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GMSB, stable ⌧̃, �̃
0
1!⌧̃(ẽ, µ̃)+⌧(e, µ) 1-2 µ - - 15.9 10<tan�<50 ATLAS-CONF-2013-058475 GeV�̃0

1

GMSB, �̃
0
1!�G̃, long-lived �̃

0
1

2 � - Yes 4.7 0.4<⌧(�̃
0
1)<2 ns 1304.6310230 GeV�̃0

1

q̃q̃, �̃
0
1!qqµ (RPV) 1 µ, displ. vtx - - 20.3 1.5 <c⌧<156 mm, BR(µ)=1, m(�̃

0
1)=108 GeV ATLAS-CONF-2013-0921.0 TeVq̃

LFV pp!⌫̃⌧ + X, ⌫̃⌧!e + µ 2 e, µ - - 4.6 �0311=0.10, �132=0.05 1212.12721.61 TeV⌫̃⌧
LFV pp!⌫̃⌧ + X, ⌫̃⌧!e(µ) + ⌧ 1 e, µ + ⌧ - - 4.6 �0

311
=0.10, �1(2)33=0.05 1212.12721.1 TeV⌫̃⌧

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

�̃+
1
�̃�
1 , �̃

+
1!W�̃

0
1, �̃

0
1!ee⌫̃µ, eµ⌫̃e 4 e, µ - Yes 20.3 m(�̃

0
1)>0.2⇥m(�̃

±
1 ), �121,0 1405.5086750 GeV�̃±

1

�̃+
1
�̃�
1 , �̃

+
1!W�̃

0
1, �̃

0
1!⌧⌧⌫̃e, e⌧⌫̃⌧ 3 e, µ + ⌧ - Yes 20.3 m(�̃

0
1)>0.2⇥m(�̃

±
1 ), �133,0 1405.5086450 GeV�̃±

1

g̃!qqq 0 6-7 jets - 20.3 BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091916 GeVg̃

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

Scalar gluon pair, sgluon!qq̄ 0 4 jets - 4.6 incl. limit from 1110.2693 1210.4826100-287 GeVsgluon

Scalar gluon pair, sgluon!tt̄ 2 e, µ (SS) 2 b Yes 14.3 ATLAS-CONF-2013-051350-800 GeVsgluon

WIMP interaction (D5, Dirac �) 0 mono-jet Yes 10.5 m(�)<80 GeV, limit of<687 GeV for D8 ATLAS-CONF-2012-147704 GeVM* scale

Mass scale [TeV]10�1 1
p
s = 7 TeV
full data

p
s = 8 TeV

partial data

p
s = 8 TeV
full data

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: ICHEP 2014

ATLAS Preliminaryp
s = 7, 8 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1� theoretical signal cross section uncertainty.
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MSUGRA/CMSSM 0 2-6 jets Yes 20.3 m(q̃)=m(g̃) 1405.78751.7 TeVq̃, g̃

MSUGRA/CMSSM 1 e, µ 3-6 jets Yes 20.3 any m(q̃) ATLAS-CONF-2013-0621.2 TeVg̃

MSUGRA/CMSSM 0 7-10 jets Yes 20.3 any m(q̃) 1308.18411.1 TeVg̃

q̃q̃, q̃!q�̃
0
1 0 2-6 jets Yes 20.3 m(�̃

0
1)=0 GeV, m(1st gen. q̃)=m(2nd gen. q̃) 1405.7875850 GeVq̃

g̃g̃, g̃!qq̄�̃
0
1 0 2-6 jets Yes 20.3 m(�̃

0
1)=0 GeV 1405.78751.33 TeVg̃

g̃g̃, g̃!qq�̃
±
1!qqW±�̃01 1 e, µ 3-6 jets Yes 20.3 m(�̃

0
1)<200 GeV, m(�̃

±
)=0.5(m(�̃

0
1)+m(g̃)) ATLAS-CONF-2013-0621.18 TeVg̃

g̃g̃, g̃!qq(``/`⌫/⌫⌫)�̃
0
1

2 e, µ 0-3 jets - 20.3 m(�̃
0
1)=0 GeV ATLAS-CONF-2013-0891.12 TeVg̃

GMSB ( ˜̀ NLSP) 2 e, µ 2-4 jets Yes 4.7 tan�<15 1208.46881.24 TeVg̃

GMSB ( ˜̀ NLSP) 1-2 ⌧ + 0-1 ` 0-2 jets Yes 20.3 tan� >20 1407.06031.6 TeVg̃

GGM (bino NLSP) 2 � - Yes 20.3 m(�̃
0
1)>50 GeV ATLAS-CONF-2014-0011.28 TeVg̃

GGM (wino NLSP) 1 e, µ + � - Yes 4.8 m(�̃
0
1)>50 GeV ATLAS-CONF-2012-144619 GeVg̃

GGM (higgsino-bino NLSP) � 1 b Yes 4.8 m(�̃
0
1)>220 GeV 1211.1167900 GeVg̃

GGM (higgsino NLSP) 2 e, µ (Z) 0-3 jets Yes 5.8 m(NLSP)>200 GeV ATLAS-CONF-2012-152690 GeVg̃

