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Outline 
1.	  	  Mo&va&ons	  for	  heavy	  quarks	  searches	  
	  	  	  	  	  Implica&ons	  of	  Higgs	  searches	  on	  fourth	  genera&on	  
	  	  	  	  	  Vector-‐like	  Quarks	  

2.	  	  Analysis	  with	  Data	  2011	  –	  7	  TeV	  :	  
–  Heavy	  top	  :	  

•  t't'	  à	  WbWb	  :	  lepton	  +	  jets	  

–  Heavy	  boIom	  :	  
•  b'b'	  à	  WtWt	  à	  4W2b	  :	  2	  same-‐sign	  leptons	  
	  	  	  	  (similar	  signature	  as	  same-‐sign	  top	  quark	  pair,	  or	  T5/3	  	  pair,	  or	  four	  tops)	  
	  

–  Vector-‐like	  quarks	  T,B	  
	  	  	  	  	  (Fourth	  genera9on	  searches	  become	  a	  sub-‐set)	  

3.	  	  Conclusion	  &	  Perspec&ve	  
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Motivations for Heavy Quarks Searches (1.1) 
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t	  
SM4	  ?	  

Very	  heavy	  	  

§  Standard	  Model	   fourth	   genera&on	  
(SM4)	  :	  simplest	  extension	  

§  Beyond	  Standard	  Model	  extension	  	  

Mo2va2on	  for	  searches	  :	  

•  SM	   does	   not	   predict	   number	   of	  
genera&ons	  

•  New	   source	   of	   CP	   viola&on	   could	  
explain	  maIer-‐an&maIer	  asymmetry	  

•  Dynamical	   electroweak	   symmetry	  
breaking	  
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•  Other	  theore&cal	  aspects	  (Flavour	  hierarchy,	  Higgs	  boson	  mass	  naturalness	  ...)	  



Implications of Higgs Searches  
on Fourth Generation (1.2) 

•  Up	  to	  >	  10	  D-‐1	  :	  within	  SM3	  all	  range	  excluded	  but	  a	  Higgs	  at	  125	  GeV	  	  
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•  With	  just	  2.3	  D-‐1	  within	  SM4	  :	  mH	  in	  all	  range	  120	  -‐	  600	  GeV	  is	  excluded	  

Implications of Higgs Searches  
on Fourth Generation (1.2) 
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ATLAS-‐CONF-‐2011-‐135	  
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Implications of Higgs Searches  
on Fourth Generation (1.2) 
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•  Discovery	   of	   a	   Higgs	   boson	   with	   mass	   of	   125	   GeV	   and	   cross	   sec&on	  
compa&ble	  to	  SM3	  rules	  out	  minimal	  SM4	  (?)	  

•  Direct	  searches	  for	  non-‐minimal	  models	  are	  s&ll	  needed,	  e.g.	  :	  
–  Two-‐Higgs	  doublets	  	  
–  Vector-‐like	  Quarks	  

ATLAS-‐CONF-‐2011-‐135	  



Vector-like Quarks (VLQ) (1.3) 

•  Lec	  and	  Right	  components	  behave	  iden&cally	  w.r.t.	  SU(2)	  ×	  U(1)	  	  
Ø Allows	  SM	  gauge	  invariant	  mass	  term	  	  

•  Predicted	  in	  various	  models	  of	  physics	  Beyond	  Standard	  Model	  

•  Mass	  genera&on	  not	  through	  Yukawa	  coupling	  to	  Higgs	  	  
–  Looser	  constraint	  from	  Higgs	  cross	  sec&on	  measurement	  

•  Decay	  through	  Flavour	  Changing	  Charged	  &	  Neutral	  Currents	  	  
	  	  	  	  	  	  	  	  	  t'	  à	  Wb,	  tH,	  tZ	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  b'	  à	  Wt,	  	  bH,	  bZ	  
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2. Analyses and results 
2.1. t't'àWbWb (Single Lepton + Jets) 
2.2. ≥3W + 2b (Same Sign Leptons + Jets) 
2.3. b'b' à Zb+X  
2.4. Single Vector-like Quark Production  
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(a) t → Wb
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(b) W → qq̄

Figure 1: (a) The opening angle between the W and b in top decays, t → Wb, as a function of the top pT
in simulated PYTHIA Z� → tt̄ (mZ� = 1.6 TeV) events. (b) The opening angle of the W → qq̄ system
from t → Wb decays as a function of the W pT. Both distributions are at the particle level.

This note presents the results of a comprehensive study of the performance of jet grooming algo-
rithms using the 2011 ATLAS dataset corresponding to an integrated luminosity of (4.7 ± 0.2) fb−1.
Three jet grooming techniques are studied: mass-drop filtering, trimming, and pruning. These tech-
niques utilize the internal structure of the jet in order to reduce the sensitivity to pile-up and UE, as well
as improve jet mass resolution.

Measurements of groomed jet properties in the presence of pile-up (along with a companion study [1])
are made for jets across a wide range of jet transverse momentum (pjet

T ). Comparisons are made to
generators incorporating leading-order (LO), e.g. PYTHIA [2] and next-to-leading-order (NLO), e.g.
POWHEG [3,4] matrix elements, interfaced to PYTHIA for parton showering and hadronization, as well
as to GEANT4 for full detector simulation.

Section 2 describes the design and implementation of the grooming algorithms used in ATLAS, as
well as the definitions of the various substructure observables discussed throughout the text. The data
samples and Monte Carlo simulation used for comparison are introduced in Section 3. The performance
and validation of jet calibrations for large-R and groomed jets described in Section 4 provide the starting
point necessary to establish the use of these new jet algorithms in physics analyses. Data to MC compar-
isons are then discussed in Section 5 for the jet substructure observables introduced in Section 2. Finally,
Section 6 presents comparisons of grooming algorithms applied to multiple QCD jet events and a sample
selected to contain high pT hadronically-decaying top quarks in data.

2 Jet Grooming Algorithms and Substructure Observables in ATLAS

This section describes jet reconstruction algorithms and presents three jet algorithm modification pro-
cedures studied in ATLAS, referred to as jet “grooming.” Mass-drop filtering, trimming, and pruning
are described and performance measures related to each are defined. The different configurations of the
grooming algorithms described in this section are summarized in Table 1. Additionally, a technique to
tag boosted top quarks using the mass-drop/filtering method is introduced.

