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Outline	  
§  Due	  to	  its	  large	  mass	  the	  top	  quark	  plays	  an	  important	  role	  in	  the	  decay	  of	  

many	  BSM	  par6cles.	  
§  Direct	  searches	  for	  new	  physics	  with	  top	  quark	  final	  states	  

§  Also,	  the	  LHC	  has	  already	  provided	  us	  high	  sta6s6cs	  of	  top	  quarks,	  we	  can	  
aim	  for	  precision	  measurements	  
§  In	  2012	  LHC	  delivered	  860,000	  top	  quark	  pairs	  and	  	  440,000	  single	  

tops	  to	  each	  experiment,	  more	  than	  ten	  6mes	  the	  Tevatron	  sta6s6cs	  
	  
I	  will	  show	  some	  ATLAS	  results	  which	  are	  recent	  (most	  of	  them	  released	  in	  
the	  last	  couple	  of	  weeks)	  and	  I	  am	  familiar	  with.	  
•  Top	  quark	  charge	  asymmetry	  
•  Single	  top	  FCNC	  produc6on	  
•  Scalar	  top	  searches	  
4th	  genera6on	  searches	  covered	  in	  the	  talk	  of	  Ehud	  on	  Saturday.	  
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Which	  data	  ?	  
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All	  results	  I	  will	  show	  have	  been	  obtained	  with	  the	  “ICHEP	  dataset”	  (1.0	  W-‐1)	  or	  the	  	  
“HCP	  dataset”	  (2.0	  W-‐1).	  
	  Many	  5	  W-‐1	  results	  entering	  collabora6on	  review,	  you’ll	  get	  them	  in	  next	  few	  weeks	  
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Top	  quark	  charge	  asymmetry	  
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What	  it	  is	  
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1.4.2 Top quark charge asymmetry 21

brief description of SM and BSM predictions, the measurements performed at the
Tevatron and at the LHC by the CMS collaboration will be presented. The analysis
realized by the ATLAS collaboration will be detailed in the Chapter 4.

Top quark charge asymmetry in the SM

Top quark charge asymmetry can only occur in asymmetric initial states in top
quark pair production, so the main contribution comes from qq̄ annihilation. It
consists in the fact that the top quark is preferably emitted in the direction of the
incoming quark and not in the one of the incoming antiquark, as shown in figure
1.8.
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Figure 1.5: Schematic view of top quark pair charge asymmetry.

Within the SM this asymmetry appears at NLO. QCD at tree level (LO) predicts
that tt̄ quark pair production at hadron colliders is charge symmetric, namely the
di↵erential charge asymmetry defined as [20]:

A(cos ✓) =
Nt(cos ✓)�Nt̄(cos ✓)

Nt(cos ✓) +Nt̄(cos ✓)
(1.17)

vanishes for every value of ✓, where Nt(t̄)(cos ✓) is the number of top (antitop) quarks
produced at a certain angle ✓ with respect to the incoming quark direction. Nev-
ertheless, an asymmetry is generated at NLO from the interference of the diagrams
shown in figure 1.6. The interference between tree level and one loop diagrams (first

Figure 1.6: Feynman diagrams contributing to the QCD charge asymmetry in quark-
antiquark production.

two diagrams) leads to a positive asymmetry, while the interference between ISR
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two diagrams) leads to a positive asymmetry, while the interference between ISR

In	  SM,	  very	  small	  asymmetry	  from	  interference	  
of	  NLO	  diagrams	  

Asymmetry	  only	  in	  qq	  ini6al	  state:	  ~90%	  of	  	  
collisions	  at	  Tevatron,	  but	  only	  ~20%	  at	  LHC	  
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two diagrams) leads to a positive asymmetry, while the interference between ISR

Parton	  level	  asymmetry.	  	  at	  Tevatron	  q	  direc6on	  
Is	  mostly	  the	  p	  beam…	  but	  LHC	  is	  a	  pp	  collider	  

1.4.2 Top quark charge asymmetry 22

and FSR diagrams (last two diagrams) leads to a negative one. The former is larger
than the latter, so the resulting asymmetry is expected to be positive.

For what concerns the two other top quark pair production mechanisms: qg
originated processes generate a contribution to the asymmetry much smaller than
qq and gg fusion is obviously symmetric.

Top quark charge asymmetry has been measured at the Tevatron as forward-
backward asymmetry.

In proton-antiproton collisions, the incoming quark will be mainly a valence
quark from the proton, while the incoming antiquark will be a valence antiquark
of the antiproton. As a consequence the direction of the incoming quark is well
represented by the one of the proton beam. Top quark charge asymmetry translates,
therefore, in the fact that the top quark is preferentially emitted in the direction of
the proton beam (see Figure 1.7).
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Figure 1.7: Top and antitop quark rapidity distributions: comparison between Teva-
tron (a) and LHC (b). While at Tevatron the charge asymmetry manifests itself
in the fact that top quarks are preferentially emitted in the proton beam direction,
at LHC it shows up in the fact that top quark rapidity distribution is broader than
antitop quark one.

If we consider the proton beam direction as forward and the antiproton one as
backward, this relation converts into a forward-backward asymmetry. The most
natural variable to study is:

AFB =
N(�y > 0)�N(�y < 0)

N(�y > 0) +N(�y < 0)
(1.18)

where AFB is the forward-backward asymmetry, �y is defined as the di↵erence
between top and antitop rapidities calculated with respect to proton beam direction
(�y = yt � yt̄).

q	  is	  mostly	  from	  valence	  quark,	  more	  boosted	  
than	  sea	  q..	  If	  top	  along	  q	  direc6on,	  it	  would	  	  
tend	  to	  be	  less	  central	  than	  an6top	  	  
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If we consider the proton beam direction as forward and the antiproton one as
backward, this relation converts into a forward-backward asymmetry. The most
natural variable to study is:

AFB =
N(�y > 0)�N(�y < 0)

N(�y > 0) +N(�y < 0)
(1.18)

where AFB is the forward-backward asymmetry, �y is defined as the di↵erence
between top and antitop rapidities calculated with respect to proton beam direction
(�y = yt � yt̄).

Hence	  this	  is	  what	  we	  measure	  at	  LHC	  	  

-‐	  

-‐	  



Why	  it’s	  interes?ng	  
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1.4.2 Top quark charge asymmetry 29

been used to correct for detector and acceptance e↵ects. The results obtained in the
tt rest frame are reported below:

AFB = (15.8± 7.2(stat.)± 1.7(sys.))% CDF (1.26)

AFB = (19.6± 6.5(stat.)+1.8
�2.6(sys.))% D0 (1.27)

and are higher than the SM prediction by a factor 2 �.
These results are still a↵ected by a significant statistical uncertainty. The most

important systematic contributions come from signal modelling, especially ISR and
FSR, uncertainty on background contamination and on jet reconstruction.

Di↵erential asymmetry in lepton+jets channel
Both the CDF [29] and the D0 [30] collaborations have also measured the charge
asymmetry as a function of top quark pair invariant mass (mtt). While CDF has
seen a strong mass dependence, D0 result seems almost independent from mtt, as
can be seen in Figure 1.14.

 

Figure 1.14: Tevatron measurements of top quark charge asymmetry in two bins of
top quark pair invariant mass. These results have not been unfolded to correct for
detector resolution and acceptance e↵ects [31].

New	  physics	  ?	  

1.4.2 Top quark charge asymmetry 27

be also observed that for the Z 0 boson there are minimum asymmetries Anew
FB � 0.32

and Anew
C � 0.04. This e↵ect is due to the constraints coming from top quark pair

measured cross section values.
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Figure 1.12: Allowed regions for the new physics contributions to the FB asymmetry
at Tevatron and the inclusive charge asymmetry at LHC (a). Allowed regions for
the new physics contributions to the forward-backward asymmetry at Tevatron and
the charge asymmetry at LHC for mtt > 600 GeV (b) [27].

In Figure 1.12 (b) new physics contributions to the Tevatron asymmetry for
mtt > 450 GeV are compared to the ones to the LHC asymmetry at high tt invari-

Predic6ons	  show	  complementarity	  between	  
Tevatron	  and	  LHC	  measurements	  

arXiv:1105.4606	  
arXiv:1107.0841	  



•  Preliminary	  results	  with	  0.70	  W-‐1	  shown	  at	  ICHEP.	  A	  paper	  with	  
1.04	  W-‐1	  is	  in	  the	  final	  stages	  of	  collabora6on	  review:	  I	  will	  show	  
results	  which	  have	  been	  made	  available	  for	  conferences	  

•  New:	  more	  data,	  measurement	  also	  as	  a	  func6on	  of	  d	  invariant	  
mass,	  improved	  treatment	  of	  systema6cs	  
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Selec?on	   Electron	  channel	   Muon	  channel	  

==	  1	  lepton	  with	  	   pT	  >	  25	  GeV	   pT	  >	  20	  GeV	  

ETMiss	  >	  35	  GeV	   ETMiss	  >	  20	  GeV	  

MT	  >	  25	  GeV	   ETMiss+MT	  >	  60	  GeV	  

>=	  4	  jets	  with	   pT>	  25	  GeV,	  |η|<2.5	   pT>	  25	  GeV,	  |η|<2.5	  

>=	  1	  tagged	  jet	   >=	  1	  tagged	  jet	  

-‐	  

Rejects	  mul6-‐jet	  QCD	  

Rejects	  W	  

Defini6on:	  in	  this	  talk,	  MT	  indicates	  the	  transverse	  mass	  between	  the	  leading	  lepton	  and	  	  
the	  EtMiss	  vector.	  

No	  reference	  yet,	  paper	  in	  prepara6on	  



Background	  determina?on	  
•  Mul6-‐jet	  from	  data	  (matrix	  method,	  next	  slide)	  
•  W+jets:	  shape	  from	  MC.	  Normaliza6on	  as	  follows	  	  
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termined using a low mT control region mT < 20 GeV251

with an additional cut Emiss
T +mT < 60 GeV. The e!-252

ciencies for signal leptons and fake leptons are param-253

eterised as a function of muon |!| and pT in order to254

account for the variation of the muon detector accep-255

tance and hadronic activity from the detector a"ecting256

muon isolation.257

For the multijet background estimate in the electron258

channel, the loose data sample is defined by considering259

events with electrons passing looser identification crite-260

ria. The electron isolation requirement is also modified:261

the total energy in a cone of "R = 0.2 around the elec-262

tron is required to be smaller than 6 GeV (instead of263

3.5 GeV), after correcting for energy deposits from pile-264

up interactions and for the energy due to the electron.265

The fake lepton e!ciencies are determined using a low266

Emiss
T control region (5 GeV < Emiss

T < 20 GeV).267

In both channels contributions from W+jets and268

Z+jets backgrounds in the control region, estimated269

using Monte Carlo simulation, are subtracted.270

4.2 W+jets background estimation271

At the LHC the rate of W++jets is larger than that of272

W!+jets because there are more up valence quarks in273

the proton than down quarks. Theoretically, the ratio of274

W++jets andW!+jets cross sections is predicted much275

more precisely than the total W+jets cross section [41,276

42]. This asymmetry is exploited here to measure the277

total W+jets background from the data.278

Since, to a good approximation, processes other than279

W+jets give equal numbers of positively and negatively280

charged leptons, the formula281

NW+ +NW! =

!
rMC + 1

rMC ! 1

"
(D+ !D!), (2)282

can be used to estimate the total number ofW events in283

the selected sample. Here D+(D!) are the total num-284

bers of events in data passing the selection cuts de-285

scribed in Section 3.2 (apart from the b-tagging require-286

ment) with positively (negatively) charged leptons, and287

rMC " N(pp"W+)
N(pp"W!) is evaluated from Monte Carlo sim-288

ulation, using the same event selection.289

The ratio rMC is found to be 1.56±0.06 in the elec-290

tron channel and 1.65± 0.08 in the muon channel. The291

dominant uncertainties on rMC originate from uncer-292

tainties in parton distribution functions, the jet energy293

scale, and the heavy flavour fractions in W+jets events294

(fractions ofW+jets events containing bb̄ pairs, cc̄ pairs295

and c quarks).296

Since the theoretical prediction for heavy flavour297

fractions in W+jets su"ers from large uncertainties, a298

data-driven approach was developed to constrain these299

fractions with some inputs from MC simulation. In this300

approach samples with a lower jet multiplicity, obtained301

from the selection described in Section 3.2, but requir-302

ing precisely one or two jets instead of four or more303

jets, are analysed. The numbers WData
i,pretag,W

Data
i,tagged, of304

W + i jet events in these samples (where i = 1, 2),305

before and after applying the b-tagging requirement,306

are computed by subtracting the small contributions of307

other Standard Model processes - electroweak (WW ,308

WZ, ZZ, and Z+jets) and top (tt̄, and single top) us-309

ing predictions from the simulation, and by subtracting310

the multijet background as described in Section 4.1.311

A system of two equations — expressing the num-312

ber of W + 1 jet events and W + 2 jets events before313

and after b-tagging — can be written with six inde-314

pendent flavour fractions as the unknowns, correspond-315

ing to fractions of Wbb̄+jets, Wcc̄+jets, and Wc+jets316

events in the one and two jet bins. The simulation pre-317

diction for the ratio of the heavy flavour fractions be-318

tween the one and two jet bins is used to relate the319

heavy flavour fractions in the two bins, reducing the320

number of independent fractions to three. Finally, the321

ratio of the fractions of Wcc̄+jets and Wbb̄+jets events322

in the two jet bin is taken to be fixed to the value ob-323

tained from simulated events in order to obtain two324

equations for two independent fractions. Based on this325

measurement, the heavy flavour fractions in simulated326

W+jets events are adjusted by a scale factor 1.63±0.76327

for Wbb̄+jets and Wcc̄+jets events and 1.11± 0.35 for328

Wc+jets. When applied to the signal region, an ad-329

ditional 25% uncertainty on these fractions is added,330

corresponding to the uncertainty of the Monte Carlo331

prediction for the ratio of heavy flavour fractions in dif-332

ferent jet multiplicities. The heavy flavour scale factors333

are applied to simulatedW+jets events throughout this334

paper, and the e"ect of their uncertainties on the value335

of rMC is evaluated.336

Using Equation (2), the total number of W+jets337

events passing the event selection described in Section 3.2338

without requiring a b-tagged jet, W#4,pretag, is evalu-339

ated to be 5400 ± 700 (stat.+ syst.) in the electron340

channel and 8600 ± 1200 (stat.+ syst.) in the muon341

channel.342

The number of W+jets events passing the selection343

with at least one b-tagged jet is subsequently evaluated344

as [40]345

W#4,tagged = W#4,pretag · f2,tagged · k2"#4. (3)346

Here f2,tagged " WData
2,tagged/W

Data
2,pretag is the fraction of347

W+2 jets events passing the requirement of having at348

least one b-tagged jet, and k2"#4 " fMC
#4,tagged/f

MC
2,tagged349

is the ratio of the fractions of simulated W+jets events350

passing the requirement of at least one b-tagged jet,351

Number	  of	  observed	  	  
events	  with	  posi6ve	  
or	  nega6ve	  leptons	  W+/W-‐	  ra6o	  from	  MC	  

