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Introduction 
§  Mo6va6on	  of	  SUSY	  

–  Higgs	  mass	  stabiliza6on	  (hierarchy	  
problem)	  

–  Unify	  of	  gauge	  couplings	  
–  Dark	  maNer	  candidate	  

§  Strong	  gluino	  and	  squark	  produc6on	  
is	  aNrac6ve	  due	  to	  high	  cross	  sec6on	  
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SUSY in strong production
If present at TeV scale, squarks and gluinos may be

copiously produced at the LHC.

Gluinos and squarks decay either directly or via a
cascade into:

jets, coming from gluinos and squarks decays
the LSP (the lightest supersymmetric particle),
escaping the detector and resulting in
Emiss

T (assuming R-parity conservation in this talk)
and:
possibly lepton(s), coming from chargino,
neutralino or slepton decays
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Model e, µ, τ, γ Jets Emiss
T

∫
L dt[fb−1] Mass limit Reference
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MSUGRA/CMSSM 0 2-6 jets Yes 20.3 m(q̃)=m(g̃ ) ATLAS-CONF-2013-0471.7 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→qχ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-047740 GeVq̃

g̃ g̃ , g̃→qq̄χ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-0471.3 TeVg̃

g̃ g̃ , g̃→qqχ̃
±
1→qqW ±χ̃01 1 e,µ 3-6 jets Yes 20.3 m(χ̃

0
1)<200 GeV, m(χ̃

±
)=0.5(m(χ̃

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

g̃ g̃ , g̃→qq(""/"ν/νν)χ̃
0
1 2 e,µ 0-3 jets - 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-0891.12 TeVg̃

GMSB ("̃ NLSP) 2 e,µ 2-4 jets Yes 4.7 tanβ<15 1208.46881.24 TeVg̃

GMSB ("̃ NLSP) 1-2 τ 0-2 jets Yes 20.7 tanβ >18 ATLAS-CONF-2013-0261.4 TeVg̃

GGM (bino NLSP) 2 γ - Yes 4.8 m(χ̃
0
1)>50 GeV 1209.07531.07 TeVg̃

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

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

GGM (higgsino NLSP) 2 e, µ (Z ) 0-3 jets Yes 5.8 m(H̃)>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→bb̄χ̃
0
1 0 3 b Yes 20.1 m(χ̃

0
1)<600 GeV ATLAS-CONF-2013-0611.2 TeVg̃

g̃→tt̄ χ̃
0
1 0 7-10 jets Yes 20.3 m(χ̃

0
1) <350 GeV 1308.18411.1 TeVg̃

g̃→tt̄ χ̃
0
1 0-1 e,µ 3 b Yes 20.1 m(χ̃

0
1)<400 GeV ATLAS-CONF-2013-0611.34 TeVg̃

g̃→bt̄ χ̃
+
1 0-1 e,µ 3 b Yes 20.1 m(χ̃

0
1)<300 GeV ATLAS-CONF-2013-0611.3 TeVg̃

b̃1b̃1, b̃1→bχ̃
0
1 0 2 b Yes 20.1 m(χ̃

0
1)<90 GeV 1308.2631100-620 GeVb̃1

b̃1b̃1, b̃1→tχ̃
±
1 2 e,µ (SS) 0-3 b Yes 20.7 m(χ̃

±
1 )=2 m(χ̃

0
1) ATLAS-CONF-2013-007275-430 GeVb̃1

t̃1 t̃1(light), t̃1→bχ̃
±
1 1-2 e,µ 1-2 b Yes 4.7 m(χ̃

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

t̃1 t̃1(light), t̃1→Wbχ̃
0
1 2 e,µ 0-2 jets Yes 20.3 m(χ̃

0
1) =m(t̃1)-m(W )-50 GeV, m(t̃1)<<m(χ̃

±
1 ) ATLAS-CONF-2013-048130-220 GeVt̃1

t̃1 t̃1(medium), t̃1→tχ̃
0
1 2 e,µ 2 jets Yes 20.3 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-065225-525 GeVt̃1

t̃1 t̃1(medium), t̃1→bχ̃
±
1 0 2 b Yes 20.1 m(χ̃

0
1)<200 GeV, m(χ̃

±
1 )-m(χ̃

0
1 )=5 GeV 1308.2631150-580 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1 1 e,µ 1 b Yes 20.7 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-037200-610 GeVt̃1

t̃1 t̃1(heavy), t̃1→tχ̃
0
1 0 2 b Yes 20.5 m(χ̃

0
1)=0 GeV ATLAS-CONF-2013-024320-660 GeVt̃1

t̃1 t̃1, t̃1→cχ̃
0
1 0 mono-jet/c-tag Yes 20.3 m(t̃1)-m(χ̃

0
1)<85 GeV ATLAS-CONF-2013-06890-200 GeVt̃1

t̃1 t̃1(natural GMSB) 2 e, µ (Z ) 1 b Yes 20.7 m(χ̃
0
1)>150 GeV ATLAS-CONF-2013-025500 GeVt̃1

t̃2 t̃2, t̃2→t̃1 + Z 3 e, µ (Z ) 1 b Yes 20.7 m(t̃1)=m(χ̃
0
1)+180 GeV ATLAS-CONF-2013-025271-520 GeVt̃2

"̃L,R"̃L,R, "̃→"χ̃01 2 e,µ 0 Yes 20.3 m(χ̃
0
1)=0 GeV ATLAS-CONF-2013-04985-315 GeV#̃

χ̃+1 χ̃
−
1 , χ̃

+
1→"̃ν("ν̃) 2 e,µ 0 Yes 20.3 m(χ̃

0
1)=0 GeV, m("̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1 )) ATLAS-CONF-2013-049125-450 GeVχ̃±

1
χ̃+1 χ̃

−
1 , χ̃

+
1→τ̃ν(τν̃) 2 τ - Yes 20.7 m(χ̃

0
1)=0 GeV, m(τ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) ATLAS-CONF-2013-028180-330 GeVχ̃±

1
χ̃±1 χ̃

0
2→"̃Lν"̃L"(ν̃ν), "ν̃"̃L"(ν̃ν) 3 e,µ 0 Yes 20.7 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, m("̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1 )) ATLAS-CONF-2013-035600 GeVχ̃±

1 , χ̃
0
2

χ̃±1 χ̃
0
2→W χ̃

0
1Z χ̃

0
1 3 e,µ 0 Yes 20.7 m(χ̃

±
1 )=m(χ̃

0
2 ), m(χ̃

0
1)=0, sleptons decoupled ATLAS-CONF-2013-035315 GeVχ̃±

1 , χ̃
0
2

χ̃±1 χ̃
0
2→W χ̃

0
1h χ̃

0
1 1 e,µ 2 b Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2 ), m(χ̃

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

1 , χ̃
0
2

Direct χ̃
+
1 χ̃
−
1 prod., long-lived χ̃

±
1 Disapp. trk 1 jet Yes 20.3 m(χ̃

±
1 )-m(χ̃

0
1 )=160 MeV, τ(χ̃

±
1 )=0.2 ns ATLAS-CONF-2013-069270 GeVχ̃±

1

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 22.9 m(χ̃
0
1)=100 GeV, 10 µs<τ(g̃)<1000 s ATLAS-CONF-2013-057832 GeVg̃

GMSB, stable τ̃, χ̃
0
1→τ̃(ẽ, µ̃)+τ(e, µ) 1-2 µ - - 15.9 10<tanβ<50 ATLAS-CONF-2013-058475 GeVχ̃0

1

GMSB, χ̃
0
1→γG̃ , long-lived χ̃

0
1 2 γ - Yes 4.7 0.4<τ(χ̃

0
1)<2 ns 1304.6310230 GeVχ̃0

1

q̃q̃, χ̃
0
1→qqµ (RPV) 1 µ, displ. vtx - - 20.3 1.5 <cτ<156 mm, BR(µ)=1, m(χ̃

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

LFV pp→ν̃τ + X , ν̃τ→e + µ 2 e,µ - - 4.6 λ′311=0.10, λ132=0.05 1212.12721.61 TeVν̃τ
LFV pp→ν̃τ + X , ν̃τ→e(µ) + τ 1 e,µ + τ - - 4.6 λ′311=0.10, λ1(2)33=0.05 1212.12721.1 TeVν̃τ

Bilinear RPV CMSSM 1 e,µ 7 jets Yes 4.7 m(q̃)=m(g̃ ), cτLSP<1 mm ATLAS-CONF-2012-1401.2 TeVq̃, g̃
χ̃+1 χ̃

−
1 , χ̃

+
1→W χ̃

0
1, χ̃

0
1→ee ν̃µ, eµν̃e 4 e,µ - Yes 20.7 m(χ̃

0
1)>300 GeV, λ121>0 ATLAS-CONF-2013-036760 GeVχ̃±

1

χ̃+1 χ̃
−
1 , χ̃

+
1→W χ̃

0
1, χ̃

0
1→ττν̃e , eτν̃τ 3 e,µ + τ - Yes 20.7 m(χ̃

0
1)>80 GeV, λ133>0 ATLAS-CONF-2013-036350 GeVχ̃±

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 20.7 ATLAS-CONF-2013-007880 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) 1 b Yes 14.3 ATLAS-CONF-2013-051800 GeVsgluon

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

Mass scale [TeV]10−1 1
√
s = 7 TeV
full data

√
s = 8 TeV

partial data

√
s = 8 TeV
full data

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: SUSY 2013

ATLAS Preliminary∫
L dt = (4.6 - 22.9) fb−1

√
s = 7, 8 TeV

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

Covered	  
in	  this	  
talk	  

§  Around	  4.8	  T-‐1	  (7	  TeV)	  and	  20	  T-‐1	  (8	  TeV)	  have	  been	  analyzed	  
	  



Outline: 

§  Search	  Strategy	  
§  0lepton+2-‐6	  jets	  
§  0lepton	  +	  mul6jets	  
§  Search	  with	  leptons	  

–  1	  hard	  lepton	  +	  jets	  +	  MET	  
–  1	  so\	  lepton	  +	  jets	  +	  MET	  
–  2	  same	  sign	  leptons	  +	  jets	  +	  MET	  

§  Search	  for	  R-‐hadron	  
§  Interpreta6on	  of	  search	  results	  	  

3	  



Search Strategy 
§  Define	  model-‐dependent	  signal	  regions:	  

–  Number	  of	  jets	  from	  2	  to	  10,	  with	  or	  without	  leptons	  (no	  taus)	  and	  MET.	  
–  Jets	  can	  be	  iden6fied	  as	  “fat”	  jet	  in	  some	  cases	  
–  Model-‐dependent	  op6miza6on	  for	  the	  best	  reach	  

§  Perform	  a	  likelihood	  fit	  combining	  signal	  regions	  and	  
corresponding	  control	  regions	  to	  find	  excess	  or	  to	  exclude	  the	  
model	  parameter	  space.	  	  