Gravitino LSP 0 mono-jet Yes 10.5 m(G̃)>10�4 eV ATLAS-CONF-2012-147645 GeVF1/2 scale

g̃!bb̄�̃
0
1 0 3 b Yes 20.1 m(�̃

0
1)<400 GeV 1407.06001.25 TeVg̃

g̃!tt̄�̃
0
1 0 7-10 jets Yes 20.3 m(�̃

0
1) <350 GeV 1308.18411.1 TeVg̃

g̃!tt̄�̃
0
1

0-1 e, µ 3 b Yes 20.1 m(�̃
0
1)<400 GeV 1407.06001.34 TeVg̃

g̃!bt̄�̃
+
1 0-1 e, µ 3 b Yes 20.1 m(�̃

0
1)<300 GeV 1407.06001.3 TeVg̃

b̃1b̃1, b̃1!b�̃
0
1 0 2 b Yes 20.1 m(�̃

0
1)<90 GeV 1308.2631100-620 GeVb̃1

b̃1b̃1, b̃1!t�̃
±
1 2 e, µ (SS) 0-3 b Yes 20.3 m(�̃

±
1 )=2 m(�̃

0
1) 1404.2500275-440 GeVb̃1

t̃1 t̃1(light), t̃1!b�̃
±
1 1-2 e, µ 1-2 b Yes 4.7 m(�̃

0
1)=55 GeV 1208.4305, 1209.2102110-167 GeVt̃1

t̃1 t̃1(light), t̃1!Wb�̃
0
1

2 e, µ 0-2 jets Yes 20.3 m(�̃
0
1) =m(t̃1)-m(W)-50 GeV, m(t̃1)<<m(�̃

±
1 ) 1403.4853130-210 GeVt̃1

t̃1 t̃1(medium), t̃1!t�̃
0
1

2 e, µ 2 jets Yes 20.3 m(�̃
0
1)=1 GeV 1403.4853215-530 GeVt̃1

t̃1 t̃1(medium), t̃1!b�̃
±
1 0 2 b Yes 20.1 m(�̃

0
1)<200 GeV, m(�̃

±
1 )-m(�̃

0
1)=5 GeV 1308.2631150-580 GeVt̃1

t̃1 t̃1(heavy), t̃1!t�̃
0
1

1 e, µ 1 b Yes 20 m(�̃
0
1)=0 GeV 1407.0583210-640 GeVt̃1

t̃1 t̃1(heavy), t̃1!t�̃
0
1 0 2 b Yes 20.1 m(�̃

0
1)=0 GeV 1406.1122260-640 GeVt̃1

t̃1 t̃1, t̃1!c�̃
0
1 0 mono-jet/c-tag Yes 20.3 m(t̃1)-m(�̃

0
1 )<85 GeV 1407.060890-240 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z) 1 b Yes 20.3 m(�̃
0
1)>150 GeV 1403.5222150-580 GeVt̃1

t̃2 t̃2, t̃2!t̃1 + Z 3 e, µ (Z) 1 b Yes 20.3 m(�̃
0
1)<200 GeV 1403.5222290-600 GeVt̃2

˜̀
L,R ˜̀L,R, ˜̀!`�̃01 2 e, µ 0 Yes 20.3 m(�̃

0
1)=0 GeV 1403.529490-325 GeV˜̀

�̃+
1
�̃�
1 , �̃

+
1! ˜̀⌫(`⌫̃) 2 e, µ 0 Yes 20.3 m(�̃

0
1)=0 GeV, m( ˜̀, ⌫̃)=0.5(m(�̃

±
1 )+m(�̃

0
1)) 1403.5294140-465 GeV�̃±

1

�̃+
1
�̃�
1 , �̃

+
1!⌧̃⌫(⌧⌫̃) 2 ⌧ - Yes 20.3 m(�̃

0
1)=0 GeV, m(⌧̃, ⌫̃)=0.5(m(�̃

±
1 )+m(�̃

0
1)) 1407.0350100-350 GeV�̃±

1

�̃±
1
�̃0
2! ˜̀

L⌫ ˜̀L`(⌫̃⌫), `⌫̃ ˜̀L`(⌫̃⌫) 3 e, µ 0 Yes 20.3 m(�̃
±
1 )=m(�̃

0
2), m(�̃

0
1)=0, m( ˜̀, ⌫̃)=0.5(m(�̃

±
1 )+m(�̃

0
1)) 1402.7029700 GeV�̃±

1 , �̃
0

2

�̃±
1
�̃0
2!W�̃

0
1Z�̃

0
1

2-3 e, µ 0 Yes 20.3 m(�̃
±
1 )=m(�̃

0
2), m(�̃

0
1)=0, sleptons decoupled 1403.5294, 1402.7029420 GeV�̃±

1 , �̃
0

2

�̃±
1
�̃0
2!W�̃

0
1h �̃

0
1

1 e, µ 2 b Yes 20.3 m(�̃
±
1 )=m(�̃

0
2), m(�̃

0
1)=0, sleptons decoupled ATLAS-CONF-2013-093285 GeV�̃±

1 , �̃
0

2

�̃0
2
�̃0
3, �̃

0
2,3 ! ˜̀

R` 4 e, µ 0 Yes 20.3 m(�̃
0
2)=m(�̃

0
3), m(�̃

0
1)=0, m( ˜̀, ⌫̃)=0.5(m(�̃

0
2)+m(�̃

0
1)) 1405.5086620 GeV�̃0

2,3

Direct �̃
+
1
�̃�
1 prod., long-lived �̃

±
1 Disapp. trk 1 jet Yes 20.3 m(�̃

±
1 )-m(�̃

0
1)=160 MeV, ⌧(�̃

±
1 )=0.2 ns ATLAS-CONF-2013-069270 GeV�̃±

1

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

GMSB, stable ⌧̃, �̃
0
1!⌧̃(ẽ, µ̃)+⌧(e, µ) 1-2 µ - - 15.9 10<tan�<50 ATLAS-CONF-2013-058475 GeV�̃0

1

GMSB, �̃
0
1!�G̃, long-lived �̃

0
1

2 � - Yes 4.7 0.4<⌧(�̃
0
1)<2 ns 1304.6310230 GeV�̃0

1

q̃q̃, �̃
0
1!qqµ (RPV) 1 µ, displ. vtx - - 20.3 1.5 <c⌧<156 mm, BR(µ)=1, m(�̃

0
1)=108 GeV ATLAS-CONF-2013-0921.0 TeVq̃

LFV pp!⌫̃⌧ + X, ⌫̃⌧!e + µ 2 e, µ - - 4.6 �0311=0.10, �132=0.05 1212.12721.61 TeV⌫̃⌧
LFV pp!⌫̃⌧ + X, ⌫̃⌧!e(µ) + ⌧ 1 e, µ + ⌧ - - 4.6 �0