1.	  Rate	  before	  tagging:	  

2.	  Rate	  arer	  b-‐tagging:	  
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charged leptons, the formula281

NW+ +NW! =

!
rMC + 1

rMC ! 1

"
(D+ !D!), (2)282

can be used to estimate the total number ofW events in283

the selected sample. Here D+(D!) are the total num-284

bers of events in data passing the selection cuts de-285

scribed in Section 3.2 (apart from the b-tagging require-286

ment) with positively (negatively) charged leptons, and287

rMC " N(pp"W+)
N(pp"W!) is evaluated from Monte Carlo sim-288

ulation, using the same event selection.289

The ratio rMC is found to be 1.56±0.06 in the elec-290

tron channel and 1.65± 0.08 in the muon channel. The291

dominant uncertainties on rMC originate from uncer-292

tainties in parton distribution functions, the jet energy293

scale, and the heavy flavour fractions in W+jets events294

(fractions ofW+jets events containing bb̄ pairs, cc̄ pairs295

and c quarks).296

Since the theoretical prediction for heavy flavour297

fractions in W+jets su"ers from large uncertainties, a298

data-driven approach was developed to constrain these299

fractions with some inputs from MC simulation. In this300

approach samples with a lower jet multiplicity, obtained301

from the selection described in Section 3.2, but requir-302

ing precisely one or two jets instead of four or more303

jets, are analysed. The numbers WData
i,pretag,W

Data
i,tagged, of304

W + i jet events in these samples (where i = 1, 2),305

before and after applying the b-tagging requirement,306

are computed by subtracting the small contributions of307

other Standard Model processes - electroweak (WW ,308

WZ, ZZ, and Z+jets) and top (tt̄, and single top) us-309

ing predictions from the simulation, and by subtracting310

the multijet background as described in Section 4.1.311

A system of two equations — expressing the num-312

ber of W + 1 jet events and W + 2 jets events before313

and after b-tagging — can be written with six inde-314

pendent flavour fractions as the unknowns, correspond-315

ing to fractions of Wbb̄+jets, Wcc̄+jets, and Wc+jets316

events in the one and two jet bins. The simulation pre-317

diction for the ratio of the heavy flavour fractions be-318

tween the one and two jet bins is used to relate the319

heavy flavour fractions in the two bins, reducing the320

number of independent fractions to three. Finally, the321

ratio of the fractions of Wcc̄+jets and Wbb̄+jets events322

in the two jet bin is taken to be fixed to the value ob-323

tained from simulated events in order to obtain two324

equations for two independent fractions. Based on this325

measurement, the heavy flavour fractions in simulated326

W+jets events are adjusted by a scale factor 1.63±0.76327

for Wbb̄+jets and Wcc̄+jets events and 1.11± 0.35 for328

Wc+jets. When applied to the signal region, an ad-329

ditional 25% uncertainty on these fractions is added,330

corresponding to the uncertainty of the Monte Carlo331

prediction for the ratio of heavy flavour fractions in dif-332

ferent jet multiplicities. The heavy flavour scale factors333

are applied to simulatedW+jets events throughout this334

paper, and the e"ect of their uncertainties on the value335

of rMC is evaluated.336

Using Equation (2), the total number of W+jets337

events passing the event selection described in Section 3.2338

without requiring a b-tagged jet, W#4,pretag, is evalu-339

ated to be 5400 ± 700 (stat.+ syst.) in the electron340

channel and 8600 ± 1200 (stat.+ syst.) in the muon341

channel.342

The number of W+jets events passing the selection343

with at least one b-tagged jet is subsequently evaluated344

as [40]345

W#4,tagged = W#4,pretag · f2,tagged · k2"#4. (3)346

Here f2,tagged " WData
2,tagged/W

Data
2,pretag is the fraction of347

W+2 jets events passing the requirement of having at348

least one b-tagged jet, and k2"#4 " fMC
#4,tagged/f

MC
2,tagged349

is the ratio of the fractions of simulated W+jets events350

passing the requirement of at least one b-tagged jet,351

Frac6on	  of	  W+2jet	  tagged	  	  
events	  (from	  data)	  	  
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termined using a low mT control region mT < 20 GeV251

with an additional cut Emiss
T +mT < 60 GeV. The e!-252

ciencies for signal leptons and fake leptons are param-253

eterised as a function of muon |!| and pT in order to254

account for the variation of the muon detector accep-255

tance and hadronic activity from the detector a"ecting256

muon isolation.257

For the multijet background estimate in the electron258

channel, the loose data sample is defined by considering259

events with electrons passing looser identification crite-260

ria. The electron isolation requirement is also modified:261

the total energy in a cone of "R = 0.2 around the elec-262

tron is required to be smaller than 6 GeV (instead of263

3.5 GeV), after correcting for energy deposits from pile-264

up interactions and for the energy due to the electron.265

The fake lepton e!ciencies are determined using a low266

Emiss
T control region (5 GeV < Emiss

T < 20 GeV).267

In both channels contributions from W+jets and268

Z+jets backgrounds in the control region, estimated269

using Monte Carlo simulation, are subtracted.270

4.2 W+jets background estimation271

At the LHC the rate of W++jets is larger than that of272

W!+jets because there are more up valence quarks in273

the proton than down quarks. Theoretically, the ratio of274

W++jets andW!+jets cross sections is predicted much275

more precisely than the total W+jets cross section [41,276

42]. This asymmetry is exploited here to measure the277

total W+jets background from the data.278

Since, to a good approximation, processes other than279

W+jets give equal numbers of positively and negatively280

charged leptons, the formula281

NW+ +NW! =

!
rMC + 1

rMC ! 1

"
(D+ !D!), (2)282

can be used to estimate the total number ofW events in283

the selected sample. Here D+(D!) are the total num-284

bers of events in data passing the selection cuts de-285

scribed in Section 3.2 (apart from the b-tagging require-286

ment) with positively (negatively) charged leptons, and287

rMC " N(pp"W+)
N(pp"W!) is evaluated from Monte Carlo sim-288

ulation, using the same event selection.289

The ratio rMC is found to be 1.56±0.06 in the elec-290

tron channel and 1.65± 0.08 in the muon channel. The291

dominant uncertainties on rMC originate from uncer-292

tainties in parton distribution functions, the jet energy293

scale, and the heavy flavour fractions in W+jets events294

(fractions ofW+jets events containing bb̄ pairs, cc̄ pairs295

and c quarks).296

Since the theoretical prediction for heavy flavour297

fractions in W+jets su"ers from large uncertainties, a298

data-driven approach was developed to constrain these299

fractions with some inputs from MC simulation. In this300

approach samples with a lower jet multiplicity, obtained301

from the selection described in Section 3.2, but requir-302

ing precisely one or two jets instead of four or more303

jets, are analysed. The numbers WData
i,pretag,W

Data
i,tagged, of304

W + i jet events in these samples (where i = 1, 2),305

before and after applying the b-tagging requirement,306

are computed by subtracting the small contributions of307

other Standard Model processes - electroweak (WW ,308

WZ, ZZ, and Z+jets) and top (tt̄, and single top) us-309

ing predictions from the simulation, and by subtracting310

the multijet background as described in Section 4.1.311

A system of two equations — expressing the num-312

ber of W + 1 jet events and W + 2 jets events before313

and after b-tagging — can be written with six inde-314

pendent flavour fractions as the unknowns, correspond-315

ing to fractions of Wbb̄+jets, Wcc̄+jets, and Wc+jets316

events in the one and two jet bins. The simulation pre-317

diction for the ratio of the heavy flavour fractions be-318

tween the one and two jet bins is used to relate the319

heavy flavour fractions in the two bins, reducing the320

number of independent fractions to three. Finally, the321

ratio of the fractions of Wcc̄+jets and Wbb̄+jets events322

in the two jet bin is taken to be fixed to the value ob-323

tained from simulated events in order to obtain two324

equations for two independent fractions. Based on this325

measurement, the heavy flavour fractions in simulated326

W+jets events are adjusted by a scale factor 1.63±0.76327

for Wbb̄+jets and Wcc̄+jets events and 1.11± 0.35 for328

Wc+jets. When applied to the signal region, an ad-329

ditional 25% uncertainty on these fractions is added,330

corresponding to the uncertainty of the Monte Carlo331

prediction for the ratio of heavy flavour fractions in dif-332

ferent jet multiplicities. The heavy flavour scale factors333

are applied to simulatedW+jets events throughout this334

paper, and the e"ect of their uncertainties on the value335

of rMC is evaluated.336

Using Equation (2), the total number of W+jets337

events passing the event selection described in Section 3.2338

without requiring a b-tagged jet, W#4,pretag, is evalu-339

ated to be 5400 ± 700 (stat.+ syst.) in the electron340

channel and 8600 ± 1200 (stat.+ syst.) in the muon341

channel.342

The number of W+jets events passing the selection343

with at least one b-tagged jet is subsequently evaluated344

as [40]345

W#4,tagged = W#4,pretag · f2,tagged · k2"#4. (3)346

Here f2,tagged " WData
2,tagged/W

Data
2,pretag is the fraction of347

W+2 jets events passing the requirement of having at348

least one b-tagged jet, and k2"#4 " fMC
#4,tagged/f

MC
2,tagged349

is the ratio of the fractions of simulated W+jets events350

passing the requirement of at least one b-tagged jet,351

Extrapola6on	  from	  2-‐jet	  	  
to	  4-‐jet	  bin	  from	  MC	  

•  Z+jets,	  diboson,	  single	  top	  from	  MC	  
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QCD	  background	  
•  All	  analysis	  I	  will	  show	  es6mated	  the	  mul6-‐jet	  (“QCD”)	  background	  

from	  data	  with	  the	  so-‐called	  matrix	  method.	  
•  a	  ,ght	  and	  a	  loose	  samples	  are	  defined	  

•  6ght	  sample:	  standard	  lepton	  selec6on,	  
•  loose	  sample:	  looser	  lepton	  selec6on	  to	  enhance	  QCD	  (typically,	  drop	  
cuts	  on	  isola6on)	  	  

•  the	  background	  is	  obtained	  solving	  this	  system:	  
,loose

fake
loose
real

loose NNN +=
loose
fakefake

loose
realreal

tight NNN ⋅+⋅= εε

QCD background 

ü  Nloose = events with a loose muon, 
ü  Ntight = events with a tight muon, 
ü  εreal =                 measured in Z(ll) events in data  
ü  εfake =              measured with QCD selection (low ET

miss and MT). 

Loose lepton sel. 

Fake 
leptons 

Real	  leptons	  

Standard lepton sel. 



Top	  direc?on	  reconstruc?on	  
•  Jets	  and	  leptons	  assigned	  to	  either	  top	  or	  an6top	  decay	  using	  a	  likelihood	  

–  Inputs	  are	  the	  4-‐vectors	  of	  five	  highest	  pT	  jets,	  ETMiss,	  and	  lepton,	  b-‐tagging	  
informa6on.	  

–  Constraints:	  W	  and	  top	  masses	  	  
–  Probability	  of	  each	  assignment	  computed	  (using	  experimental	  resolu6ons)	  

and	  best	  combina6on	  chosen	  
•  Then	  we	  unfold	  in	  2	  dimension	  (d	  invariant	  mass,	  rapidity	  difference	  between	  

top	  and	  an6top)	  from	  reconstructed	  to	  truth	  level	  (response	  matrix	  from	  
mc@nlo,	  Bayesian	  itera6ve	  inversion)	  
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Unfolding II
In order to obtain the truth distribution, the response matrix has been 
inverted using the Bayes’ theorem iteratively:

The unfolding procedure is applied to the observed  !|Y| distribution 
in data, after subtracting backgrounds. 

response matrix prior: MC 
truth from 
mc@nlo

used as prior in 
next iteration

-‐	  



Reconstructed	  and	  unfolded	  rapidi?es	  
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Top Charge Asymmetry
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Source of systematic uncertainty on AC Electron channel Muon channel

Detector modelling

Jet energy scale 0.012 0.006
Jet e!ciency and resolution 0.001 0.007
Muon e!ciency and resolution <0.001 0.001
Electron e!ciency and resolution 0.003 0.001
b-tag scale factors 0.004 0.002
Calorimeter readout 0.001 0.004
Charge mis-ID <0.001 <0.001
b-tag charge 0.001 0.001

Signal and background modelling

Parton shower/fragmentation 0.010 0.010
Top mass 0.007 0.007
tt̄ modelling 0.011 0.011
ISR and FSR 0.010 0.010
PDF <0.001 <0.001
W+jets normalization and shape 0.008 0.005
Z+jets normalization and shape 0.005 0.001
Multijet background 0.011 0.001
Single top <0.001 <0.001
Diboson <0.001 <0.001

MC Statistics 0.006 0.005
Unfolding convergence 0.001 0.001
Unfolding bias 0.004 <0.001
Luminosity 0.001 0.001

Total systematic uncertainty 0.028 0.023

Table 2 List of sources of systematic uncertainties and their impact on the measured asymmetry in the electron and muon
channel. In cases where asymmetric uncertainties were obtained, a symmetrisation of the uncertainties was performed by taking
the average of the absolute deviations under systematic shifts from the nominal value.

muon channels after correction for detector resolution679

and acceptance.680

To summarize, the top quark charge asymmetry was681

measured in tt̄ events with a single lepton (electron682

or muon), at least four jets and large missing trans-683

verse energy using an integrated luminosity of 1.04 fb!1
684

recorded by the ATLAS experiment at a centre of mass685

energy of
!
s = 7 TeV. The reconstruction of tt̄ events686

was performed using a kinematic fit. The reconstructed687

inclusive distribution of !|y| and the distribution as688

a function of mtt̄ were unfolded after background sub-689

traction to obtain results that can be directly compared690

with theoretical computations.691

The measured asymmetry is:692

AC = "0.018± 0.028 (stat.)± 0.023 (syst.)

and693

AC = "0.053± 0.070 (stat.)± 0.054 (syst.)

for mtt̄ < 450 GeV,

AC = "0.008± 0.035 (stat.)± 0.032 (syst.)

for mtt̄ > 450 GeV.

Fig. 5 summarizes the measurements for the two mtt̄694

regions. These results are compatible with the predic-695

tion from the MC@NLO Monte Carlo generator of696

AC = 0.006 ± 0.0024, showing no evidence for an en-697

hancement from physics beyond the Standard Model.698

The measurement of the charge asymmetry at the699

LHC is a test of the unexpectedly large forward-backward700

asymmetry observed at the Tevatron. However, because701

the LHC is a pp collider and the centre of mass energy702

is around three times larger, any relation between both703

asymmetries is model-dependent. Here a comparison is704

made between the predicted values of the Tevatron and705

LHC asymmetries for a few simple models. These are:706

(i) a flavour-changing Z " boson with right-handed cou-707

plings, exchanged in the t channel in uū # tt̄ [13]; (ii) a708

W " boson, also with right-handed couplings, contribut-709

ing in dd̄ # tt̄ [14]; a heavy axigluon Gµ exchanged710

in the s channel [11, 12]; (iv) a scalar doublet ", with711

the same quantum numbers as the SM Higgs [57]; (v)712

a charge 4/3 scalar, colour-sextet (#4) or colour-triplet713

($4), contributing in the u channel to uū # tt̄ [15, 16].714

4The SM prediction of 0.0115 ± 0.0006 for the charge asym-
metry found in [6] di"ers from the MC@NLO prediction of
0.006 ± 0.002, due to the former taking the LO prediction
for the denominator in the definition (1) of AC , and taking
into account QED e"ects. The uncertainty on the MC@NLO

prediction is obtained by considering variations in the renor-
malisation and factorisation scales and di"erent sets of PDFs.