§  Main	  variables	  used	  to	  dis6nguish	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
signal	  from	  backgrounds	  
–  Missing	  transverse	  energy	  
–  Transverse	  mass	  
	  
–  Effec6ve	  mass	  

–  Razor	  variable	  	  
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Figure 1: Observed meff(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 meff(incl.) are applied. Expected distributions for two

benchmark model points characterised by q̃q̃ production are also shown for comparison (masses in GeV).

(incl.) [GeV]effm
0 500 1000 1500 2000 2500 3000 3500 4000

e
ve

n
ts

 /
 1

0
0

 G
e

V

1

10

210

310

410

-1
L dt = 20.3 fb∫

 = 8 TeV)sData 2012 (

SM Total

)=5250

1
χ
∼

)=1425,m(q~×)=1.04 m(g~ m(g~q~

)=370

1
χ
∼

)=1612,m(q~×)=1.04 m(g~ m(g~q~

Multijet

Z+jets

W+jets

 & single toptt

Diboson

 PreliminaryATLAS

SRB - 3 jets 

Bm

(incl.) [GeV]effm
0 500 1000 1500 2000 2500 3000 3500 4000

D
A

T
A

 /
 M

C

0
0.5

1
1.5

2
2.5 (incl.) [GeV]effm

0 500 1000 1500 2000 2500 3000 3500 4000

e
ve

n
ts

 /
 1

0
0

 G
e

V

1

10

210

310

-1
L dt = 20.3 fb∫

 = 8 TeV)sData 2012 (

SM Total

)=5250

1
χ
∼

)=1425,m(q~×)=1.04 m(g~ m(g~q~

)=370

1
χ
∼

)=1612,m(q~×)=1.04 m(g~ m(g~q~

Multijet

Z+jets

W+jets

 & single toptt

Diboson

 PreliminaryATLAS

SRB - 3 jets 

Bt

(incl.) [GeV]effm
0 500 1000 1500 2000 2500 3000 3500 4000

D
A

T
A

 /
 M

C

0
0.5

1
1.5

2
2.5

Figure 2: Observed meff(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 meff(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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Important Quantities

• There are three main variables used for suppression of the background

Missing transverse energy E/T

E/T = –
∑

objects !pT

 [GeV]miss
TE

0 100 200 300 400 500 600

D
at

a 
/ S

M

0

1

2

Ev
en

ts
 / 

10
 G

eV

-110

1

10

210

310

410

510

610
-1L dt = 1.04 fb!

ATLAS

Muon Channel

)>0.2
1,2,3

,jetmiss
T

(E"# D
at

a/
M

C
 o

ve
rfl

ow
 =

 1
/0

.2

=7 TeV)sData 2011 (
Standard Model
multijets (data estimate)
W+jets
Z+jets
tt
single top
Dibosons

=3301/2=500 m0MSUGRA m

Transverse mass mT

mT =
√

2 · p!T · E/T · (1−∆φ)

 [GeV]Tm
0 100 200 300 400 500

D
at

a 
/ S

M

0

1

2

Ev
en

ts
 / 

10
 G

eV

-110

1

10

210

310

410

510

610

710

-1L dt = 1.04 fb!
ATLAS

Electron Channel

)>0.2
1,2,3

,jetmiss
T

(E"# D
at

a/
M

C
 o

ve
rfl

ow
 =

 1
/0

.4

=7 TeV)sData 2011 (
Standard Model
multijets (data estimate)
W+jets
Z+jets
tt
single top
Dibosons

=3301/2=500 m0MSUGRA m

Effective mass meff

meff = E/T +
∑

j pjetT (+
∑

! p!T )

En
tri

es
 / 

15
0 

G
eV

-110

1

10

210

310

410

510  = 7 TeV)sData 2011 (
SM Total
QCD multijet
W+jets
Z+jets

 and single toptt
SM + SU(660,240,0,10)

-1L dt = 1.04 fb!
Four Jet High Mass
Channel

ATLAS

 [GeV] effm
0 500 1000 1500 2000 2500 3000

D
AT

A 
/ M

C

0
0.5

1
1.5

2
2.5

Marc Hohlfeld Teilchenseminar 12.1.2012 27

Important Quantities

• There are three main variables used for suppression of the background

Missing transverse energy E/T

E/T = –
∑

objects !pT
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0-lepton + 2-6 jets Analysis 
§  Wide	  catch	  of	  SUSY	  hadronic	  decay	  chains	  with	  2-‐6	  jets	  and	  MET	  
§  Signal	  region	  defini6ons	  

	  

§  Major	  backgrounds:	  W+jets,	  Z+jets,	  top	  quark	  pairs,	  single	  tops,	  
QCD	  mul6jets	  

5	  

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

E
miss

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

∆φ(jet
i
,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)

E
miss

T
/meff(N j) > 0.2 –

a
0.3 0.4 0.25 0.25 0.2 0.15 0.2 0.25

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

(a) For SR A-medium the cut on E
miss

T
/meff(N j) is replaced by a requirement E

miss

T
/
√

HT > 15 GeV
1/2

.

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 E
miss

T
/meff cut in any N jet channel uses a value of meff constructed from only

the leading N jets (indicated in parentheses in the second row). However, the final meff(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 → qχ̃
0

1, while

gluinos typically generate at least two jets, for instance through g̃ → qq̄χ̃
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 E
miss

T
/meff

and meff(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 E
miss

T
/meff is replaced by

a requirement on E
miss

T
/
√

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–χ̃
0

1 mass splitting.

In Table 1, ∆φ(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 ∆φ(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

∆φ(jet,Emiss

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

T
)min and

E
miss

T
/meff 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

3

Squark-‐
squark	  

Squark-‐
gluino	   gluino-‐gluino	  



0-lepton + 2-6 jets: Background Estimation 
§  Define	  4	  CRs	  for	  each	  SR:	  only	  one	  background	  process	  is	  

dominant	  in	  the	  CR	  
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§  Roughly	  speaking,	  extrapola6ng	  the	  
backgrounds	  from	  CRs	  to	  SR	  using	  
transfer	  factors:	  
–  Transfer	  factor	  is	  the	  ra6o	  of	  a	  

background	  process	  between	  CR	  and	  SR.	  

§  Do	  the	  job	  smarter:	  extract	  the	  
backgrounds	  using	  likelihood	  fit	  with	  
transfer	  factors	  as	  inputs.	  

CR SR background CR process CR selection

CRY Z(→ νν)+jets γ+jets Isolated photon

CRQ multi-jets multi-jets Reversed ∆φ(jet,Emiss
T )min and E

miss
T /meff(N j) requirementsa

CRW W(→ �ν)+jets W(→ �ν)+jets 30 GeV < mT (�, Emiss
T ) < 100 GeV, b-veto

CRT tt̄ and single-t tt̄ → bbqq
��ν 30 GeV < mT (�, Emiss

T ) < 100 GeV, b-tag
(a) For SR A-medium the selection requirement placed on E

miss
T /
√

HT is reversed.

Table 2: Control regions used in the analysis: the main targeted background in the SR, the process
used to model the background, and main CR cut(s) used to select this process are given. The transverse
momenta of leptons(photons) used to select CR events must exceed 25(130) GeV.

is estimated with MC simulated data normalised to theoretical cross-section predictions. The majority
of the W+jets background is composed of W → τν events, with the τ-lepton decaying to hadrons, or
W → eν, µν events in which no electron or muon candidate is reconstructed. The largest part of the
Z+jets background comes from the irreducible component in which Z → νν̄ decays generate large E

miss
T .

Top quark pair production followed by semi-leptonic decays, in particular tt̄ → bb̄τνqq
� with the τ-lepton

decaying to hadrons, as well as single top quark events, can also generate large E
miss
T and pass the jet and

lepton requirements at a non-negligible rate. The multi-jet background in the signal regions is caused by
misreconstruction of jet energies in the calorimeters leading to apparent missing transverse momentum,
as well as by neutrino production in semileptonic decays of heavy quarks. Extensive validation of the
Monte Carlo simulation against data has been performed for each of these background sources and for a
wide variety of control regions (CRs).

To estimate the backgrounds in a consistent and robust fashion, four control regions are defined for
each of the 10 signal regions, giving 40 CRs in total. The orthogonal CR event selections are designed to
provide independent data samples enriched in particular background sources. Each ensemble of one SR
and four CRs constitutes a different ‘stream’ of the analysis. The CR selections are optimised to maintain
adequate statistical weight and low SUSY signal contamination, while minimising as far as possible the
systematic uncertainties arising from the extrapolation to the SR.