311
=0.10, �1(2)33=0.05 1212.12721.1 TeV⌫̃⌧

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

�̃+
1
�̃�
1 , �̃

+
1!W�̃

0
1, �̃

0
1!ee⌫̃µ, eµ⌫̃e 4 e, µ - Yes 20.3 m(�̃

0
1)>0.2⇥m(�̃

±
1 ), �121,0 1405.5086750 GeV�̃±

1

�̃+
1
�̃�
1 , �̃

+
1!W�̃

0
1, �̃

0
1!⌧⌧⌫̃e, e⌧⌫̃⌧ 3 e, µ + ⌧ - Yes 20.3 m(�̃

0
1)>0.2⇥m(�̃

±
1 ), �133,0 1405.5086450 GeV�̃±

1

g̃!qqq 0 6-7 jets - 20.3 BR(t)=BR(b)=BR(c)=0% ATLAS-CONF-2013-091916 GeVg̃

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

Scalar gluon pair, sgluon!qq̄ 0 4 jets - 4.6 incl. limit from 1110.2693 1210.4826100-287 GeVsgluon

Scalar gluon pair, sgluon!tt̄ 2 e, µ (SS) 2 b Yes 14.3 ATLAS-CONF-2013-051350-800 GeVsgluon

WIMP interaction (D5, Dirac �) 0 mono-jet Yes 10.5 m(�)<80 GeV, limit of<687 GeV for D8 ATLAS-CONF-2012-147704 GeVM* scale

Mass scale [TeV]10�1 1
p
s = 7 TeV
full data

p
s = 8 TeV

partial data

p
s = 8 TeV
full data

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: ICHEP 2014

ATLAS Preliminaryp
s = 7, 8 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1� theoretical signal cross section uncertainty. Mass scales [GeV]
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Looking for new physics

What are we looking for?

Depending on the underlying physics model the searches can be
based on different signatures:

missing transverse energy, Emiss
T ;

) good for e.g. R-parity conserving SUSY, but in general any model
with neutral weakly interacting particle (DM, neutrinos, etc.), UED...

high multiplicities leptons and/or jets;
) good for e.g. R-parity violating SUSY, also black holes

resonances in photons, jets, leptons, gauge bosons;
) RPV SUSY, Randall-Sundrum models, new gauge bosons...

long-lived particles, displaced vertices
A single search is usually interpreted within one or two models, but
often can put constraints on many different BSM physics, in sometimes
surprising way. CheckMATE is a tool to reinterpret the results in
arbitrary physics models.
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Looking for new physics

What’s in the menu?

The events are classified using objects that can be observed in the
detector:

missing energy in the transverse direction
number of jets; can be anything between 0 (jet veto) and ⇠10
number of b-jets
number of leptons (electrons and muons)
number of taus (normally not classified as leptons unless decayed
to e or µ)
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Looking for new physics

How do we detect?

Link

K. Rolbiecki (IFT Madrid) Madrid, 10.09.2015 6 / 22

https://www.i2u2.org/elab/cms/graphics/CMS_Slice_elab.swf


Looking for new physics

Simplified models

Simplified models are used to interpret search results within a
particular setting of supersymmetric models to avoid analyzing
parameter space of O(20) dimensions:

assume one particular production process, e.g. gluino pair
production or squark production or chargino production etc.; forget
anything else;
pick up one or two well specified decay chains; if more then one
decay possible assume branching ratios according to gauge
couplings;
set masses of relevant particles, typically 2-3;
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Looking for new physics

Scalar top exclusions in simplified models
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Looking for new physics

Constrained models

The search results can be
also presented in
“constrained” models (with a
few free parameters). They
are easy to present in one
plot, but constrained models
are disfavored by the current
searches
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Looking for new physics

Phenomenological models

Another approach is to scan
“phenomenological” MSSM
with ⇠20 free parameters
and plot density of excluded
models in a 2-dimensional
projection Fr
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Specific examples for tutorial ATLAS 2 leptons + jets; ATLAS-2013-089

Simplified model

particles involved: gluinos (g̃), squarks (q̃), charginos (�̃±),
neutralinos (�̃0

1)
final states with 2-leptons (ee, µµ, or eµ), and variable number of
jets

Figure 1: Two example decay diagrams for the simplified models used in this note. On the left, a decay

diagram for the simplified model with gluino pair-production and a two-step decay through a chargino

and a slepton or sneutrino to the LSP. On the right, a decay diagram for the simplified model with squark

pair-production and a one-step decay through a chargino to the LSP.

The simplified models considered are divided into two categories: the “one-step” decay simplified

models and the “two-step” models with intermediate sleptons and sneutrinos ( ˜̀ and ⌫̃). All are models

of pair-production of either gluinos or left-squarks, in the latter case with degenerate first and second

generation squarks and a decoupled third generation. Since only first and second generation squarks are

included, the signal models do not include an appreciable rate of heavy-flavour jets. The heavy SUSY

particles decay in a one- or two-step cascade to the LSP, assumed to be the lightest neutralino. Example

decay diagrams for the models considered here are shown in Fig. 1.

In the one-step models, gluinos (squarks) are pair-produced, with the gluino (squark) decaying to

two (one) quarks and a chargino (�̃±1 ), assumed to be a pure wino. The chargino subsequently decays

to a W-boson and the neutralino LSP (�̃0
1
), assumed to be a pure bino. The gluino (squark), chargino,

and LSP masses are free parameters in this model, assuming branching ratios of 100 % for each of the

steps. Two parameterisations of this model are explored, both making use of the relative chargino-LSP –

gluino-LSP (squark-LSP) mass splitting, x = (m�̃±
1
� m�̃0

1
)/(mq̃/g̃ � m�̃0

1
). The first requires the chargino

mass to be exactly halfway between the gluino (squark) and LSP masses. The second fixes the LSP mass

at 60 GeV.

