HT,3 - < 50 GeV

mbb > 200 GeV -

Table 1. Summary of the event selection in each signal region.

are found with pT > 50 GeV. Multijet background is suppressed by selecting events

with large ∆φmin and Emiss
T /meff . The requirement mbb > 200 GeV is added to reduce

backgrounds from production of top-quark (including top-quark pairs and single top-

quark production processes), and Z-bosons in association with heavy-flavour jets. As
a final selection criterion, five different thresholds on mCT ranging from 150 GeV to
350 GeV are applied. For a signal point corresponding to mb̃

1

= 500 GeV and

mχ̃0
1
= 1 GeV, 3% of the simulated events are retained by the SRA selection with

mCT > 250 GeV.

Signal region B (SRB) is defined to enhance the sensitivity for a small squark–
neutralino mass difference by explicitly selecting events with a high-pT jet, which is

likely to have been produced as initial state radiation, recoiling against the squark-
pair system. High thresholds on the leading jet pT and on the missing transverse
momentum, which are required to be almost back-to-back in φ, are imposed. The

leading jet is required to be not b-tagged, and two additional jets are required to
be b-tagged. As for SRA, the multi-jet background is suppressed with appropriate

– 7 –

Channel SRA, mCT selection SRB

150 GeV 200 GeV 250 GeV 300 GeV 350 GeV

Observed 102 48 14 7 3 65

Total SM 94± 13 39± 6 15.8± 2.8 5.9± 1.1 2.5± 0.6 64± 10

Top-quark 11.1± 1.8 2.4± 1.4 0.44± 0.25 < 0.01 < 0.01 41± 7
Z production 66± 11 28± 5 11.4± 2.2 4.7± 0.9 1.9± 0.4 13± 4
W production 13± 6 4.9± 2.6 2.1± 1.1 1.0± 0.5 0.46± 0.26 8± 5
Others 4.3± 1.5 3.4± 1.3 1.8± 0.6 0.12± 0.11 0.10+0.12

−0.10 2.0± 1.0
Multijet 0.21± 0.21 0.06± 0.06 0.02± 0.02 < 0.01 < 0.01 0.16± 0.16

Table 6. For each signal region, the observed event yield is compared with the background

prediction obtained from the fit. Statistical, detector-related and theoretical systematic

uncertainties are included, taking into account correlations.

cess with a large mass difference between the squark and the lightest neutralino is
also shown for reference in each case.
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Figure 3. Left: mCT distribution in SRA with all the selection criteria applied except the

mCT thresholds. Right: mbb distribution in SRA with all selection criteria applied including

mCT > 150 GeV. The shaded band includes statistical, detector-related and theoretical

systematic uncertainties. The backgrounds are normalised to the values determined in the

fit. The red arrows indicate where a selection on the corresponding variable is applied.

For illustration the distributions expected for two signal models are displayed. The models

correspond tomb̃
1

= 500 GeV andmχ̃0
1
= 1 GeV (orange dash-dot line) andmt̃

1
= 500 GeV

and mχ̃0
1
= 100 GeV (green dash line). The rightmost bin in the figures includes the

overflows.

No significant excess above the SM expectation is observed in any of the signal
regions. The results are used to derive upper limits on the number of beyond the SM

(BSM) events for each signal region, assuming no systematic uncertainties for these
events and neglecting any possible contamination in the control regions. Scaling by

the integrated luminosity, these can be interpreted as a corresponding upper limit

– 15 –

 [GeV]
1b~m

100 200 300 400 500 600 700

 [G
eV

]
0 1χ∼

m

0

100

200

300

400

500

600

-1 = 8 TeV, 20 fbs

All limits at 95% CL

ATLAS

) = 1
1
0
χ∼ b → 1b~ production, BR(1b~1b~

Observed
Expected
Observed
Expected

Monojet-like (tc)

 (b0L)miss
T

0-leptons + 2 b-jets + E

b
) < m0
1χ

∼, 
1b~m(

∆



STOP 0+1L COMBINATION

Statistical combination of zero lepton and one lepton selection. Improves limit by 
about 50 GeV at high stop or LSP mass. 

 [GeV]
1t

~m
200 300 400 500 600 700 800

 [G
eV

]
10
χ∼

m

0

50

100

150

200

250

300

350

400

450

t

) <
 m

1
0

χ∼, 
1t~

 m
(

∆

1
0
χ∼ t →1t

~ production, 1t
~

1t
~

)expσ1 ±Expected limit (
Observed limitATLAS

All limits at 95% CLt0L/t1L combined

-1=8 TeV, 20 fbs

t0L (Expected limit)
t1L (Expected limit)



Z+MET SEARCH

Z+jets background from Z seed 
selection plus jet smearing. Negligible 
in SR because of delta phi and MET 
cuts
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MONOJET SEARCH

Main backgrounds W+jets, Z+jets, estimated from 1/2 lepton CRs with otherwise the 
same selections as the SR

6

TABLE I. Event selection criteria applied for monojet-like (M1–M3) and c-tagged (C1,C2) analyses.

Selection criteria

Preselection
Primary vertex
EmissT > 150 GeV
At least one jet with pT > 150 GeV and |η|< 2.8
Jet quality requirements
Lepton vetoes

Monojet-like selection
At most three jets with pT > 30 GeV and |η|< 2.8
∆φ(jet,pmissT )> 0.4
Signal region M1 M2 M3
Minimum leading jet pT (GeV) 280 340 450
Minimum EmissT (GeV) 220 340 450

c-tagged selection
At least four jets with pT > 30 GeV and |η|< 2.5
∆φ(jet,pmissT )> 0.4
All four jets must pass loose tag requirements (b-jet vetoes)
At least one medium charm tag in the three subleading jets
Signal region C1 C2
Minimum leading jet pT (GeV) 290 290
Minimum EmissT (GeV) 250 350

an inclusive last bin with boson pT > 400 GeV is used. The
uncertainties of the re-weighting procedure are taken into ac-
count in the final results.
The top-quark background contribution to the monojet-like

analysis is very small and is determined using MC simulated
samples. In the case of the c-tagged analysis, the top-quark
background is sizable, as it is enhanced by the jet multiplicity
and c-tag requirements, and is estimated using MC simulated
samples normalized in a top-quark-enriched control region.
The simulated tt̄ events are re-weighted based on the mea-
surement in the data [79], indicating that the differential cross
section as a function of the pT of the tt̄ system is softer than
that predicted by the MC simulation.
The normalization factors forW/Z+jets and tt̄ background

contributions are extracted simultaneously using a global fit
to all control regions and include systematic uncertainties, to
properly take into account correlations. The remaining SM
backgrounds from tt̄ +W/Z, single top, diboson and Higgs
processes are determined using Monte Carlo simulated sam-
ples, while the multijet background contribution is extracted
from data. Finally, the potential contributions from beam-
related background and cosmic rays are estimated in data us-
ing jet timing information and are found to be negligible.
In the following subsections, details on the definition of

W/Z+jets and tt̄ control regions and on the data-driven de-
termination of the multijet background are given. This is fol-
lowed by a description of the background fits and the valida-
tion of the resulting background estimations.

A. W/Z+jets background

In the monojet-like analysis, control samples in data, or-
thogonal to the signal regions, with identified electrons or
muons in the final state and with the same requirements on
the jet pT, subleading jet vetoes, and EmissT , are used to de-
termine the W/Z+jets electroweak background contributions
from data. A W (→ µν)+jets control sample is defined us-
ing events with a muon with pT > 10 GeV andW transverse
mass[80] in the range 30 GeV < mT < 100 GeV. Similarly,
a Z/γ∗ (→ µ+µ−)+jets control sample is selected, requir-
ing the presence of two muons with invariant mass in the
range 66 GeV < mµµ < 116 GeV. The EmissT -based online
trigger used in the analysis does not include muon informa-
tion in the EmissT calculation. This allows the W (→ µν)+jets
and Z/γ∗ (→ µ+µ−)+jets control samples to be collected
with the same trigger as for the signal regions. Finally, a
W (→ eν)+jets dominated control sample is defined with an
electron candidate with pT > 20 GeV. The EmissT calcula-
tion includes the contribution of the energy cluster from the
identified electron in the calorimeter, since W (→ eν)+jets
processes contribute to the background in the signal regions
when the electron is not identified. In theW (→ µν)+jets and
Z/γ∗ (→ µ+µ−)+jets control regions, the EmissT does not in-
clude muon momentum contributions, motivated by the fact
that these control regions are used to estimate the irreducible
Z(→ νν̄)+jets background in the signal regions.
The definition of the control regions in the c-tagged anal-
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FIG. 6. Measured leading jet pT and EmissT distributions for the V3–V4 (top) and V5 (bottom) selections compared to the SM predictions.
The error bands in the ratios include both the statistical and systematic uncertainties on the background predictions.