The CRs are listed in Table 2. CRY is used to estimate the contribution of Z(→ νν)+jets background
events to each SR by selecting a sample of γ+jets events with pT(γ) > 130 GeV. CRQ uses reversed
selection requirements placed on ∆φ(jet,Emiss

T )min and on E
miss
T /meff(N j) (Emiss

T /
√

HT in SR A-medium)
to produce data samples enriched in multi-jet background events. CRW and CRT use respectively a b-jet
veto or b-jet requirement together with a requirement on the transverse mass (mT) of a pT > 25 GeV
lepton and E

miss
T to select samples of W(→ �ν)+jets and semi-leptonic tt̄ background events. These sam-

ples are used to estimate respectively the W+jets and combined tt̄ and single-top background populations.
With the exception of SR A-loose, the CRW and CRT selections do not use the SR selection requirements
applied to ∆φ(jet,Emiss

T )min or E
miss
T /meff(N j) (Emiss

T /
√

HT in SR A-medium) in order to increase CR data
event statistics without significantly increasing theoretical uncertainties associated with the background
estimation procedure. For the same reason the final meff(incl.) requirements are loosened to 1300 GeV
in CRW and CRT for signal regions D and E-tight. Cross-checks are performed using several ‘validation
region’ samples selected with requirements minimally correlated with those used in the CRs. For exam-
ple, CRY estimates of the Z(→ νν̄)+jets background are validated with samples of Z(→ ��)+jets events
selected by requiring lepton pairs of opposite sign and identical flavour for which the di-lepton invariant
mass lies within 25 GeV of the mass of the Z boson. The results of these cross-checks are found to be
consistent with background expectations obtained from the CRs described above.
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Figure 4: Observed meff(incl.) distributions for channel E for ‘loose’ (top left), ‘medium’ (top right) and

‘tight’ (bottom) selection 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 ex-

pectations, normalised to cross-section times integrated luminosity. In the lower panels the yellow error

bands denote the experimental and MC statistical uncertainties, while the green bands show the total

uncertainty. The red arrows indicate the values at which the requirements on meff(incl.) are applied. Ex-

pected distributions for two benchmark model points characterised by g̃g̃ production are also shown for

comparison (masses in GeV).

12

Diboson	   5.5	  ±	  2.1	  

Z+jets	   12	  ±	  7	  

W+jets	   18	  ±	  7	  

Ttbar+single	  top	   76	  ±	  19	  

Mul6jet	   1.0	  ±	  1.0	  

Total	  backgrounds	   113	  ±	  21	  

Observed	  events	   166	  

E-‐loose	  
p0	  =	  0.03	  (1.9	  σ)	  

ATLAS-‐
CONF-‐2013-‐
047	  



Long decay chains: 0lepton + 7 to 10 jets + MET 
§  19	  signal	  regions	  are	  defined:	  

–  pT	  	  >	  50	  GeV:	  8,	  9	  and	  10	  or	  more	  jets	  with	  0,	  1	  or	  at	  least	  2	  jets	  
iden6fied	  as	  b-‐jets	  

–  pT	  >	  80	  GeV:	  7	  and	  at	  least	  8	  jets	  with	  0,	  1	  or	  at	  least	  2	  jets	  iden6fied	  
as	  b-‐jets	  

–  pT	  >	  50	  GeV	  and	  	  	  	  	  	  	  	  >	  340	  or	  420	  GeV,	  number	  of	  jets	  are	  at	  least	  8,	  9	  
or	  10	  
•  The	  	  	  	  	  	  	  	  	  is	  the	  scalar	  sum	  of	  “fat”	  jets	  reconstructed	  from	  
clustering	  narrow	  jets	  (0.4	  cone)	  within	  R=1	  cone.	  

7	  

MJ
!

MJ
!

Discriminant	  variable:	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  >	  4	  GeV-‐2	  	  is	  applied	  for	  all	  regions	  

using both calorimeter and tracker information. The magnitude of pmiss
T , conventionally

denoted by E
miss
T , is used to distinguish signal and background regions.

4 Event selection

Following the physics object reconstruction described in section 3, events are discarded

if they contain any jet that fails quality criteria designed to suppress detector noise and

non-collision backgrounds, or if they lack a reconstructed primary vertex with five or more

associated tracks. Events containing isolated electron or muon candidates are also vetoed

as described in section 3. The remaining events are then analysed in two complementary

analysis streams, both of which require large jet multiplicities and significant E
miss
T . The

selections of the two streams are verified to have good sensitivity to decays such as those

in eqs. (1.1) – (1.4), but are kept generic to ensure sensitivity in a broad set of models with

large jet multiplicity and E
miss
T in the final state.

4.1 The multi-jet + flavour stream

In the multi-jet + flavour stream the number of jets with |η| < 2 and pT above the

threshold p
min
T = 50 GeV is determined. Events with exactly eight or exactly nine such

jets are selected, and the sample is further subdivided according to the number of the jets

(0, 1 or ≥2) with pT > 40GeV and |η| < 2.5 which satisfy the b-tagging criteria. The

b-tagged jets may belong to the set of jets with pT greater than p
min
T , but this is not a

requirement. Events with ten or more jets are retained in a separate category, without any

further subdivision.

A similar procedure is followed for the higher jet-pT threshold of p
min
T = 80 GeV. Signal

regions are defined for events with exactly seven jets or at least eight jets. Both categories

are again subdivided according to the number of jets (0, 1 or ≥2) that are b-tagged. Here

again, the b-tagged jets do not necessarily satisfy the p
min
T requirement.

In all cases the final selection variable is E
miss
T /

√
HT, the ratio of the E

miss
T to the

square root of the scalar sum HT of the transverse momenta of all jets with pT > 40 GeV

and |η| < 2.8. This ratio is closely related to the significance of the E
miss
T relative to

the resolution due to stochastic variations in the measured jet energies [34]. The value of

E
miss
T /

√
HT is required to be larger than 4 GeV

1/2
for all signal regions.

4.2 The multi-jet + MΣ
J stream

Analysis of the multi-jet + M
Σ
J stream proceeds as follows. The number of (R = 0.4) jets

with pT above 50GeV is determined, this time using a larger pseudorapidity acceptance

of |η| < 2.8. Events with at least eight, at least nine or at least ten such jets are retained,

and a category is created for each of those multiplicity thresholds. The four-momenta of

the R = 0.4 jets satisfying pT > 20GeV and |η| < 2.8 are then used as inputs to a second

iteration of the anti-kt jet algorithm, this time using the larger distance parameter R = 1.0.

The resulting larger objects are denoted as composite jets. The selection variable M
Σ
J is

– 6 –

§  Backgrounds:	  
–  Mul6jet	  backgrounds:	  QCD	  mul6jet,	  hadronic	  Nbar,	  W+jets,	  Z+jets	  
–  Leptonic	  backgrounds:	  leptonic	  decay	  of	  Nbar,	  W+jets	  and	  Z+jets	  



0lepton + 7 to 10 jets + MET: Background estimation 

§  Mul6-‐jet	  background:	  
–  Use	  the	  shape	  of	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  with	  low	  jet	  mul6plicity	  and	  normalize	  

the	  shape	  using	  low	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  <	  4	  GeV-‐2	  	  	  	  

8	  

using both calorimeter and tracker information. The magnitude of pmiss
T , conventionally

denoted by E
miss
T , is used to distinguish signal and background regions.

4 Event selection

Following the physics object reconstruction described in section 3, events are discarded

if they contain any jet that fails quality criteria designed to suppress detector noise and

non-collision backgrounds, or if they lack a reconstructed primary vertex with five or more

associated tracks. Events containing isolated electron or muon candidates are also vetoed

as described in section 3. The remaining events are then analysed in two complementary

analysis streams, both of which require large jet multiplicities and significant E
miss
T . The

selections of the two streams are verified to have good sensitivity to decays such as those

in eqs. (1.1) – (1.4), but are kept generic to ensure sensitivity in a broad set of models with

large jet multiplicity and E
miss
T in the final state.

4.1 The multi-jet + flavour stream

In the multi-jet + flavour stream the number of jets with |η| < 2 and pT above the

threshold p
min
T = 50 GeV is determined. Events with exactly eight or exactly nine such

jets are selected, and the sample is further subdivided according to the number of the jets

(0, 1 or ≥2) with pT > 40GeV and |η| < 2.5 which satisfy the b-tagging criteria. The

b-tagged jets may belong to the set of jets with pT greater than p
min
T , but this is not a

requirement. Events with ten or more jets are retained in a separate category, without any

further subdivision.

A similar procedure is followed for the higher jet-pT threshold of p
min
T = 80 GeV. Signal

regions are defined for events with exactly seven jets or at least eight jets. Both categories

are again subdivided according to the number of jets (0, 1 or ≥2) that are b-tagged. Here

again, the b-tagged jets do not necessarily satisfy the p
min
T requirement.

In all cases the final selection variable is E
miss
T /

√
HT, the ratio of the E

miss
T to the

square root of the scalar sum HT of the transverse momenta of all jets with pT > 40 GeV

and |η| < 2.8. This ratio is closely related to the significance of the E
miss
T relative to

the resolution due to stochastic variations in the measured jet energies [34]. The value of

E
miss
T /

√
HT is required to be larger than 4 GeV

1/2
for all signal regions.

4.2 The multi-jet + MΣ
J stream

Analysis of the multi-jet + M
Σ
J stream proceeds as follows. The number of (R = 0.4) jets

with pT above 50GeV is determined, this time using a larger pseudorapidity acceptance

of |η| < 2.8. Events with at least eight, at least nine or at least ten such jets are retained,

and a category is created for each of those multiplicity thresholds. The four-momenta of

the R = 0.4 jets satisfying pT > 20GeV and |η| < 2.8 are then used as inputs to a second

iteration of the anti-kt jet algorithm, this time using the larger distance parameter R = 1.0.