In the two-step models, gluinos (squarks) are pair-produced, with the gluino (squark) decaying into

two (one) quark(s) and a either a chargino or the next-to-lightest neutralino (�̃0
2
), with equal probability

for each. The chargino subsequently decays, with equal probability, into either a lepton and a sneutrino

or a left-slepton and a neutrino. The neutralino subsequently decays, with equal probability, into either

a left-slepton and a lepton or a sneutrino and a neutrino. Finally, the slepton (sneutrino), decays into a

lepton (neutrino) and a neutralino LSP. These models are defined such that the masses of the intermediate

charginos and neutralinos are equal and are set to be exactly halfway between the gluino (squark) and

LSP masses. The slepton and sneutrino masses are then set exactly halfway between the intermediate

chargino or neutralino masses and the LSP. All slepton flavours are accounted for in this model and are

assumed to be degenerate in mass. The gluino (squark) and LSP masses are free parameters.

All sparticles that do not enter into the decay chains defined in a specific simplified model are as-

signed a mass of 4.5 TeV, and are e�ectively decoupled. These models are generated using M��G����5

1.5.4 [31] interfaced with P�����6.426 [32], using the CTEQ6L1 PDF set [33], as described in Ref. [18].

2
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Specific examples for tutorial ATLAS 2 leptons + jets; ATLAS-2013-089

Signal events selection

The search uses “razor” variables constructed from visible objects:
construct two “mega-jets” using all visible jets and leptons
iterate over all possible assignments of particles to the mega-jets
and find one that minimizes the sum of the squared masses of the
mega-jet four-vectors
calculate characteristic mass M 0

R

M 0
R =

q
(j1,E + j2,E)2 � (j1,L + j2,L)2

assign half of the missing transverse energy to each of the
mega-jets

MR
T =

s
| ~Emiss

T |(|~j1,T |+ |~j2,T |)� ~Emiss
T · (~j1,T +~j2,T )

2
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Specific examples for tutorial ATLAS 2 leptons + jets; ATLAS-2013-089

Razor variable

define razor variable

R =
MR

T

M 0
R

R tends to have low values for Standard Model backgrounds,
while supersymmetric processes have larger values

select events with
R > 0.35
or
R > 0.5
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Figure 17: The distribution in R in the low jet multiplicity SR1 (left) and high jet multiplicity SR2 (right),

with all requirements except that on the minimum R applied, in the same-flavour (top) and opposite-

flavour (bottom) channels. For each distribution data to SM prediction ratios are also shown. Statistical

and systematic uncertainties are indicated. Two representative signal distributions are overlaid. The

lower signal region bounds in R are indicated with arrows.

Fig. 20. Again, the significant di�erence in production cross section results in a much stronger limit in

the gluino case than in the squark case. The limits from Ref. [18] are also overlaid in these figures. For a

light LSP, gluinos with masses below 1120 GeV and squarks with masses below 740 GeV are excluded.

In this model, because the leptons can come from several di�erent decay points, a high fraction of events

contain two leptons, making the limits in this model some of the strongest of any ATLAS analysis to

date. In particular, the fractions of events with exactly one and exactly two leptons are comparable over

most of the parameter space of this model.

The limits for the minimal universal extra dimensions model are shown in Fig. 21. As the cross

sections for this model are calculated at leading order with H�����++, no theoretical uncertainty on the

production cross section is shown. At low �Rc, the signal region acceptance drops because of the mini-

mum M0R requirement. The high �Rc, the limit set by this analysis reaches 870 GeV in 1/Rc, exceeding

that of Ref. [18] thanks to the higher sensitivity to models with large mass splitting.

22
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Specific examples for tutorial ATLAS 2 leptons + jets; ATLAS-2013-089

Signal regions

b-jets Z-veto NJets Jet pT R Range M0R Range [GeV] M0R bins

Signal Regions

ee/µµ SR 1 No Yes � 2 > 50 R >0.5 400< M0R 8
eµ SR 1 No No � 2 > 50 R >0.5 400< M0R 8
ee/µµ SR 2 No Yes � 3 > 50 R >0.35 800< M0R 5
eµ SR 2 No No � 3 > 50 R >0.35 800< M0R 5

Discovery Regions

ee/µµ DR No Yes � 2 > 50 R >0.5 600< M0R 1
eµ DR No No � 2 > 50 R >0.5 600< M0R 1

Control Regions

ee/µµ Z CR 1 No Yes � 2 > 50 0.15< R <0.3 400< M0R <1200 8
ee/µµ Z CR 2 No Yes � 3 > 50 0.05< R <0.2 800< M0R <1600 4
ee/µµ Top CR 1 Yes Yes � 2 > 50 0.2< R <0.4 400< M0R <1200 8
eµ Top CR 1 Yes No � 2 > 50 0.2< R <0.4 400< M0R <1200 8
ee/µµ Top CR 2 Yes Yes � 3 > 50 0.1< R <0.3 800< M0R <1600 4
eµ Top CR 2 Yes No � 3 > 50 0.1< R <0.3 800< M0R <1600 4

Validation Regions

ee/µµ Z VR 1 No Yes � 2 > 50 0.25< R <1 200< M0R <400 4
ee/µµ Z VR 2 No Yes � 3 > 50 0.1< R <1 200< M0R <800 6
ee/µµ Top VR 1 Yes Yes � 2 > 50 0.5< R <1 200< M0R <400 4
eµ Top VR 1 Yes No � 2 > 50 0.5< R <1 200< M0R <400 4
ee/µµ Top VR 2 Yes Yes � 3 > 50 0.35< R <1 200< M0R <800 6
eµ Top VR 2 Yes No � 3 > 50 0.35< R <1 200< M0R <800 6

Table 3: Control, validation and signal region definitions. The validation regions are not used to constrain

the fit, but the M0R-binning in these regions is included for completeness.

are estimated using dedicated control regions, wherein the MC simulation is normalised to the data. The

background frommis-identified leptons is estimated using a data-driven approach. Additional irreducible

or small backgrounds are estimated directly using MC simulation. A simultaneous fit, binned in M0R,
is performed in the control regions. The results of this fit are then used to estimate the background

contribution to the signal regions (see Section 6).