2

t't'àWbWb (Single Lepton + Jets) (2.1) 
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(For	  high	  mass	  t'	  :	  q-‐qbar	  annihila&on	  dominant)	  

•  Analysis	  published	  with	  1D-‐1	  set	  an	  observed	  (expected)	  95%CL	  lower	  limit	  on	  
t'	  mass	  :	  mt'	  >	  404	  (394)	  GeV	  with	  BR(t'àWb)	  =	  1	  

•  High	  mass	  t'	   :	  W	   is	  boosted	  à	  2	   jets	   from	  
hadronic	  W	  can	  be	  merged	  or	  very	  close	  to	  
each	  other	  

	  

•  Strategy	  for	  analysis	  at	  4.7	  D-‐1	  changed	  to	  
adapt	  to	  this	  scenario	  



t't'àWbWb (Single Lepton + Jets) (2.1) 
•  Analysis	  for	  4.7	  D-‐1	  :	  Boosted	  W	  reconstruc&on	  
•  Jet	  an&-‐kt	  algorithm,	  size	  R	  =	  0.4	  

Latest	  paper	  with	  4.7	  D-‐1	  

arXiv	  :	  1210.5468	  

EFSS2012	  –	  17	  December	  2012	   10	  
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•  Reconstruct	  hadronic	  t'	  mass	  mreco	  

–  4	   combina&ons	   from	   one	   hadronic	   W,	   one	   leptonic	   W	   (2	   neutrino	  
solu&ons	  from	  W	  mass	  constraint)	  and	  2	  b-‐jets	  

–  Choose	  combina&on	  giving	  the	  smallest	  difference	  between	  hadronic	  and	  
leptonic	  mass	  	  

–  Addi&onal	  cuts	  :	  	  
•  minΔR(lepton	  –	  neutrino)	  <	  1.4	  
•  minΔR(W	  –	  both	  b-‐jets)	  >	  1.4	  
&	  minΔR(lepton	  –	  both	  b-‐jets)	  >	  1.4	  

Ø  Help	  to	  reject	  boosted	  top	  events	  	  

arXiv	  :	  1210.5468	  
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t't'àWbWb (Single Lepton + Jets) (2.1) 
v  Analysis	  :	  	  	  	  	  HT	  (*)	  >	  750	  GeV	  	  &	  pTleading	  b-‐jet	  >	  160	  GeV	  	  &	  pTsubleading	  b-‐jet	  >	  60	  GeV	  
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a CellOut term, and is calibrated to the EM scale. The exact definition, as well as information on E
miss
T497

resolution and data/MC comparisons can all be found in Ref. [14].498

4.6 HT variable499

An important variable used in the analysis is HT, the scalar sum of the transverse momenta of the objects500

in the event. In this analysis, the following definition is adopted:501

HT = E
miss
T + pT

lepton +
4�

j=1

pT
jet
j

where the jets are ordered by decreasing pT.502

(*)	   Distribu9on	  of	  minΔR(W	  –	  both	  b-‐jets)	  and	  
minΔR(lepton	  –	  both	  b-‐jets)	  

Signal	  prefer	  to	  have	  high	  values	  	  
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•  Result	  :	  	  
	  	  	  	  	  Observed	  (expected)	  limit	  :	  
	  	  	  	  	  mt'	  >	  656	  (638)	  GeV	  	  
	  	  	  	  	  for	  BR(t'àWb)	  =	  1	  

t't'àWbWb (Single Lepton + Jets) (2.1) 

Total	  Bkg	   Data	   t'	  SM4	  
500	  GeV	  

t'	  VLQ	  
500	  GeV	  

11.3	  ±	  4.8	   11	  	   28.2	  ±	  3.6	   11.2	  ±	  1.5	  

Distribu9on	  of	  mreco	  aXer	  event	  selec9on	  
and	  aXer	  applying	  isola9on	  cuts	  
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Heavy	  vector-‐like	  t'	  :	  
•  Decay	  modes	  :	  

–  t'	  à	  Wb	  
–  t'	  à	  tH	  
–  t'	  à	  tZ	  

(sum	  of	  3	  BRs	  equal	  1,	  BR	  values	  are	  model	  
dependent)	  

•  t'	   SU(2)	   singlet	   (BR(t'àWb)	   ≈	   0.5)	  
with	  mass	   in	   range	  400	  –	  500	  GeV	  
excluded	  	  

VLQ Interpretation 
from t't'àWbWb Analysis (2.1) 
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•  	  Event	  selec2on	  :	  
ü  At	   least	   2	   lepton	   candidates	  with	  

same	  charge	  and	  at	  least	  2	  "good"	  
jets	  

ü  In	  ee	  or	  μμ	  channel	  :	  inv.	  mass	  of	  2	  
leptons	   must	   exceed	   15	   GeV	   &	  	  	  	  	  	  
|mll	  -‐	  mZ|	  >	  10	  GeV	  

ü Missing	   transverse	   momentum	  
exceed	  40	  GeV	  

•  Signal	  region	  :	  
	  	  	  	  	  	  Addi&onal	  cut	  :	  	  	  	  	  	  

	   	  HT	  (jets+leptons)	  >	  550	  GeV	  
	  

EFSS2012	  –	  17	  December	  2012	   14	  

•  Preliminary	  result	  with	  4.7	  D-‐1	  :	  
–  Inclusive	  searches	  for	  4	  exo&c	  processes	  (b'b'	  ,	  T5/3T5/3	  ,	  single	  T5/3	  ,	  4	  tops)	  

ATLAS	  Note	  ATLAS-‐CONF-‐2012-‐137	  

Distribu9on	  of	  HT	  aXer	  applying	  the	  
selec9on	  except	  the	  HT	  cut	  for	  eμ	  channel	  

≥3W + 2b (Same Sign Leptons + Jets) (2.2) 
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Figure 1: Examples of Feynman diagrams for b′ pair production (a), T5/3 pair (b) and single (c) produc-
tions, and four top quarks event production through a four-top quark contact interaction (d).