The resulting larger objects are denoted as composite jets. The selection variable M
Σ
J is

– 6 –

using both calorimeter and tracker information. The magnitude of pmiss
T , conventionally

denoted by E
miss
T , is used to distinguish signal and background regions.

4 Event selection

Following the physics object reconstruction described in section 3, events are discarded

if they contain any jet that fails quality criteria designed to suppress detector noise and

non-collision backgrounds, or if they lack a reconstructed primary vertex with five or more

associated tracks. Events containing isolated electron or muon candidates are also vetoed

as described in section 3. The remaining events are then analysed in two complementary

analysis streams, both of which require large jet multiplicities and significant E
miss
T . The

selections of the two streams are verified to have good sensitivity to decays such as those

in eqs. (1.1) – (1.4), but are kept generic to ensure sensitivity in a broad set of models with

large jet multiplicity and E
miss
T in the final state.

4.1 The multi-jet + flavour stream

In the multi-jet + flavour stream the number of jets with |η| < 2 and pT above the

threshold p
min
T = 50 GeV is determined. Events with exactly eight or exactly nine such

jets are selected, and the sample is further subdivided according to the number of the jets

(0, 1 or ≥2) with pT > 40GeV and |η| < 2.5 which satisfy the b-tagging criteria. The

b-tagged jets may belong to the set of jets with pT greater than p
min
T , but this is not a

requirement. Events with ten or more jets are retained in a separate category, without any

further subdivision.

A similar procedure is followed for the higher jet-pT threshold of p
min
T = 80 GeV. Signal

regions are defined for events with exactly seven jets or at least eight jets. Both categories

are again subdivided according to the number of jets (0, 1 or ≥2) that are b-tagged. Here

again, the b-tagged jets do not necessarily satisfy the p
min
T requirement.

In all cases the final selection variable is E
miss
T /

√
HT, the ratio of the E

miss
T to the

square root of the scalar sum HT of the transverse momenta of all jets with pT > 40 GeV

and |η| < 2.8. This ratio is closely related to the significance of the E
miss
T relative to

the resolution due to stochastic variations in the measured jet energies [34]. The value of

E
miss
T /

√
HT is required to be larger than 4 GeV

1/2
for all signal regions.

4.2 The multi-jet + MΣ
J stream

Analysis of the multi-jet + M
Σ
J stream proceeds as follows. The number of (R = 0.4) jets

with pT above 50GeV is determined, this time using a larger pseudorapidity acceptance

of |η| < 2.8. Events with at least eight, at least nine or at least ten such jets are retained,

and a category is created for each of those multiplicity thresholds. The four-momenta of

the R = 0.4 jets satisfying pT > 20GeV and |η| < 2.8 are then used as inputs to a second

iteration of the anti-kt jet algorithm, this time using the larger distance parameter R = 1.0.

The resulting larger objects are denoted as composite jets. The selection variable M
Σ
J is

– 6 –

§  Leptonic	  background:	  normalize	  MC	  predic6ons	  using	  CR	  
dominated	  by	  background	  process	  undergoing	  es6ma6on	  
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Figure 6: E
miss
T /

√
HT distribution for the multi-jet + flavour stream with p

min
T = 50GeV,

and at least ten jets. The complete ≥ 10j50 selection has been applied, other than the final

E
miss
T /

√
HT requirement. Other details are as for figure 1.
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(b) MΣ
J ≥ 420 GeV

Figure 2: Distribution of Emiss
T /

√
HT for control regions with exactly seven jets with

pT ≥ 50 GeV, and satisfying the same requirements as the multi-jet + M
Σ
J stream signal

regions, other than that on E
miss
T /

√
HT itself. The multi-jet prediction was determined

from an E
miss
T /

√
HT template obtained from events with exactly six jets. Other details are

as for figure 1.

For all cases in the multi-jet + M
Σ
J stream the E

miss
T /

√
HT template shape is determined

from a sample which has exactly six jets with pT > 50GeV.

Variations in the shape of the E
miss
T /

√
HT distribution under changes in the jet mul-

tiplicity are later used to quantify the systematic uncertainty associated with the method,

as described in section 5.3.

5.3 Systematic uncertainties in the multi-jet background determination

The multi-jet background determination method is validated by measuring the accuracy of

the predicted E
miss
T /

√
HT template for regions with jet multiplicities and/or E

miss
T /

√
HT

smaller than those chosen for the signal regions. The consistency of the prediction with

the number of observed events (closure) is tested in regions with E
miss
T /

√
HT [ GeV

1/2
] in

the ranges (1.5, 2.0), (2.0, 2.5), and (2.5, 3.5) for jet multiplicities of exactly seven, eight

and nine, and in the range (1.5, 2.0) and (2.0, 3.5) for ≥10 jets. The tests are performed

separately for 0, 1 and ≥ 2 b-tagged jets. In addition, the method is tested for events with

exactly six (five) jets with p
min
T = 50 GeV (80 GeV) across the full range of Emiss

T /
√
HT in

this case using a template obtained from events with exactly five (four) jets. The five-jet

(four-jet) events are obtained using a prescaled trigger for which only a fraction of the total

luminosity is available. Agreement is found both for signal region jet multiplicities at inter-

mediate values of Emiss
T /

√
HT and also for the signal region E

miss
T /

√
HT selection at lower

multiplicity. A symmetrical systematic uncertainty on each signal region is constructed by

– 12 –
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Searches with leptons + jet and MET 

§  Require	  1	  or	  2	  leptons	  +	  jet	  and	  MET:	  
–  Targe6ng	  leptonic	  decays	  of	  charginos,	  neutralinos,	  sleptons,	  

sneutrino	  either	  directly	  or	  through	  immediate	  steps.	  
–  The	  lepton	  can	  be	  so\	  for	  beNer	  sensi6ve	  to	  compress	  spectrum	  

§  Channel	  includes:	  
–  1	  hard	  lepton	  +	  3-‐6	  jets	  
–  1	  or	  2	  so\	  leptons	  +	  2-‐5	  jets	  
–  2	  leptons	  +	  jets	  +	  MET:	  same	  sign,	  razor	  anlysis	  

§  Major	  backgrounds:	  
–  QCD	  mul6jets	  
–  Ttbar,	  W+jets	  
–  Other	  backgrounds	  from	  diboson,	  single	  top,	  Nbar	  +	  V	  

9	  



1 hard lepton + 3-6 jets 
§  Signal	  defini6ons	  

10	  

soft single-lepton soft dimuon

3-jet 5-jet 2-jet

N! 1 (electron or muon) 2 (muons)

p!T(GeV) [10,25] (electron) , [6,25] (muon) [6,25]

pT
add. ! (GeV) < 7 (electron), < 6 (muon)

mµµ (GeV) − − >15 and |mµµ − mZ | > 10

Njet [3,4] ≥ 5 ≥ 2

pT
leading jet(GeV) > 180 >70

pT
subleading jets( GeV) > 25

Nb−tag − − 0

Emiss
T (GeV) >400 >300 >170

mT (GeV) > 100 > 80

Emiss
T /mincl

eff
> 0.3 −

∆Rmin(jet, !) > 1.0 − > 1.0

Table 3: Overview of the selection criteria for the soft single-lepton signal regions aimed at covering

first and second generation squark or gluino pair production in a compressed scenario and for the soft

dimuon signal region designed for the mUED searches. As is indicated, the soft leptons are required to

have pT < 25 GeV.

inclusive (binned) hard single-lepton

3-jet 5-jet 6-jet

N! 1 (electron or muon)

p!T(GeV) > 25

pT
add. ! (GeV) < 10

Njet ≥ 3 ≥ 5 ≥ 6

pT
jet(GeV) > 80, 80, 30 > 80, 50, 40, 40, 40 > 80, 50, 40, 40, 40, 40

pT
add. jets( GeV) − (< 40) − (< 40) −

Emiss
T (GeV) >500 (300) >300 >350 (250)

mT (GeV) > 150 > 200 (150) > 150

Emiss
T /mexcl

eff
> 0.3 − −

mincl
eff

(GeV) > 1400 (800) > 600

Table 4: Overview of the selection criteria for the hard single-lepton signal regions aimed at covering first

and second generation squark or gluino pair production. As is indicated, the hard leptons are required

to have pT > 25 GeV. Two sets of requirements are defined for each jet multiplicity: an inclusive signal

region and a binned one (see the text). The requirements of the binned signal region are shown in

parentheses when they differ from those of the inclusive signal region. Furthermore, the electron and the

muon channels are treated independently in the hard single-lepton signal regions.
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Figure 11: mincl
eff

distribution in the electron (left) and muon (right) channels in the hard single-lepton

3-jet (top) and 5-jet (middle) binned signal regions. The bottom plots show the Emiss
T

distribution in the

electron (left) and muon (right) channels in the hard single-lepton 6-jet binned signal region. The Stan-

dard Model expectation is derived from the fit. The uncertainty band on the Standard Model expectation

shown here combines the statistical uncertainty on the simulated event samples and the theory-related

uncertainties on the background with the systematic uncertainties on the jet energy scale and resolution,

on the lepton identification, momentum/energy scale and resolution, on the Emiss
T

calculation, on the

b-tagging, and on the data-driven misidentified-lepton background. The last bin includes the overflow.

For illustration, the expected signal distributions are shown for one-step gluino pair production with

mg̃=1145 GeV, mχ̃±
1
=785 GeV and mχ̃0

1
=425 GeV.
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Figure 11: mincl
eff

distribution in the electron (left) and muon (right) channels in the hard single-lepton

3-jet (top) and 5-jet (middle) binned signal regions. The bottom plots show the Emiss
T

distribution in the

electron (left) and muon (right) channels in the hard single-lepton 6-jet binned signal region. The Stan-

dard Model expectation is derived from the fit. The uncertainty band on the Standard Model expectation

shown here combines the statistical uncertainty on the simulated event samples and the theory-related

uncertainties on the background with the systematic uncertainties on the jet energy scale and resolution,

on the lepton identification, momentum/energy scale and resolution, on the Emiss
T

calculation, on the

b-tagging, and on the data-driven misidentified-lepton background. The last bin includes the overflow.