• In good agreement with SM predictions

• Results disfavor models with flavor-changing Z’ and W’ bosons, proposed 
to explain Tevatron’s AFB measurements

• The models developed to explain the forward-backward asymmetry would 
predict a much larger charge asymmetry in this measurement

NEW
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Search for FCNC single top-quark production at
!
s = 7 TeV with the ATLAS detector

The ATLAS Collaboration

Abstract

A search for the production of single top-quarks via flavour-changing neutral-currents is presented. Data collected with the ATLAS
detector at a centre-of-mass energy of

!
s = 7 TeV corresponding to an integrated luminosity of 2.05 fb"1 are used. Candidate events

with a semileptonic top-quark decay signature are classified into signal and background-like events combining several kinematic
variables into a neural network. No signal is observed in the neural network output distribution and a Bayesian upper limit is placed
on the production cross-section. The observed upper limit at 95% confidence level on the cross-section multiplied by the t # Wb
branching fraction is measured to be !qg#t $ B(t # Wb) < 3.9 pb. This upper limit is converted using a model-independent
approach into upper limits of the coupling strengths "ugt/! < 6.9 · 10"3 TeV"1 and "cgt/! < 1.6 · 10"2 TeV"1, where ! is the new
physics scale, and on the branching fractions B(t # ug) < 5.7 · 10"5 and B(t # cg) < 2.7 · 10"4.

Keywords: top physics, heavy quark production, FCNC, single top quark

1. Introduction1

The top quark is the heaviest elementary particle known,2

with a mass of mt = 173.2 ± 1.1 GeV [1] close to the elec-3

troweak symmetry breaking scale. For this reason it is an excel-4

lent object to test the Standard Model (SM) of particle physics.5

The properties of the top quark can be studied with the Large6

Hadron Collider (LHC) data from proton-proton (pp) collisions7

at
!
s = 7 TeV. Top-quark pair-production via the strong inter-8

action has been measured at the LHC [2, 3], and its cross section9

is in good agreement with the prediction of the SM. Addition-10

ally, top quarks can be singly produced through three di"erent11

mechanisms: the t-channel, the Wt associated production, and12

the s-channel. Only the t-channel single top-quark production13

has been observed so far [4–7]. According to the SM of parti-14

cle physics, flavour-changing neutral-current (FCNC) processes15

are forbidden at tree level and suppressed at higher orders due16

to the Glashow-Iliopoulos-Maiani (GIM) mechanism [8]. Ex-17

tensions of the SM with new sources of flavour predict higher18

rates for FCNCs involving the top quark, for example new ex-19

otic quarks [9], new scalars [10, 11], supersymmetry [12–15],20

or technicolour [16] (For a review see Ref. [17]). If the new par-21

ticles are heavy, which is consistent with the non-observation22

of low mass new particles at the Tevatron and LHC, their ef-23

fects on top FCNC can be parametrised in terms of a set of24

dimension-six gauge-invariant operators [18]. The predicted25

branching fractions for top quarks decaying to a quark and a26

photon, Z boson, or gluon can be up to 10"3 to 10"5 for certain27

regions of the parameter space in the mentioned models. In any28

case, for heavy new particles these rates can also be large, if the29

new particles couple strongly to the SM particles.30

According to the corresponding values of the Cabibbo-31

Kobayashi-Maskawa (CKM) matrix, the top quark decays al-32

most exclusively to a W boson and a b quark. In principle,33

FCNC top-quark decays can be studied directly by searching34

for final states with the corresponding decay particles [19, 20].35

However, the t # qg mode, where q denotes either an up36

quark u or a charm quark c, is almost impossible to sepa-37

rate from generic multijets-production via quantum chromody-38

namic (QCD) processes, while a much better sensitivity can be39

achieved in the search for anomalous single top-quark produc-40

tion. In the process studied here, a u or c quark and a gluon g41

coming from the colliding protons interact through an s-channel42

process to produce a single top-quark. The most general e"ec-43

tive LagrangianLe f f for this process resulting from dimension-44

six operators contains only tensor couplings [21] and it can be45

written as [22]:46

Le f f = gs
!

q=u,c

"qgt

!
t̄!µ#Ta( f Lq PL + f

R
q PR)qG

a
µ# + h.c., (1)47

where the "ugt, "cgt are dimensionless parameters that relate the48

strength of the new coupling to the strong coupling constant gs.49

! is the new physics scale, related to the mass cuto" scale above50

which the e"ective theory breaks down. Ta are the Gell-Mann51

matrices [23] and !µ# = i
2
[$µ, $#] transforms as a tensor under52

the Lorentz group. The f L,Rq are chiral parameters normalised53

such that: | f Lq |2 + | f Rq |2 = 1. The operator PL =
1
2
(1 " $5) per-54

forms a left handed projection, while PR =
1
2
(1 + $5) performs55

a right handed projection, where $5 represents the chirality op-56

erator. Gaµ# is the gauge-field tensor of the gluon and t and q are57

the fermion fields of the top and light quark, respectively.58

The existence of FCNC operators allows the production of59

top quarks via qg # t, but also the decays t # qg. In the60

allowed region of parameter space for "qgt/! an experimen-61

tally favourable situation occurs when the FCNC production62

cross-section of top quarks can be in the range of several pi-63

cobarns, while the branching fraction of FCNC decays is very64

small, and top quarks can thus be reconstructed in the SM de-65

cay mode t # Wb. In this case, the complete process which66
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§  FCNC	  processes	  negligible	  in	  the	  SM,	  but	  enhanced	  to	  poten6ally	  observable	  rates	  in	  	  
several	  new	  physics	  models	  
§  ugt	  and	  cgt	  operators	  

can	  be	  probed	  with	  looking	  at	  either	  FCNC	  single	  top	  produc6on	  	  (qg	  	  	  	  	  	  	  t)	  	  or	  decay	  
(t	  	  	  	  	  	  	  gq).	  The	  former	  is	  actually	  more	  sensi6ve;	  I’ll	  show	  results	  seeking	  
	  
	  
§  Our	  preselec6on	  requires	  

§  Exactly	  one	  lepton	  with	  pT	  >	  25	  GeV	  	  
§  ETMiss	  >	  25	  GeV	  and	  MT+ETMiss	  >	  60	  GeV	  to	  supress	  QCD	  
§  Exactly	  one	  jet	  with	  pT	  >	  25	  GeV,	  tagged	  as	  b.	  

§  Arer	  this,	  26223	  events	  are	  observed	  in	  2.05	  P-‐1	  of	  data,	  with	  a	  SM	  expecta6on	  	  
of	  24000	  ±	  7000.	  Only	  113	  signal	  events	  are	  expected	  for	  each	  pb	  of	  FCNC	  cross	  	  
sec6on.	  In	  order	  to	  have	  a	  good	  sensi6vity,	  we	  use	  a	  neutral	  network	  approach	  	  

will be searched for is qg ! t ! Wb. The W boson can de-67

cay into quark-antiquark pairs (W ! q1q̄2) or a lepton-neutrino68

pair (W ! !"). In this analysis only the decay into a lepton-69

neutrino pair, the leptonic decay, is considered. Selected events70

are characterised by an isolated high-energetic lepton (electron71

or muon), missing transverse momentum from the neutrino and72

exactly one b-quark jet.73

This analysis is the first LHC analysis searching for FCNC74

involving quarks and gluons. An analysis searching for the 2!75

1 process qg ! t was performed by CDF [24], while D0 set76

limits on #ugt/! and #cgt/! by analysing the 2 ! 2 processes,77

such as qq̄! tū, ug! tg, and gg! tū [25].78

2. Data sample and simulation79

The ATLAS detector [26] is built from a set of cylindrical80

subdetectors, which cover almost the full solid angle1 around81

the interaction point.82

It is composed of an inner tracking system close to the83

interaction point, surrounded by a superconducting solenoid84

providing a 2 T magnetic field, electromagnetic and hadronic85

calorimeters, and a muon spectrometer. The electromagnetic86

calorimeter is a liquid-argon sampling calorimeter (LAr) with87

high granularity. An iron-scintillator tile calorimeter provides88

hadronic energy measurements in the central rapidity range.89

The end-cap and forward regions are instrumented with LAr90

calorimetry for both electromagnetic and hadronic energy mea-91

surements. The muon spectrometer consists of three large su-92

perconducting toroids, a system of trigger chambers, and preci-93

sion tracking chambers.94

This analysis is performed using
"
s = 7 TeV pp-collision data95

recorded by ATLAS between March 22 and August 22, 2011.96

Only the periods in which all the subdetectors were operational97

are considered, resulting in a data sample with a total integrated98

luminosity of 2.05 ± 0.08 fb#1.99

Detector and trigger simulations are performed with the stan-100

dard ATLAS software making use of GEANT4 [27]. The same101

o"ine reconstruction methods used with data events are applied102

to the simulated samples. PYTHIA [28] minimum bias events103

are used to simulate multiple proton interactions, with a con-104

figuration corresponding to the LHC running with 50 ns bunch105

separation and an average of six multiple proton interactions106

per bunch crossing.107

For the simulation of direct production of top quarks via108

FCNC, PROTOS [29] is used. The top quarks decay as ex-109

pected in the SM, and only the leptonic decay of the W boson110

is considered. The CTEQ6 [30] leading order (LO) parton dis-111

tribution functions (PDFs) are used and the hadronization of112

signal events is simulated with PYTHIA. The corresponding113

1In the right-handed ATLAS coordinate system, the pseudorapidity $ is de-
fined as $ = # ln[tan(%/2)], where the polar angle % is measured with respect
to the LHC beamline. The azimuthal angle & is measured with respect to the
x-axis, which points towards the centre of the LHC ring. The z-axis is parallel
to the anti-clockwise beam viewed from above. Transverse momentum and en-
ergy are defined as pT = p sin % and ET = E sin %, respectively. The #R distance

is defined as #R =
!

#$2 + #&2.

AMBT1 tunes [31] to the ATLAS collision data are used. It114

has been verified that the kinematics of the signal process are115

independent of the a priori unknown FCNC coupling.116

Several SM processes are expected to have the same final-117

state topology as the signal. Samples of simulated events for118

the t-channel and Wt single top-quark processes are generated119

with the ACERMC program [32], whereas the MC@NLO [33]120

generator is used for the s-channel process.121

The ALPGEN [34] simulation interfaced to HERWIG [35]122

and JIMMY [36] is used to generate W+jets, Wbb̄, Wcc̄, Wc123

and Z+jets with up to five parton events. To remove overlaps124

between the n and n + 1 parton samples the ‘MLM’ matching125

scheme [34] is used. The double counting between the inclusive126

W +n parton samples and samples with associated heavy-quark127

pair-production is removed utilising an overlap removal based128

on a #R matching. The corresponding AUET1 HERWIG and129

JIMMY tunes [37] to the ATLAS collision data are used. Di-130

boson backgrounds fromWW,WZ and ZZ, are simulated using131

HERWIG. For the generation of SM tt̄ events the MC@NLO132

generator with the CTEQ6.6 [38] PDFs is used. The parton133

shower and the underlying event are added using HERWIG and134

JIMMY.135

3. Event selection136

Events are considered only if they have been accepted by137

a single-lepton trigger containing an electron or a muon [39].138

Electron candidates are defined as electromagnetic clusters as-139

sociated with well-measured track fulfilling several quality re-140

quirements [40]. The candidates are required to satisfy pT > 25141

GeV and |$clus| < 2.47, where $clus is the pseudorapidity of the142

calorimeter cluster. An additional veto is placed on candidates143

in the calorimeter barrel-endcap overlap region, 1.37 < |$clus| <144

1.52, where there is limited calorimeter instrumentation. Iso-145

lated high pT electrons associated with the W-boson decay can146

be faked by hadronic jets faking an electron, electrons from147

heavy-flavour decays, and photon conversions. Since signal148

electrons from the W-boson decay are typically isolated from149

hadronic jet activity, these backgrounds can be suppressed via150

an isolation criteria which requires minimum calorimeter activ-151

ity and only few tracks in an $#& cone around the electron can-152

didate. The calorimeter isolation requirement selects electrons153

where the transverse energy within a cone of R = 0.3 around154

the electron direction is ET(#R < 0.3)/pT < 0.15 and for the155

tracks pT(#R < 0.3)/pT < 0.15, respectively. Muon candidates156

are reconstructed by matching the muon spectrometer hits with157

the inner detector tracks. The final candidates are required to158

have a transverse momentum greater than pT> 25 GeV and to159

be in the pseudo-rapidity region of |$| < 2.5. Isolation crite-160

ria are applied to reduce background events in which a high161

pT muon is produced in a heavy-flavour decay. For the trans-162

verse energy within a cone of R = 0.3 about the muon direction,163

ET(#R < 0.3)/pT < 0.15 is required, while the scalar sum of164

transverse momenta of additional tracks inside a R = 0.3 cone165

around the muon must satisfy pT(#R < 0.3)/pT < 0.10. Can-166

didate events are required to have exactly one isolated lepton167

(!).168
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1. Introduction1

The top quark is the heaviest elementary particle known,2

with a mass of mt = 173.2 ± 1.1 GeV [1] close to the elec-3

troweak symmetry breaking scale. For this reason it is an excel-4

lent object to test the Standard Model (SM) of particle physics.5

The properties of the top quark can be studied with the Large6

Hadron Collider (LHC) data from proton-proton (pp) collisions7

at
!
s = 7 TeV. Top-quark pair-production via the strong inter-8

action has been measured at the LHC [2, 3], and its cross section9

is in good agreement with the prediction of the SM. Addition-10

ally, top quarks can be singly produced through three di"erent11

mechanisms: the t-channel, the Wt associated production, and12

the s-channel. Only the t-channel single top-quark production13

has been observed so far [4–7]. According to the SM of parti-14

cle physics, flavour-changing neutral-current (FCNC) processes15

are forbidden at tree level and suppressed at higher orders due16

to the Glashow-Iliopoulos-Maiani (GIM) mechanism [8]. Ex-17

tensions of the SM with new sources of flavour predict higher18

rates for FCNCs involving the top quark, for example new ex-19

otic quarks [9], new scalars [10, 11], supersymmetry [12–15],20

or technicolour [16] (For a review see Ref. [17]). If the new par-21

ticles are heavy, which is consistent with the non-observation22

of low mass new particles at the Tevatron and LHC, their ef-23

fects on top FCNC can be parametrised in terms of a set of24

dimension-six gauge-invariant operators [18]. The predicted25

branching fractions for top quarks decaying to a quark and a26

photon, Z boson, or gluon can be up to 10"3 to 10"5 for certain27

regions of the parameter space in the mentioned models. In any28

case, for heavy new particles these rates can also be large, if the29

new particles couple strongly to the SM particles.30

According to the corresponding values of the Cabibbo-31

Kobayashi-Maskawa (CKM) matrix, the top quark decays al-32

most exclusively to a W boson and a b quark. In principle,33

FCNC top-quark decays can be studied directly by searching34

for final states with the corresponding decay particles [19, 20].35

However, the t # qg mode, where q denotes either an up36

quark u or a charm quark c, is almost impossible to sepa-37

rate from generic multijets-production via quantum chromody-38

namic (QCD) processes, while a much better sensitivity can be39

achieved in the search for anomalous single top-quark produc-40

tion. In the process studied here, a u or c quark and a gluon g41

coming from the colliding protons interact through an s-channel42

process to produce a single top-quark. The most general e"ec-43

tive LagrangianLe f f for this process resulting from dimension-44

six operators contains only tensor couplings [21] and it can be45

written as [22]:46

Le f f = gs
!