TABLE VIII. Data and SM background prediction in the signal region for the monojet-like and c-tagged selections. For the SM predictions
both the statistical and systematic uncertainties are included. In each case the individual uncertainties can be correlated, and do not necessarily
add in quadrature to the total background uncertainty.

Signal Region M1 M2 M3 C1 C2
Observed events (20.3 fb−1) 33054 8606 1776 208 71
SM prediction 33450±960 8620±270 1770±81 210±21 75±11
W (→ eν) 3300±140 700±43 130±12 11±2 3.0±0.7
W (→ µν) 3000±100 700±29 133±8 8±2 3.0±0.7
W (→ τν) 7800±290 1690±74 320±24 42±9 14±3
Z/γ∗ (→ e+e−) − − − − −
Z/γ∗ (→ µ+µ−) 170±27 53±9 13±3 0.07±0.01 0.04±0.01
Z/γ∗(→ τ+τ−) 95±6 17±1 1.8±0.3 0.7±0.1 0.15±0.03
Z(→ νν̄) 17400±720 5100±240 1090±72 62±9 27±3
tt̄, single top, tt̄+V 780±73 150±19 27±4 63±13 18±4
Dibosons 650±99 220±40 60±14 21±13 10±9
Higgs − − − 0.16±0.03 0.07±0.01
Multijets 300±300 30±30 4±4 2±2 0.1±0.1

then quoted. As anticipated, the monojet-like selections drive the exclu-
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FIG. 7. Measured EmissT and leading jet pT distributions for the M1 (top), M2 (middle), and M3 (bottom) selections compared to the SM
predictions. For illustration purposes, the distribution of two different SUSY scenarios are included. The error bands in the ratios include both
the statistical and systematic uncertainties on the background predictions.

sion limits at very low ∆m for which the M2 and M3 signal
regions enhance the sensitivity to large stop and neutralino
masses. The c-tagged results determine the exclusion limits in
the rest of the plane. Figure 9 presents the combined results.
Masses for the stop up to 240 GeV are excluded at 95%CL for

arbitrary neutralino masses, within the kinematic boundaries.
For neutralino masses of about 200 GeV, stop masses below
270 GeV are excluded at 95% CL. In the compressed scenario
with the stop and neutralino nearly degenerate in mass, the
exclusion extends up to stop masses of 260 GeV. The region
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significantly extend previous exclusion limits [27, 28] on the
stop and neutralino masses in this channel.
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FIG. 9. Exclusion plane at 95% CL as a function of stop and
neutralino masses for the decay channel t̃1 → c+ χ̃01 (BR=100%).
The observed (red line) and expected (blue line) upper limits from
this analysis are compared to previous results from Tevatron experi-
ments [27, 28], and from LEP [26] experiments at CERNwith squark
mixing angle θ = 0o. The dotted lines around the observed limit indi-
cate the range of observed limits corresponding to±1σ variations on
the NLO SUSY cross-section predictions. The shaded area around
the expected limit indicates the expected ±1σ ranges of limits in the
absence of a signal. A band for ∆m< 2 GeV indicates the region in
the phase space for which the stop can become long-lived.

B. Stop and sbottom pair production with t̃1 → b+ f f ′ + χ̃01
and b̃1 → b+ χ̃01

The monojet-like results are also interpreted in terms of ex-
clusion limits on the stop pair production in the four-body de-
cay mode t̃1→ b+ f f ′ + χ̃01 (BR=100%) and the sbottom pair
productionwith b̃1→ b+ χ̃01 (BR=100%), using the sameCLs
approach as explained above. As already mentioned, this is
particularly relevant in a mass-degenerate scenario in which
the decay products of the squarks are too soft to be identified
in the final state, and the signal selection relies on the presence
of an ISR jet. Figure 10 shows the expected and observed
95% CL exclusion limits as a function of the stop and neu-
tralino masses for the t̃1 → b+ f f ′ + χ̃01 decay channel. For
∆m ∼ mb, stop masses up to 255 GeV are excluded at 95%
CL. Top squarks with mass of about 150 GeV and 200 GeV
are excluded for mb < ∆m< 50 GeV and mb < ∆m< 35 GeV,
respectively.
Finally, Fig. 11 presents the expected and observed 95% CL
exclusion limits as a function of the sbottom and neutralino
masses for the b̃1→ b+ χ̃01 decay channel, compared to previ-
ous results. In the scenario with mb̃1−mχ̃01

∼mb, this analysis
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FIG. 10. Exclusion plane at 95% CL as a function of stop and neu-
tralino masses for the decay channel t̃1 → b+ f f

′
+ χ̃01 (BR=100%).

The dotted lines around the observed limit indicate the range of ob-
served limits corresponding to ±1σ variations on the NLO SUSY
cross-section predictions. The shaded area around the expected limit
indicates the expected ±1σ ranges of limits in the absence of a sig-
nal. A band for mt̃1 −mχ̃01 −mb < 2 GeV indicates the region in the
phase space for which the stop can become long-lived.

extends the 95% CL exclusion limits up to a sbottom mass of
255 GeV.

IX. CONCLUSIONS

In summary, this paper presents results of a search for
stop pair production in the decay channel t̃1 → c+ χ̃01 us-
ing 20.3 fb−1 of proton-proton collision data at

√
s = 8 TeV

recorded with the ATLAS experiment at the LHC. Two dif-
ferent analysis strategies based on monojet-like and c-tagged
event selections are carried out that optimize the sensitivity
across the stop–neutralino mass plane. Good agreement is ob-
served between the data and the SM predictions. The results
are translated into 95% CL exclusion limits on the stop and
neutralino masses. A stop mass of about 240 GeV is excluded
at 95% confidence level for mt̃1–mχ̃01

< 85 GeV, as the max-
imum mass difference in which the decay mode t̃1 → c+ χ̃01
dominates. Stop masses up to 270 GeV are excluded for a
neutralino mass of 200 GeV. In a scenario with the stop and
the lightest neutralino nearly degenerate in mass, stop masses
up to 260 GeV are excluded. The results from the monojet-
like analysis are also re-interpreted in terms of stop pair pro-
duction in the four-body decay channel t̃1→ b+ f f ′ + χ̃01 and
sbottom pair production with b̃1 → b+ χ̃01 , leading to a simi-
lar exclusion for the mass-degenerate scenario. The results in
this paper significantly extend previous results [23, 26–30] at
colliders.
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FIG. 1. Diagrams for the pair production of top squarks with the de-
cay modes t̃1→ c+ χ̃01 or t̃1 → b+ f f ′ + χ̃01 , and the pair production
of sbottom squarks with the decay mode b̃1 → b+ χ̃01 . In one case,
the presence of a jet from initial-state radiation is also indicated for
illustration purposes.

direct sbottom pair production is characterized by the pres-
ence of two energetic jets from the hadronization of the bot-
tom quarks and large missing transverse momentum from the
two LSPs in the final state. Results on searches in this chan-
nel at colliders have been reported [21, 23, 29–31]. In this
study, the monojet-like results are also re-interpreted in terms
of the search for sbottom pair production with b̃1→ b+ χ̃01 in
a compressed scenario (small sbottom-neutralino mass differ-
ence) with two soft b-jets and an energetic ISR jet in the final
state.
The paper is organized as follows. The ATLAS detector is

described in the next section. Section III provides details of
the simulations used in the analysis for background and signal
processes. Section IV discusses the reconstruction of jets, lep-
tons and the EmissT , while Sec. V describes the event selection.
The estimation of background contributions and the study of
systematic uncertainties are discussed in Secs. VI and VII.
The results are presented in Sec. VIII, and are interpreted in
terms of the search for stop and sbottom pair production. Fi-
nally, Sec. IX is devoted to the conclusions.