For illustration, the expected signal distributions are shown for one-step gluino pair production with

mg̃=1145 GeV, mχ̃±
1
=785 GeV and mχ̃0

1
=425 GeV.
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Soft leptons + jets + MET 

§  Lepton	  pT	  <	  25	  GeV	  
§  Signal	  regions	  includes:	  

–  1	  so\	  leptons	  +	  3	  to	  4	  jets	  -‐>	  short	  decay	  chain	  
–  1	  so\	  leptons	  +	  5	  jets	  -‐>	  long	  decay	  chain	  

11	  
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Figure 8: Emiss
T

distribution, prior to the Emiss
T

requirement, in the one b-jet low-mass (upper left) and

high-mass (upper right) signal regions, the single-lepton 3-jet (bottom left) and the 5-jet (bottom right)

signal regions. The Standard Model expectation is derived from the fit. The uncertainty band on the

Standard Model expectation shown here combines the statistical uncertainty on the simulated event sam-

ples and the theory-related uncertainties on the background with the systematic uncertainties on the jet

energy scale and resolution, on the lepton identification, momentum/energy scale and resolution, on the

Emiss
T

calculation, on the b-tagging, and on the data-driven misidentified-lepton background. The last

bin includes the overflow. For illustration, the expected signal distributions are shown for: top squark

pair production with mt̃=150 GeV, mχ̃±
1
=140 GeV and mχ̃0

1
=120 GeV (in the soft single-lepton one b-jet

low-mass channel) and mt̃=200 GeV, mχ̃±
1
=190 GeV and mχ̃0

1
=170 GeV (in the soft single-lepton one

b-jet high-mass channel) and gluino pair production with mg̃ = 625 GeV , mχ̃±
1
=545 GeV and mχ̃0

1
= 465

GeV (in the single-lepton channels).
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Figure 8: Emiss
T

distribution, prior to the Emiss
T

requirement, in the one b-jet low-mass (upper left) and

high-mass (upper right) signal regions, the single-lepton 3-jet (bottom left) and the 5-jet (bottom right)

signal regions. The Standard Model expectation is derived from the fit. The uncertainty band on the

Standard Model expectation shown here combines the statistical uncertainty on the simulated event sam-

ples and the theory-related uncertainties on the background with the systematic uncertainties on the jet

energy scale and resolution, on the lepton identification, momentum/energy scale and resolution, on the

Emiss
T

calculation, on the b-tagging, and on the data-driven misidentified-lepton background. The last

bin includes the overflow. For illustration, the expected signal distributions are shown for: top squark

pair production with mt̃=150 GeV, mχ̃±
1
=140 GeV and mχ̃0

1
=120 GeV (in the soft single-lepton one b-jet

low-mass channel) and mt̃=200 GeV, mχ̃±
1
=190 GeV and mχ̃0

1
=170 GeV (in the soft single-lepton one

b-jet high-mass channel) and gluino pair production with mg̃ = 625 GeV , mχ̃±
1
=545 GeV and mχ̃0

1
= 465

GeV (in the single-lepton channels).
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2leptons + jets + MET 
§  Razor	  variable	  u6lize	  the	  symmetry	  of	  SUSY	  decay	  chain	  when	  

s-‐par6cles	  produced	  in	  pairs	  
	  

12	  

MR
T =

√

|!Emiss
T
|(|!j1,T| + |!j2,T|) − !Emiss

T
· (!j1,T + !j2,T)

2
, (2)

where ji,T denotes the transverse momentum of the mega-jet i.

Finally a Razor variable is defined:

R =
MR

T

M′R
. (3)

For SM processes R tends to have a low value, while it is approximately uniformly distributed be-

tween 0 and 1 for SUSY-like signal events. Thus R is a discriminant between signal and background. A

selection using R is made to reduce background processes before a search for new physics is performed

in the distribution of the variable M′R.

Signal regions are defined to target two different regions of kinematic phase space characteristic of

decays resulting from pair-produced squarks and gluinos. In order to define these kinematic regions the

one-step gluino (squark) simplified models are used.

In models at high x (see Section 2.1) the mass difference between the gluino (squark) and chargino is

at a minimum, and so a high-pT W yields a high-pT neutrino and a charged lepton. In addition, a heavier

chargino relative to the gluino (squark) results in fewer high-pT jets. This results in less observable

mass in the event, and hence lower M′R. The potential for large missing energy pointing away from the

mega-jets gives rise to large MR
T , and so R tends to take on larger values.

Different kinematics can be identified at lower x, where the mass splitting between the chargino and

LSP is smaller, and hence more visible mass gives rise to higher M′R and R is generally lower. The large

mass difference between the gluino (squark) and chargino allows for higher pT and more numerous jets.

These distinct regions of differing event kinematics motivate two different signal region selections,

which are further separated into opposite- and same-lepton flavour channels. The first same- and opposite-

flavour signal region (SR1) requires exactly two signal leptons satisfying all event selection and trigger

requirements, and targets signal events with high-x-like topologies. The selection includes events with

fewer than three jets with pT > 50 GeV, R > 0.5 and M′R > 400 GeV. The second of the signal region

selections (SR2) targets events with low-x like topologies, requiring at least two jets (pT > 50 GeV),

R > 0.35 and M′R > 800 GeV.

Each of these signal regions excludes events containing b-tagged jets, since heavy flavour decays are

not expected in the simplified SUSY models interpreted in this analysis. In addition, in order to minimise

the background due to leptonically decaying Z-bosons, a Z-veto is introduced in all same-flavour signal

regions. The location of the signal regions in the R–M′R plane is illustrated in Fig. 2. All four signal

regions are orthogonal to one another, enabling the combination of the results from each. To produce

model independent upper limits on the visible BSM production cross section (σBSM) and the number

of BSM events (NBSM), the signal regions are analysed one at a time and are each constructed as a

single bin in M′R, so as to avoid including any information on the shape of the signal distribution. To

provide stringent limits for models with larger mass splittings and low jet multiplicities, two discovery

regions (DRs) are defined. The ee/µµ and eµ discovery regions have identical selections to those of their
respective SR1 counter-parts, but the lower M′R threshold is raised to 600 GeV. Full details of the signal

region and discovery region selection criteria can be found in Table 3.

4 Background Estimation

In order to establish an observation of physics beyond the Standard Model in any of the signal regions, a

reliable prediction of the SM backgrounds in these regions is necessary. The tt̄ and Z + X backgrounds

6

MR
T =

√

|!Emiss
T
|(|!j1,T| + |!j2,T|) − !Emiss

T
· (!j1,T + !j2,T)

2
, (2)

where ji,T denotes the transverse momentum of the mega-jet i.

Finally a Razor variable is defined:

R =
MR

T

M′R
. (3)

For SM processes R tends to have a low value, while it is approximately uniformly distributed be-

tween 0 and 1 for SUSY-like signal events. Thus R is a discriminant between signal and background. A

selection using R is made to reduce background processes before a search for new physics is performed

in the distribution of the variable M′R.

Signal regions are defined to target two different regions of kinematic phase space characteristic of

decays resulting from pair-produced squarks and gluinos. In order to define these kinematic regions the

one-step gluino (squark) simplified models are used.

In models at high x (see Section 2.1) the mass difference between the gluino (squark) and chargino is

at a minimum, and so a high-pT W yields a high-pT neutrino and a charged lepton. In addition, a heavier

chargino relative to the gluino (squark) results in fewer high-pT jets. This results in less observable

mass in the event, and hence lower M′R. The potential for large missing energy pointing away from the

mega-jets gives rise to large MR
T , and so R tends to take on larger values.

Different kinematics can be identified at lower x, where the mass splitting between the chargino and

LSP is smaller, and hence more visible mass gives rise to higher M′R and R is generally lower. The large

mass difference between the gluino (squark) and chargino allows for higher pT and more numerous jets.

These distinct regions of differing event kinematics motivate two different signal region selections,

which are further separated into opposite- and same-lepton flavour channels. The first same- and opposite-

flavour signal region (SR1) requires exactly two signal leptons satisfying all event selection and trigger

requirements, and targets signal events with high-x-like topologies. The selection includes events with

fewer than three jets with pT > 50 GeV, R > 0.5 and M′R > 400 GeV. The second of the signal region

selections (SR2) targets events with low-x like topologies, requiring at least two jets (pT > 50 GeV),

R > 0.35 and M′R > 800 GeV.

Each of these signal regions excludes events containing b-tagged jets, since heavy flavour decays are

not expected in the simplified SUSY models interpreted in this analysis. In addition, in order to minimise

the background due to leptonically decaying Z-bosons, a Z-veto is introduced in all same-flavour signal

regions. The location of the signal regions in the R–M′R plane is illustrated in Fig. 2. All four signal

regions are orthogonal to one another, enabling the combination of the results from each. To produce

model independent upper limits on the visible BSM production cross section (σBSM) and the number

of BSM events (NBSM), the signal regions are analysed one at a time and are each constructed as a

single bin in M′R, so as to avoid including any information on the shape of the signal distribution. To

provide stringent limits for models with larger mass splittings and low jet multiplicities, two discovery

regions (DRs) are defined. The ee/µµ and eµ discovery regions have identical selections to those of their
respective SR1 counter-parts, but the lower M′R threshold is raised to 600 GeV. Full details of the signal

region and discovery region selection criteria can be found in Table 3.