4.1 t t̄ and Z+jets Background

The primary backgrounds for the high-multiplicity two-lepton signal selection are those due to fully-

leptonic tt̄ and, to a much lesser extent, Z/�⇤+jets, where the Z-boson decays leptonically. These back-

grounds are estimated using control regions defined such that they are enriched with events from the

relevant SM process. The normalisation of the simulated tt̄ or Z/�⇤+jets events is adjusted according to

a binned fit to data in M0R in these control regions.

In order to estimate the background due to these SM processes in a control sample with signal-like

selection cuts, a control region catering to each signal region is defined. The top quark production and

Z/�⇤+jets production control regions (Top CRs and Z CRs) are constructed using the same lower M0R
and jet multiplicity requirements as the signal region. The Z-mass veto is also kept in place for the same-

flavour channels, in an attempt to keep the control region environment as similar to the signal regions

as possible. As a result, the Z/�⇤+jets control region is dominated by the production of di-leptons with

low mass. The Z control regions are also used to estimate the background due to WZ and ZZ diboson

production. In the same-flavour channels the total Z + X background is generally composed of � 70

% Z/�⇤+jets and 30 % WZ diboson events. Since few leptonically decaying Z-bosons are expected in

the eµ-channel, the Z control regions are defined for the same-flavour lepton channels only. In the eµ-

7
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Specific examples for tutorial ATLAS 2 leptons + jets; ATLAS-2013-089

Understanding results

channel ee/µµ SR1 eµ SR1 ee/µµ SR2 eµ SR2

Observed events 102 87 8 8

Fitted bkg events 117 ± 16 103 ± 15 11.0 ± 2.8 10.1 ± 2.7

Fitted DibosonWW events 32 ± 8 28 ± 7 0.9 ± 0.3 0.44 ± 0.15
Fitted ZX events 6.8 ± 1.5 3.6 ± 0.3 0.57 ± 0.14 0.22 ± 0.06
Fitted Top events 66 ± 11 55 ± 10 8.9 ± 2.4 8.6 ± 2.4
Fitted reducible bkg. events 13 ± 7 16 ± 8 0.7+1.0�0.7 0.8+1.1�0.8

MC exp. SM events 115 101 12.8 10.4

MC exp. DibosonWW events 29 26 0.8 0.50
MC exp. ZX events 8.2 3.5 0.70 0.19
MC exp. Top events 65 56 10.6 8.9
Exp. reducible bkg events 13 16 0.7 0.8

95 % C.L. upper limit on NBSM 28 (35�48�25) 24 (31�43�23) 6.7 (8.5�12.4�6.0 ) 7.1 (8.4�12.2�5.9 )

95 % C.L. upper limit on �BSM [fb] 1.4 (1.7�2.3�1.2) 1.2 (1.5�2.1�1.1) 0.33 (0.42�0.61�0.29) 0.35 (0.41�0.60�0.29)

p0-value (Gauss. �) 0.76 (�0.70) 0.80 (�0.86) 0.77 (�0.75) 0.69 (�0.49)

Table 8: Observed numbers of events and predictions from the fit to the SM backgrounds in the control

regions extrapolated to the signal regions, for an integrated luminosity of 20.3 fb�1. Nominal MC expec-

tations (normalised to MC cross sections) are given for comparison. The errors shown are the statistical

plus systematic uncertainties. The observed p-values and Gaussian significances for the single-bin sig-

nal regions are given, along with the 95 % C.L. upper limit on the cross section (in fb), �, and number

of events, NBSM, for non-Standard Model production in each region. The nominal expected limits are

shown in parentheses along with the limits in the case of a one-� upward (�) or downward (�) fluctuation
in observation.

8 Conclusion

A search for SUSY in final states containing two leptons with 20.3 fb�1 of pp collision data at
p
s =

8 TeV collected with the ATLAS detector at the LHC has been presented. No significant deviation from

the Standard Model background expectation is observed. Upper limits are provided on the visible cross

section for BSM event production.

The results are also interpreted in terms of limits on SUSY-inspired simplified models and a minimal

universal extra dimensions model. These limits represent an improvement of over 150 GeV relative to

the 2011 limits on the same processes [23]. In the two-step decay simplified models, where the fraction

of events containing at least two leptons is high, the limits presented here are competitive with those of

other ATLAS analyses.
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Exclusion limits

To obtain exclusion limits, check each point in m(g̃)–m(�̃0
1). Here we

look at the process with an intermediate chargino. The limits will
depend on the chargino mass relative to gluino and the lightest
neutralino.

channel OS ee/µµ SR1 OS eµ SR1 OS ee/µµ SR2 OS eµ SR2

Observed events 91 81 7 8

Fitted bkg events 112 ± 16 92 ± 13 10.3 ± 2.6 9.8 ± 2.7

Fitted DibosonWW events 31 ± 8 28 ± 7 0.89 ± 0.25 0.45 ± 0.14
Fitted ZX events 5.1 ± 1.1 1.90 ± 0.15 0.44 ± 0.10 0.10 ± 0.03
Fitted Top events 64 ± 11 53 ± 10 8.6 ± 2.4 8.4 ± 2.3
Fitted reducible bkg. events 11 ± 6 8.9 ± 5 0.4+0.7�0.4 0.8+1.1�0.8