II. EXPERIMENTAL SETUP

The ATLAS detector [32] covers almost the whole solid an-
gle around the collision point with layers of tracking detectors,
calorimeters and muon chambers. The ATLAS inner detector
(ID) has full coverage[33] in φ and covers the pseudorapid-
ity range |η | < 2.5. It consists of a silicon pixel detector, a
silicon microstrip detector, and a straw tube tracker that also
measures transition radiation for particle identification, all im-
mersed in a 2 T axial magnetic field produced by a solenoid.
High-granularity liquid-argon (LAr) electromagnetic sam-

pling calorimeters, with excellent energy and position resolu-

tion, cover the pseudorapidity range |η | < 3.2. The hadronic
calorimetry in the range |η |< 1.7 is provided by a scintillator-
tile calorimeter, consisting of a large barrel and two smaller
extended barrel cylinders, one on either side of the central
barrel. In the endcaps (|η | > 1.5), LAr hadronic calorime-
ters match the outer |η | limits of the endcap electromagnetic
calorimeters. The LAr forward calorimeters provide both the
electromagnetic and hadronic energy measurements, and ex-
tend the coverage to |η |< 4.9.
The muon spectrometer measures the deflection of muon

tracks in the large superconducting air-core toroid magnets in
the pseudorapidity range |η |< 2.7, using separate trigger and
high-precision tracking chambers. Over most of the η-range,
a precise measurement of the track coordinates in the prin-
cipal bending direction of the magnetic field is provided by
monitored drift tubes. At large pseudorapidities, cathode strip
chambers with higher granularity are used in the innermost
plane over 2.0 < |η | < 2.7. The muon trigger system covers
the pseudorapidity range |η |< 2.4.

III. MONTE CARLO SIMULATION

Monte Carlo (MC) simulation event samples are used to as-
sist in computing detector acceptance and reconstruction effi-
ciencies, determine signal and background contributions, and
estimate systematic uncertainties on the final results.
Samples of simulated W+jets and Z+jets events are gen-

erated using SHERPA-1.4.1 [34], including LO matrix ele-
ments for up to 5 partons in the final state and using mas-
sive b/c-quarks, with CT10 [35] parton distribution functions
(PDF) and its own model for hadronization. Similar sam-
ples are generated using the ALPGEN-v2.14 [36] genera-
tor and are employed to assess the corresponding modeling
uncertainties. The MC predictions are initially normalized
to next-to-next-to-leading-order (NNLO) predictions accord-
ing to DYNNLO [37, 38] using MSTW2008 NNLO PDF
sets [39].
The production of top quark pairs (tt̄) is simulated us-

ing the POWHEG-r2129 [40] MC generator. ALPGEN and
MC@NLO-4.06 [41] MC simulated samples are used to as-
sess tt̄ modeling uncertainties. Single top production sam-
ples are generated with POWHEG for the s– andWt–channel
and MC@NLO is used to determine systematic uncertainties,
while AcerMC-v3.8 [42] is used for single top production
in the t–channel. Finally, samples of tt̄ production associ-
ated with additional vector bosons (tt̄ +W and tt̄ + Z pro-
cesses) are generated with MADGRAPH-5.1.4.8 [43]. In
the case of POWHEG and MADGRAPH, parton showers
are implemented using PYTHIA-6.426 [44], while HERWIG-
6.5.20 [45] interfaced to JIMMY [46] is used for the ALPGEN
and MC@NLO generators. A top quark mass of 172.5 GeV
and the CTEQ6L1 PDFs are used. The Perugia 2011C [47]
and AUET2B [48] tunes for the underlying event are used for
the tt̄, single top and tt̄+W/Z processes, respectively. The
cross section prediction at NNLO+NNLL (next-to-next-to-
leading-logarithm) accuracy, as determined by Top++2.0 [49],
is used in the normalization of the tt̄ [50] sample. An approx-
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A set of seven signal regions were optimised for the discovery of stop pair production, with the stop
decaying either as t̃1 ! �̃±1 b with a branching ratio of 100% (assuming mt̃1

� m�̃±1 < 10 GeV), or as
t̃1 ! bW(⇤)�̃0

1. The definitions of the signal regions are shown in Table 4.

Table 4: Summary of signal regions used in the analysis. The upper part of the table shows the preselection
requirements.

SR WW-SR1 WW-SR2 WW-SR3 WW-SR4 WW-SR5 WW-SR6 WW-SR7
pT(`1) > 25 GeV
pT(`2) > 20 GeV
R1 > 0.3 + me↵ (TeV)
mT2 > 20 GeV
�X < 0.02
R2 > 0.5
| cos ✓b| < 0.8 < 0.8 < 0.8 - - < 0.8 -
mT2 < 45 GeV > 25, < 55 GeV - > 70 GeV > 90 GeV > 25, < 70 GeV > 80 GeV

The background from non-prompt leptons originating from heavy-quark decays or from photon con-
versions in the signal regions, or from hadrons misidentified as leptons (collectively referred to as fake
leptons in the following), is estimated as in Ref. [18].

Specific control regions, whose event yield is expected to be dominated by each of these production
processes, are defined and included in the fit to constrain the normalisation parameters. The control region
CRT for tt̄ production is defined by changing the following selections with respect to the signal regions:
mT2 > 35 GeV, R1 < 0.3. Its purity is 92%. The CR for WW production (CRW) is defined by mT2 > 35
GeV, �X > 0.04, and has a purity of 72%. Finally, the CR for Z + jets (CRZ) is defined by mT2 < 20
GeV, 30 GeV < m`` < 80 GeV, with a purity of 86%. The normalisation factors of the WW, tt̄, Z + jets
production processes (µWW , µtt̄ and µZ respectively) are determined by a combined profile likelihood fit.
When testing the signal-plus-background hypothesis for rejection, the fit takes automatically into account
the signal contamination in the control regions. For signal scenarios considering light (mt̃1

< 150 GeV)
stops decaying through t̃1 ! bW (⇤)�̃0

1, the signal contamination becomes so large that µWW becomes
unrealistically low. For such cases the fit is performed excluding CRW and taking the normalisation of
the WW background from MC simulation.

Systematic uncertainties, a↵ecting both the modelling of the detector response (detector-related system-
atic uncertainties) and the theoretical prediction of the cross sections and acceptances of the background
processes (theory-related systematic uncertainties) a↵ect the predicted rates in the signal regions. Their
classification and estimation follows closely those defined in Ref. [18]. A few di↵erences, discussed in
the following, exist on the estimation of the theory-related uncertainties. The total uncertainty on the yield
of the WW production process is composed of three terms: the uncertainty on the NLO hard-scattering
calculation is taken to be the di↵erence between the prediction of POWHEG and aMC@NLO both using
PYTHIA for the parton shower; the uncertainty addressing the choice of the parton-shower model is es-
timated as the di↵erence of the aMC@NLO predictions showered either with HERWIG or PYTHIA; the
uncertainty due to the choice of the renormalisation and factorisation scale is evaluated by changing the
scales independently by a factor of two or one-half and taking the maximum di↵erence. The estimated
relative uncertainties on the signal region yields are about 6% in SR1–SR4 and SR6; 11% in SR7 and
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• 2 leptons, and mT2 > 20 GeV leaves ttbar, 
WW as major backgrounds

• R1=MET/Meff > 0.3+Meff/TeV suppresses 
ttbar

• ΔX, R2, cos theta selections to 
discriminate signal and WW (different 
production mechanisms)

ttbar and WW normalized in control regions
No requirement on the number of jets  [GeV]
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Table 7: Observed (Obs) and predicted (Exp) numbers of events in the signal regions of the WW analysis, together
with the 95% CL upper limits on the observed and expected number of signal events (S 95

obs and S 95
exp, respectively),

and on the visible cross section (h✏�i95
obs).

Signal channel Obs Exp S 95
obs S 95

exp h✏�i95
obs[fb]

SR1 40 47 ± 14 22.6 25.2+9.4
�4.3 1.12

SR2 71 80 ± 13 25.3 27.8+11.5
�4.1 1.24

SR3 215 203 ± 27 48.4 46.6+4.9
�6.9 2.38

SR4 88 81 ± 11 35.1 28.8+11.0
�5.4 1.73

SR5 4 3.4 ± 0.9 6.2 5.7+2.1
�1.4 0.30

SR6 160 154 ± 19 45.6 43.8+19.3
�14.4 2.25

SR7 21 23 ± 4 12.4 13.4+4.8
�3.4 0.61
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Figure 19: Exclusion limits at 95% CL in the scenario where both pair-produced stop decay exclusively via (a)
t̃1 ! b�̃±1 followed by �̃±1 ! W�̃0

1, with �m(t̃1, �̃
±
1 ) = 10 GeV, and (b) three-body or four-body decay (depending

on the neutralino and stop mass). The black dashed line indicates the expected limit, and the yellow band indicates
the ±1� uncertainties, which include all uncertainties except the theoretical uncertainties in the signal. The red
solid line indicates the observed limit, and the red dotted lines indicate the sensitivity to ±1� variations of the
signal theoretical uncertainties. For (b), the observed limits achieved by the t1L and t2L analyses are also shown,
and the straight dashed lines correspond to �m

⇣

t̃1, �̃
0
1

⌘

= mW + mb and �m
⇣

t̃1, �̃
0
1

⌘

= mt.

t1L analyses.