2.1 Pair production of down-type heavy quarks (b′)

The first signal process is based on the hypothesis that a fourth generation of fermions may extend the
particle content of the SM [4]. Direct Higgs searches combining the search channels γγ, ZZ, WW,
bb̄, and τ+τ− disfavor a sequential fourth generation [5–8] as the model predicts a specific hierarchy
of signal strengths which is not supported by the experimental results: while Higgs production cross
section in gluon-gluon fusion at the Tevatron and LHC is enhanced by about a factor of nine for a
Higgs boson mass of 126 GeV, associated Higgs production (HW and HZ) relevant for searching for
H → bb̄ does not get such an enhancement factor from the presence of fourth generation. However, the
Higgs decay branching fraction to γγ is heavily suppressed in a sequential fourth generation model and
can even over-compensate the gluon-gluon fusion enhancement factor. Moreover, all Higgs branching
fractions can be suppressed by a common reduction factor by adjusting the heavy neutrino mass of
the fourth generation Dirac neutrino so that invisible Higgs decays become possible. Additionally a
fourth generation extension might still be in accordance with experimental constraints when extending
the Higgs sector, like in Two-Higgs-Doublet models [9].

Electroweak precision observables favour the region mt′ > mb′ (although mt′ < mb′ is not excluded),
with differences as large as mt′ − mb′ = mW being disfavoured. In the scenario studied in this note,
the b′ can not decay into a t′ and decays into the final states u/c + W− as well as t + W−, as long as
mb′ − mt > mW , which is equivalent to mb′ > 255 GeV. If one assumes Vu(c)b′ $ Vtb′ the dominant
decay is b′ → t +W−. In this case it is possible to search for b′ quarks by looking for pairs of same-sign
charged leptons accompanied by a large number of jets, two of them arising from b quarks, as illustrated
in Figure 1(a).
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Figure 4: Expected and observed upper limits on the pair production cross section of the b′ and T5/3, as
a function of their mass.
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Figure 4: Expected and observed upper limits on the pair production cross section of the b′ and T5/3, as
a function of their mass.
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≥3W + 2b (Same Sign Leptons + Jets) (2.2) 

v  λ	  <<	  1	  :	  	  
–  No	  single	  produc&on	  
–  mb'	  	  and	  mT5/3	  (pair	  produc&on)	  >	  670	  (640)	  GeV	  
	  (T5/3	  quasi-‐stable	  à	  R-‐hadrons-‐like	  searches)	  
	  
	  

v  λ	  	  ≥	  1	  :	  	  Single	  produc&on	  added	  

•  λ	  	  =	  	  1	  :	  	  	  	  	  	  	  	  	  mT5/3	  >	  680	  (640)	  GeV	  
•  λ	  	  =	  	  3	  :	  	  	  	  	  	  	  	  	  mT5/3	  >	  700	  (660)	  GeV	  



b'b' à Zb+... (2.3)  

•  Event	  selec2on	  :	  
² At	  least	  1	  b-‐jet	  
² Z	  candidate	  :	  	  
–  At	   least	   two	   opposite-‐charge	  

electron	  candidates	  	  
	  	  	  	  	  and	  |mee	  –	  mZ|	  <	  15	  GeV	  
–  pT(Z,b-‐jet)	  >	  150	  GeV	  

EFSS2012	  –	  17	  December	  2012	   16	  

Latest	  paper	  with	  2	  D-‐1	  

arXiv	  :	  1204.1265	  
Phys.Rev.Le].	  109	  (2012)	  071801	  

•  Reconstruct	  m(Zb)	  :	  
–  if	  more	  than	  one	  b-‐tagged	  jet	  choose	  the	  

leading	  pT	  
Mass	  distribu9on	  of	  b'	  candidate	  for	  

events	  passing	  selec9on	  

Total	  SM	   Data	   b'	  VLS	  
350	  GeV	  

b'	  	  
450	  GeV	  

110	  ±	  30	   100	  	   55	  ±	  7	   14	  ±	  2	  



b'b' à Zb+... (2.3)  

Result	  :	  

•  b'	   with	   mass	   mb'	   <	   400	   GeV	  
decaying	   en&rely	   via	   b'	  à	   Z	   +	   b	  
are	  excluded	  

•  For	   vector-‐like	   singlet	   b'	   mixing	  
solely	   with	   the	   third	   Standard	  
Model	  genera&on	  :	  mb'	  >	  358	  GeV	  	  

EFSS2012	  –	  17	  December	  2012	   17	  

arXiv	  :	  1204.1265	  
Phys.Rev.Le].	  109	  (2012)	  071801	  

	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  :	  	  Frac&on	  of	  signal	  events	  with	  at	  least	  one	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  b'àZb	  decay	  as	  a	  	  func&on	  of	  BR(b'àZb)	  

3

Source Z+≥ 1 jet Z+≥ 1 b-jet pT(Zb)> 150 GeV
Z+light 74400±7300 590±140 19±7
Z+charm 5340±520 870±210 18±7
Z+bottom 2540±250 1710±270 52±17

tt̄ 320±40 220±40 20±4
Other SM 1010±280 70±20 1.6±0.4
Total SM 83600±8100 3460±580 110±30
Data 80519 3466 100

mb′ = 350 GeV 110±12 93±11 55±7
mb′ = 450 GeV 27±3 20±2 14±2

TABLE I: Number of predicted and observed events at three stages in the event selection. The contributions from SM backgrounds are shown
individually, as well as combined into the total SM prediction. The uncertainties on the predicted number of events combine all sources of
uncertainty. The number of expected signal events is also listed for two representative b′ masses in the case where BR(b′ → Zb) = 1.

longitudinal and transverse track impact parameters, while the
second utilizes properties of a reconstructed secondary vertex.
In a simulated tt̄ sample, the requirement on the discriminant
defining a b-jet is 60% efficient for jets with a b-hadron, and
yields a light flavor jet rejection rate of 300 [32].