4 Background Estimation

In order to establish an observation of physics beyond the Standard Model in any of the signal regions, a

reliable prediction of the SM backgrounds in these regions is necessary. The tt̄ and Z + X backgrounds
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Trigger Selection pT Threshold [GeV]

leading muon e-µ 14, 18

leading electron e-µ 14, 8

pT-asymmetric electron e-e 25, 8

pT-symmetric electron e-e 14, 14

pT-asymmetric muon µ-µ 18, 8

pT-symmetric muon µ-µ 14, 14

Table 2: Triggers used to select data for this analysis along with their corresponding offline pT thresholds.

insensitive to the pT-dependence of the trigger efficiency. A summary of the lepton pT combinations for

different lepton flavour channels is given in Table 2. The two signal leptons in selected di-lepton events

are additionally matched to the online trigger objects to within ∆R = 0.15.

3.3 Event Selection

Selected events must have a primary vertex with at least five associated tracks and with a position con-

sistent with the luminous region. In order to remove events due to cosmic rays, events containing a muon

in which the transverse and longitudinal impact track parameters are greater than 0.2 mm and 1 mm

with respect to the primary vertex, respectively, are vetoed. In addition to this, events containing badly

measured, non-isolated muons are also discarded. Finally, events with mis-reconstructed Emiss
T

as a result

of jets pointing towards dead regions of the calorimeter are rejected.

Events selected for this analysis are required to contain exactly two signal leptons, these being two

electrons, two muons, or one of each, and no other baseline leptons of pT > 10 GeV within the range

|η| < 2.47. These leptons must pass the trigger requirements described in Section 3.2. Di-leptonic events

where the invariant mass of the two leptons is less than 20 GeV are discarded in order to reject low-mass

resonances.

3.4 Signal Selection

This analysis makes use of the Razor variables [22] to select signal-like events. These are a set of

kinematic variables that exploit the symmetry in the visible portion of sparticle decays when sparticles

are produced in pairs. The final state jets and leptons are grouped into two “mega-jets.” During this

construction all visible objects from one side of the di-sparticle decay are collected together to create

a single four-vector, representing the decay products of a single sparticle. The mega-jet construction

involves iterating over all possible combinations of the four-vectors of the visible reconstructed objects,

with the favoured combination being that which minimises the sum of the squared masses of the mega-jet

four-vectors. Using this mega-jet configuration a characteristic mass, M′R, is defined in the rest frame of

the sparticles (the so-called “R-frame”):

M′R =

√

( j1,E + j2,E)2 − ( j1,L + j2,L)2, (1)

where ji,L denotes the longitudinal momentum, and ji,E the energy in the R-frame, of the mega-jet i. The

transverse information of the system is contained in another variable, MR
T . In the di-sparticle decay there

are two mega-jets, each with associated Emiss
T

from the escaping LSPs. Assigning half of the missing

transverse momentum per event to each of the LSPs, MR
T is defined as

5

§  R	  is	  low	  for	  SM	  backgrounds	  
§  Signal	  defini6on	  

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

Signal Regions

ee/µµ SR 1 No Yes ≤ 2 > 50 R >0.5 400< M′R 8
eµ SR 1 No No ≤ 2 > 50 R >0.5 400< M′R 8
ee/µµ SR 2 No Yes ≥ 3 > 50 R >0.35 800< M′R 5
eµ SR 2 No No ≥ 3 > 50 R >0.35 800< M′R 5

Discovery Regions

ee/µµ DR No Yes ≤ 2 > 50 R >0.5 600< M′R 1
eµ DR No No ≤ 2 > 50 R >0.5 600< M′R 1

Control Regions

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

Validation Regions

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

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

the fit, but the M′R-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 M′R,

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/γ∗+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/γ∗+jets events is adjusted according to

a binned fit to data in M′R 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/γ∗+jets production control regions (Top CRs and Z CRs) are constructed using the same lower M′R
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/γ∗+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/γ∗+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-
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Also exploit the longitudinal information of an event.

Idea:

• Both sparticles are pair-produced, the initial heavy sparticles are

assumed here to have the same masses or to be at the same

mass scale

→ Both decay chains are symmetric if going into the frame where the

initial heavy sparticle is at rest

→ Can group all visible particles of one decay chain into a mega-jet;

both mega-jets should have the same energy

Variables to benefit from this configuration:

• Characteristic mass of the event:
M�
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�

(j1.E + j2,E )2 − (j1,L + j2,L)2 (E : energy,
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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 difference 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 different 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 ΛRc, the signal region acceptance drops because of the mini-

mum M′R requirement. The high ΛRc, 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.
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Figure 1: Overview of the simplified models considered in the analysis. The common feature is the
strong pair production of supersymmetric particles, e.g. pp → g̃g̃, b̃ ¯̃b or q̃ ¯̃q. They differ in the decay
sequences and mass assignments.

The first model considered is the mSUGRA/CMSSM model [19–24] with the parameters tan(β) =
30, A0 = −2 m0 and µ > 0, which can accommodate a lightest Higgs boson mass around 126 GeV. Only
strong production and associated electroweak (gluino-gaugino, squark-gaugino) processes are included.
Results are expressed as a function of m0 and m1/2.

Moreover, model dependent limits are derived in several simplified SUSY models. Figure 1 shows
a summary of the models considered in this note. They are characterized by strong pair production of
the supersymmetric partners of the gluon, b-quark and light quarks. The first class of simplified models
are the gluino-stop models, where gluinos are produced in pairs and decay into a tt̃1 pair (or a bb̃1 pair,
in one of the models considered) with a branching ratio of 100%. The models differ in the decay chain
of the t̃1 and in the sparticle masses. Prompt leptons are produced in top quark decays. In the second
class gluinos are also produced in pairs, but they decay into qq̃ with leptons produced either via W
bosons or sleptons. The third class considers direct production of bottom squark pairs, leading to prompt
leptons from W bosons and top quarks. The fourth class describes the pair production of first or second
generation squarks (q̃) yielding prompt leptons from slepton decays.

The simplified models have the following detailed properties:

In the Gluino-stop (tχ̃0
1) off-shell (mg̃ < mt̃ +mt) model, gluinos are produced in pairs and assumed

to be lighter than all squark flavours. The top squark t̃1 is the lightest squark. Gluinos decay through
mediation of a virtual (off-shell) top squark to a pair of top quarks and the lightest neutralino (LSP),
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in one of the models considered) with a branching ratio of 100%. The models differ in the decay chain
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strong production and associated electroweak (gluino-gaugino, squark-gaugino) processes are included.
Results are expressed as a function of m0 and m1/2.

Moreover, model dependent limits are derived in several simplified SUSY models. Figure 1 shows
a summary of the models considered in this note. They are characterized by strong pair production of
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Signal region Nb−jets Signal cuts (discovery case) Signal cuts (exclusion case)

SR0b 0 Njets ≥ 3, Emiss

T
> 150 GeV Njets ≥ 3, Emiss

T
> 150 GeV, mT> 100 GeV,

mT> 100 GeV, meff>400 GeV binned shape fit in meff for meff >300 GeV

SR1b ≥1 Njets ≥3, Emiss

T
> 150 GeV Njets ≥ 3, Emiss

T
> 150 GeV, mT>100 GeV,

mT>100 GeV, meff>700 GeV binned shape fit in meff for meff>300 GeV

SR3b ≥3 Njets ≥ 4 Njets ≥ 5,

- Emiss

T
< 150 GeV or mT< 100 GeV

Table 1: Definition of the signal regions. The cuts for the discovery and exclusion cases are shown

separately. For all signal regions, two leading leptons with pT > 20 GeV and of the same electric charge

are required. Jets are selected with pT > 40 GeV while b-jets are required to have pT > 20 GeV.

direct squark models, which do not result in enhanced production of b-quarks. The b-jet veto helps to

suppress the tt̄-like background, which otherwise dominates the event selection with several jets. The

third signal region, SR3b, does not require large values of Emiss

T
, meff or mT. It is therefore targeted at

compressed regions of the phase-space (i.e. small mass differences) in models involving third generation

squarks, which feature large b-jet multiplicities and small missing transverse momentum.

5 Backgrounds

5.1 Background estimation

Searches in events with two same-sign leptons are characterized by very low backgrounds. Three main

classes of backgrounds can be distinguished: prompt same-sign lepton pairs, charge mis-measurement

and fake leptons.

SM sources of events of prompt same-sign leptons with jets arise mainly from the production of a

W or Z boson, decaying leptonically, in association with tt̄, where at least one of the top quarks decays

leptonically, and from diboson background (WZ, ZZ) in association with jets. These backgrounds are

estimated from MC.

Background from charge mis-measurement consists of events with two opposite-sign leptons (OS)

for which the charge of an electron is mis-identified. The dominant mechanism of charge mis-identification

is due to the radiation of a hard photon bremsstrahlung followed by an asymmetric conversion for which

the electron with the opposite charge dominates (e± → e±γ → e±e±e∓). The probability of mis-

identifying the charge of a muon is negligible. Previous studies [17, 18] show that the background from

lepton charge mis-measurement is dominated by dilepton tt̄ events. It is estimated in this analysis using

a fully data-driven technique to determine the charge flip probability as function of the electron pT and η
from Drell-Yan events. The rate is measured using the ratio of SS to OS electron pairs with an invariant

mass compatible with the Z boson within 15 GeV. The probability of electron charge mis-measurement

is found to vary from approximately 10
−4

to 0.02 in the range 0 ≤ |η| ≤ 2.5 and 20 < pT < 200 GeV.

For the background estimation, this probability is then applied to data regions with the same kinematic

requirements as the signal regions but with opposite-sign leptons.