MC exp. SM events 109 90 11.9 10.1

MC exp. DibosonWW events 29 26 0.84 0.45
MC exp. ZX events 6.3 1.84 0.54 0.10
MC exp. Top events 62 54 10.2 8.7
Exp. reducible bkg. events 11 8.9 0.4 0.8

95 % C.L. upper limit on NBSM 24 (33�45�24) 25 (30�41�22) 6.1 (8.2�11.9�5.7 ) 7.3 (8.3�12.1�5.8 )

95 % C.L. upper limit on �BSM [fb] 1.2 (1.6�2.2�1.2) 1.2 (1.5�2.0�1.0) 0.30 (0.40�0.59�0.28) 0.36 (0.41�0.59�0.29)

p0-value (Gauss. �) 0.86 (�1.1) 0.73 (�0.60) 0.81 (�0.88) 0.66 (�0.42)

Table 9: Observed numbers of events and predictions from the fit to the SM backgrounds in the control

regions extrapolated to the OS signal regions, for an integrated luminosity of 20.3 fb�1. Nominal MC

expectations (normalised to MC cross sections) are given for comparison. The errors shown are the

statistical plus systematic uncertainties. The observed p-values and Gaussian significances for the single-

bin signal regions are given, along with the 95 % C.L. upper limit on the cross section (in fb), �BSM,
and number of events, NBSM, for non-Standard Model production in each region. The nominal expected

limits are shown in parentheses along with the limits in the case of a one-� upward (�) or downward (�)
fluctuation in observation.
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Figure 18: Expected and observed exclusion limits for a simplified model with gluino pair production,

where each gluino decays to two quarks and a chargino, and the chargino subsequently decays to a W

and the LSP. On the left, in terms of the LSP and gluino mass with the chargino mass fixed to be halfway

between the two. On the right, for a fixed LSP mass of 60 GeV.
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Specific examples for tutorial ATLAS 2–6 jets + missing energy; ATLAS-2013-047

Scope of the search

This search targets production of squarks and gluinos decaying
hadronically:

no leptons
2–6 light jets
significant missing energy
large effective mass defined using transverse momenta of jets and
missing transverse energy:

me↵ = Emiss
T +

NX

j=1

pjT
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Figure 1: Observed me�(incl.) distributions for channel A for ‘loose’ (left) and ‘medium’ (right) selec-
tion criteria. With the exception of the multi-jet background (which is estimated using the data-driven
technique described in the text), the histograms denote the MC background expectations, normalised to
cross-section times integrated luminosity. In the lower panels the yellow error bands denote the experi-
mental and MC statistical uncertainties, while the green bands show the total uncertainty. The red arrows
indicate the values at which the requirements on me�(incl.) are applied. Expected distributions for two
benchmark model points characterised by q̃q̃ production are also shown for comparison (masses in GeV).
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Figure 2: Observed me�(incl.) distributions for channel B for ‘medium’ (left) and ‘tight’ (right) selec-
tion criteria. With the exception of the multi-jet background (which is estimated using the data-driven
technique described in the text), the histograms denote the MC background expectations, normalised to
cross-section times integrated luminosity. In the lower panels the yellow error bands denote the experi-
mental and MC statistical uncertainties, while the green bands show the total uncertainty. The red arrows
indicate the values at which the requirements on me�(incl.) are applied. Expected distributions for two
benchmark model points characterised by q̃g̃ production are also shown for comparison (masses in GeV).
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Signal regions

Requirement

Channel

A (2-jets) B (3-jets) C (4-jets) D (5-jets) E (6-jets)

L M M T M T – L M T

Emiss
T [GeV] > 160

pT( j1) [GeV] > 130

pT( j2) [GeV] > 60

pT( j3) [GeV] > – 60 60 60 60

pT( j4) [GeV] > – – 60 60 60

pT( j5) [GeV] > – – – 60 60

pT( j6) [GeV] > – – – – 60

��(jeti,Emiss
T )min > 0.4 (i = {1, 2, (3 if pT( j3) > 40 GeV)}) 0.4 (i = {1, 2, 3}), 0.2 (pT > 40 GeV jets)

Emiss
T /me�(N j) > 0.2 –a 0.3 0.4 0.25 0.25 0.2 0.15 0.2 0.25

me�(incl.) [GeV] > 1000 1600 1800 2200 1200 2200 1600 1000 1200 1500

(a) For SR A-medium the cut on Emiss
T /me�(N j) is replaced by a requirement Emiss

T /
p

HT > 15 GeV1/2.

Table 1: Selection criteria used to define each of the channels in the analysis. Each channel is divided
into between one and three signal regions on the basis of the requirements listed in the bottom two rows.
The signal regions are indicated in the third row from the top and are denoted ‘loose’ (L), ‘medium’
(M) and ‘tight’ (T). The Emiss

T /me� cut in any N jet channel uses a value of me� constructed from only
the leading N jets (indicated in parentheses in the second row). However, the final me�(incl.) selection,
which is used to define the signal regions, includes all jets with pT > 40 GeV.

The requirements used to select jets and leptons are chosen to give sensitivity to a broad range of
SUSY models. In order to achieve maximal reach over the (mg̃,mq̃)-plane, several analysis channels are
defined. Squarks typically generate at least one jet in their decays, for instance through q̃ ! q�̃0

1, while
gluinos typically generate at least two jets, for instance through g̃ ! qq̄�̃0

1. Processes contributing to
q̃q̃, q̃g̃ and g̃g̃ final states therefore lead to events containing at least two, three or four jets, respectively.
Decays of heavy SUSY and SM particles produced in q̃ and g̃ cascades tend to further increase the final
state multiplicity.