q=u,c

"qgt

!
t̄!
µ#
T
a
( f
L
q PL + f

R
q PR)qG

a
µ# + h.c., (1)47

where the "ugt, "cgt are dimensionless parameters that relate the48

strength of the new coupling to the strong coupling constant gs.49

! is the new physics scale, related to the mass cuto" scale above50

which the e"ective theory breaks down. T
a
are the Gell-Mann51

matrices [23] and !
µ#
=
i
2 [$
µ
, $
#
] transforms as a tensor under52

the Lorentz group. The f
L,R
q are chiral parameters normalised53

such that: | f
L
q |
2
+ | f

R
q |
2
= 1. The operator PL =

1
2 (1 " $

5
) per-54

forms a left handed projection, while PR =
1
2 (1 + $

5
) performs55

a right handed projection, where $
5
represents the chirality op-56

erator. G
a
µ# is the gauge-field tensor of the gluon and t and q are57

the fermion fields of the top and light quark, respectively.58

The existence of FCNC operators allows the production of59

top quarks via qg # t, but also the decays t # qg. In the60

allowed region of parameter space for "qgt/! an experimen-61

tally favourable situation occurs when the FCNC production62

cross-section of top quarks can be in the range of several pi-63

cobarns, while the branching fraction of FCNC decays is very64

small, and top quarks can thus be reconstructed in the SM de-65

cay mode t # Wb. In this case, the complete process which66
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1. Introduction1

The top quark is the heaviest elementary particle known,2

with a mass of mt = 173.2 ± 1.1 GeV [1] close to the elec-3

troweak symmetry breaking scale. For this reason it is an excel-4

lent object to test the Standard Model (SM) of particle physics.5

The properties of the top quark can be studied with the Large6

Hadron Collider (LHC) data from proton-proton (pp) collisions7

at
!
s = 7 TeV. Top-quark pair-production via the strong inter-8

action has been measured at the LHC [2, 3], and its cross section9

is in good agreement with the prediction of the SM. Addition-10

ally, top quarks can be singly produced through three di"erent11

mechanisms: the t-channel, the Wt associated production, and12

the s-channel. Only the t-channel single top-quark production13

has been observed so far [4–7]. According to the SM of parti-14

cle physics, flavour-changing neutral-current (FCNC) processes15

are forbidden at tree level and suppressed at higher orders due16

to the Glashow-Iliopoulos-Maiani (GIM) mechanism [8]. Ex-17

tensions of the SM with new sources of flavour predict higher18

rates for FCNCs involving the top quark, for example new ex-19

otic quarks [9], new scalars [10, 11], supersymmetry [12–15],20

or technicolour [16] (For a review see Ref. [17]). If the new par-21

ticles are heavy, which is consistent with the non-observation22

of low mass new particles at the Tevatron and LHC, their ef-23

fects on top FCNC can be parametrised in terms of a set of24

dimension-six gauge-invariant operators [18]. The predicted25

branching fractions for top quarks decaying to a quark and a26

photon, Z boson, or gluon can be up to 10"3 to 10"5 for certain27

regions of the parameter space in the mentioned models. In any28

case, for heavy new particles these rates can also be large, if the29

new particles couple strongly to the SM particles.30

According to the corresponding values of the Cabibbo-31

Kobayashi-Maskawa (CKM) matrix, the top quark decays al-32

most exclusively to a W boson and a b quark. In principle,33

FCNC top-quark decays can be studied directly by searching34

for final states with the corresponding decay particles [19, 20].35

However, the t # qg mode, where q denotes either an up36

quark u or a charm quark c, is almost impossible to sepa-37

rate from generic multijets-production via quantum chromody-38

namic (QCD) processes, while a much better sensitivity can be39

achieved in the search for anomalous single top-quark produc-40

tion. In the process studied here, a u or c quark and a gluon g41

coming from the colliding protons interact through an s-channel42

process to produce a single top-quark. The most general e"ec-43

tive LagrangianLe f f for this process resulting from dimension-44

six operators contains only tensor couplings [21] and it can be45

written as [22]:46

Le f f = gs
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q=u,c

"qgt
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µ#
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L
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q PR)qG
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where the "ugt, "cgt are dimensionless parameters that relate the48

strength of the new coupling to the strong coupling constant gs.49

! is the new physics scale, related to the mass cuto" scale above50

which the e"ective theory breaks down. T
a
are the Gell-Mann51

matrices [23] and !
µ#
=
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, $
#
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the Lorentz group. The f
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q are chiral parameters normalised53

such that: | f
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= 1. The operator PL =

1
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) per-54

forms a left handed projection, while PR =
1
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) performs55

a right handed projection, where $
5
represents the chirality op-56

erator. G
a
µ# is the gauge-field tensor of the gluon and t and q are57

the fermion fields of the top and light quark, respectively.58

The existence of FCNC operators allows the production of59

top quarks via qg # t, but also the decays t # qg. In the60

allowed region of parameter space for "qgt/! an experimen-61

tally favourable situation occurs when the FCNC production62

cross-section of top quarks can be in the range of several pi-63

cobarns, while the branching fraction of FCNC decays is very64

small, and top quarks can thus be reconstructed in the SM de-65

cay mode t # Wb. In this case, the complete process which66
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Neural	  network	  inputs	  
•  FCNC	  top	  quarks	  are	  produced	  almost	  at	  rest	  –	  pT	  of	  top	  and	  decay	  

products	  is	  sorer,	  W	  and	  b	  have	  large	  rela6ve	  angles.	  
•  Also,	  FCNC	  produce	  some	  4	  6mes	  more	  posi6ve	  than	  nega6ve	  leptons	  

(top/an6top),	  compared	  to	  a	  ra6o	  between	  1	  and	  2	  of	  SM	  
backgrounds.	  

•  In	  total,	  11	  variables	  considered	  for	  the	  NN	  discriminant.	  The	  
distribu6on	  for	  the	  more	  sensi6ve	  ones	  are	  shown.	  

28th	  Feb	  2012	   15	  

same event signature. First, in the single top-quark production263

via FCNC, the top quark is produced almost at rest. There-264

fore the pT distribution of the top quark is much softer, than the265

pT distribution of top quarks produced through SM top-quark266

production. And the W boson and the b quark coming from267

its decay are back to back with very big relative angle. Sec-268

ondly, because the W boson coming from the top-quark decay269

has very high momentum, its decay products are highly boosted270

and have very small relative angles. At the same time, W or Z271

bosons from non top-quark processes are with much smaller272

momenta, and thus their decay products are with big relative273

angles. At last, the charge asymmetry is explored. The single274

top-quark production via FCNC predicts a production of four275

times more top quarks than antitop quarks, while for the SM276

top-quark production and all other SM backgrounds this ratio277

can be as maximum as two.278

All possible variables such as momenta, relative angles,279

pseudo rapidity, particles masses, lepton electric charge are ex-280

plored including variables obtained from the reconstructed W281

boson and the top quark. To reconstruct the four-momentum of282

the W boson the neutrino four-momentum is derived from the283

measured !EmissT , since it cannot be measured directly. The neu-284

trino longitudinal momentum, pz("), is calculated by imposing285

a kinematic constraint on them(#") invariant mass. The twofold286

ambiguity is resolved by choosing the smallest |pz(")| solution,287

since the W boson is expected to be produced with small ra-288

pidity. The top-quark candidate is reconstructed by adding the289

four-momentum of the b-tagged jet to the four-momentum of290

the reconstructed W boson. Eleven variables are used as input291

to the neural network after testing for each variable the agree-292

ment between background model and observed events in the293

large statistics pretag sample and in the tag sample. The charge294

and the pT of the lepton, the pT, $ and mass of the b-tagged295

jet, the !R between the b-tagged jet and the charged lepton, the296

!R between the b-tagged jet and the reconstructed W boson,297

the opening angle !% between the directions of the b-tagged298

jet and the reconstructed W boson, the pT of the W boson and299

the reconstructed top-quark mass. The last variable considered300

in the neural network is the W-boson helicity. This is calcu-301

lated via the cosine of the angle between the momentum of the302

charged lepton in theW-boson rest-frame and the momentum of303

theW boson as seen in the top-quark rest-frame, cos &!. Table 2304

shows a summary of the used variables ordered by the impor-305

tance. Distribution of the three most important variables in the306

pretag as well as the tagged sample, normalised to the num-307

ber of observed events are shown in Figure 1. The resulting308

neural network output-distributions for the various processes,309

normalised to unit area are shown in Figure 2a). Signal-like310

events have values close to 1, whereas background-like events311

are accumulated close to -1.312

5. Systematic Uncertainties313

Systematic uncertainties a"ect the normalisation of the in-314

dividual backgrounds and the signal acceptance as well as the315

shape of the neural network output-distributions. Residual dif-316

ferences between observed and simulated distributions of jets,317

Table 2: Variables used in the training for the neural network ordered by their
importance.

pT,W
!R(#, b)
Lepton charge
mt
mb
$b
!%(W, b)
pT,#
pT,b
cos &!

!R(W, b)

electron and muon reconstruction after calibration, and uncer-318

tainties on corrective scale factors are propagated accordingly.319

To account for mis-modelling of lepton triggers, reconstruc-320

tion and selection e#ciencies in simulation scale factors are321

derived from measurements of the e#ciency in collision data.322

Z " ee, Z " µµ, and W " e" decays are used to obtain scale323

factors as functions of the lepton kinematics resulting in uncer-324

tainties around 5%. Measurements of the Z " ## processes are325

used to determine correction factors and associated uncertain-326

ties of the lepton momentum scale and resolution. To evaluate327

the e"ect of momentum scale uncertainties, the event selection328

is redone with the lepton momentum varied up and down by 1'.329

For the momentum resolution uncertainties the event selection330

is redone with the lepton momentum smeared. The uncertainty331

on the jet energy scale, derived using information from test-332

beam data, collision data, and simulation varies between 2.5%333

and 8% (3.5% and 14%) in the central (forward) region, de-334

pending on jet pT and $ [42]. This includes uncertainties in335

the flavour composition of the samples and mis-measurements336

from close-by jets. Additional uncertainties due to multiple337

proton interactions are as large as 5% (7%) in the central (for-338

ward) region. An additional jet energy scale uncertainty of up339

to 2.5%, depending on the pT of the jet, is applied for b-quark340

jets due to di"erences between light and gluon jets as opposed341

to jets containing b-hadrons. To evaluate the uncertainty the en-342

ergy of each jet is scaled up or down by 1' and the change is343

also propagated to the missing transverse momentum calcula-344

tion. An uncertainty of 2% for the jet reconstruction e#ciency345

is assigned based on the agreement between e#ciencies mea-346

sured in minimum bias and QCD dijet events and simulated347

events [52]. Jet pT- and $-dependent scale factors for the b-348

tagging e#ciencies and mis-tag rates are applied to match sim-349

ulated distributions with observed distributions and have uncer-350

tainties from 8% to 16% and 23% to 45%, respectively [43].351

Systematic e"ects fromMCmodelling are estimated by com-352

paring di"erent generators and varying parameters for the event353

generation. The e"ect of parton showering modelling is evalu-354

ated by comparing two ACERMC samples interfaced to HER-355

WIG and PYTHIA, respectively. The amount of initial and final356

state radiation is varied by modifying parameters in PYTHIA.357

The parameters are varied in a range comparable to those358

4

The	  agreement	  between	  data	  is	  quite	  good	  also	  before	  b-‐tagging,	  where	  any	  signal	  would	  
be	  negligible.	  	  
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The	  observed	  (expected)	  limit	  is	  3.9	  pb	  (2.4	  pb)	  at	  95%	  C.L.	  
	  
Resul6ng	  limits	  on	  couplings	  and	  branching	  ra6os	  are	  beder	  
than	  previous	  best	  limits	  (from	  D0)	  by	  a	  factor	  of	  4	  and	  15	  	  
for	  tug	  and	  tcg	  respec6vely.	  

Zoom	  of	  high	  NN	  values.	  Signal	  here	  
Is	  light	  blue,	  normalized	  to	  observed	  
Limit;	  uncertainty	  band	  centered	  on	  	  
SM+signal	  
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Scalar	  top	  searches	  
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Supersymmetry

• Supersymmetry (SUSY) is one of the most
extensively studied extensions of the Standard
Model (SM)

• SUSY postulates superpartners for all the SM
particles:

SM fermions , SUSY bosons
SM bosons , SUSY fermions

• Lots of new particles to be observed in
experiments

• SUSY can solve the naturalness problem

• Unification of forces at a high energy scale

• If R-parity is conserved:
� The lightest supersymmetric particle (LSP) is

stable ! Dark matter candidate

� SUSY particles are produced in pairs

• SUSY must be a broken symmetry, e.g., through a hidden sector with a messenger
field: gravity (MSUGRA/CMSSM), gauge interactions (GMSB), etc.

2

Supersymmetry	  is	  a	  predy	  promising	  extension	  of	  SM	  
§  Provides	  a	  natural	  solu6on	  to	  hierarchy	  problem	  
§  R-‐parity	  conserva6on	  gives	  a	  nice	  DM	  candidate	  
	  
	  
First	  searches	  at	  LHC	  tried	  to	  catch	  the	  easy	  preys:	  	  
high-‐cross	  sec6on	  squarks	  and	  gluinos.	  
No	  signal	  -‐>	  strong	  limits	  (between	  600-‐1100	  GeV)	  
	  
A	  scalar	  top	  as	  light	  as	  100	  GeV	  is	  s6ll	  allowed.	  
	  
	  
	  
The	  scalar	  top	  is	  the	  one	  par6cle	  you	  want	  light	  to	  
cancel	  the	  top	  correc6on	  to	  the	  Higgs	  mass.	  	  	  
	  