A total of 3,466 events satisfy the Z+ ≥ 1 b-jet selec-
tion. Figure 2 presents the e+e− invariant mass distribu-
tion in this sample and the SM prediction, before imposing
the |mee−mZ| < 15 GeV requirement. The accurate model-
ing of the mass distribution for values beyond the Z boson
mass supports the prediction of tt̄ and Other SM background
events. Within the window around the Z boson mass, ALPGEN
and SHERPA agree to within 1% and 7% in the prediction
of the number of Z+light and Z+charm events, respectively.
However, ALPGEN and SHERPA disagree in the prediction
of the Z+bottom contribution, a fact previously reported in
an ATLAS cross section measurement of Z bosons produced
in association with b-jets using a smaller dataset [24]. The
ALPGEN and SHERPA Z+bottom predictions are scaled to ac-
count for the difference between data and all other predicted
backgrounds in a subsample of the Z+ ≥ 1 b-jet sample that
contains events failing the requirement discussed below on the
transverse momentum of the b′ candidate. The scale factors
are consistent with those measured in Ref. [24], and the in-
variant mass distribution of secondary vertex tracks is used to
confirm the validity of the resulting prediction for the flavor
composition in the Z+≥ 1 b-jet sample [24].

Simulated b′b̄′ events are generated for a range of b′ masses
using MADGRAPH [33] with the G4LHC extension [6].
PYTHIA [34] performs fragmentation and hadronization of
the parton-level events. The signal cross sections are ob-
tained with HATHOR [29], and vary from 80 pb to 30 fb over
the range mb′ = 200− 700 GeV. In each sample, one b′ de-
cays in the mode b′ → Z+ b, with the Z boson decaying via
Z→ e+e−. Two separate samples are produced for each mass
value, with the other b′ decaying either via b′ → Z + b or
b′ →W + t, and with all decay modes of the Z andW bosons
allowed. The factor ! = 2×BR(b′ → Zb)−BR(b′ → Zb)2
characterizes the fraction of signal events with at least one
b′ → Z+ b decay as a function of the branching ratio. The
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FIG. 3: Transverse momentum distribution of the b′ candidate in
events passing the Z+ ≥ 1 b-jet selection. The predicted contribu-
tions of the SM background sources are stacked, while the distribu-
tions for the two signal scenarios described in the text are overlaid.

case ! = 1 is equivalent to previous measurements [9] which
assumed BR(b′ → Zb) = 1. The case of a vector-like singlet
(VLS) mixing solely with the third SM generation is also con-
sidered by computing ! as a function of b′ mass [5]. Over
the range mb′ = 200− 700 GeV, ! varies from 0.9 to 0.5. A
SM Higgs of mass 125 GeV is assumed.
The b′ candidate is formed from the e+e− pair and the high-

est pT b-jet. The mass of the b′ candidate, m(Zb), is the
discriminant distinguishing the background-only and signal-
plus-background hypotheses. In b′ pair production, the new
quarks are typically produced with large transverse momen-
tum, pT(Zb). Therefore, a pT(Zb) > 150 GeV requirement
is applied to increase the signal sensitivity. Figure 3 presents
the pT(Zb) distribution for data and the predicted SM back-
grounds. Additionally, the signal distribution is overlaid for
a b′ mass of 350 GeV, assuming the VLS scenario value
!= 0.63, and for a mass of 450 GeV, assuming != 1.



Single Vector-like Quark Production (2.4)  

Single	  produc9on	  of	  VLQ	  in	  t-‐channel	  and	  s-‐channel	  
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ATLAS	  Note	  ATLAS-‐CONF-‐2012-‐137	  

1 Introduction

Many extensions of the Standard Model (SM) predict the existence of vector-like quarks (VLQs) [1–10],

defined as quarks for which both chiralities have the same transformation properties under SU(2)×U(1).

VLQs are often introduced, notably, as a top partner to cancel quadratic divergence of the top loop

in the Higgs propagator. Their masses are not bounded by vacuum stability arguments or by Higgs

properties [11, 12].

Although VLQs are generally assumed to mix primarily with third-generation SM quarks in order

to satisfy constraints from electroweak (EWK) precision measurements and flavor observables, mixing

to first generations is not excluded, since in some models [13–15], corrections to the quark mixings can

cancel, relaxing these constraints. Such scenarios could lead to sizable cross sections for VLQ production

at the Large Hadron Collider (LHC). A benchmark model [15] has two degenerate VLQ doublets, with

hypercharges 1/6 and 7/6, that mix only with the up quark and have as particle content two quarks U and

Y of charge +2/3, one quark D of charge −1/3 and one quark X of charge +5/3. The mass degeneracy

ensures that corrections to SM quark couplings are not induced by the mixing. Following the notation

of [16] for a model-independent approach, the effective coupling between light quarks and VLQs is

written κqQ = (v/mQ)κ̃qQ where q is a light quark, Q is the VLQ, v is the Higgs vacuum expectation value

and κ̃qQ is a model-dependent parameter which could be of O(1).

If the coupling between light quarks and VLQs is large, single production of VLQs is expected to

occur with a higher cross section than pair production [15, 16]. Both s and t channels contribute to the

charged current (CC) and neutral current (NC) processes (Fig. 1). They lead to a final state with a vector

boson and two jets, one of which has high transverse momentum, pT (denoted as q in Fig. 1). For the

dominant t-channel process, the low pT jet will be in a forward direction (denoted as q′′ in Fig. 1).

/lν

l

W/Z

W* */Z

q'

q"

q
Q

q

W/Z

lν/

q

W*/Z*

l

Q

l

q

q'

q"

Figure 1: Feynman diagrams showing production and decay of VLQ (denoted as Q in red) in the t-

channel (left) and s-channel (right).

This note reports on a search for singly produced VLQs in the ATLAS detector at the LHC. The D,

X, and U quarks described above are searched for in events with a W or Z boson produced in association

with at least two jets, and in which the vector boson decays with an electron or muon in the final state.

The D and X quarks are reconstructed through their decays to Wu, and the U quark is reconstructed

through its decay to Zu. Here, the VLQs are not necessarily assumed to be from the benchmark model

above to allow the results of this analysis to be reinterpreted in terms of a general model. NC and CC

cross sections for processes involving other VLQs can be found in [16].