Five inclusive analysis channels, labelled A to E and characterised by increasing jet multiplicity from
two to six, are defined in Table 1. Each channel is used to construct between one and three signal regions
(SRs) with ‘loose’, ‘medium’, or ‘tight’ selections distinguished by requirements placed on Emiss

T /me�
and me�(incl.). The lower jet multiplicity channels focus on models characterised by squark pair pro-
duction with short decay chains, while those requiring high jet multiplicity are optimised for gluino pair
production and/or long cascade decay chains. In SR A-medium the cut on Emiss

T /me� is replaced by
a requirement on Emiss

T /
p

HT (where HT is defined as the scalar sum of the transverse momenta of all
pT > 40 GeV jets), which has been found to lead to enhanced sensitivity to models characterised by q̃q̃
production with a large q̃–�̃0

1 mass splitting.
In Table 1, ��(jet,Emiss

T )min is the smallest of the azimuthal separations between Emiss
T and the re-

constructed jets. For channels A and B, the selection requires ��(jet,Emiss
T )min > 0.4 using up to three

leading jets with pT > 40 GeV if present in the event. For the other channels an additional requirement
��(jet,Emiss

T )min > 0.2 is placed on all jets with pT > 40 GeV. Requirements on ��(jet,Emiss
T )min and

Emiss
T /me� are designed to reduce the background from multi-jet processes.

Standard Model background processes contribute to the event counts in the signal regions. The
dominant sources are: W+jets, Z+jets, top quark pairs, single top quarks, and multiple jets. The produc-
tion of semi-leptonically decaying dibosons is a small component (<13%) of the total background and
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Results

Signal Region A-loose A-medium B-medium B-tight C-medium C-tight
MC expected events

Diboson 428.6 15.0 4.3 0.0 25.5 0.0
Z/�⇤+jets 2044.4 83.1 20.6 2.3 119.4 2.6
W+jets 2109.0 58.8 16.4 2.1 88.7 1.0
tt̄(+EW) + single top 785.9 8.2 2.0 0.3 45.9 0.3

Fitted background events
Diboson 430 ± 190 15 ± 7 4.3 ± 2.0 – 26 ± 11 –
Z/�⇤+jets 1870 ± 320 57 ± 11 16 ± 5 0.2 ± 0.5 80 ± 29 0.0+0.6

�0.0
W+jets 1540 ± 260 42 ± 11 10 ± 4 1.6 ± 1.2 55 ± 18 0.7 ± 0.9
tt̄(+EW) + single top 870 ± 180 7.8 ± 2.8 2.2 ± 2.0 0.6 ± 0.7 50 ± 11 0.9 ± 0.9
Multi-jets 33 ± 33 – 0.1 ± 0.1 – – –
Total bkg 4700 ± 500 122 ± 18 33 ± 7 2.4 ± 1.4 210 ± 40 1.6 ± 1.4
Observed 5333 135 29 4 228 0
����95

obs[fb] 66.07 2.52 0.73 0.33 4.00 0.12
S 95

obs 1341.2 51.3 14.9 6.7 81.2 2.4
S 95

exp 1135.0+332.7
�291.5 42.7+15.5

�11.4 17.0+6.6
�4.6 5.8+2.9

�1.8 72.9+23.6
�18.0 3.3+2.1

�1.2
p0 (Zn) 0.45 (0.1) 0.27 (0.6) 0.50 (0.0) 0.34 (0.4) 0.34 (0.4) 0.50 (0.0)

Signal Region D E-loose E-medium E-tight
MC expected events

Diboson 2.0 5.5 1.7 0.0
Z/�⇤+jets 8.5 19.6 6.3 1.9
W+jets 4.8 23.1 5.2 0.8
tt̄(+EW) + single top 5.0 67.3 16.8 1.5

Fitted background events
Diboson 2.0 ± 2.0 5.5 ± 2.1 1.7 ± 0.8 –
Z/�⇤+jets 3.8 ± 2.5 12 ± 7 2.9 ± 2.6 0.4 ± 0.6
W+jets 3.3 ± 2.5 18 ± 7 4.9 ± 2.7 0.7 ± 0.5
tt̄(+EW) + single top 5.8 ± 2.1 76 ± 19 20 ± 6 1.7 ± 1.4
Multi-jets – 1.0 ± 1.0 – –
Total bkg 15 ± 5 113 ± 21 30 ± 8 2.9 ± 1.8
Observed 18 166 41 5
����95

obs[fb] 0.77 4.55 1.41 0.41
S 95

obs 15.5 92.4 28.6 8.3
S 95

exp 13.6+5.1
�3.5 57.3+20.0

�14.4 21.4+7.6
�5.8 6.5+3.0

�1.9
p0 (Zn) 0.32 (0.5) 0.03 (1.9) 0.14 (1.1) 0.22 (0.8)

Table 4: Numbers of events observed in the signal regions used in the analysis (L = 20.3 fb�1) compared
with background expectations obtained from the fits described in the text. Background uncertainties
include both TF systematics (see Section 6) and CR data statistical uncertainties. No signal contribution
is considered in the CRs for the fit. Empty cells correspond to estimates lower than 0.1 events. Also
shown are 95% CL upper limits on the visible cross-section (����95

obs), the visible number of signal
events (S 95

obs ) and the number of signal events (S 95
exp) given the expected number of background events,

as well as ±1� excursions on the expectation. The p0-values give the probabilities of the observations
being consistent with the estimated backgrounds and are constrained to � 0.5. Also presented are the
equivalent Gaussian significances Zn.
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Exclusions in constrained MSSM
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Figure 5: Exclusion limits for MSUGRA/CMSSM models with tan � = 30, A0 = �2m0 and µ > 0 pre-
sented (left) in the m0–m1/2 plane and (right) in the mg̃–mq̃ plane. Exclusion limits are obtained by using
the signal region with the best expected sensitivity at each point. The blue dashed lines show the expected
limits at 95% CL, with the light (yellow) bands indicating the 1� excursions due to experimental and
background-theory uncertainties. Observed limits are indicated by medium (maroon) curves, where the
solid contour represents the nominal limit, and the dotted lines are obtained by varying the signal cross-
section by the theoretical scale and PDF uncertainties. The black star indicates the MSUGRA/CMSSM
benchmark model used in Fig. 3(left).