B.2.2. Final states containing two top quarks and a Higgs boson (t2t1h)

If the lightest stop has a mass such that �m
⇣

t̃1, �̃
0
1

⌘

⇠ mt, the sensitivity of the searches for the production
of a t̃1 pair is greatly reduced. One of the approaches followed is to search for direct pair production
of t̃2 instead. This is the strategy used, for example, by the t2t1Z analysis, whose signal regions were
optimised to detect the decay of a pair-produced t̃2 followed by the decay t̃2 ! Zt̃1.
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or whose topology resembles very closely that of the signal, making it hard to define a proper control
region, the background estimate is fully based on MC simulation. For tt̄, Z + jets and WW production
processes, which are the dominant backgrounds, the acceptance of the signal regions selection is estimated
with MC simulation, while the normalisation is estimated in dedicated control regions. The MC samples
used are the same as in Ref. [18].

The identification criteria for electrons, muons and jets follow the strategy defined in Appendix A:
baseline electrons, which are used in the estimation of the fake-lepton background, are selected by ap-
plying the “medium” identification criteria. Signal electrons are identified using the “tight” criteria, and
they are further required to be isolated. Signal muons correspond to baseline muons with an additional
calorimeter- and track-based isolation requirement applied. Jets that have |⌘| < 2.5 and pT > 20 GeV
are used for the event selection, although all jets up to |⌘| < 4.5 are retained for the computation of the
missing transverse momentum.

Candidate stop production events, preselected by the same trigger and data quality requirements used in
Ref. [18], are further required to contain one electron and one muon of opposite charge, with an invariant
mass m`` > 20 GeV. The leading (in pT) and next-to-leading leptons are required to have pT > 25 GeV
and pT > 20 GeV, respectively.

At this stage of the selection, the background is dominated by production of top-quark pairs and Z ! ⌧⌧,
followed by WW and Wt production.

A requirement of mT2 > 20 GeV, where mT2 is the stransverse mass of the two leptons, strongly reduces
the Z ! ⌧⌧ background, which is expected to have a kinematical end-point at mT2 = m⌧. The ratio R1
of the Emiss

T and the e↵ective mass, defined as the scalar pT sum of the Emiss
T , the leptons and the jets,

is useful in suppressing the tt̄ background, which is typically characterised by a larger hadronic activity
than in signal events. The selection chosen is R1 > 0.3 + me↵ (with me↵ in TeV).

After the above selections, the SM background is dominated by WW production. Two di↵erences between
this process and the stop pair production signal are further exploited: firstly, the WW production is dom-
inated by quark-antiquark scattering, while stop pair production is mostly initiated by gluon-gluon pro-
cesses, and secondly the stop pair production signal has four invisible (two neutralinos and two neutrinos)
and two undetected (the two b-jets) objects, while the WW process has only two. The first di↵erence im-
plies a higher longitudinal boost of the system emerging from the hard scattering in signal events than in
background events. The variable

�X =
(pz(`1) + pz(`2))p

s
(4)

was defined in Ref. [122], and it is an estimator of the boost. The second di↵erence implies a higher Emiss
T

for signal events. This is exploited by making use of

R2 =
Emiss

T

Emiss
T + pT(`1) + pT(`2)

. (5)

Finally, the variable cos ✓b, the cosine of the angle between the direction of motion of the two-lepton
system and the beam axis in the centre-of-mass frame of the two visible leptons [122], is sensitive to the
spin of the produced particles, hence it provides additional rejection power against the WW production
process.
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fixed scalar top and scalar tau mass either mode can dominate, and we focus in this paper on the signature53

resulting from the three-body decay. The two-body decay would give a signature very similar to the decay54

into a top quark and a neutralino, which is addressed in previous searches [22–28]. In the simplest gauge55

mediated models, the predicted Higgs boson mass [29] is typically lower than the observed value [30],56

especially if a light scalar top is also required. However, a variety of mechanisms exist [31–35] to raise57

the Higgs boson mass to make it compatible with the observed value.58

No limits have been published so far from hadron collider searches for the three-body decay of the scalar59

top into the scalar tau. Searches for scalar top pair production in proton-proton (pp) collisions, targeting60

the decay into charginos or neutralinos, have been performed by the ATLAS [22] and CMS [23–28]61

collaborations. Searches for scalar tops decaying into gravitinos, but not including scalar tau in the decay62

chain, have been published by the ATLAS [36] and CMS [37, 38] collaborations. A lower limit of 87 GeV63

on the mass of the scalar tau was set by the LEP experiments [39–43].64

This paper presents a dedicated search for pair production of scalar tops resulting in a final state with65

two tau leptons, two jets that contain a b-hadron (b-jets), and two very light gravitationally interacting66

particles. The decay topology of the signal process is shown in Fig. 1; the model considered is a simplified67

model in which all the supersymmetric particles other than the scalar top and the ones entering its decay68

chain are decoupled. In order to maximize the sensitivity, two distinct analyses have been performed69

based on the decay mode of the tau leptons in the final state: one analysis requires two hadronically70

decaying tau leptons (the hadron-hadron channel) and the other requires one hadronically decaying tau71

lepton and one decaying into an electron or muon and neutrinos (the lepton-hadron channel). In addition,72

the results of the search reported in Ref. [44], which is sensitive to events where both tau leptons decay73

leptonically (referred to as the lepton-lepton channel), are reinterpreted and limits are set on the scalar top74

and scalar tau masses.75
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Figure 1: Diagram showing the decay topology of the signal process.
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Figure 2: The diagrams for the simplified models of the direct pair production of staus and the direct production of
χ̃+1 χ̃
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1 , χ̃
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3, and the VBF production of χ̃±1 χ̃
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1 studied in this paper. All three generations are included

in the definition of ℓ̃/ν̃, except for the direct production of χ̃02 χ̃
0
3 where only the first two generations are assumed.

The different decay modes are discussed in the text.
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1

! ``

0
⌫] are

produced with HERWIG++ 2.6.3 [38]. Decays of the
neutralino only into light leptons, which may be e

+

e

�,
µ

+

µ

�, or e

±
µ

⌥, take place due to the nonzero values of
the RPV couplings �

121

and �

122

[2].
RPV samples of q̃ ! q[�̃0

1

! `qq/⌫qq] are generated
with PYTHIA 6.426.2 [39]. The �̃

0

1

decay into two light
quarks and an electron, muon, or neutrino, is governed
by the nonzero RPV coupling �

0
i11. Samples contain-

ing heavy-flavor quarks, q̃ ! q[�̃0

1

! `qb] (produced
with �

0
i13 6= 0) and q̃ ! q[�̃0

1

! `cb] (corresponding
to �

0
i23 6= 0) are also generated, in order to study the

impact of long-lived charm and bottom hadrons on the
e�ciency of DV reconstruction. A g̃ ! qq[�̃0

1

! `qq]
sample is used to quantify the e↵ect of prompt NLSP de-
cays on the reconstruction e�ciency, by comparing with
the corresponding model with squark production.

PYTHIA 6.426.2 is used to produce GGM samples
denoted g̃ ! qq[�̃0

1

! G̃Z], in which the NLSP �̃

0

1

is a
higgsino-like neutralino. Both the leptonic and hadronic
decays of the Z boson are considered.

Within a split-supersymmetry scenario,
PYTHIA 6.427 is used to simulate production and
hadronization of a primary, long-lived gluino. Geant4
simulates the propagation of the R-hadron through
the detector [40], and PYTHIA decays the R-hadron
into a stable neutralino plus two quarks (u, d, s, c or
b), a gluon, or two top quarks. The resulting samples
are denoted [g̃ ! qq�̃

0

1

], [g̃ ! g�̃

0

1

], or [g̃ ! tt�̃

0

1

],
respectively.