Searches for single production of the D and U quarks in these channels have previously been reported

by ATLAS [17], CDF [18] and D0 [19]. Here, an update of the ATLAS search is performed with the

X quark included, and with optimized selection criteria, using the full 2011 dataset of 4.64± 0.08 fb−1 at

a center of mass energy of
√

s = 7 TeV.

1

•  Q	  can	  be	  U(+2/3),	  D(-‐1/3)	  or	  X(+5/3)	  
•  Q	  decays	  to	  W/Z	  and	  light	  quarks	  
•  2	  possible	  final	  states	  :	  

–  Wu	  (for	  D	  and	  X)	  	  :	  	  
	  	  	  	  	  	  Charged	  Current	  (CC)	  
–  Zu	  	  	  (for	  U)	  
	  	  	  	  	  	  Neutral	  Current	  (NC)	  

•  Event	  selec2on	  :	  
–  At	  least	  2	  jets	  

Ø  Analysis	  divided	  into	  4	  channels	  :	  CC	  or	  NC,	  electrons	  or	  muons	  in	  final	  state	  

CC	   NC	  

-‐	  W	  reconstructed	  using	  lepton	  candidate	  
and	  neutrino	  candidate	  	  
-‐	  mT

W	  >	  40	  GeV	  and	  |η(W)|	  <	  2.5	  

-‐	  2	  same	  flavour,	  opposite	  sign	  leptons	  	  
	  
-‐	  66	  GeV	  <	  mll	  <	  116	  GeV	  
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the most significant deviation and corresponding region bounded by blue lines. The width of each bin is

chosen to be roughly equal to the VLQ mass resolution, calculated using MC.
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Figure 2: Monte Carlo estimated backgrounds for the combined electron and muon channels for the

CC (top) and NC (bottom) channel. A 1.1 TeV VLQ signal is overlaid in each case, normalized to the

nominal VLQ cross section assuming a coupling of κ̃qQ =
mQ

v κqQ = 1 and 100% branching fraction to

a W or Z and a light quark. The data is also plotted. Note that for calculation of sensitivity and setting

limits on σ × BR the background estimate is taken from a fit to data.

6

 [GeV]Qm
400 600 800 1000 1200 1400 1600 1800 2000

)  
 [p

b]
W

q
 

→ 
Q

 B
R(

×) 
Q

q
 

→ 
pp(σ

-210

-110

1

10

-quarkDMadGraph, 
-quarkXMadGraph, 

95% C.L. upper limits:

Observed
Expected

σ1±
σ2±

-1dt = 4.64 fb L
  ∫
 = 7 TeVs

ATLAS Preliminary

 [GeV]Qm
400 600 800 1000 1200 1400 1600 1800 2000

)  
 [p

b]
Zq 

→ 
Q

 B
R(

×) 
Q

q
 

→ 
pp(σ

-210

-110

1

10

-quarkUMadGraph, 
95% C.L. upper limits:

Observed
Expected

σ1±
σ2±

-1dt = 4.64 fb L
  ∫
 = 7 TeVs

ATLAS Preliminary

Figure 4: Expected and observed 95% C.L. upper limits on σ(pp → qQ) × BR(Q → Wq) where Q

is a D or X (top) and σ(pp → qU) × BR(U → Zq) (bottom) calculated in the CC and NC channels,

respectively. The nominal theoretical predictions are overlaid. Both cases assume a coupling κ̃qQ = 1,

and 100% branching fraction to a W or Z boson and a light quark. The band around the theoretical

predictions is the uncertainty due to the PDF set and the factorization and renormalization scales.

10

Single Vector-like Quark Production (2.4)  

EFSS2012	  –	  17	  December	  2012	   19	  

ATLAS	  Note	  ATLAS-‐CONF-‐2012-‐137	  Results	  :	  

NC	  

Ø  U(+2/3)	  with	  mass	  below	  1120	  GeV	  excluded	  (NC)	  
Ø  Mass	  of	  X(+5/3),	  D(-‐1/3)	  greater	  than	  1420	  GeV	  and	  1080	  GeV	  respec&vely	  

Comparison	   of	   data	   and	   expected	   SM	  
backgrounds	   (combined	   electron	   and	   muon	  
channels)	  for	  NC	  channel	  
	  

Plot	   bo]om-‐leX	   :	   BumpHunter	   result	   show	   the	  
most	   significant	   devia9on	   region	   bounded	   by	  
blue	  lines.	  The	  width	  of	  BumpHunter	  bin	  roughly	  
equal	  to	  VLQ	  mass	  resolu9on	  
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Figure 2: Monte Carlo estimated backgrounds for the combined electron and muon channels for the

CC (top) and NC (bottom) channel. A 1.1 TeV VLQ signal is overlaid in each case, normalized to the

nominal VLQ cross section assuming a coupling of κ̃qQ =
mQ

v κqQ = 1 and 100% branching fraction to

a W or Z and a light quark. The data is also plotted. Note that for calculation of sensitivity and setting

limits on σ × BR the background estimate is taken from a fit to data.
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ATLAS	  Note	  ATLAS-‐CONF-‐2012-‐137	  

Comparison	   of	   data	   and	   expected	   SM	  
backgrounds	   (combined	   electron	  and	  muon	  
channels)	  for	  NC	  channel	  

Figure 9: Event display for the Z → ee channel event with the highest three body invariant mass. Here,

the invariant mass of the three body system is M(e, e, leading jet) = 1859 GeV.

Figure 10: Event display for the Z → µµ channel event with the highest three body invariant mass. Here,

the invariant mass of the three body system is M(µ, µ, leading jet) = 1380 GeV.
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Conclusion & Perspective 
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•  2012	   has	   seen	   a	   huge	   progress	   on	  
various	  searches	  for	  New	  Physics	  

•  So	  far	  no	  hint	  for	  signal	  !	  

•  Limits	  were	  set	  for	  different	  models	  
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L
±± (DY prod., BR(HL

±±H ll
m), µµll)=1) : SS ee (!