	  	  

SUSY in the Third Generation
• Mixing of gauge eigenstates to form mass eigenstates e.g. for stop:
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• After diagonalization, sfermions mass eigenstates f̃ 1 and f̃2 with m(f̃1) < m(f̃2):
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• Sizeable mixing in the third generation:
t̃1 and b̃1 are lighter than the other squarks

⌧̃1 is lighter than the other sleptons

Introduction
• Assuming R-parity conservation, SUSY models often result in signatures with

• energetic jets
• squark/gluino decays

• missing transverse energy (MET)
• transverse energy imbalance from lightest neutralino escaping the detector

• possibly leptons

• 3rd generation squarks may be much lighter due to large mixing
• stop/sbottom

• Production mechanisms
• direct pair production
• gluino decays

2

What about the rest?
• 1fb-1 is transition luminosity:

• L<1fb-1 forced to look only 
for cascades initiated by 
gluinos/first two generation 
squarks

•  L>1fb-1 direct production of 
stops, sbottoms and EW 
inos starts to be 
progressively accessible

(For “natural SUSY” one can still have the options to wait for higher energy and 
keep pushing gluino limits, but naturalness may be just a theoretical bias…)
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Gluino/squark production have larger cross sections, but also 
sensitive to direct production of  3rd generation

• Third generation sfermions:

� Can be relatively light (150-250 GeV)
� Can be produced in pairs with high cross

section at the LHC
� Or appear in the gluino cascade decay

� Produce b, t or ⌧ in their decay

• Good prospects for experimental
observation of SUSY in the third
generation

3

SUSY in the Third Generation

• Light third generation squarks would also be well received by the theory:

� If SUSY solves the hierarchy problem naturally, stop and sbottom mass must be

few hundred GeV

• Big interest in SUSY third generation searches in the all the community!
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Stop	  produc?on	  	  
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Same	  final	  state	  but	  different	  kinema6cs	  
Same	  visible	  final	  state	  as	  in	  top	  decay	  	  
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Stop	  decay	  	  
Significant	  only	  if	  	  
tχ0	  and	  bχ± not	  allowed.	  	  m(t )>m(t)+m(χ 0 ) m(t )>m(b)+m(χ ± )m(t )>m(b)+m(χ

± )
m( ν )<m(χ ± )

Gluino	  mediated	  produc?on:	  gg	  	  	  	  	  	  dd.	  If	  gluino	  not	  too	  heavy,	  best	  channel	  to	  find	  	  
and	  study	  stop	  at	  LHC	  
§  Cross	  sec6on	  depends	  on	  gluino	  mass,	  final	  state	  rela6vely	  spectacular	  (=	  easy	  	  
to	  separate	  from	  SM):	  2	  real	  tops	  plus	  the	  stop	  decay	  products.	  
Direct	  produc?on:	  depends	  only	  on	  the	  stop	  mass,	  but	  more	  difficult:	  small	  cross	  	  
sec6on	  if	  stop	  heavy,	  difficult	  to	  separate	  from	  SM	  if	  light	  
	  

Search for FCNC single top-quark production at
!
s = 7 TeV with the ATLAS detector

The ATLAS Collaboration

Abstract

A search for the production of single top-quarks via flavour-changing neutral-currents is presented. Data collected with the ATLAS
detector at a centre-of-mass energy of

!
s = 7 TeV corresponding to an integrated luminosity of 2.05 fb"1 are used. Candidate events

with a semileptonic top-quark decay signature are classified into signal and background-like events combining several kinematic
variables into a neural network. No signal is observed in the neural network output distribution and a Bayesian upper limit is placed
on the production cross-section. The observed upper limit at 95% confidence level on the cross-section multiplied by the t # Wb
branching fraction is measured to be !qg#t $ B(t # Wb) < 3.9 pb. This upper limit is converted using a model-independent
approach into upper limits of the coupling strengths "ugt/! < 6.9 · 10"3 TeV"1 and "cgt/! < 1.6 · 10"2 TeV"1, where ! is the new
physics scale, and on the branching fractions B(t # ug) < 5.7 · 10"5 and B(t # cg) < 2.7 · 10"4.
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1. Introduction1

The top quark is the heaviest elementary particle known,2

with a mass of mt = 173.2 ± 1.1 GeV [1] close to the elec-3

troweak symmetry breaking scale. For this reason it is an excel-4

lent object to test the Standard Model (SM) of particle physics.5

The properties of the top quark can be studied with the Large6

Hadron Collider (LHC) data from proton-proton (pp) collisions7

at
!
s = 7 TeV. Top-quark pair-production via the strong inter-8

action has been measured at the LHC [2, 3], and its cross section9

is in good agreement with the prediction of the SM. Addition-10

ally, top quarks can be singly produced through three di"erent11

mechanisms: the t-channel, the Wt associated production, and12

the s-channel. Only the t-channel single top-quark production13

has been observed so far [4–7]. According to the SM of parti-14

cle physics, flavour-changing neutral-current (FCNC) processes15

are forbidden at tree level and suppressed at higher orders due16

to the Glashow-Iliopoulos-Maiani (GIM) mechanism [8]. Ex-17

tensions of the SM with new sources of flavour predict higher18

rates for FCNCs involving the top quark, for example new ex-19

otic quarks [9], new scalars [10, 11], supersymmetry [12–15],20

or technicolour [16] (For a review see Ref. [17]). If the new par-21

ticles are heavy, which is consistent with the non-observation22

of low mass new particles at the Tevatron and LHC, their ef-23

fects on top FCNC can be parametrised in terms of a set of24

dimension-six gauge-invariant operators [18]. The predicted25

branching fractions for top quarks decaying to a quark and a26

photon, Z boson, or gluon can be up to 10"3 to 10"5 for certain27

regions of the parameter space in the mentioned models. In any28

case, for heavy new particles these rates can also be large, if the29

new particles couple strongly to the SM particles.30

According to the corresponding values of the Cabibbo-31

Kobayashi-Maskawa (CKM) matrix, the top quark decays al-32

most exclusively to a W boson and a b quark. In principle,33

FCNC top-quark decays can be studied directly by searching34

for final states with the corresponding decay particles [19, 20].35

However, the t # qg mode, where q denotes either an up36

quark u or a charm quark c, is almost impossible to sepa-37

rate from generic multijets-production via quantum chromody-38

namic (QCD) processes, while a much better sensitivity can be39

achieved in the search for anomalous single top-quark produc-40

tion. In the process studied here, a u or c quark and a gluon g41

coming from the colliding protons interact through an s-channel42

process to produce a single top-quark. The most general e"ec-43

tive LagrangianLe f f for this process resulting from dimension-44

six operators contains only tensor couplings [21] and it can be45

written as [22]:46

Le f f = gs
!

q=u,c

"qgt

!
t̄!
µ#
T
a
( f
L
q PL + f

R
q PR)qG

a
µ# + h.c., (1)47

where the "ugt, "cgt are dimensionless parameters that relate the48

strength of the new coupling to the strong coupling constant gs.49

! is the new physics scale, related to the mass cuto" scale above50

which the e"ective theory breaks down. T
a
are the Gell-Mann51

matrices [23] and !
µ#
=
i
2 [$
µ
, $
#
] transforms as a tensor under52

the Lorentz group. The f
L,R
q are chiral parameters normalised53

such that: | f
L
q |
2
+ | f

R
q |
2
= 1. The operator PL =

1
2 (1 " $

5
) per-54

forms a left handed projection, while PR =
1
2 (1 + $

5
) performs55

a right handed projection, where $
5
represents the chirality op-56

erator. G
a
µ# is the gauge-field tensor of the gluon and t and q are57

the fermion fields of the top and light quark, respectively.58

The existence of FCNC operators allows the production of59

top quarks via qg # t, but also the decays t # qg. In the60

allowed region of parameter space for "qgt/! an experimen-61

tally favourable situation occurs when the FCNC production62

cross-section of top quarks can be in the range of several pi-63

cobarns, while the branching fraction of FCNC decays is very64

small, and top quarks can thus be reconstructed in the SM de-65

cay mode t # Wb. In this case, the complete process which66
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What	  follows	  in	  next	  slides	  
In	  prac6ce,	  what	  I	  will	  be	  able	  to	  show	  to	  you	  is	  	  
§  A	  search	  for	  events	  with	  1	  lepton,	  hard	  jets,	  missing	  energy	  with	  harsh	  cuts	  

to	  suppress	  top	  pair	  produc6on	  
-‐  Boosted	  direct	  stops	  contribute	  to	  signal,	  but	  requires	  gluino	  mediated	  contribu6on	  

to	  be	  sensi6ve	  
-‐  This	  is	  a	  recent	  2	  P-‐1	  update	  of	  a	  35	  pb-‐1	  published	  analysis	  

§  A	  new	  search	  channel,	  based	  on	  2	  same	  sign	  leptons,	  jets,	  missing	  energy	  
-‐  Targe6ng	  gluino	  pair	  produc6on	  which	  can	  give	  two	  same	  sign	  tops	  in	  final	  state,	  

this	  suppresses	  the	  SM	  background	  	  	  	  
§  A	  published	  1	  W-‐1	  analysis	  (PRL	  108,	  041805)	  looking	  for	  anomalous	  ETMiss	  in	  

a	  top-‐an6top	  selec6on	  
–  Good	  sensi6vity	  to	  pair	  produced	  spin	  ½	  top	  partner	  T,	  each	  decaying	  into	  a	  top	  and	  

invisible	  par6cle	  (DM	  candidate).	  Very	  similar	  to	  d	  	  	  	  	  	  	  d	  χ0χ0,	  but	  about	  6	  6mes	  
cross	  sec6on.	  
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1. Introduction1

The top quark is the heaviest elementary particle known,2

with a mass of mt = 173.2 ± 1.1 GeV [1] close to the elec-3

troweak symmetry breaking scale. For this reason it is an excel-4

lent object to test the Standard Model (SM) of particle physics.5

The properties of the top quark can be studied with the Large6

Hadron Collider (LHC) data from proton-proton (pp) collisions7

at
!
s = 7 TeV. Top-quark pair-production via the strong inter-8

action has been measured at the LHC [2, 3], and its cross section9

is in good agreement with the prediction of the SM. Addition-10

ally, top quarks can be singly produced through three di"erent11

mechanisms: the t-channel, the Wt associated production, and12

the s-channel. Only the t-channel single top-quark production13

has been observed so far [4–7]. According to the SM of parti-14

cle physics, flavour-changing neutral-current (FCNC) processes15

are forbidden at tree level and suppressed at higher orders due16

to the Glashow-Iliopoulos-Maiani (GIM) mechanism [8]. Ex-17

tensions of the SM with new sources of flavour predict higher18

rates for FCNCs involving the top quark, for example new ex-19

otic quarks [9], new scalars [10, 11], supersymmetry [12–15],20

or technicolour [16] (For a review see Ref. [17]). If the new par-21

ticles are heavy, which is consistent with the non-observation22

of low mass new particles at the Tevatron and LHC, their ef-23

fects on top FCNC can be parametrised in terms of a set of24

dimension-six gauge-invariant operators [18]. The predicted25

branching fractions for top quarks decaying to a quark and a26

photon, Z boson, or gluon can be up to 10"3 to 10"5 for certain27

regions of the parameter space in the mentioned models. In any28

case, for heavy new particles these rates can also be large, if the29

new particles couple strongly to the SM particles.30

According to the corresponding values of the Cabibbo-31

Kobayashi-Maskawa (CKM) matrix, the top quark decays al-32

most exclusively to a W boson and a b quark. In principle,33

FCNC top-quark decays can be studied directly by searching34

for final states with the corresponding decay particles [19, 20].35

However, the t # qg mode, where q denotes either an up36

quark u or a charm quark c, is almost impossible to sepa-37

rate from generic multijets-production via quantum chromody-38

namic (QCD) processes, while a much better sensitivity can be39

achieved in the search for anomalous single top-quark produc-40

tion. In the process studied here, a u or c quark and a gluon g41

coming from the colliding protons interact through an s-channel42

process to produce a single top-quark. The most general e"ec-43

tive LagrangianLe f f for this process resulting from dimension-44

six operators contains only tensor couplings [21] and it can be45

written as [22]:46
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where the "ugt, "cgt are dimensionless parameters that relate the48

strength of the new coupling to the strong coupling constant gs.49

! is the new physics scale, related to the mass cuto" scale above50

which the e"ective theory breaks down. T
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are the Gell-Mann51

matrices [23] and !
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=
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) performs55

a right handed projection, where $
5
represents the chirality op-56

erator. G
a
µ# is the gauge-field tensor of the gluon and t and q are57

the fermion fields of the top and light quark, respectively.58

The existence of FCNC operators allows the production of59

top quarks via qg # t, but also the decays t # qg. In the60

allowed region of parameter space for "qgt/! an experimen-61

tally favourable situation occurs when the FCNC production62

cross-section of top quarks can be in the range of several pi-63

cobarns, while the branching fraction of FCNC decays is very64

small, and top quarks can thus be reconstructed in the SM de-65

cay mode t # Wb. In this case, the complete process which66
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b-‐jets+ETMiss+1	  lepton	  analysis	  
•  Selec6on	  is:	  

–  Exactly	  one	  electron	  (pT	  >	  25	  GeV)	  or	  muon	  (pT>	  20	  GeV)	  used	  to	  trigger	  
–  ≥4	  jets	  with	  pT(jet1)	  >	  60	  GeV	  and	  pT(jet2,3,4)	  >	  50	  GeV,	  one	  of	  the	  4	  leading	  jets	  

must	  be	  b-‐tagged	  	  
–  ETMiss	  >	  80	  GeV	  and	  mT	  >	  100	  GeV	  (relies	  on	  extra	  MET	  in	  signal	  from	  lightest	  susy	  

par6cles)	  
–  meff	  >	  700	  GeV	  (selec6on	  SR1D)	  or	  meff	  >	  700	  GeV,	  ETMiss	  >	  200	  GeV	  (selec6on	  SR1E)	  
–  Effec6ve	  mass	  defini6on:	  

28th	  Feb	  2012	   21	  

Main	  background	  (SM	  top	  pairs)	  es6mated	  using	  	  
the	  selec6on:	  
Leptons,	  jets,	  b-‐jet	  selec6on	  as	  in	  signal	  region	  
40	  <	  mT	  <	  100	  GeV,	  meff	  >	  500	  GeV	  
and	  extrapola6ng	  to	  signal	  region	  with	  MonteCarlo:	  
	  
	  
Standard	  SUSY	  searches	  technique,	  many	  	  
uncertain6es	  reduced	  in	  the	  ra6o	  	  

Meff	  in	  control	  selec6on	  

General Approach (or How to Make a SUSY Analysis)

1. Event selection cuts and definition of signal regions:

� Cuts on a set of variables that can discriminate between
signal and background ! Good and broad signal sensitivity

� Coherent with the choice of trigger

2. Background determination:

� QCD and fake backgrounds: estimated from data
� Dominant top, W+jets: usually estimated with “transfer factors” using

background-enhanced control regions:

N

est,Bkg

SR

=
N

MC

SR

N

MC

CR

(Ndata

CR

� N

MC ,others

CR

)

Correlated systematics between numerator and denominator largely cancel

� Smaller irreducible backgrounds: using Monte Carlo

3. Estimate all the uncertainties

4. Open the signal box: Any excess in data? If not, then derive exclusion limits

5. Interpretation of the results in a model-independent way or within specific
scenarios (simplified models, phenomenological MSSM, MSUGRA, GMSB, etc.)

8

3

Muons are identified as a match between an extrapo-169

lated inner detector track and one or more track segments170

in the muon spectrometer. The inner detector track must171

have at least two hits in the pixel detector (one of which172

is required to be in the innermost layer), at least six173

hits in the SCT, and fewer than two missing hits on the174

track in the pixel and SCT detectors. For |!| < 1.9, at175

least six TRT hits are required. Muons with a distance176

to the closest jet of !R < 0.4 are discarded. In order177

to reject muons resulting from cosmic rays, tight crite-178

ria are applied on the proximity of the muon trajectories179

to the primary vertex (PV): |zµ ! zPV | < 1 mm and180

|d0| < 0.2 mm, where zµ is the z coordinate of the ex-181

trapolated muon track at the point of closest approach182

to the PV, zPV is the coordinate of the PV, and |d0| is183

the magnitude of the impact parameter of the muon in184

the transverse plane. These pre-selected muons, satisfy-185

ing pT > 10 GeV and |!| < 2.4, are used to quantify the186

contribution from non-isolated muons and when a veto187

on additional muons is required. For muons in the final188

selection, the pT requirement is raised to 20 GeV and the189

muon is required to be isolated with "pT
< 1.8 GeV.190

Jets are reconstructed from three-dimensional191

calorimeter energy clusters by using the anti-kt jet192

algorithm [44, 45] with a radius parameter of 0.4. The193

measured jet energy is corrected for inhomogeneities and194

for the non-compensating nature of the calorimeter by195

using pT- and !-dependent correction factors [46]. Jets196

are required to have pT > 20 GeV and |!| < 2.8. Events197

with jets not passing jet quality criteria against noise198

and non-collision backgrounds are rejected. The quality199

criteria used are the same as in Ref. [46]. Additionally,200

in the 0-lepton channel the three leading jets, if central201

(|!| < 2), are required to have a jet charged fraction202

(defined as the scalar sum of the transverse momenta of203

the tracks associated to the jet divided by the jet pT)204

of at least 5%. Jets within a distance of !R < 0.2 of205

a pre-selected electron are rejected, since these jets are206

likely to be electrons also reconstructed as jets. For jets207

in the signal regions, the pT requirement is tightened to208

50 GeV to remove jets that are not associated with the209

hard scattering of interest.210

A b-tagging algorithm exploiting both impact parame-211

ter and secondary vertex information [47] is used to iden-212

tify jets containing a b-hadron decay. This algorithm has213

a 60% e#ciency for tagging b-jets in a MC sample of tt̄214

events, with a mis-tag rate for light quarks and gluons215

of less than 1%. These b-jets are identified within the216

nominal acceptance of the inner detector (|!| < 2.5) and217

they are required to have pT > 50 GeV.218

The calculation of Emiss
T [48] is based on the modulus219

of the vectorial sum of the pT of the reconstructed jets220

(with pT > 20 GeV and |!| < 4.5), pre-selected leptons —221

including non-isolated muons — and calorimeter clusters222

not belonging to other reconstructed objects.223

During a fraction of the data-taking period (about 40%224

of the total integrated luminosity), a localised electronics225

failure in the LAr barrel calorimeter created a dead region226

in the second and third calorimeter layers (!! " !" #227

1.4 " 0.2) in which on average 30% of the incident jet228

energy is not measured. Negligible impact is found on229

the reconstruction e#ciency for jets with pT > 20 GeV.230

For events selected during this data period, if any jet231

with pT > 50 GeV falls in the aforementioned region,232

the event is rejected. The loss in signal acceptance is233

smaller than 10% in the a$ected period for the models234

considered.235

In the event selection, a number of variables derived236

from the reconstructed objects are used. The transverse237

mass mT formed by Emiss
T and the pT of the lepton is238

defined as:239

mT =
!