Signal cross-sections are calculated to next-to-leading
order in the strong coupling constant, adding the re-
summation of soft gluon emission at next-to-leading-
logarithmic accuracy (NLO+NLL) [41–45]. The nomi-
nal cross-section and its uncertainty are taken from an
envelope of cross-section predictions using di↵erent PDF
sets and factorization and renormalization scales, as de-
scribed in Ref. [46].

In addition to these signal samples, MC samples of
QCD dijet events, Drell-Yan events, and cosmic-ray
muons are used for estimating some systematic uncer-
tainties and some of the smaller background rates, as well
as for validation of aspects of the background-estimation
methods.

IV. EVENT RECONSTRUCTION AND
SELECTION

The event-reconstruction and selection procedures are
designed to strongly suppress background and accommo-
date robust background-estimation methods (described
in Section VI), while e�ciently accepting signal events
over a broad range of LLP masses, lifetimes, and veloci-
ties.

The initial event selection is performed with a com-
bination of triggers that require the presence of lepton
candidates, jets, or E

miss

T

. This selection is described in

g̃
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�̃0
1

�̃0
1

p

p

q q
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q q
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�̃0
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q

�0 q
q
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q
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q
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FIG. 1: Diagrams representing some of the processes un-
der study, corresponding to the simulated event samples. In
RPV scenarios, the long-lived neutralino may decay via the
(a) �ijk or (b) �

0
ijk couplings. (c) Long-lived neutralino de-

cay in a GGM scenario. (d) Long-lived R-hadron decay in a
split-supersymmetry scenario. The quarks and leptons shown
may have di↵erent flavors. Filled circles indicate e↵ective in-
teractions.

Sec. IV A.
O✏ine selection criteria for leptons, jets, and E

miss

T

(see Sec. IV B) are used to further filter events for o✏ine
processing, as described in Sec. IV C.

Events satisfying the filter requirements undergo a
CPU-intensive process termed “retracking”, aimed at ef-
ficient reconstruction of tracks with large impact param-
eter (d

0

) with respect to the transverse position of any
primary vertex (PV) of particles formed from the pp col-
lision. Retracking is described in Sec. IV D.

At the final event-selection stage, the presence of a pp

collision is ensured by first requiring the event to have a
PV formed from at least five tracks and situated in the
longitudinal range |z| < 200 mm, consistent with the IP.

The final selection is based on the reconstruction of a
multitrack DV or dilepton DV, described in Secs. IVE
and IV F, respectively.

A. Trigger requirements

Events must satisfy trigger requirements based on
muon, electron, jets, or E

miss

T

criteria.
Where muon triggers are used, a muon candidate is

required by the trigger algorithm to be identified in the
MS with transverse momentum p

T

> 50 GeV. Its pseu-
dorapidity must be in the MS-barrel region |⌘| < 1.07,
to reduce the trigger rate from fake muons due to beam
background in the endcap region.
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rion. The transverse-plane projection of the positions of
vertices that occur inside the material regions is shown
in Fig. 2.

FIG. 2: Transverse-plane density (in arbitrary units) of ver-
tices with fewer than five tracks in material regions that are
excluded by the material veto in the region |z| < 300mm.
The innermost circle corresponds to the beampipe. This is
surrounded by the three pixel layers. The octagonal shape
and outermost circles are due to support structures separat-
ing the pixel and SCT detectors.

As the final step in multitrack DV selection, the num-
ber of tracks forming the DV is required to satisfy N

tr

�
5, and the invariant mass m

DV

of all the tracks in the
vertex to be greater than 10 GeV. In calculating m

DV

,
each track is taken to have the mass of the charged pion.
Candidate vertices that pass (fail) the m

DV

> 10 GeV
requirement are hereafter referred to as being high-m

DV

(low-m
DV

) vertices.
The typical position resolution of the DV in the mul-

titrack signal MC samples is tens of microns for r

DV

and
about 200 µm for z

DV

near the IP. For vertices beyond
the outermost pixel layer, which is located at a radius
of 122.5 mm, the typical resolution is several hundred
microns for both coordinates.

3. DV+lepton selection

In the DV+muon search, the muon candidate is re-
quired to have triggered the event and have transverse
momentum p

T

> 55 GeV, which is well into the re-
gion where the trigger e�ciency is approximately inde-
pendent of the muon momentum. The muon candidate
is further required to be in the range |⌘| < 1.07 and

have transverse impact parameter |d
0

| > 1.5 mm. A
cosmic-ray muon traversing the entire ATLAS detector
is reconstructed as two back-to-back muon candidates.
To reject cosmic-ray background, events are discarded
if they contain two muon candidates with �R

cosmic

=p
(⇡ ���))2 � (⌘

1

+ ⌘

2

)2) < 0.04, where ⌘

1

and ⌘

2

are
the pseudorapidities of the two reconstructed muon can-
didates and �� is their angular separation in the az-
imuthal plane. This has a negligible impact on the signal
e�ciency.

In the DV+electron search, the electron candidate is
required to have triggered the event and satisfy p

T

>

125 GeV and |d
0

| > 1.5 mm.
To ensure that the lepton candidate is associated with

the reconstructed DV, the distance of closest approach
of the selected muon or electron candidate to the DV is
required to be less than 0.5 mm. This requirement en-
sures that the reconstructed DV gave rise to the muon or
electron candidate that triggered the event, and so the
selection e�ciency for each LLP decay is independent of
the rest of the event. This facilitates a straightforward
calculation of the event-selection e�ciency for scenarios
with di↵erent numbers of LLPs. The aforementioned se-
lections are collectively referred to as the vertex-selection
criteria. Events containing one or more vertices satisfy-
ing these criteria are accepted.

4. DV+jets and DV+E

miss

T

selection

The DV+jets selection requires one of the following:
four jets with p

T

> 90 GeV; five jets with p

T

> 65 GeV;
or six jets with p

T

> 55 GeV. All jets considered in
these selection criteria are required to have |⌘| < 2.8.
DV+jet candidate events are discarded if they contain
any candidate jet failing to satisfy quality criteria de-
signed to suppress detector noise and noncollision back-
grounds [56, 57]. This has a negligible e↵ect on the sig-
nal e�ciency. In the DV+E

miss

T

search, the requirement
E

miss

T

> 180 GeV is applied. For these selection criteria,
the trigger e�ciency is approximately independent of the
E

miss

T

and the jet transverse momenta.

F. Dilepton selection

In the dilepton search, muon candidates are required
to satisfy p

T

> 10 GeV, |⌘| < 2.5, and |d
0

| > 2 mm. For
electron candidates, the requirements are p

T

> 10 GeV
and |d

0

| > 2.5 mm. A lepton candidate is discarded if
its ID track is in the pseudorapidity region |⌘| < 0.02,
where the background-estimation procedure is observed
to be unreliable (see Sec. VI).

To avoid double counting of vertices, lepton candidates
used to form a dilepton DV must not have the same ID
track as another lepton candidate. If two muon candi-
dates or two electron candidates do share an ID track,
the candidate that has the lower transverse momentum
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TABLE III: Model-independent 95% confidence-level upper-
limits on the visible cross-section for new physics in each of
our searches.

Channel Upper-limit on visible cross-section [fb]

DV+jet 0.14

DV+E

miss

T

0.15

DV+muon 0.15

DV+electron 0.15

e

+

e

� 0.14

µ

+

µ

� 0.14

e

±
µ

⌥ 0.15

variables are applied. The distributions of m

DV

ver-
sus the number of tracks in the vertex obtained for the
multitrack-DV search are shown in Figs. 10 and 11. No
events are seen in the signal region for any of the seven
channels. In addition, no same-charge dilepton vertices
are seen with m

DV

> 10 GeV. The distributions ex-
pected for some of the signal samples are also shown for
comparison.

Given the lack of a signal observation, 95% confidence-
level upper limits on the total visible cross-section for new
physics are shown in Table III.

Furthermore, for each of the physics scenarios con-
sidered, 95% confidence-level upper limits on the signal
yields and production cross-sections are calculated for
di↵erent values of the proper decay distance c⌧ of the
LLP, and presented in the figures in this section. The
limits are calculated using the CLS prescription [60] with
the profile likelihood used as the test statistic, using the
HistFitter [61] framework. Uncertainties on the signal ef-
ficiency and background expectation are included as nui-
sance parameters, and the CLS values are calculated by
generating ensembles of pseudoexperiments correspond-
ing to the background-only and signal-plus-background
hypotheses.