L
±± (DY prod., BR(HL

±±H
 (LRSM, no mixing) : 2-lep + jetsRW

Major. neutr. (LRSM, no mixing) : 2-lep + jets
,WZT

mlll), "Techni-hadrons (LSTC) : WZ resonance (
µµee/mTechni-hadrons (LSTC) : dilepton, #l

m resonance, #Excited lepton : l-
jjmExcited quarks : dijet resonance, 

jet#
m-jet resonance, #Excited quarks : 

llqmVector-like quark : NC, 
q"lmVector-like quark : CC, 
)

T2
 (dilepton, M0A0 tt + A!Top partner : TT Zb

m Zb+X, !New quark b' : b'b'
 WtWt!)5/3T

5/3
 generation : b'b'(Tth4

 WbWb! generation : t't'th4
jj"$jj, $$=1) : kin. vars. in %Scalar LQ pair (
jj"µjj, µµ=1) : kin. vars. in !Scalar LQ pair (
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R
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µT,e/mW' (SSM) : 
$$mZ' (SSM) : 
µµee/mZ' (SSM) : 

,missTEuutt CI : SS dilepton + jets + ll
m, µµqqll CI : ee & 

)
jj

m(&qqqq contact interaction : 
)jjm(

&
Quantum black hole : dijet, F T

p'=3) : leptons + jets, DM /THMADD BH (
ch. part.N=3) : SS dimuon, DM /THMADD BH (

tt,boosted
m l+jets, !tt (BR=0.925) : tt !

KK
RS g

"l",lTmRS1 : WW resonance, 
llll / lljjmRS1 : ZZ resonance, 

 / ll##mRS1 : diphoton & dilepton, 
llm ED : dilepton, 2/Z1S

,missTEUED : diphoton + 
 / ll##mLarge ED (ADD) : diphoton & dilepton, 

,missTELarge ED (ADD) : monophoton + 
,missTELarge ED (ADD) : monojet + 

Scalar resonance mass1.86 TeV , 7 TeV [1210.1718]-1=4.8 fbL

 massL
±±H375 GeV , 7 TeV [1210.5070]-1=4.7 fbL

)µµ mass (limit at 398 GeV for L
±±H409 GeV , 7 TeV [1210.5070]-1=4.7 fbL

(N) < 1.4 TeV)m mass (RW2.4 TeV , 7 TeV [1203.5420]-1=2.1 fbL

) = 2 TeV)
R

(WmN mass (1.5 TeV , 7 TeV [1203.5420]-1=2.1 fbL

))
T
((m) = 1.1 

T
(am, Wm) + T)(m) = 

T
((m mass (

T
(483 GeV , 7 TeV [1204.1648]-1=1.0 fbL

)
W

) = MT)(m) - T*/T
((m mass (T*/T

(850 GeV , 7 TeV [1209.2535]-1=4.9-5.0 fbL

 = m(l*))+l* mass (2.2 TeV , 8 TeV [ATLAS-CONF-2012-146]-1=13.0 fbL

q* mass3.84 TeV , 8 TeV [ATLAS-CONF-2012-148]-1=13.0 fbL

q* mass2.46 TeV , 7 TeV [1112.3580]-1=2.1 fbL
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•  2012	   has	   seen	   a	   huge	   progress	   on	  
various	  searches	  for	  New	  Physics	  

•  So	  far	  no	  hint	  for	  signal	  !	  

•  Limits	  were	  set	  for	  different	  models	  

²  > 20fb-1 8 TeV p-p physics 
r un data f rom 2012 
promises an exciting year 
of analysis ! 
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Figure 5: The enhancement of the product of the cross section and the branching fraction in a fourth family over the SM shown as
a function of the Higgs mass for the two mass scenarios.
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mt'	   7	  TeV	  NNLO	   8	  TeV	  NNLO	   13	  TeV	  NNLO	   14	  TeV	  NLO	  

350	   3.20	   5.08	   22.92	   25.8	  

400	   1.41	   2.30	   11.19	   12.8	  

450	   0.662	   1.113	   5.86	   6.77	  

500	   0.33	   0.57	   3.24	   3.78	  

550	   0.171	   0.306	   1.87	   2.21	  

600	   0.0923	   0.1696	   1.12	   1.34	  

650	   0.0511	   0.0971	   0.695	   0.842	  

700	   0.0290	   0.0569	   0.441	   0.541	  

750	   0.0168	   0.0341	   0.286	   0.356	  

800	   0.00988	   0.0208	   0.19	   0.239	  

850	   0.00589	   0.01285	   0.128	   0.163	  

900	   0.00355	   0.00805	   0.088	   0.113	  

950	   0.00216	   0.00512	   0.0611	   0.0798	  

1000	   0.00133	   0.00328	   0.043	   0.0568	  
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Some things about VLQ 
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Figure 1: Pair production of T5/3 and B to same-sign dilepton final states.

(section 4). Sections 5 and 6 present our main analysis: first, we show the optimal cuts and
characterize the best observables for discovering the heavy T5/3 and B without making any
sophisticated reconstruction; then, we reconstruct the W and t candidates and pair them to
reconstruct the T5/3 invariant mass. We conclude with a critical discussion of our results.

2 A simple model for the top partners

Although the main results of our analysis will be largely independent of the specific real-
ization of the new sector, we will adopt as a working example the “two-site” description of
Ref. [23], which reproduces the low-energy regime of the 5D models of [13, 14] (see also [24]
for an alternative 4D construction). Its two building blocks are the weakly-coupled sec-
tor of the elementary fields qL = (tL, bL) and tR, and a composite sector comprising two
heavy multiplets (2, 2)2/3, (1, 1)2/3 plus the Higgs (the case with partners of the tR in a
[(1, 3)⊕ (3, 1)]2/3 can be similarly worked out):

Q = (2, 2)2/3 =

[

T T5/3

B T2/3

]

, T̃ = (1, 1)2/3 , H = (2, 2)0 =

[

φ†
0 φ+

−φ− φ0

]

. (1)

The two sectors are linearly coupled through mass mixing terms, resulting in SM and heavy
mass eigenstates that are admixtures of elementary and composite modes. The Higgs dou-
blet couples only to the composite fermions, and its Yukawa interactions to the SM and
heavy eigenstates arise only via their composite component. The Lagrangian in the elemen-
tary/composite basis is (we omit the Higgs potential and kinetic terms and we assume, for
simplicity, the same Yukawa coupling for both left and right composite chiralities):

L =q̄L #∂ qL + t̄R #∂ tR
+ Tr

{

Q̄ ( #∂ −MQ)Q
}

+ ¯̃T ( #∂ −MT̃ ) T̃ + Y∗Tr{Q̄H} T̃ + h.c

+∆L q̄L (T,B) +∆R t̄RT̃ + h.c.