In the absence of a statistically significant excess limits are set on contributions to the SRs from new
physics. Model independent limits are listed in Table 4 for the number of new physics events and the
visible cross-section �vis (defined as the product of the production cross-section times reconstruction
e�ciency times acceptance), computed assuming an absence of signal in the control regions.

Data from all the channels are used to set limits on SUSY models, taking the SR with the best
expected sensitivity at each point in several parameter spaces. A profile log-likelihood ratio test in
combination with the CLs prescription [68] is used to derive 95% CL exclusion regions. The nominal
signal cross-section and the uncertainty are taken from an ensemble of cross-section predictions using
di�erent PDF sets and factorisation and renormalisation scales, as described in Ref. [69]. Observed limits
are calculated for both the nominal cross-section, and ±1� uncertainties. Numbers quoted in the text are
evaluated from the observed exclusion limit based on the nominal cross-section less one sigma on the
theoretical uncertainty.

In Fig. 5 the results are interpreted in the tan � = 30, A0 = �2m0, µ > 0 slice of MSUGRA/CMSSM
models 2. The best performing signal regions are E-tight for m0 � 1500 GeV and C-tight for m0 �
1500 GeV. Results are presented in both the m0–m1/2 and mg̃–mq̃ planes. The sparticle mass spectra and
decay tables are calculated with SUSY-HIT [70] interfaced to the SOFTSUSY spectrum generator [71] and
SDECAY [72].

An interpretation of the results is also presented in Fig. 6 as a 95% CL exclusion region in the
(mg̃,mq̃)-plane for a simplified set of phenomenological MSSM (Minimal Supersymmetric extension of
the SM) models with m�̃0

1
equal to 0, 395 GeV or 695 GeV. In these models the gluino mass and the

masses of the ‘light’-flavour squarks (of the first two generations, including both q̃R and q̃L, and assum-
ing mass degeneracy) are set to the values shown on the axes of the figure. All other supersymmetric
particles, including the squarks of the third generation, are decoupled.

2Five parameters are needed to specify a particular MSUGRA/CMSSM model: the universal scalar mass, m0, the universal
gaugino mass m1/2, the universal trilinear scalar coupling, A0, the ratio of the vacuum expectation values of the two Higgs fields,
tan �, and the sign of the higgsino mass parameter, µ = ±.
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Exclusions in simplified models
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Figure 6: Exclusion limits for a simplified phenomenological MSSM scenario with only strong produc-
tion of gluinos and first- and second-generation squarks (of common mass), with direct decays to jets
and lightest neutralinos. Three values of the lightest neutralino mass are considered: m�̃0

1
= 0, 395 and

695 GeV. Exclusion limits are obtained by using the signal region with the best expected sensitivity at
each point. The dashed lines show the expected limits at 95% CL, with the light (yellow) band indicating
the 1� experimental and background-theory uncertainties on the m�̃0

1
= 0 limit. Observed limits are

indicated by solid curves. The dotted lines represent the m�̃0
1
= 0 observed limits obtained by varying the

signal cross-section by the theoretical scale and PDF uncertainties. Previous results for m�̃0
1
= 0 from

ATLAS at 7 TeV [17] are represented by the shaded (light blue) area. Results at 7 TeV are valid for
squark or gluino masses below 2000 GeV, the mass range studied for that analysis.

In Fig. 7 limits are shown for three classes of simplified model in which only direct production of
(a) gluino pairs, (b) light-flavour squarks and gluinos or (c) light-flavour squark pairs is kinematically
possible, with all other superpartners, except for the neutralino LSP, decoupled. This forces each light-
flavour squark or gluino to decay directly to jets and an LSP. Cross-sections are evaluated assuming
decoupled light-flavour squarks or gluinos in cases (a) and (c), respectively. In all cases squarks of the
third generation are decoupled. In case (b) the masses of the light-flavour squarks are set to 0.96 times
the mass of the gluino. The expected limits for case (c) do not extend substantially beyond those obtained
from the previous published ATLAS analysis [17] because the events closely resemble the predominant
W/Z + 2-jet background, leading the background uncertainties to be dominated by systematics.

In Fig. 8 limits are shown for pair produced gluinos each decaying via an intermediate �̃±1 to two
quarks, a W boson and a �̃0

1, and pair produced light squarks each decaying via an intermediate �̃±1 to
a quark, a W boson and a �̃0

1. Results are presented for models in which either the �̃0
1 mass is fixed to

60 GeV, or the mass splitting between the �̃±1 and the �̃0
1, relative to that between the squark or gluino

and the �̃0
1, is fixed to 0.5.

In Fig. 9 the results are interpreted in the context of a Non-Universal Higgs Mass model with gaugino
mediation (NUHMG) [73] with parameters tan � = 10, µ > 0, m2

H2
= 0, and A0 chosen to maximize the

mass of the lightest Higgs boson. The two remaining free parameters of the model m1/2 and m2
H1

are
chosen such that the next-to-lightest SUSY particle (NLSP) is a tau-sneutrino with properties satisfying
Big Bang Nucleosynthesis constraints.

In Fig. 10(left) limits are presented for a simplified phenomenological SUSY model in which pairs
of gluinos are produced, each of which then decays to a top squark and a top quark, with the top squark
decaying to a charm quark and �̃0

1.
In addition to these interpretations in terms of SUSY models, an alternative interpretation in the

context of the minimal universal extra dimension (mUED) model [75] with similar phenomenological
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10 fb-1    2fb-1  1fb-1   equivalent to RunI reach

Exponential increase of parton luminosities respect to Run1
Run1 limits surpassed after few fb-1 of luminosity collected at Run2 
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