Since less than one background event is expected in all
cases and no events are observed, the observed limits are
very close to the expected limits.

In the case of the dilepton and DV+lepton searches,
where the trigger and reconstruction depend almost ex-
clusively on the signal DV, upper limits on the number of
vertices produced in 20.3 fb�1 of data are presented for
each channel, accounting for the vertex-level e�ciency
at each value of c⌧ . Fig. 12 shows these number lim-
its for the DV+lepton search signatures. The limits are
given separately for di↵erent masses of the long-lived neu-
tralino and the primary squark or gluino, as well as for
di↵erent �

0
ijk couplings, which give rise to light- or heavy-

flavor quarks in the final state (see Sec V for a discus-
sion of the heavy-flavor and mass impact on e�ciency).
The number limits for the dilepton search signatures are
shown in Fig. 13 for the final states ee, µµ, eµ, as well as
for the combination of Z ! ee, Z ! µµ and Z ! ⌧⌧ .

In addition, limits on the production cross-sections for

events are presented for the di↵erent simulated scenarios.
Figures 14 and 15 show cross-section upper limits

obtained with the dilepton-DV search. Upper limits
are shown for gluino-pair production in the RPV sce-
nario, with neutralino decays determined by the choice
of nonzero RPV coupling �

121

or �

122

, as well as within
the GGM scenario with leptonic decays of the Z boson.
For example, the RPV scenario is excluded for gluino
mass mg̃ = 600 GeV, neutralino mass m�̃0

1
= 400 GeV,

and neutralino proper decay distance in the range 0.7 <

c⌧ < 3⇥ 105 mm.
Cross-section upper limits obtained with the

multitrack-DV search are shown in the remaining
figures. These limits are calculated up to proper decay
distances of c⌧ = 1 m, to avoid inaccuracies associated
with reweighting events to very high lifetimes when the
e�ciency depends on both LLPs in the event.

Fig. 16 shows the upper limits on the production cross-
section of two squarks in the RPV scenario, with di↵erent
squark and neutralino masses, as well as di↵erent �

0 pa-
rameters governing the neutralino decay. These limits
are obtained with the DV+jets search, which results in
tighter limits than the DV+lepton searches for this sce-
nario. These results exclude a mq̃ = 1 TeV squark for
m�̃0

1
= 108 GeV and 2.5 < c⌧ < 200 mm with either

light- or heavy-quark neutralino decays. Fig. 17 shows
the cross-section upper limits for gluino-pair production
within the GGM scenario, using hadronic Z decays. The
scenario is excluded, for instance, for mg̃ = 1.1 TeV
and m�̃0

1
= 400 GeV in the proper decay distance range

3 < c⌧ < 500 mm.
Fig. 18 shows the upper limits on gluino-pair pro-

duction cross-section in the split-supersymmetry model.
These limits are obtained from the results of the
DV+E

miss

T

and DV+jets searches. The sensitivity is
greater for the cases with m�̃0

1
= 100 GeV than for those

with m�̃0
1

= mg̃ � 480 GeV, and the DV+E

miss

T

search
performs better than DV+jets in these scenarios, exclud-
ing mg̃ < 1400 GeV in the range of proper decay lengths
15 mm < c⌧ < 300 mm.

In Figs. 19 and 20, the region of gluino mass vs. proper
decay distance that is excluded by these limits is shown.
The limit for each point in parameter space is taken from
the channel that is expected to yield the most stringent
limit, which is DV+E

miss

T

for most points. For the re-
gion of parameter space where the sensitivity is great-
est, 20 mm < c⌧ < 250 mm and m�̃0

1
= 100 GeV, gluino

masses of mg̃ < 1500 GeV are excluded. This range of
masses is comparable or slightly larger than those ex-
cluded by prompt searches [62], searches for long-lived
R-hadrons stopped in the ATLAS calorimeter [17], or
searches for stable, massive, charged particles [19].

Either 5-track displaced vertex (DV) 
with jet, MET, electron or muon 
trigger, or a 2-lepton displaced vertex.
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FIG. 10: The distribution of (a) DV+muon and (b)
DV+electron candidates in terms of the vertex mass versus
the number of tracks in the vertex. The data distribution
is shown with red ovals, the area of each oval being pro-
portional to the logarithm of the number of vertex candi-
dates in that bin. The gray squares show the q̃(700 GeV) !
q[�̃0

1

(494 GeV) ! `qq] RPV signal MC sample. The signal
region N

tr

� 5, m

DV

> 10 GeV is indicated.
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FIG. 11: The distribution of (a) DV+jets and (b) DV+E

miss

T

candidates in terms of the vertex mass versus the number of
tracks in the vertex. The data distribution is shown with
red ovals, the area of each oval being proportional to the
logarithm of the number of vertex candidates in that bin.
The gray squares show the g̃(1.1 TeV) ! qq[�̃0

1

(400 GeV) !
G̃Z] GGM signal MC sample in (a) and the [g̃(1.4 TeV) !
�̃

0

1

(100 GeV)qq/g] split-supersymmetry sample in (b). The
signal region N

tr

� 5, m

DV

> 10 GeV is indicated.

Targeting long lived gluino or 
neutralino - many interpretations! This is not simulation!

Position of reconstructed vertices, 
mapping the detector material. 
These regions are vetoed for the 
search.

No event seen in the search region
(5+ tracks, vertex mass > 10 GeV) 
for any channel.



PIXEL DEDX 

MET > 100 GeV [trigger]

One track with pT > 150 GeV, minimum 
45 cm lenght, isolated, well measured.

mT > 130 GeV [suppress W]

Not an electron or (metastable selection 
only) a muon candidate

Reconstruct βγ from dEdx, mass from βγ 
and momentum. 

Background entirely data driven
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Fig. 5. Distribution of the mass of selected candidates, derived
from the specific ionisation loss, for data, background, and ex-
amples of gluinoR-hadron and chargino signals, for searches for
stable (top) and metastable (bottom) particles. The expected
background is shown with its total uncertainty (sum in quadra-
ture of statistical, normalisation and systematic errors). The
signal distributions are stacked on the expected background,
and a narrower binning is used for them to allow the signal
shape to be seen more clearly. The number of signal events is
that expected according to the theoretical cross sections. For
both distributions, the bin-per-bin ratio of data to expected
background is also shown.

mass m(�̃0
1) = 100 GeV, or a heavy neutralino of mass

m(�̃0
1) = m(g̃) � 480 GeV. Figure 9 shows the excluded

range of lifetimes for the same R-hadron decays as a func-
tion of the particle mass. As shown in Figures 7 and 9
the sensitivity of the measurement for R-hadrons is maxi-
mal for lifetimes around 10 ns. Figure 10 shows the upper
limits on the production cross section for charginos with
lifetime of 1 ns decaying into �̃

0
1+⇡

± and Figure 11 shows
the excluded range of lifetimes as a function of the particle
mass for the same chargino decay.

Table 5. The 95% CL lower limit on the relevant LLP mass
for the di↵erent models considered. Other relevant parameters
(decay mode, neutralino mass, lifetime if metastable) are also
shown.

Particle Decay m(�̃0
1) [GeV] ⌧ [ns] m > [GeV]

g̃ R-hadron stable – – 1115
b̃ R-hadron stable – – 751
t̃ R-hadron stable – – 766

chargino stable – – 534
g̃ R-hadron g/qq̄ 100 10 1185
g̃ R-hadron g/qq̄ m(g̃)� 100 10 1099
g̃ R-hadron tt̄ 100 10 1182
g̃ R-hadron tt̄ m(g̃)� 480 10 1157
g̃ R-hadron g/qq̄ 100 1.0 869
g̃ R-hadron g/qq̄ m(g̃)� 100 1.0 821
g̃ R-hadron tt̄ 100 1.0 836
g̃ R-hadron tt̄ m(g̃)� 480 1.0 836

chargino �̃

0
1 + ⇡

±
m(�̃±

1 )� 0.14 1.0 239
chargino �̃

0
1 + ⇡

±
m(�̃±

1 )� 0.14 15 482
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Fig. 8. Upper limits on the production cross section as a
function of mass for metastable gluino R-hadrons, with life-
time ⌧ = 10 ns, decaying into tt̄ plus a light neutralino of
mass m(�̃0

1) = 100 GeV (top) or a heavy neutralino of mass
m(�̃0

1) = m(g̃)� 480 GeV (bottom). Theoretical values for the
cross section are shown with their uncertainty. The expected
upper limit in the background-only case is shown as a solid
black line, with its ±1� and ±2� bands, green and yellow, re-
spectively. The observed 95% CL upper limit is shown as a
solid red line.
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mass for gluino R-hadrons decaying into tt̄ plus a light neu-
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1) = 100 GeV (top) or a heavy neutralino
of mass m(�̃0

1) = m(g̃)� 480 GeV (bottom). The expected ex-
clusion, with its experimental ±1� band, is given with respect
to the nominal theoretical cross section.