(2)

3

q̄ q′

g

g

T̄5/3

q′

q̄

g

W−

W+ b

b̄

t̄

l+ ν
l+ ν

t
T5/3

W−

W+

l+ q′

g

g

B̄

ν

q̄

g

W−

W+ b

b̄

t̄

q̄ q′ l+ ν

t

B

W+

W−

Figure 1: Pair production of T5/3 and B to same-sign dilepton final states.

(section 4). Sections 5 and 6 present our main analysis: first, we show the optimal cuts and
characterize the best observables for discovering the heavy T5/3 and B without making any
sophisticated reconstruction; then, we reconstruct the W and t candidates and pair them to
reconstruct the T5/3 invariant mass. We conclude with a critical discussion of our results.
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Although the main results of our analysis will be largely independent of the specific real-
ization of the new sector, we will adopt as a working example the “two-site” description of
Ref. [23], which reproduces the low-energy regime of the 5D models of [13, 14] (see also [24]
for an alternative 4D construction). Its two building blocks are the weakly-coupled sec-
tor of the elementary fields qL = (tL, bL) and tR, and a composite sector comprising two
heavy multiplets (2, 2)2/3, (1, 1)2/3 plus the Higgs (the case with partners of the tR in a
[(1, 3)⊕ (3, 1)]2/3 can be similarly worked out):

Q = (2, 2)2/3 =

[

T T5/3

B T2/3

]

, T̃ = (1, 1)2/3 , H = (2, 2)0 =

[

φ†
0 φ+

−φ− φ0

]

. (1)

The two sectors are linearly coupled through mass mixing terms, resulting in SM and heavy
mass eigenstates that are admixtures of elementary and composite modes. The Higgs dou-
blet couples only to the composite fermions, and its Yukawa interactions to the SM and
heavy eigenstates arise only via their composite component. The Lagrangian in the elemen-
tary/composite basis is (we omit the Higgs potential and kinetic terms and we assume, for
simplicity, the same Yukawa coupling for both left and right composite chiralities):

L =q̄L #∂ qL + t̄R #∂ tR
+ Tr

{

Q̄ ( #∂ −MQ)Q
}

+ ¯̃T ( #∂ −MT̃ ) T̃ + Y∗Tr{Q̄H} T̃ + h.c

+∆L q̄L (T,B) +∆R t̄RT̃ + h.c.

(2)

3

6 1.2. LES PARTENAIRES DU TOP

Annexes

A - Calcul de rotation dans la base des états propre de masse du

lagrangien de Yukawa

A.1 Ecriture matricielle du lagrangien

On part de l’équation 1.2 en considérant seulement les états propres de masse avant la
brisure de symétrie électrofaible :

Lmass = −Tr{Q̄MQQ}− ¯̃TMT̃ T̃ +∆Lq̄L(T,B) +∆Rt̄RT̃ + h.c.

avec

Q̄MQQ = MQ

[
T̄ B̄
¯T5/3

¯T2/3

] [
T T5/3

B T2/3

]

donc

−Tr{Q̄MQQ}− ¯̃TMT̃ T̃ = −MQ
[
T̄ T + B̄B + ¯T5/3T5/3 + ¯T2/3T2/3

]
−MT̃

¯̃T T̃

Les termes ¯T5/3T5/3+ ¯T2/3T2/3 ne se mélange pas avec les fermions du MS : nous les laissons
de coté pour le moment. Ainsi en notant Q=(T,B) nous avons :

Lmass = −MQ(Q̄RQL + Q̄LQR) +∆L(q̄LQR + Q̄RqL)−MT̃
¯̃T T̃ +∆Rt̄RT̃L +∆R

¯̃TLtR

Le lagrangien de Yukawa devient :

Lyuk = Y∗Tr{Q̄H}T̃ = Y∗Tr

([
T̄ B̄
¯T5/3

¯T2/3

] [
φ∗
0 φ+

−φ− φ0

])
T̃

= Y∗
(
T̄φ∗

0 − B̄φ− + ¯T5/3φ+ + ¯T2/3φ0
)
T̃

Ainsi nous avons le lagrangien suivant (avec < φ >= 0 avant la brisure de symétrie élec-
trofaible) :

Lmass =
(
T̄R

¯̃TRt̄R
)



−MQ Y∗φ0 ∆L

0 −MT̃ 0
0 ∆R 0








TL

T̃L

tL



 =
(
T̄R

¯̃TRt̄R
)



−MQ 0 ∆L

0 −MT̃ 0
0 ∆R 0








TL

T̃L

tL





A.2 Recherche des états propres de masse gauche

M+M =




−M2

Q 0 −∆LMQ

0 −∆2
R +M2

T̃
0

−∆LMQ 0 ∆2
L





Les valeurs propres Mi et vecteurs propres Ṽi sont (en posant x = ∆L
MQ

= tanϕL, soit

sinϕL = x√
1+x2

) :






mode sans masse : M0 = 0 donc V0 =
(

∆L
MQ

, 0, 1
)
→ Ṽ0 = (sinϕL, 0, cosϕL)

mode 1 : M1 =
√
∆2

L +M2
Q = MQ/cosϕL donc V1 =

(
−MQ

∆L
, 0, 1

)
→ Ṽ1 = (−cosϕL, 0, sinϕL)

mode 2 : M2 =
√
∆2

R +M2
T̃
= MT̃ /cosϕR donc V2 = (0, 1, 0) → Ṽ2 = T̃L

We start with the lagrangian:

Mass terms before EW symm. breaking:

do not mix with elementary 
fermions so we omit them 

for the moment
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→ Ṽ1 = (−cosϕL, 0, sinϕL)

mode 2 : M2 =
√
∆2

R +M2
T̃
= MT̃ /cosϕR donc V2 = (0, 1, 0) → Ṽ2 = T̃L
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(section 4). Sections 5 and 6 present our main analysis: first, we show the optimal cuts and
characterize the best observables for discovering the heavy T5/3 and B without making any
sophisticated reconstruction; then, we reconstruct the W and t candidates and pair them to
reconstruct the T5/3 invariant mass. We conclude with a critical discussion of our results.