2plep
T Emiss

T ! 2#plep
T · #Emiss

T (1)

The e$ective mass me! is obtained as the scalar pT240

sum of all selected objects in the event:241

me! =
"

i!n

(pjet
T )i + Emiss

T +
"

j

(plep
T )j (2)

where n corresponds to the number of jets used in a given242

signal region.243

The minimum azimuthal separation between the n se-244

lected jets in a given signal region and the Emiss
T direction245

(!"min) is defined as:246

!"min = min(|"1 ! "Emiss
T

|, ..., |"n ! "Emiss
T

|) (3)

where the index refers to the pT-ordered list of jets.247

V. EVENT SELECTION248

This search uses proton-proton collisions recorded from249

March to August 2011 at a centre-of-mass energy of 7250

TeV. After the application of beam, detector and data251

quality requirements, the data set consists of a total inte-252

grated luminosity of 2.05±0.08 fb"1 [49, 50]. Two groups253

of signal regions are defined based on the presence of a254

charged lepton ($ = e, µ) in the final state and are fur-255

ther referred to as 0-lepton and 1-lepton channels. In the256

0-lepton channel, a veto on pre-selected leptons is ap-257

plied, while exactly one lepton is required in the 1-lepton258

channel. Events containing two or more leptons are the259

subject of a di$erent study [51].260

The data are selected with a three-level trigger system.261

A trigger requiring a high transverse momentum jet and262

missing transverse momentum is used to select events for263

the 0-lepton channel. The plateau e#ciency is reached for264

jets with pT > 130 GeV and Emiss
T > 130 GeV. A single265

electron trigger, reaching the plateau e#ciency for o%ine266

electrons with pT $ 25 GeV, and a combined muon-jet267

trigger, reaching the plateau e#ciency for muons with268

ATL-‐CONF-‐2012-‐003	  
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b-‐jets+ETMiss+1	  lepton	  analysis	  

SR Top W/Z QCD/ Total Data
di-boson

SR0-A1 705±110 248±150 53±21 1000±180 1112
(725)

SR0-B1 119±26 67±42 7.3±4.7 190±50 197
(122)

SR0-C1 22±9 16±11 1.5±1 39±14 34
(22)

SR0-A2 272±70 22.5±15 21±12 316±72 299
(212)

SR0-B2 47±11 4.5±3 2.8±1.7 54±11 43
(37)

SR0-C2 8.5±3 0.8±1 0.5±0.4 9.8±3.2 8
(6.6)

Table 6: Summary of the expected and observed event yields corresponding to 2.05 fb!1 in the
six 0-lepton channel signal regions. The errors on the top contribution correspond to the total
errors of Table 5. The errors quoted for all background processes include all the systematic
uncertainties discussed in the text. The numbers in parentheses in the “Top” column are the
yields predicted by the MC simulation.

SR SM background Data
SR1-D (e) 39±12 (39) 43
SR1-D (µ) 38±14 (37) 38
SR1-E (e) 8.1±3.4 (7.9) 11
SR1-E (µ) 6.3±4.2 (6.1) 6

Table 7: Summary of the expected and observed event yields corresponding to 2.05 fb!1 in
the two 1-lepton channel signal regions. The Standard Model estimation is derived with the
data-driven method discussed in the text. The numbers in parenthesis in the “SM background”
column are the yield predicted by the MC.

15

No	  evidence	  of	  a	  signal!	  



Same	  sign	  lepton	  analysis	  
•  Selec6on:	  

–  ≥	  2	  leptons	  (e	  or	  mu)	  with	  pT	  >	  20	  GeV,	  leading	  pair	  with	  	  same	  charge	  
and	  invariant	  mass	  >	  12	  GeV.	  

–  ≥	  4	  jets	  with	  pT	  >	  50	  GeV	  
–  Two	  signal	  candidate	  selec6ons:	  ETMiss	  >	  150	  GeV	  (SR1),	  ETMiss	  >	  150	  

GeV	  and	  MT	  >	  100	  GeV	  (SR2)	  
•  Backgrounds:	  

–  Fake	  and	  non	  isolated	  leptons:	  es6mated	  with	  matrix	  method	  	  
–  Electron	  charge	  misiden6fica6on,	  in	  par6cular	  in	  top	  pair	  produc6on.	  	  

	  	  	  	  	  	  MonteCarlo	  corrected	  charge	  misiden6fica6on	  probability	  from	  
measuremtns	  of	  same	  sign	  electrons	  with	  mass	  in	  Z	  peak	  	  
–  Diboson	  and	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  :	  	  	  	  	  	  	  	  	  from	  MonteCarlo	  
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4.2 Charge mis-ID325

A non-negligible contribution to any dilepton same-sign analysis comes from events where two opposite-326

sign leptons are produced (e.g., tt̄ ! `+⌫`�⌫) where one of them is a hard electron which produces a pho-327

ton by bremsstrahlung and this photon is converted into a e+e� pair: e⌥hard ! �harde⌥soft ! e⌥softe
⌥
softe

±
hard.328

This way, an opposite-sign (OS) dilepton pair with at least one electron is observed as SS dilepton pair.329

The contribution from this e↵ect is estimated with a semi data-driven technique. A control region330

dominated by Z ! ee events is built requiring 2 electrons (either SS or OS) and |m`` � mZ | < 15 GeV.331

The charge mis-ID can be defined as the ratio of SS events over the total number of events (either OS or332

SS):333

ChMID =
Nobs(S S )

Nobs(OS ) + Nobs(S S )
(5)

Similarly to previous studies in [4], the electrons in the Monte Carlo are matched to truth particles334

using the MCTruthClassifier tool and are required to originate from Z, W, photon conversions or335

top quarks. This way, potential SS combinations coming from “fake” electrons are not included in the336

estimations to avoid double counting.337

Figure 11 shows the charge mis-ID for Z ! ee Monte Carlo samples and data as a function of ⌘ and338

pT of the electrons. The ⌘ bins are chosen according to the di↵erent calorimeter regions. As shown, there339

is a strong dependence in both ⌘ and pT. Note that, as in Figure 5, the charge mis-ID is much larger in340

MC than in data.341
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Figure 11: Charge mis-ID in the Z control region for Z ! ee Monte Carlo sample (left) and for data
(right).

As a closure test, the number of observed SS events in data should be reproduced if the observed342

OS events are corrected by the charge mis-ID as shown in Figure 11. Figure 12 shows the number of343

SS events compared to the OS events corrected by the MC charge mis-ID and their ratio. As expected,344

the SS data is well below the OS data corrected by charge mis-ID taken directly from the Monte Carlo.345

Furthermore, in their ratio there is a strong dependence on ⌘, but the dependence on pT is much weaker.346

Therefore, the Monte Carlo charge mis-ID (⌘-pT) map shown in Figure 11 is corrected in ⌘ using the347

dependence observed from the closure test in Figure 12. The corrected charge mis-ID as a function of348

(⌘, pT) is shown in Figure 13.349

To estimate the contribution from OS tt̄ ! `⌫`⌫ events to the SS signal regions, the charge mis-ID350

from Monte Carlo once corrected using data at the Z peak is applied to the OS events in the tt̄ Monte351

Carlo samples. Figure 14 shows the estimated number of tt̄ events observed as SS dilepton pair as a352

ttW, ttWW, ttZ
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7 Results and Interpretation

Table 1: Number of expected SM background events together with the number of observed events in data.

Limits at 95% C.L. on !vis = !! " ! A are also shown. The errors are a combination of the uncertainties

due to MC statistics, statistical uncertainties in control regions and systematic uncertainties.

SR1 SR2

tt̄ +X 0.37 ± 0.26 0.21 ± 0.16

Diboson 0.05 ± 0.02 0.02 ± 0.01

Fake-lepton 0.34 ± 0.20 < 0.17

Charge mis-ID 0.08 ± 0.01 0.039 ± 0.007

Total SM 0.84 ± 0.33 0.27 ± 0.24

Observed 0 0

!vis <1.6 fb <1.5 fb

Figure 1 shows the distribution for the number of jets with pT > 50 GeV for events with 2 SS

leptons and the Emiss
T

distribution for events with 2 SS leptons and at least four jets with pT > 50 GeV.

The contributions from all the SM backgrounds are shown together with their statistical and systematic

uncertainties. For illustration, the distribution for a signal obtained with the decay g̃ " tt̄#̃0
1

in g̃g̃ pair-

produced events with mg̃ = 650 GeV and m#̃0
1
= 150 GeV is also shown. The data are in agreement with

the SM background expectation and once four jets of pT > 50 GeVare required no event is observed with

Emiss
T > 150 GeV.

Table 1 shows the number of expected events in the signal regions for each background source to-

gether with the observed number of events. In SR1 the dominant backgrounds are tt̄+X and fake leptons

while in SR2 tt̄ + X is the main background. The contribution from the SM is estimated to be less than

one event for each signal region with no events observed in data. Therefore, limits at 95% confidence

level (C.L.) are derived on !vis = ! ! " ! A where ! is the total production cross sections for any new

signal producing SS dileptons, A is the acceptance defined by fraction of events passing geometric and

kinematic cuts at particle level and " is the detector reconstruction, identification and trigger e!ciency.

Limits are set using the CLs prescription, as described in Ref. [58]. The results are given in Table 1 for

each signal region.

The results obtained in SR2 are interpreted in a simplified model where only gluinos are produced

in pairs, the stop (mt̃ = 1.2 TeV) is heavier than the gluino, and only the gluino three-body decay via

an o"-shell stop (g̃ " tt̄#̃0
1) is allowed. Figure 2 shows the limit in the gluino-neutralino mass plane.

Gluino masses below 650 (720) GeV for neutralino masses below 215 (100) GeV are excluded at 95%

confidence level. The results can be generalised in terms of 95% C.L. upper cross section limits for g̃g̃

pair production processes with the produced particles decaying into tt̄#̃0
1

final states, as also shown in

Figure 2.

The results in SR2 are also interpreted in the MSSM 24-parameter framework as defined in [59]

considering gluino pair production followed by the g̃ " t̃1t decay. Only stop decays via t̃1 " b#̃±1 are

considered. All other squark as well as slepton masses are larger than 1 TeV and m#̃±
1
= 2m#̃0

1
with a

neutralino mass of 60 GeV. Figure 3 shows the exclusion limit as a function of gluino and stop masses,

where gluino masses below 670 GeV are excluded for stop masses below 460 GeV.

The results in SR1 are interpreted within the MSUGRA-CMSSM framework in terms of limits on the

universal scalar and gaugino mass parameters m0 and m1/2, as shown in Figure 4. These are presented

for fixed values of the universal trilinear coupling parameter A0 = 0, ratio of the vacuum expectation

values of the two Higgs doublets tan $ = 10, and Higgs mixing parameter µ > 0. In this model, values of
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Figure 1: Number of jets with pT > 50 GeV for events with 2 same-sign leptons (top) and the Emiss
T

distribution for events with 2 same-sign leptons and at least 4 jets with pT > 50 GeV (bottom). Errors

on data points are statistical, while the error band on the SM background represents the total uncertainty.

The component labelled “Fake leptons” is evaluated using data as described in the text. The components

labelled “Z+jets” and “Drell-Yan” are from MC. No estimation of the charge mis-ID is included in the

distribution. The component labelled “Signal” corresponds to a signal obtained with the decay g̃! tt̄!̃0
1

via o! mass-shell t̃ (mt̃ = 1.2 TeV) in g̃g̃ pair-produced events with mg̃ = 650 GeV and m!̃0
1
= 150 GeV.

m1/2 below 310 (180) GeV are excluded for m0 values below 750 GeV (above 2 TeV). This is equivalent

to the exclusion of gluino masses below "550 GeV independently of the squark mass and gluino masses

below 750 GeV for squark masses below 1 TeV.

8 Conclusions

In summary, a search for SUSY with two same-sign leptons, jets and missing transverse momentum

has been performed using 2.05 fb#1 of ATLAS data. With no events observed in the selected signal

5

Events	  with	  2	  SS	  leptons	  and	  4	  jets	  with	  	  
pT	  >	  50	  GeV.	  SR1	  are	  the	  events	  with	  	  
ETMiss	  >	  150	  GeV	  on	  this	  plot.	  

No	  signal	  candidates	  are	  observed	  in	  either	  	  
signal	  region.	  
Limits	  on	  the	  signal	  cross	  sec6on	  6mes	  cuts	  	  
acceptance	  6mes	  efficiency	  (σAε)	  reported.	  
	  