DISAPPEARING TRACK SEARCH

MET > 90, 1 jet with pT > 90, delta phi(jet,MET) > 1.5

One well-reconstructed, isolated track with 3 pixel and 2 SCT hits, 
0.1 < eta < 1.9, and less than 5 TRT hits (“disappearing”)
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shows the expected limits at 95% CL, with the surrounding
shaded band indicating the 1σ exclusions due to experimental
uncertainties. Observed limits are indicated by the solid bold
contour representing the nominal limit and the narrow sur-
rounding shaded band is obtained by varying the cross-section
by the theoretical scale and PDF uncertainties. The previous
result from Ref. [8] and an example of the limits achieved at
LEP2 by the ALEPH experiment [9] are also shown on the
left by the dotted line and the shaded region, respectively.
Charginos in the lower shaded region could have significantly
longer lifetime values for which this analysis has no sensitivity
as the chargino does not decay within the tracking volume.
For this region of long-lived charginos, the limits achieved at
LEP2 by the ALEPH experiment is 101 GeV [9].
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South Africa; MINECO, Spain; SRC and Wallenberg
Foundation, Sweden; SER, SNSF and Cantons of Bern
and Geneva, Switzerland; NSC, Taiwan; TAEK, Turkey;
STFC, the Royal Society and Leverhulme Trust, United
Kingdom; DOE and NSF, United States of America.

The crucial computing support from all WLCG part-
ners is acknowledged gratefully, in particular from
CERN and the ATLAS Tier-1 facilities at TRIUMF
(Canada), NDGF (Denmark, Norway, Sweden), CC-
IN2P3 (France), KIT/GridKA (Germany), INFN-CNAF
(Italy), NL-T1 (Netherlands), PIC (Spain), ASGC (Tai-
wan), RAL (UK) and BNL (USA) and in the Tier-2 fa-
cilities worldwide.

[1] G. F. Giudice, M. A. Luty, H. Murayama, and
R. Rattazzi, J. High Energy Phys. 12 027 (1998),
arXiv:hep-ph/9810442.

[2] L. Randall and R. Sundrum, Nucl. Phys. B557 79
(1999), arXiv:hep-th/9810155.

[3] M. Ibe, S. Matsumoto, and T. T. Yanagida, Phys. Rev.
D85 095011 (2012), arXiv:1202.2253 [hep-ph].

[4] L. J. Hall, Y. Nomura, and S. Shirai, J. High Energy
Phys. 1301 036 (2013), arXiv:1210.2395 [hep-ph].

[5] A. Arvanitaki, N. Craig, S. Dimopoulos, and
G. Villadoro, J. High Energy Phys. 1302 126 (2013),
arXiv:1210.0555 [hep-ph].

[6] N. Arkani-Hamed, A. Gupta, D. E. Kaplan, N. Weiner,
and T. Zorawski, arXiv:1212.6971 [hep-ph].

[7] ATLAS Collaboration, Eur. Phys. J. C72 1993 (2012),
arXiv:1202.4847 [hep-ex].

[8] ATLAS Collaboration, J. High Energy Phys. 1301 131
(2013), arXiv:1210.2852 [hep-ex].

[9] ALEPH Collaboration, A. Heister et al., Phys. Lett.
B533 223 (2002), arXiv:hep-ex/0203020 [hep-ex].

[10] DELPHI Collaboration, J. Abdallah et al., Eur. Phys.
J. C34 145 (2004), arXiv:hep-ex/0403047 [hep-ex].

[11] L3 Collaboration, M. Acciarri et al., Phys. Lett. B482
31 (2000), arXiv:hep-ex/0002043 [hep-ex].

[12] OPAL Collaboration, G. Abbiendi et al., Eur. Phys. J.
C29 479 (2003), arXiv:hep-ex/0210043 [hep-ex].

[13] ATLAS Collaboration, JINST 3 S08003 (2008).
[14] ATLAS uses a right-handed coordinate system with its

origin at the nominal interaction point (IP) in the
center of the detector and the z-axis coinciding with the
axis of the beam pipe. The x-axis points from the IP to
the center 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. Pseudorapidity is defined in terms of the
polar angle θ as η = − ln tan(θ/2).

[15] ATLAS Collaboration, arXiv:1302.4393 [hep-ex].

7

TABLE II. Summary of systematic uncertainties [%] on the
expected number of signal events for mχ̃±

1

= 200 GeV and

300 GeV.

200 GeV 300 GeV
(Theoretical uncertainty)
Cross-section 6.4 6.8
(Uncertainty on the acceptance)
Modeling of initial/final-state radiation 14.5 16.4
JES/JER 3.9 6.0
Trigger efficiency 4.5 4.5
Pile-up modeling 0.5 0.5
Track reconstruction efficiency 2.0 2.0
Luminosity 2.8 2.8
Sub-total 16.1 18.4

fit to the pT spectrum of the disappearing-track candi-
dates. The likelihood function for the track pT consists of
one probability density function for the signal and four
for the different backgrounds derived in Sec. V. In the
fit, the yields of the signal, interacting-hadron, and pT-
mismeasured tracks are left free. The yields of electron
and muon background tracks are constrained to their es-
timated values within the uncertainties. The effects of
systematic uncertainties on the yields and the parameters
describing the pT-distribution shapes of the background
tracks are also incorporated into the likelihood function.
The number of observed events having a high-pT dis-

appearing track above a given threshold and the expec-
tation for the background, derived by the background-
only fit in the pT range below 75 GeV, are given in
Table III. No significant deviations from the background
expectations are found. The probability (p0 value) that a
background-only experiment is more signal-like than the
observation and the model-independent upper limit on
the visible cross-section (σ95%

vis ) at 95% confidence level
(CL) are also given in the table. Figure 5 shows the
pT distribution for the selected data events compared to
the background model derived by the background-only
fit in the full pT range: the best-fit values for the yields
of interacting hadrons, electron tracks, muon tracks and
pT-mismeasured tracks are 2187 ± 71, 852 ± 35, 23 ± 8
and 212 ± 33, respectively. Three selected examples for
the signal are also shown in the figure.
An excess with a corresponding significance of ∼ 2σ is

seen in Fig. 5 at pT around 90 GeV. Detailed investiga-
tion of the events in this region show no peculiarities or
significant differences in event kinematics or track prop-
erties compared to candidates in nearby track-pT regions.
The discrepancy is also not consistent with any of the
signal hypotheses studied in this article. For the models
considered, high-pT tracks are expected and the best ex-
pected sensitivity derives from the region with pT above
200 GeV, where a deficit is observed as reported in Ta-
ble III.
Events with two disappearing-track candidates, being

particularly sensitive to chargino-pair production with a
long lifetime, are also explored. One candidate event is

found; however, the event lacks high-pT disappearing-
track candidates (their pT being 30 GeV and 18 GeV).
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FIG. 5. The pT distribution of disappearing-track candidates.
The solid circles show data and lines show each background
track-pT spectrum obtained by the background-only fit. The
resulting uncertainties on the pT spectrum for each back-
ground are indicated by the error bands. The signal expecta-
tions are also shown. The ratio of the data to the background
track-pT spectrum is shown at the bottom of the figure.