Previous studies [18] show that the fake lepton background is dominated by tt̄ events where one

lepton comes from the decay of a b-hadron and the other from one of the W bosons. This background
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Figure 3: eµ channel: Missing transverse momentum distribution after lepton selection with at least one
b-jet (left). Distributions of the pT of the selected leptons with a b-jet veto (right).
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Figure 4: µµ channel: Effective mass distribution after lepton selection with a veto on b-jets (left).
Transverse mass distribution after lepton selections with at least one b-jet (right).

is limited by the data statistics in the validation region. Monte Carlo simulations show that in general the
expected contamination from SUSY signal processes in the validation regions is small, but for specific
models like the Direct sbottom model it can be as large as ∼ 25% in the VR-ttW region.

6 Results

Table 3 presents the number of observed events and expected background events in the three signal
regions for the discovery (upper table) and exclusion cases (lower table). The background for the SR0b
region is dominated by events containing fake leptons and dibosons (both with large uncertainties). In
signal regions SR1b and SR3b the largest background contribution and uncertainty is expected from tt̄+V
events. The p0 values indicate the p-value of the measurement for the background only hypothesis. Good
agreement is observed between the data and the SM expectation. A comparison of tables A and B shows,
that the event sample for the exclusion case has a larger background contribution from fake leptons in
SR1b. This is due to the relaxed meff cut in the exclusion case sample. Figure 6 shows the effective mass
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R-hadron search 
§  Gluino,	  squark	  are	  hadronized	  into	  R-‐

hadron:	  	  
§  	  Some	  R-‐hadrons	  loose	  their	  

momentum,	  stop	  in	  the	  calorimeter	  
and	  decay	  to	  neutralino	  and	  jets	  at	  
later	  6me	  -‐>	  candidate	  events	  
selected	  empty	  bunch	  crossing	  

§  Selec6on:	  at	  least	  one	  high	  energy	  jet	  
and	  no	  muon	  segments	  in	  the	  muon	  
system	  
–  Jet:	  |η|	  <	  1.2,	  pT	  >	  50	  GeV,	  up	  to	  five	  jets	  

are	  allowed	  
–  No	  muon	  segment	  with	  more	  than	  4	  hits	  
–  Two	  signal	  region	  with	  leading	  jet	  pT	  >	  

100	  and	  300	  GeV	  
§  Backgrounds:	  beam	  halos	  and	  cosmic	  rays	  
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Search for long-lived stopped R-hadrons decaying out-of-time with pp collisions using
the ATLAS detector

The ATLAS Collaboration

An updated search is performed for gluino, top squark, or bottom squark R-hadrons that have

come to rest within the ATLAS calorimeter, and decay at some later time to hadronic jets and a

neutralino, using 5.0 and 22.9 fb
−1

of pp collisions at 7 and 8 TeV, respectively. Candidate decay

events are triggered in selected empty bunch crossings of the LHC in order to remove pp collision

backgrounds. Selections based on jet shape and muon-system activity are applied to discriminate

signal events from cosmic ray and beam-halo muon backgrounds. In the absence of an excess of

events, improved limits are set on gluino, stop, and sbottom masses for different decays, lifetimes,

and neutralino masses. With a neutralino of mass 100 GeV, the analysis excludes gluinos with mass

below 832 GeV (with an expected lower limit of 731 GeV), for a gluino lifetime between 10 µs and

1000 s in the generic R-hadron model with equal branching ratios for decays to qq̄χ̃
0
and gχ̃

0
. Under

the same assumptions for the neutralino mass and squark lifetime, top squarks and bottom squarks

in the Regge R-hadron model are excluded with masses below 379 and 344 GeV, respectively.

I. INTRODUCTION

Long-lived massive particles appear in many theories
beyond the Standard Model [1]. They are predicted in
R-parity-conserving supersymmetry (SUSY) [2–15] mod-
els, such as split SUSY [16, 17] and gauge-mediated
SUSY breaking [18–24], as well as other scenarios such
as universal extra dimensions [25] and leptoquark ex-
tensions [26]. For instance, split SUSY addresses the
hierarchy problem via the same fine-tuning mechanism
that solves the cosmological constant problem; SUSY can
be broken at a very high energy scale, leading to heavy
scalars, light fermions, and a light, finely tuned, Higgs bo-
son [16]. Within this phenomenological picture, squarks
would thus be much heavier than gluinos, suppressing the
gluino decay. If the lifetime of the gluino is long enough,
it would hadronize into R-hadrons, color-singlet states
of R-mesons (g̃qq̄), R-baryons (g̃qqq), and R-gluinoballs
(g̃g). Other models, notably R-parity-violating SUSY,
could produce a long-lived squark that would also form
an R-hadron, e.g. t̃q̄. The phenomenology of the top
squark (stop) or the bottom squark (sbottom) is compa-
rable to the gluino case but with a smaller production
cross section [27, 28].

R-hadron interactions in matter are highly uncertain,
but some features are well predicted. The gluino, stop,
or sbottom can be regarded as a heavy, non-interacting
spectator, surrounded by a cloud of interacting quarks.
R-hadrons may change their properties through strong
interactions with the detector. Most R-mesons would
turn into R-baryons [29], and they could also change their
electric charge through these interactions. At the Large
Hadron Collider (LHC) at CERN [30], the R-hadrons
would be produced in pairs and approximately back-to-
back in the plane transverse to the beam direction. Some
fraction of these R-hadrons would lose all of their mo-
mentum, mainly from ionization energy loss, and come
to rest within the detector volume, only to decay to a
neutralino (χ̃

0
) and hadronic jets at some later time.

A previous search for stopped gluino R-hadrons was

performed by the D0 Collaboration [31], which excluded
a signal for gluinos with masses up to 250 GeV. That
analysis, however, could use only the filled crossings in
the Tevatron bunch scheme and suppressed collision-
related backgrounds by demanding that there was no
non-diffractive interaction in the events. Search tech-
niques similar to those described herein have also been
employed by the CMS Collaboration [32, 33] using 4 fb−1

of 7 TeV data under the assumptions that mg̃ −mχ̃0 >

100 GeV and BR(g̃ → gχ̃
0
)= 100%. The resulting limit,

at 95% credibility level, is mg̃ > 640 GeV for gluino life-
times from 10 µs to 1000 s. ATLAS has up to now stud-
ied 31 pb−1 of data from 2010 [34], resulting in the limit
mg̃ > 341 GeV, under similar assumptions.
This analysis complements previous ATLAS searches

for long-lived particles [35, 36] that are less sensitive to
particles with initial β � 1. By relying primarily on
calorimetric measurements, this analysis is also sensitive
to events where R-hadron charge flipping may make re-
construction in the inner tracker and the muon system
impossible. Detection of stopped R-hadrons could also
lead to a measurement of their lifetime and decay proper-
ties. Moreover, the search is sensitive to any new physics
scenario producing large out-of-time energy deposits in
the calorimeter with minimal additional detector activ-
ity.

II. THE ATLAS DETECTOR AND EVENT
RECONSTRUCTION

The ATLAS detector [37] consists of an inner track-
ing system (ID) surrounded by a thin superconducting
solenoid, electromagnetic and hadronic calorimeters and
a muon spectrometer (MS). The ID consists of silicon
pixel and microstrip detectors, surrounded by a transi-
tion radiation straw-tube tracker. The calorimeter sys-
tem is based on two active media for the electromag-
netic and hadronic calorimeters: liquid argon in the inner
and end-cap/forward regions, and steel/scintillator tiles
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FIG. 6. The event yields in the signal region for candidates with all selections (in Table III) except jet energy > 300 GeV. All
samples are scaled to represent their anticipated yields in the search region. The top hashed band shows the total statistical
uncertainty on the background estimate.

nuclear interactions of the R-hadron with the calorimeter
since these can affect the stopping fraction. The effect
is estimated by recalculating the stopping fraction after
doubling and halving the nuclear cross section. The dif-
ference gives a relative uncertainty of 11%, which is used
as the systematic uncertainty in limit setting.

B. Timing in the Calorimeters

Since the R-hadron decay is not synchronized with a
BCID it is possible that the calorimeters respond differ-
ently to the energy deposits in the simulated signals than
in data. The simulation considers only a single BCID for
each event; it does not simulate the trigger in multiple
BCIDs and the firing of the trigger for the first BCID
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FIG. 8. Bayesian upper limits on gluino events produced versus gluino mass for the various signal models considered, with
gluino lifetimes in the plateau acceptance region between 10−5 and 103 seconds, compared to the theoretical expectations.

arXiv:	  1310.6584	  	  



Interpretations of search results 
§  Simplified	  models:	  

–  Direct	  decays	  of	  gluinos	  and	  squarks	  to	  jets	  
–  1-‐step	  decays	  of	  gluinos	  and	  squarks	  via	  chargino	  
–  2-‐step	  decays	  of	  gluinos	  and	  squarks	  	  
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Direct decay of gluinos/squarks

Limits by the 0-lepton+2-6 jets analysis
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Interpretation summary
The various analyses are interpreted in multiple models:

Simplified models

direct:
g̃ → qqχ̃0

1 or q̃ → qχ̃0
1� Analysis: 0-lepton+2-6 jets

via one step:
g̃ → qqW χ̃0

1 or q̃ → qW χ̃0
1� Analyses:

0-lepton+2-6 jets,
0-lepton multi-jet, one hard
and soft lepton, 2-lepton Razor

via two steps:
g̃ → qqWZ χ̃0

1
g̃ → qq(ll/lν/νν)χ̃0

1 or
q̃ → q(ll/lν/νν)χ̃0

1� Analyses:
0-lepton+2-6 jets,
0-lepton multi-jet, one hard
lepton, 2-lepton Razor,
2-lepton same-sign

gluino mediated stop or
sbottom production:
g̃ → ttχ̃0

1� Analysis: 0-lepton multi-jet,
0- or 1-lepton + 3 b-jets,
2-lepton same-sign

MSUGRA

tan β = 30, A0 = −2m0 and µ > 0
� Analyses: 0-lepton+2-6 jets, 0-lepton multi-jet, one hard lepton, 0- or 1-lepton + 3 b-jets, 2-lepton same-sign