These	  are	  quoted	  in	  all	  SUSY	  papers.	  We	  also	  try	  to	  provide	  (as	  HEPdata	  files,	  arer	  
submission	  of	  the	  paper)	  Aε	  for	  signal	  benchmarks.	  You	  can	  
§  Validate	  your	  simplified	  detector	  simula6on	  setup	  with	  these	  values	  	  
§  Use	  the	  σAε	  limits	  to	  constrain	  your	  favorite	  model.	  	  
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Figure 2: Expected and observed 95% C.L. exclusion limits in the g̃ ! tt̄!̃0
1 (via o! mass-shell t̃,

mt̃ = 1.2 TeV) simplified model as a function of the gluino and neutralino masses, together with existing

limits [26]. The lower part of the ±1" band lies outside the range of the figure. The upper production

cross section limits at 95% C.L. are also shown.
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Figure 3: Expected and observed 95% C.L. exclusion limits in the phenomenological MSSM as a func-

tion of the gluino and stop masses assuming that m!̃±
1
= 2m!̃0

1
. The lower part of the ±1" band lies

outside the range of the figure.

regions, limits have been derived in the context of simplified models where top quarks are produced

in gluino decays and MSUGRA/CMSSM scenarios. In all these signal models, gluino masses below

550 GeV are excluded within the parameter space considered and gluino masses up to 700-750 GeV can

be excluded depending on the model parameters. The results of this analysis are comparable to other

ATLAS searches [26, 64, 65] and in some cases they extend the current exclusion limits on the gluino

6

0.74 0.39 0.32 0.31 0.12 0.17 0.10 0.13

0.53 0.30 0.26 0.18 0.14 0.14 0.11

0.58 0.28 0.16 0.22 0.13 0.10

0.40 0.20 0.23 0.17 0.12

0.36 0.32 0.22 0.17

0.40 0.21 0.17

0.44 0.30

 [GeV]g~m
400 450 500 550 600 650 700 750 800

 [
G

e
V

]
0 1!"

m

50

100

150

200

250

300

350

-110

1

 fo
rb

id
de

n

0
1!"tt

#g~

0

1
!"tt#g~ production, g~-g~ $ =7 TeVs,  -1 L dt = 2.05 fb

CLs observed limit
CLs expected limit

%1±Expected CLs limit 
-11 lepton plus b-jets 2.05 fb

2-lepton SS, 4 jets

g~ > m
1
t
~ >> m

1,2
q~m

 [GeV]g~m
400 450 500 550 600 650 700 750 800

 [
G

e
V

]
0 1!"

m

50

100

150

200

250

300

350

M
a

x
im

u
m

 c
ro

s
s
 s

e
c
ti
o

n
 [

p
b

]

ATLAS Preliminary

Figure 2: Expected and observed 95% C.L. exclusion limits in the g̃ ! tt̄!̃0
1 (via o! mass-shell t̃,

mt̃ = 1.2 TeV) simplified model as a function of the gluino and neutralino masses, together with existing

limits [26]. The lower part of the ±1" band lies outside the range of the figure. The upper production

cross section limits at 95% C.L. are also shown.
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Figure 3: Expected and observed 95% C.L. exclusion limits in the phenomenological MSSM as a func-

tion of the gluino and stop masses assuming that m!̃±
1
= 2m!̃0

1
. The lower part of the ±1" band lies

outside the range of the figure.

regions, limits have been derived in the context of simplified models where top quarks are produced

in gluino decays and MSUGRA/CMSSM scenarios. In all these signal models, gluino masses below

550 GeV are excluded within the parameter space considered and gluino masses up to 700-750 GeV can

be excluded depending on the model parameters. The results of this analysis are comparable to other

ATLAS searches [26, 64, 65] and in some cases they extend the current exclusion limits on the gluino

6

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  via	  off-‐shell	  stop.	  	  
Limits	  as	  a	  func6on	  of	  gluino	  and	  neutralino	  
masses;	  SS	  (in	  red)	  and	  b-‐jet	  (in	  blue)	  limits	  	  
cover	  complementary	  regions	  of	  parameter	  	  
space.	  	  	  

Limit	  as	  a	  func6on	  of	  gluino	  and	  	  
stop	  masses,	  for	  fixed	  neutralino	  (60	  GeV)	  	  
and	  chargino	  (120	  GeV)	  masses.	  	  	  

g g→ tt χ 0tt χ 0 g g→ tttt → tbχ ±tbχ ±
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Last	  year	  we	  published	  a	  search	  for	  anomalous	  missing	  energy	  in	  d	  events.	  
The	  selec6on	  is	  
Exactly	  one	  electron	  (pT	  >	  25	  GeV)	  or	  muon	  (pT	  >	  20	  GeV)	  
≥	  4	  jets	  with	  pT	  >	  25	  GeV	  
MT	  >	  150	  GeV,	  and	  ETMiss	  >	  100	  GeV	  to	  reject	  semileptonic	  d	  and	  W+jets.	  The	  main	  background	  
surviving	  the	  cuts	  is	  actually	  dileptonic	  dbar	  with	  one	  undetected	  lepton	  (or	  tau)	  	   4
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FIG. 1: (a) Transverse mass of the lepton and missing energy
and (b) Emiss

T after applying all selection criteria except the
cut on the variable shown. MC background contributions are
stacked on top of each other and normalized according to the
data-driven corrections discussed in the text. The lines with
the arrows indicate the selection criteria that define the signal
region (mT > 150 GeV and Emiss

T > 100 GeV). ‘Other Back-
grounds’ includes both multi-jet backgrounds and Z+jets,
single top and diboson production. Expectations from two
signal mass points are stacked separately on top of the SM
background. The last bin includes the overflow.

140 GeV. Figure 3 shows the cross-section times branch-
ing ratio excluded at the 95% confidence level versus T
mass, for an A0 mass of 10 GeV. A cross-section times
branching ratio of 1.1 (1.9) pb is excluded at the 95% con-
fidence level for a T mass of 420 (370) GeV and an A0

mass of 10 (140) GeV. The estimated acceptance times
e!ciency for spin- 12 TT models is consistent within sys-
tematic uncertainties with that for scalar models, such
as pair production of stop squarks (with a tt!0!0 final
state) or third-generation leptoquarks (with a tt"!"! fi-
nal state). The cross-section limits presented in Fig. 3 are
therefore approximately valid for such models, although
the predicted cross-section is typically below the current
sensitivity.
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FIG. 2: Excluded region (under the curve) at the 95% confi-
dence level as a function of T and A0 masses, compared with
the CDF exclusion [10, 11]. Theoretical uncertainties on the
TT cross-section are not included in the limit, but the e!ect
of these uncertainties is shown. The gray contours show the
excluded cross-section times branching ratio as a function of
the two masses.
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FIG. 3: Cross-section times branching ratio excluded at the
95% confidence level versus T mass for an A0 mass of 10 GeV.
Theoretical predictions for both spin- 1

2
and scalar T pair pro-

duction are also shown.

In summary, in 1.04 fb!1 of data in pp collisions at a
center-of-mass energy of 7 TeV, there is no evidence of an
excess of events with large Emiss

T in a sample dominated
by tt events. Using a model of pair-produced quark-like
objects decaying to a top quark and a heavy neutral par-
ticle, a limit is established excluding masses of these top
partners up to 420 GeV and stable weakly-interacting
particle masses up to 140 GeV (see Fig. 2). In particular,
a cross-section times branching ratio of 1.1 pb is excluded
at the 95% confidence level for m(T ) = 420 GeV and
m(A0) = 10 GeV. The cross-section limits are approxi-
mately valid for a number of models of new phenomena.
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FIG. 1: (a) Transverse mass of the lepton and missing energy
and (b) Emiss

T after applying all selection criteria except the
cut on the variable shown. MC background contributions are
stacked on top of each other and normalized according to the
data-driven corrections discussed in the text. The lines with
the arrows indicate the selection criteria that define the signal
region (mT > 150 GeV and Emiss

T > 100 GeV). ‘Other Back-
grounds’ includes both multi-jet backgrounds and Z+jets,
single top and diboson production. Expectations from two
signal mass points are stacked separately on top of the SM
background. The last bin includes the overflow.

140 GeV. Figure 3 shows the cross-section times branch-
ing ratio excluded at the 95% confidence level versus T
mass, for an A0 mass of 10 GeV. A cross-section times
branching ratio of 1.1 (1.9) pb is excluded at the 95% con-
fidence level for a T mass of 420 (370) GeV and an A0

mass of 10 (140) GeV. The estimated acceptance times
e!ciency for spin- 12 TT models is consistent within sys-
tematic uncertainties with that for scalar models, such
as pair production of stop squarks (with a tt!0!0 final
state) or third-generation leptoquarks (with a tt"!"! fi-
nal state). The cross-section limits presented in Fig. 3 are
therefore approximately valid for such models, although
the predicted cross-section is typically below the current
sensitivity.
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FIG. 2: Excluded region (under the curve) at the 95% confi-
dence level as a function of T and A0 masses, compared with
the CDF exclusion [10, 11]. Theoretical uncertainties on the
TT cross-section are not included in the limit, but the e!ect
of these uncertainties is shown. The gray contours show the
excluded cross-section times branching ratio as a function of
the two masses.
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Theoretical predictions for both spin- 1
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and scalar T pair pro-

duction are also shown.

In summary, in 1.04 fb!1 of data in pp collisions at a
center-of-mass energy of 7 TeV, there is no evidence of an
excess of events with large Emiss

T in a sample dominated
by tt events. Using a model of pair-produced quark-like
objects decaying to a top quark and a heavy neutral par-
ticle, a limit is established excluding masses of these top
partners up to 420 GeV and stable weakly-interacting
particle masses up to 140 GeV (see Fig. 2). In particular,
a cross-section times branching ratio of 1.1 pb is excluded
at the 95% confidence level for m(T ) = 420 GeV and
m(A0) = 10 GeV. The cross-section limits are approxi-
mately valid for a number of models of new phenomena.
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2

measurements up to |!| of 2.7.
The analysis is based on data recorded by the AT-

LAS detector in 2011 using 1.04 fb!1 of integrated lu-
minosity. The data were collected using electron and
muon triggers. Requirements that ensure the quality of
beam conditions, detector performance and data are im-
posed. Monte Carlo (MC) event samples with full AT-
LAS detector simulation [14] based on the Geant4 pro-
gram [15] and corrected for all known detector e!ects are
used to model the signal process and most of the back-
grounds. The multi-jet background is modeled using data
control samples rather than the simulation. The back-
ground sources are separated into four main categories
according to their importance: dilepton tt (where both
W bosons decay to a lepton-neutrino pair: W ! "#);
single-lepton tt and W+jets; multi-jet production; and
other electroweak processes, such as diboson production,
single top, and Z+jets. The tt and single top samples
are produced with MC@NLO [16], while the W+jets
and Z+jets samples are generated with Alpgen [17].
Herwig [18] is used to simulate the parton shower and
fragmentation, and Jimmy [19] is used for the underlying
event simulation. The diboson background is simulated
using Herwig. The tt cross-section is normalized to
approximate next-to-next-to-leading order (NNLO) cal-
culations [20], the inclusive W+jets and Z+jets cross-
sections are normalized to NNLO predictions [21], and
the cross-sections of the other backgrounds are normal-
ized to NLO predictions [22]. Additional corrections to
the MC predictions are extracted from the data, as de-
scribed below.
Electron and muon candidates are selected as for other

recent ATLAS top quark studies using the single-lepton
signature [23]. Jets are reconstructed using the anti-
kt [24] algorithm with the distance parameter R = 0.4.
To take into account the di!erences in calorimeter re-
sponse to electrons and hadrons, a pT- and !-dependent
factor, derived from simulated events and validated with
data, is applied to each jet to provide an average energy
scale correction [25] corresponding to the energies of the
reconstructed particles.
In the calorimeter, the energy deposited by particles is

reconstructed in three-dimensional clusters. These clus-
ters are calibrated according to the associated recon-
structed high-pT object. The energy of these clusters
is summed vectorially, and projections of this sum in the
transverse plane correspond to the negative of the Emiss

T
components [26]. Clusters not associated with any high-
pT object and muons reconstructed in the MS are also
included in the Emiss

T calculation.
Events are selected with exactly one isolated electron

or muon that passes the following kinematic selection cri-
teria. Electrons are required to satisfy ET > 25 GeV
and |!| < 2.47. Electrons in the region between the bar-
rel and the endcap electromagnetic calorimeters (1.37 <
|!| < 1.52) are removed. Muon candidates are required
to satisfy pT > 20 GeV and |!| < 2.5. These selected
leptons lie in the e"ciency plateau of the single-lepton

triggers. Only events with four or more reconstructed
jets with pT > 25 GeV and |!| < 2.5 are selected.
To reduce the single-lepton tt̄ and W+jets background,
events are required to have Emiss

T > 100 GeV and mT

> 150 GeV, wheremT is the transverse mass of the lepton
and Emiss

T [27]. Events with either a second lepton can-
didate with pT > 15 GeV or a track with pT > 12 GeV,
with no other tracks with pT > 3 GeV within #R = 0.4
(#R "

!

#!2 +#$2), are rejected in order to reduce
the contribution from tt dilepton events. In particular
the isolated track veto is useful in reducing single-prong
hadronic % decays in tt dilepton events. A summary of
the background estimates and a comparison with the ob-
served number of selected events passing all selection cri-
teria are shown in Table I. A total yield of 101 ± 16
events is expected from SM sources, and 105 events are
observed in data. The background composition is similar
in the electron and muon channels.

TABLE I: Summary of expected SM yields including statisti-
cal and systematic uncertainties compared with the observed
number of events in the signal region.

Source Number of events
Dilepton tt 62 ± 15

Single-lepton tt/W+jets 33.1 ± 3.8
Multi-jet 1.2 ± 1.2

Single top 3.5 ± 0.8
Z+jets 0.9 ± 0.3

Dibosons 0.9 ± 0.2
Total 101 ± 16
Data 105

The dominant background arises from tt dilepton final
states in which one of the leptons is not reconstructed,
is outside the detector acceptance, or is a % lepton. In
all such cases, the tt decay products include two high-pT
neutrinos, resulting in large Emiss

T and mT tails. In MC,
the second lepton veto removes 45% of the dilepton tt and
10% of the single-lepton tt in the signal region. The veto
performance is validated in the data in several control
regions both enhanced and depleted in dilepton tt. Based
on the data-MC agreement in these control regions a 10%
uncertainty is assigned to the veto e"ciencies modeled in
MC simulation.
The next largest background comes from single-lepton

sources, including W+jets and tt with one leptonic W
decay. Both the normalization and the shape of the mT

distribution for this combined background are extracted
from the data. First, the yield of the single-lepton back-
ground estimated from simulation is normalized in the
control region 60 GeV < mT < 90 GeV to the data which
gives a correction of (#5 ± 3)%. Next, the shape of the
mT distribution in MC is compared with data in various
signal-depleted control regions, where events satisfy the
signal event selection but have fewer than four jets. In
these control samples events with identified b-jets, based
on lifetime b-tagging [23], are rejected in order to reduce

In	  1.04	  W-‐1	  of	  data,	  results	  are	  consistent	  with	  	  
Standard	  Model	  expecta6ons.	  
We	  place	  a	  limit	  on	  pair	  produced	  spin	  ½	  top	  partner	  	  
T	  decaying	  to	  an	  invisible	  par6cle	  
Pair	  produced	  scalar	  top	  decaying	  into	  top	  neutralino	  
have	  the	  same	  acceptance,	  but	  are	  not	  excluded	  yet	  	  
as	  the	  cross	  sec6on	  is	  6	  6mes	  lower.	  4
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FIG. 1: (a) Transverse mass of the lepton and missing energy
and (b) Emiss

T after applying all selection criteria except the
cut on the variable shown. MC background contributions are
stacked on top of each other and normalized according to the
data-driven corrections discussed in the text. The lines with
the arrows indicate the selection criteria that define the signal
region (mT > 150 GeV and Emiss

T > 100 GeV). ‘Other Back-
grounds’ includes both multi-jet backgrounds and Z+jets,
single top and diboson production. Expectations from two
signal mass points are stacked separately on top of the SM
background. The last bin includes the overflow.

140 GeV. Figure 3 shows the cross-section times branch-
ing ratio excluded at the 95% confidence level versus T
mass, for an A0 mass of 10 GeV. A cross-section times
branching ratio of 1.1 (1.9) pb is excluded at the 95% con-
fidence level for a T mass of 420 (370) GeV and an A0

mass of 10 (140) GeV. The estimated acceptance times
e!ciency for spin- 12 TT models is consistent within sys-
tematic uncertainties with that for scalar models, such
as pair production of stop squarks (with a tt!0!0 final
state) or third-generation leptoquarks (with a tt"!"! fi-
nal state). The cross-section limits presented in Fig. 3 are
therefore approximately valid for such models, although
the predicted cross-section is typically below the current
sensitivity.
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FIG. 2: Excluded region (under the curve) at the 95% confi-
dence level as a function of T and A0 masses, compared with
the CDF exclusion [10, 11]. Theoretical uncertainties on the
TT cross-section are not included in the limit, but the e!ect
of these uncertainties is shown. The gray contours show the
excluded cross-section times branching ratio as a function of
the two masses.
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FIG. 3: Cross-section times branching ratio excluded at the
95% confidence level versus T mass for an A0 mass of 10 GeV.
Theoretical predictions for both spin- 1

2
and scalar T pair pro-

duction are also shown.