VIII. RESULTS

In the absence of a signal, constraints are set on mχ̃±
1

and τχ̃±
1

. The upper limit on the production cross-section

for a given mχ̃±
1

and τχ̃±
1

at 95% CL is set at the point
where the CL of the “signal+background” hypothesis,
based on the profile likelihood ratio [35] and the CLs
prescription [36], falls below 5% when scanning the CL
along various values of signal strength. The constraint on
the allowed τχ̃±

1

–mχ̃±
1

parameter space is shown in Fig. 6.
The expected limit is set by the median of the distribu-
tion of 95% CL limits calculated by pseudo-experiments
with the expected background and no signal, where the
systematic parameters are varied according to their sys-
tematic uncertainties. The regions excluded by the pre-
vious ATLAS search [8] and the LEP2 searches are in-
dicated. The example of the exclusion reached by the
ALEPH experiment [9] of 88 GeV at 95% CL that is de-
rived for the chargino mass in the case of heavy sfermions,
irrespective of the chargino-neutralino mass difference is
shown as the LEP2 result. This constraint is largely in-
dependent of tanβ or the sign of µ.
The analysis is not performed for signals having τχ̃1

>
10 ns (corresponding∆mχ̃1

being below the charged pion
mass) because a significant fraction of charginos would
traverse the ID before decaying, thereby reducing the



STOP 2X2 SEARCH

Targeting low mass stop - boosted, a large jet containing the stop decay products.

Signature : event HT > 600 GeV, two R=1.5 jets with pT > 200 GeV.

Selections on the large-R jets center-of-mass production angle, the number of R=0.4 b-tagged jets, large-R jet 
mass asymmetry, the pT ratio between the two subjets in each large-R jets, define the SR as well as the CRs 
from which the multi-jet background is estimated (data-driven ABCD-like method)

Final signature is a resonance in the average large-R mass spectrum
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Figure 5: Systematic uncertainty for the background estimation method. The blue dashed line represents the non-
closure systematic uncertainty estimated from comparisons of the predicted mjet

avg spectra in regions A1 � C1 to the
actual spectra. The red dotted line represents the estimated systematic uncertainty due to shape di↵erences between
events with nb�tag = 0 and nb�tag � 2. The yellow band shows the combined systematic uncertainty from both the
non-closure and b-tag shape di↵erences.

Signal systematics In addition to the systematic uncertainties associated with the background estimate,
the MC simulation of the signal model is also subject to systematic uncertainties. Much like the contri-
bution from tt̄, these uncertainties include both experimental uncertainties and theoretical uncertainties.
The detector-level uncertainties include the JES, JER and the b-tagging uncertainties just as described for
the MC estimate of tt̄. The theoretical uncertainties include renormalization and factorization scale vari-
ations, parton distribution function uncertainties, and ISR and FSR modelling uncertainties. The nominal
signal cross-section and uncertainty are taken from an envelope of cross-section predictions using di↵er-
ent PDF sets and factorization and renormalization scales, as described in Ref. [42]. Each signal model
is varied according to these systematic uncertainties and the impact on the acceptance and e�ciency in
each mass window is then propagated to the final result. For the range of stop masses considered in this
analysis, the uncertainty on the cross-sections are approximately 15%.

For evaluating the ISR/FSR systematic uncertainty, separate samples of t̃ t̃ pair events are generated using
MadGraph +PYTHIA, and varying the rate of ISR/FSR production. These are used to reweight the pT(t̃ t̃)
distribution of the nominal signal samples to estimate the change in signal acceptance ⇥ e�ciency. The
e↵ect ranges from 0 � 17%, with the largest impact at high mt̃ .
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Figure 6: Estimated background in the signal region (D2). The data is represented by the solid points. The total
background estimate is shown by the solid black curve, and the yellow band represents its uncertainty. The data-
driven multijet background estimate is shown in the dashed blue curve and the contribution from tt̄ is shown in the
dotted red curve. Signal mass spectra are shown without uncertainties.

Figure 6 shows the predicted background spectrum for mjet
avg, including both the systematic and statistical

uncertainties. A search is carried out for an excess of events above the background prediction in mjet
avg re-

gions that vary with the mt̃ hypothesis. As Figure 6 demonstrates, the stop signal is expected to be highly
localised on top of the smooth background mjet

avg spectrum. The peak of the mjet
avg distribution is consistent

with mt̃ in each case. The mass resolution at this peak is approximately 5-7% for mt̃ = 100 GeV and is
approximately independent of stop mass. Good sensitivity is therefore obtained by defining contiguous
mass ranges, or windows. Optimal mass windows are defined taking into account the JES and JER meas-
urement uncertainties on the expected signal mjet

avg distribution. The size of each mass window is defined
to be at least twice the full width of the mjet

avg mass spectrum for the mt̃ model that best corresponds to
that range. The definitions of these mass windows are given in Table 4. The signal e�ciency for these
mass range selections varies from 68% at 100 GeV to 20% at 400 GeV. The low e�ciency at high mass
is due to the fact that the decay products are often not fully contained in the large-R jet, thus resulting in
a large low mass tail as can be seen in Figure 7(a). However, if a Gaussian is fitted to the mass peak, then
the mass resolution is approximately constant as a function of the stop mass, as shown in Figure 7(b).
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RUN-2 SELECTIONS : 1-LEPTON

• One lepton with pT>35 GeV, 4 jets 
with pT > 30 GeV, MET > 100 GeV

• 40 < mT < 100 with b-veto/tag 
normalizes the W+jets/ttbar. 

• Powheg for top backgrounds, sherpa 
2.1 for V+jets and di-bosons.

E
ve

n
ts

 /
 5

0
 G

e
V

1

10

210

3
10

ATLAS Preliminary

-1
 L dt = 78 pb∫

)µ1-lepton (e/

=13 TeV)sData 2015 (

Standard Model

tt

W+jets

Diboson

Single Top

Z+jets

 [GeV]Tm
0 100 200 300 400 500 600

D
a

ta
 /

 S
M

0

1

2

Figure 1: Distribution of the transverse mass for selected events in data and simulation after the fit. The uncertainty
band on the Standard Model expectations includes statistical and experimental uncertainties as described in the text.

backgrounds are directly taken from Monte Carlo simulation and normalised to the integrated luminosity
of the data and using the cross-section predictions described in Section 2.2.

In addition to the statistical uncertainties from the simulated samples, various systematic uncertainties
are included in the fitting procedure: jet energy scale uncertainties, lepton momentum/energy resolution
and scale uncertainties, lepton identification uncertainties, missing transverse energy resolution and scale
uncertainties, and uncertainties related to the tagging of b-jets.

The distribution of the transverse mass after the preselection criteria and after normalising the tt̄ and W+jets
backgrounds is shown in Fig. 1, and also in Fig. 2 with a scaled gluino signal overlaid for illustration.
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RUN-2 SELECTIONS : 0-LEPTON 2 JETS

(Loose) CR effective mass distribution for the 0L analysis 
shown.

CRT/CRW : 1-lepton pT>25 GeV, 30 < mT < 100 GeV, 2 jets 
with pT > 100,60 GeV, MET > 100 GeV, 1b-tag/veto 

CRZ : 2 leptons in the Z peak, 2 jets with pT > 100,60 GeV, 
MET(inc. leptons) > 100 GeV 

Powheg for top backgrounds, sherpa 2.1 for V+jets and di-
bosons.

ATLAS-PHYS-PUB-2015-028
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Figure 1: The distribution of the observed e↵ective mass, me↵ (incl.), calculated as the scalar sum of the transverse
momenta of jets with pT > 40 GeV and Emiss

T in control regions CRW (left) and CRT (right), after requiring an
isolated electron or muon with pT > 25 GeV, at least two jets with pT> 100, 60 GeV respectively, Emiss

T > 100
GeV and 30 GeV < mT(`,Emiss

T ) < 100 GeV. The total MC background expectation is normalised to data. In
the lower panels the ratio of data to total MC background expectation is presented. The contribution from the
multi-jet production is found to be negligible. Only statistical uncertainties are shown, without any experimental or
theoretical systematic uncertainties.
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Figure 2: The distribution of the observed e↵ective mass, me↵ (incl.), calculated as the scalar sum of the transverse
momenta of jets with pT > 40 GeV and Emiss

T in control region CRZ after requiring two isolated leptons of opposite
sign and identical flavour with pT > 25 GeV, at least two jets with pT> 100, 60 GeV respectively, Emiss

T > 100 GeV
and 66 GeV < m`` < 116 GeV. The total MC background expectation is normalised to data. In the lower panels
the ratio of data to total MC background expectation is presented. The contribution from the multi-jet production is
found to be negligible. Only statistical uncertainties are shown, without any experimental or theoretical systematic
uncertainties.
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RUN-2 SELECTIONS: 0L + 6-7 JETS

• 5j45 trigger - require 6 jets pT>50 GeV and 
HT>600 GeV

• Measure HT/sqrt(MET) and use it as multi-
jet template (after subtraction of top and 
EWK from MC)

• Normalize at low HT/sqrt(MET) and 
compare to data in 7-jet selection 
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