+ further models (pMSSM, mUED,...)
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Decay of gluinos via an intermediate chargino
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one soft and hard lepton analyses combined
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Direct decay of gluinos/squarks

Limits by the 0-lepton+2-6 jets analysis
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Decay of squarks via an intermediate chargino
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one soft and hard lepton analyses combined
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one hard lepton analysis
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Decay of gluinos/squarks via two steps
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one hard lepton analysis
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§  mSUGRA/cMSSM	  



Simplified model: direct decay of gluino and 
squark to jets and LSP 

§  0-‐lepton	  
analysis	  

17	  
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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: mχ̃0

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 1σ experimental and background-theory uncertainties on the mχ̃0

1
= 0 limit. Observed limits are

indicated by solid curves. The dotted lines represent the mχ̃0
1
= 0 observed limits obtained by varying the

signal cross-section by the theoretical scale and PDF uncertainties. Previous results for mχ̃0
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 χ̃±1 to two
quarks, a W boson and a χ̃0

1, and pair produced light squarks each decaying via an intermediate χ̃±1 to
a quark, a W boson and a χ̃0

1. Results are presented for models in which either the χ̃0
1 mass is fixed to

60 GeV, or the mass splitting between the χ̃±1 and the χ̃0
1, relative to that between the squark or gluino

and the χ̃0
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 β = 10, µ > 0, m

2
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 m
2
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 χ̃0

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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Figure 13: 95% CL exclusion limit from the single-lepton channels in the gluino simplified model (top)

and the first and second generation squark simplified model (bottom) presented in the mg̃(q̃)–mχ̃0
1

mass

plane for the case in which the chargino mass is fixed at x = 1/2, where x = (mχ̃±
1
−mχ̃0

1
)/(mg̃(q̃)−mχ̃0

1
). The

dark grey dashed line shows the expected limits at 95% CL, with the light (yellow) bands indicating the

±1σ variation on the median expected limit due to the experimental and background-theory uncertainties.

The observed nominal limit is indicated by a solid dark red line with the dark red dotted lines being

obtained by varying the signal cross section by the scale and PDF uncertainties. The observed limit set

by the previous ATLAS analysis [16] using 7 TeV data is shown as a grey area. The light blue and purple

full (dashed) lines show the observed (expected) exclusion obtained by the soft and hard-lepton analyses,

respectively. The grey numbers show the upper limit on the production cross section, in pb, obtained for

each point of the grids.
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one soft and hard lepton analyses combined
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Gluino	  mass	  limits	  

 [GeV]g~m
600 650 700 750 800 850 900 950 1000

 [G
eV

]
t~m

450

500

550

600

650

700

750

800

850

900

950
 bs! (RPV)t~t, t~ !g~ production, t~-t~ and g~-g~

2 same-charge leptons + jets

=8 TeVs, -1 L dt = 20.7 fb"

65 58 55

41 123 123 381

Nu
m

be
rs

 g
ive

 9
5%

 C
L 

ex
clu

de
d 

m
od

el
 c

ro
ss

 s
ec

tio
ns

 [f
b]

)theory
SUSY#1 ±Observed limit (

)exp#1 ±Expected limit (

ATLAS Preliminary

All limits at 95% CL

Figure 12: Expected and observed limits for the Gluino-stop (bs) RPV model obtained with 20.7 fb−1 at√
s=8 TeV. The numbers give the limits on the excluded model cross sections. All limits are computed

at 95% CL.
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Figure 13: Expected and observed limits for the Gluino-squark (via W) model obtained with 20.7 fb−1

at
√

s=8 TeV. The figure shows a comparison with previous ATLAS exclusion limits published in [64].
The numbers give the limits on the excluded model cross sections. All limits are computed at 95% CL.

Direct sbottom (tχ̃±1 )

Results for the Direct sbottom (tχ̃±1 ) model are presented in Figure 15 in the mb̃-mχ̃±1 plane for two
different assumptions on the neutralino mass: mχ̃0

1
= 60 GeV (“fixed mχ̃0” model) and mχ̃0

1
= mχ̃±1 /2

(“varied mχ̃0” model). Under the assumption mχ̃0
1
= 60 GeV, bottom squark masses of 470-480 GeV are

excluded with 95% CL for chargino masses below 280 GeV. Similar limits on bottom squark masses
are obtained in the “varied mχ̃0” model for chargino masses up to 250 GeV. This search improves the
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1lepton+jets	  (ATLAS-‐CONF-‐2013-‐062)	  
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Figure 13: 95% CL exclusion limit from the single-lepton channels in the gluino simplified model (top)

and the first and second generation squark simplified model (bottom) presented in the mg̃(q̃)–mχ̃0
1

mass

plane for the case in which the chargino mass is fixed at x = 1/2, where x = (mχ̃±
1
−mχ̃0

1
)/(mg̃(q̃)−mχ̃0

1
). The

dark grey dashed line shows the expected limits at 95% CL, with the light (yellow) bands indicating the

±1σ variation on the median expected limit due to the experimental and background-theory uncertainties.

The observed nominal limit is indicated by a solid dark red line with the dark red dotted lines being

obtained by varying the signal cross section by the scale and PDF uncertainties. The observed limit set

by the previous ATLAS analysis [16] using 7 TeV data is shown as a grey area. The light blue and purple

full (dashed) lines show the observed (expected) exclusion obtained by the soft and hard-lepton analyses,

respectively. The grey numbers show the upper limit on the production cross section, in pb, obtained for

each point of the grids.
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Decay of squarks via an intermediate chargino
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one soft and hard lepton analyses combined
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Decay of squarks via an intermediate chargino
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one soft and hard lepton analyses combined
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2lepton+jets	  (ATLAS-‐CONF-‐2013-‐089)	  
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Simplified model: 2-step gluino and squark 
decay 

Decay of gluinos/squarks via two steps
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one hard lepton analysis
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Decay of gluinos/squarks via two steps
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one hard lepton analysis
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Figure 15: 95% CL exclusion limit from the hard single-lepton channels in the two-step gluino simplified

model with sleptons (top) and the two-step first and second generation squark simplified model with

sleptons (bottom) presented in the mg̃(q̃)–mχ̃0
1

mass plane. The dark grey dashed line shows the expected

limits at 95% CL, with the light (yellow) bands indicating the ±1σ variation on the median expected limit

due to the experimental and background-theory uncertainties. The observed nominal limit is indicated by

a solid dark red line with the dark red dotted lines being obtained by varying the signal cross section by

the scale and PDF uncertainties. The grey numbers show the upper limit on the production cross section,

in pb, obtained for each point of the grids. The limit is not extrapolated to lower gluino/squark masses

where no grid point was generated. 36

1lepton+jets	  (ATLAS-‐CONF-‐2013-‐062)	   2lepton+jets	  (ATLAS-‐CONF-‐2013-‐089)	  
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Decay of gluinos/squarks via two steps
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one hard lepton analysis
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Interpretation summary
The various analyses are interpreted in multiple models:

Simplified models

direct:
g̃ → qqχ̃0

1 or q̃ → qχ̃0
1� Analysis: 0-lepton+2-6 jets

via one step:
g̃ → qqW χ̃0

1 or q̃ → qW χ̃0
1� Analyses:

0-lepton+2-6 jets,
0-lepton multi-jet, one hard
and soft lepton, 2-lepton Razor

via two steps:
g̃ → qqWZ χ̃0

1
g̃ → qq(ll/lν/νν)χ̃0

1 or
q̃ → q(ll/lν/νν)χ̃0

1� Analyses:
0-lepton+2-6 jets,
0-lepton multi-jet, one hard
lepton, 2-lepton Razor,
2-lepton same-sign

gluino mediated stop or
sbottom production:
g̃ → ttχ̃0

1� Analysis: 0-lepton multi-jet,
0- or 1-lepton + 3 b-jets,
2-lepton same-sign

MSUGRA

tan β = 30, A0 = −2m0 and µ > 0
� Analyses: 0-lepton+2-6 jets, 0-lepton multi-jet, one hard lepton, 0- or 1-lepton + 3 b-jets, 2-lepton same-sign

+ further models (pMSSM, mUED,...)

Jeanette Lorenz (LMU) Inclusive searches for squarks and gluinos 04.09.2013 18

§  Gluino	  mass	  
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Figure 16: 95% CL exclusion limit from the hard single-lepton channels in the two-step gluino simplified

model without sleptons presented in the mg̃–mχ̃0
1

mass plane (top) and in the two-step first and second

generation squark simplified model without sleptons (bottom). The dark grey dashed line shows the

expected limits at 95% CL, with the light (yellow) bands indicating the ±1σ variation on the median

expected limit due to the experimental and background-theory uncertainties. The observed nominal

limit is indicated by a solid dark red line with the dark red dotted lines being obtained by varying the

signal cross section by the scale and PDF uncertainties. The grey numbers show the upper limit on the

production cross section, in pb, obtained for each point of the grids. The limit is not extrapolated to lower

gluino/neutralino masses where no grid point was generated.37

1lepton+jets	  (ATLAS-‐CONF-‐2013-‐062)	   0lepton+mul6-‐jets	  (arXiv:1308.1841)	  
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Summary 

§  No	  sign	  of	  SUSY	  found	  in	  inclusive	  search	  with	  jets	  and	  
missing	  transverse	  energy	  

§  Efficient	  search	  techniques	  have	  been	  developed	  which	  can	  
be	  recycled	  for	  new	  runs	  

§  Stringent	  limits	  on	  gluino,	  squarks,	  lightest	  neutralino	  masses	  
–  Gluino	  and	  squark	  mass	  >	  1	  TeV	  

§  14	  TeV	  runs	  promise	  exci6ng	  new	  results	  
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