In summary, in 1.04 fb!1 of data in pp collisions at a
center-of-mass energy of 7 TeV, there is no evidence of an
excess of events with large Emiss

T in a sample dominated
by tt events. Using a model of pair-produced quark-like
objects decaying to a top quark and a heavy neutral par-
ticle, a limit is established excluding masses of these top
partners up to 420 GeV and stable weakly-interacting
particle masses up to 140 GeV (see Fig. 2). In particular,
a cross-section times branching ratio of 1.1 pb is excluded
at the 95% confidence level for m(T ) = 420 GeV and
m(A0) = 10 GeV. The cross-section limits are approxi-
mately valid for a number of models of new phenomena.
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FIG. 1: (a) Transverse mass of the lepton and missing energy
and (b) Emiss

T after applying all selection criteria except the
cut on the variable shown. MC background contributions are
stacked on top of each other and normalized according to the
data-driven corrections discussed in the text. The lines with
the arrows indicate the selection criteria that define the signal
region (mT > 150 GeV and Emiss

T > 100 GeV). ‘Other Back-
grounds’ includes both multi-jet backgrounds and Z+jets,
single top and diboson production. Expectations from two
signal mass points are stacked separately on top of the SM
background. The last bin includes the overflow.

140 GeV. Figure 3 shows the cross-section times branch-
ing ratio excluded at the 95% confidence level versus T
mass, for an A0 mass of 10 GeV. A cross-section times
branching ratio of 1.1 (1.9) pb is excluded at the 95% con-
fidence level for a T mass of 420 (370) GeV and an A0

mass of 10 (140) GeV. The estimated acceptance times
e!ciency for spin- 12 TT models is consistent within sys-
tematic uncertainties with that for scalar models, such
as pair production of stop squarks (with a tt!0!0 final
state) or third-generation leptoquarks (with a tt"!"! fi-
nal state). The cross-section limits presented in Fig. 3 are
therefore approximately valid for such models, although
the predicted cross-section is typically below the current
sensitivity.
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FIG. 2: Excluded region (under the curve) at the 95% confi-
dence level as a function of T and A0 masses, compared with
the CDF exclusion [10, 11]. Theoretical uncertainties on the
TT cross-section are not included in the limit, but the e!ect
of these uncertainties is shown. The gray contours show the
excluded cross-section times branching ratio as a function of
the two masses.
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FIG. 3: Cross-section times branching ratio excluded at the
95% confidence level versus T mass for an A0 mass of 10 GeV.
Theoretical predictions for both spin- 1

2
and scalar T pair pro-

duction are also shown.

In summary, in 1.04 fb!1 of data in pp collisions at a
center-of-mass energy of 7 TeV, there is no evidence of an
excess of events with large Emiss

T in a sample dominated
by tt events. Using a model of pair-produced quark-like
objects decaying to a top quark and a heavy neutral par-
ticle, a limit is established excluding masses of these top
partners up to 420 GeV and stable weakly-interacting
particle masses up to 140 GeV (see Fig. 2). In particular,
a cross-section times branching ratio of 1.1 pb is excluded
at the 95% confidence level for m(T ) = 420 GeV and
m(A0) = 10 GeV. The cross-section limits are approxi-
mately valid for a number of models of new phenomena.

_	  
PRL	  108,	  041805	  



Direct	  stop	  searches	  
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Motivation    
 Stop  top+LSP (see Stephanie’s talk) might not 

be the favored decay scenario: 
◦ Not kinematically accessible  

◦ Not favorable because of L-R nature  

 Many discussions at several 
theory/experiments workshop 
 
 
 
 
 

 

 

 We just need to explore as many 
decay modes as possible and make 
sure to cover the entire mass range! 

General MSSM 

GMSB 

vblt ~~
1..or                if sneutrino LSP 

..and more complex 

Many	  analysis	  are	  being	  performed	  with	  5	  W-‐1:	  
	  
§  	  	  
This	  might	  sound	  prohibi6ve	  (two	  jets	  and	  missing	  	  
energy	  have	  large	  backgrounds)	  but	  the	  Tevatron	  
exis6ng	  limit	  shows	  you	  can	  do	  it	  
Also	  no6ce	  we	  have	  already	  extended	  the	  Tevatron	  
limit	  on	  direct	  sbodom	  produc6on	  with	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
§  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  or	  	  
We	  are	  doing	  it	  for	  many	  scenarios	  (0,	  1,	  2	  lepton	  	  
channels;	  stop	  lighter	  than	  or	  heavier	  than	  top).	  
	  
Stay	  tuned!	  	  	  	  
	  

tt → cχ 0cχ 0

b b→ bχ 0bχ 0

tt → bχ ±bχ ± → ff 'bχ 0 ff 'bχ 0 tt → tχ 0tχ 0
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FIG. 1: Measured mCT (left) and Emiss
T (right) distributions

before the mCT selection compared to the SM predictions
(solid line) and SM+MSSM predictions (dashed lines). The
dashed grey band represents the total systematic uncertain-
ties.
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FIG. 2: Expected and observed exclusion limits, as well as
±1! variation on the expected limit, in the b̃1 ! "̃0

1 mass
plane. The band around the observed limit delimited by the
two dashed lines shows the e!ect of renormalization and fac-
torization scale variation. The reference point indicated on
the plane corresponds to the MSSM scenario with sbottom
and neutralino masses of 300 GeV and 100 GeV, respectively.
Results are compared to previous exclusion limits from Teva-
tron experiments. Results from LEP cover the region with
sbottom mass below 100 GeV.

suming BR(b̃1 ! b!̃0
1)=100%. Systematic uncertainties

are treated as nuisance parameters and correlated when
appropriate. For the MSSM scenarios considered, the
upper limit at 95% C.L. on the sbottom masses obtained
in the most conservative hypothesis, "min, is 390 GeV
for m!̃0

1

= 0. The limit becomes 405 GeV for "nom and

420 GeV for "max. Neutralino masses of 120 GeV are
excluded for 275 < mb̃

1

< 350 GeV. The three signal re-
gions are used to set limits on the e!ective cross section
of new physics models, "e! , including the e!ects of ex-
perimental acceptance and e"ciency. The observed (ex-
pected) excluded values of "e! at 95% C.L. are 13.4 fb,

9.6 fb and 5.6 fb (15.2 fb, 9.2 fb and 4.7 fb), respectively
for mCT>100, 150, 200 GeV.
In summary, we report results of a search for sbottom

pair production in pp collisions at
"
s = 7 TeV, based

on 2.05 fb!1 of ATLAS data. The events are selected
with large Emiss

T and two jets required to originate from
b-quarks in the final state. The results are in agreement
with SM predictions for backgrounds and translate into
95% C.L. upper limits on sbottom and neutralino masses
in a given MSSM scenario for which the exclusive de-
cay b̃1 ! b!̃0

1 is assumed. For neutralino masses below
60 GeV, sbottom masses up to 390 GeV are excluded,
significantly extending previous results.
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Conclusions	  

•  I’ve	  presented	  the	  last	  results	  in	  searches	  for	  new	  physics	  in	  top	  final	  
states	  with	  ATLAS	  
–  Nothing	  exci6ng	  seen	  with	  1-‐2	  W-‐1	  

–  We	  will	  keep	  looking	  
–  5	  W-‐1	  analysis	  ongoing,	  also	  looking	  forward	  to	  the	  next	  15-‐20	  W-‐1	  (at	  8	  TeV)	  

•  Many	  top	  measurements	  limited	  by	  systema6cs	  
–  We	  can	  get	  smarter,	  and	  trade	  sta6s6cs	  for	  systema6cs	  too	  
–  Also:	  look	  at	  more	  differen6al	  distribu6ons,	  for	  example	  in	  charge	  asymmetry	  

•  Constraints	  to	  scalar	  top	  direct	  produc6on	  will	  come	  
–  Constrain	  a	  cri6cal	  par6cle	  for	  SUSY	  models,	  without	  relying	  on	  gluino	  being	  

within	  reach	  	  

28th	  Feb	  2012	   29	  



28th	  Feb	  2012	   30	  



Analysis	  ingredients	  	  
Trigger	  

•  All	  analysis	  shown	  based	  on	  single	  
lepton	  selec6on,	  constant	  efficiency	  
for	  pT	  >	  20	  (25)	  muon	  (electron)	  	  

28th	  Feb	  2012	   31	  

General Approach (or How to Make a SUSY Analysis)

1. Event selection cuts and definition of signal regions:

� Cuts on a set of variables that can discriminate between
signal and background ! Good and broad signal sensitivity

� Coherent with the choice of trigger

2. Background determination:

� QCD and fake backgrounds: estimated from data
� Dominant top, W+jets: usually estimated with “transfer factors” using

background-enhanced control regions:

N

est,Bkg

SR

=
N

MC

SR

N

MC

CR

(Ndata

CR

� N

MC ,others

CR

)

Correlated systematics between numerator and denominator largely cancel

� Smaller irreducible backgrounds: using Monte Carlo

3. Estimate all the uncertainties

4. Open the signal box: Any excess in data? If not, then derive exclusion limits

5. Interpretation of the results in a model-independent way or within specific
scenarios (simplified models, phenomenological MSSM, MSUGRA, GMSB, etc.)

8

Electrons	  
•  |η|<2.47,	  top	  charge	  asymmetry	  and	  

FCNC	  analysis	  discard	  electrons	  with	  
1.37	  <	  |η|	  <	  1.52	  (poorer	  resolu6on)	  

•  Isola6on:	  cuts	  on	  calorimeter	  ΣET	  in	  
ΔR<0.3	  cone	  and/or	  track	  ΣPTin	  
ΔR<0.3	  cone.	  	  

Muons	  
•  |η|	  <	  2.5	  
•  Isola6on:	  cuts	  on	  calorimeter	  ΣET	  in	  

ΔR<0.3	  cone	  and/or	  track	  ΣPT	  in	  
ΔR<0.3	  cone.	  	  

Jets	  
•  An6Kt	  0.4	  algorithm	  
•  b-‐tagging	  based	  on	  mul6variate	  

algorithm	  using	  tracks	  secondary	  
ver6ces	  and	  impact	  parameter.	  60%	  or	  
70%	  efficiency	  working	  points.	  	  

Transverse	  missing	  energy	  
Computed	  from	  calorimeter	  cells	  
calibrated	  to	  the	  energy	  scale	  of	  the	  
object	  (jet,	  electron,	  etc.)	  	  they	  belong	  to	  
(if	  any),	  and	  muons.	  

Details	  can	  be	  found	  in	  the	  specific	  analysis	  	  
documenta6on	  	  	  	  



SM	  Monte	  Carlo	  samples	  
Baseline	  samples	  are	  quite	  uniform	  across	  the	  analysis	  I	  will	  show	  
•  t-‐channel	  and	  Wt	  single	  top:	  AcerMC	  or	  MC@NLO	  
•  s-‐channel	  single	  top:	  MC@NLO	  
•  W+jets,	  Z+jets:	  Alpgen+Herwig	  
•  WW,WZ,ZZ:	  Herwig	  
•  d:	  MC@NLO	  
•  dW,	  dZ:	  MadGraph	  
•  Minimum	  bias:	  Pythia	  
•  PDF:	  CTEQ6	  
Comparison	  with	  other	  generators	  included	  in	  the	  systema6cs	  
evalua6on	  	  
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Trigger
• The ATLAS trigger system has three levels reducing the event rate for

permanent storage to ⇠400 Hz

• Each level refines the decisions at the previous level and applies additional
selection criteria
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• Main triggers used in SUSY analyses:
� One high-p

T

jet and E

miss
T ! constant e�ciency for p

T

(jet1) > 130 GeV and
E

miss
T > 130 GeV

� Single lepton ! constant e�ciency for p

T

(e, µ) > 25, 20 GeV

� Dilepton triggers (ee, eµ) ! constant e�ciency for p

T

(e, µ) > 15, 8 GeV
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1 Introduction59

Supersymmetry (SUSY) [1] is considered as one of the most promising theories for physics beyond the60

Standard Model (SM). In the minimal SUSY extension of the SM, superpartners exist for each SM par-61

ticles with demoted spin-half integers. Assuming the conservation of matter parity, Rp, the superpartners62

are produced in pairs in a pp collision. Gluino is such a SUSY particle which is produced in pairs.63

Because gluino is a strongly interacting Majorana fermion in theory, it can decay to a pair of same sign64

leptons (leptons with same charge, SS dileptons in the following), jets and two lightest SUSY particles65

(LSP) in the form of missing transverse momentum in the final state.66

Scarce production via SM processes makes the search with SS dileptons as one of the cleanest sig-67

natures to search for gluinos at the LHC. The focus of this study is on the signal model where the gluino68

is havier than two top quarks and thus a pair of gluinos produce four top quarks and two LSPs. Sketch69

of such a decay is given in Figure 1.70

Figure 1: Diagram of the process searched in this analysis: a g̃-g̃ pair decay to four top quarks and two
LSPs via g̃! t̃⇤1t ! tt̄�̃0

1.

Previous ATLAS results in searches aiming at the same SUSY signal using 1 fb�1 of data can be71

found in [2]. In this case the search was performed requiring one lepton and b-jets and its results excluded72

�̃0
1 masses below 40 (80) GeV for gluino masses below 570 (540) GeV. Due to the fact that same-73

sign lepton pairs are produced in the signal process and this requirement can decrease the background74

significantly, the analysis proposed here is a promising alternative approach to the b-jet based search.75

Section 2.1 describes the definition of the objects used in the analysis (electrons, muons, jets and76

missing transverse energy) as well as the event selection cuts and the trigger strategy. Section 3 sum-77

marizes the number of events observed in data at each step of the analysis and the expected background78

level from Monte Carlo. Section 4 describes the techniques used to estimate all the Standard Model back-79

ground sources, mainly addressing the data-driven methods used to estimate events with fake leptons and80

from charge mis-identification in processes producing opposite-sign lepton pairs. Section 5 presents the81

results of the analysis and Section 6 their interpretation in terms of exclusion limits. Finally, Section 782

summarizes the main conclusions of this note.83



Some	  other	  results	  	  

28th	  Feb	  2012	   35	  

t̃1 ! c�̃0
mt̃1 < mW +mb +m�̃0

1

mt̃1 < mb +m�̃±
1

t̃1 ! b�̃±
1 ! bW±�̃0

1

t̃1 ! bl�̃

t̃1 ! t�̃0
1

G. Gaudio -  Atlas Italia Workshop 24.11.2011  

Stop Decays

18

2-body

2-body

or decay via slepton if low mass

3-body

2-body if kinematically allowed

t̃1 ! c�̃0
mt̃1 < mW +mb +m�̃0

1

mt̃1 < mb +m�̃±
1

t̃1 ! b�̃±
1 ! bW±�̃0

1

t̃1 ! bl�̃

t̃1 ! t�̃0
1

G. Gaudio -  Atlas Italia Workshop 24.11.2011  

Stop Decays

18

2-body

2-body

or decay via slepton if low mass

3-body

2-body if kinematically allowed

Significant	  only	  if	  	  
tχ0	  and	  bχ± not	  allowed.	  	  m(t )>m(t)+m(χ 0 ) m(t )>m(b)+m(χ ± )