2 A simple model for the top partners

Although the main results of our analysis will be largely independent of the specific real-
ization of the new sector, we will adopt as a working example the “two-site” description of
Ref. [23], which reproduces the low-energy regime of the 5D models of [13, 14] (see also [24]
for an alternative 4D construction). Its two building blocks are the weakly-coupled sec-
tor of the elementary fields qL = (tL, bL) and tR, and a composite sector comprising two
heavy multiplets (2, 2)2/3, (1, 1)2/3 plus the Higgs (the case with partners of the tR in a
[(1, 3)⊕ (3, 1)]2/3 can be similarly worked out):

Q = (2, 2)2/3 =

[

T T5/3

B T2/3

]
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The two sectors are linearly coupled through mass mixing terms, resulting in SM and heavy
mass eigenstates that are admixtures of elementary and composite modes. The Higgs dou-
blet couples only to the composite fermions, and its Yukawa interactions to the SM and
heavy eigenstates arise only via their composite component. The Lagrangian in the elemen-
tary/composite basis is (we omit the Higgs potential and kinetic terms and we assume, for
simplicity, the same Yukawa coupling for both left and right composite chiralities):
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(section 4). Sections 5 and 6 present our main analysis: first, we show the optimal cuts and
characterize the best observables for discovering the heavy T5/3 and B without making any
sophisticated reconstruction; then, we reconstruct the W and t candidates and pair them to
reconstruct the T5/3 invariant mass. We conclude with a critical discussion of our results.

2 A simple model for the top partners

Although the main results of our analysis will be largely independent of the specific real-
ization of the new sector, we will adopt as a working example the “two-site” description of
Ref. [23], which reproduces the low-energy regime of the 5D models of [13, 14] (see also [24]
for an alternative 4D construction). Its two building blocks are the weakly-coupled sec-
tor of the elementary fields qL = (tL, bL) and tR, and a composite sector comprising two
heavy multiplets (2, 2)2/3, (1, 1)2/3 plus the Higgs (the case with partners of the tR in a
[(1, 3)⊕ (3, 1)]2/3 can be similarly worked out):

Q = (2, 2)2/3 =

[

T T5/3

B T2/3

]

, T̃ = (1, 1)2/3 , H = (2, 2)0 =

[

φ†
0 φ+

−φ− φ0

]

. (1)
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blet couples only to the composite fermions, and its Yukawa interactions to the SM and
heavy eigenstates arise only via their composite component. The Lagrangian in the elemen-
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simplicity, the same Yukawa coupling for both left and right composite chiralities):
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de coté pour le moment. Ainsi en notant Q=(T,B) nous avons :

Lmass = −MQ(Q̄RQL + Q̄LQR) +∆L(q̄LQR + Q̄RqL)−MT̃
¯̃T T̃ +∆Rt̄RT̃L +∆R

¯̃TLtR

Le lagrangien de Yukawa devient :

Lyuk = Y∗Tr{Q̄H}T̃ = Y∗Tr

([
T̄ B̄
¯T5/3

¯T2/3

] [
φ∗
0 φ+

−φ− φ0

])
T̃

= Y∗
(
T̄φ∗

0 − B̄φ− + ¯T5/3φ+ + ¯T2/3φ0
)
T̃

Ainsi nous avons le lagrangien suivant (avec < φ >= 0 avant la brisure de symétrie élec-
trofaible) :

Lmass =
(
T̄R

¯̃TRt̄R
)



−MQ Y∗φ0 ∆L

0 −MT̃ 0
0 ∆R 0








TL

T̃L

tL



 =
(
T̄R

¯̃TRt̄R
)



−MQ 0 ∆L

0 −MT̃ 0
0 ∆R 0








TL

T̃L

tL





A.2 Recherche des états propres de masse gauche

M+M =




−M2

Q 0 −∆LMQ

0 −∆2
R +M2

T̃
0

−∆LMQ 0 ∆2
L





Les valeurs propres Mi et vecteurs propres Ṽi sont (en posant x = ∆L
MQ

= tanϕL, soit

sinϕL = x√
1+x2

) :






mode sans masse : M0 = 0 donc V0 =
(

∆L
MQ

, 0, 1
)
→ Ṽ0 = (sinϕL, 0, cosϕL)

mode 1 : M1 =
√
∆2

L +M2
Q = MQ/cosϕL donc V1 =

(
−MQ

∆L
, 0, 1

)
→ Ṽ1 = (−cosϕL, 0, sinϕL)

mode 2 : M2 =
√
∆2

R +M2
T̃
= MT̃ /cosϕR donc V2 = (0, 1, 0) → Ṽ2 = T̃L

We start with the lagrangian:

Mass terms before EW symm. breaking:

do not mix with elementary 
fermions so we omit them 

for the moment

6 1.2. LES PARTENAIRES DU TOP

Annexes

A - Calcul de rotation dans la base des états propre de masse du

lagrangien de Yukawa

A.1 Ecriture matricielle du lagrangien

On part de l’équation 1.2 en considérant seulement les états propres de masse avant la
brisure de symétrie électrofaible :

Lmass = −Tr{Q̄MQQ}− ¯̃TMT̃ T̃ +∆Lq̄L(T,B) +∆Rt̄RT̃ + h.c.

avec

Q̄MQQ = MQ

[
T̄ B̄
¯T5/3

¯T2/3

] [
T T5/3

B T2/3

]

donc

−Tr{Q̄MQQ}− ¯̃TMT̃ T̃ = −MQ
[
T̄ T + B̄B + ¯T5/3T5/3 + ¯T2/3T2/3

]
−MT̃

¯̃T T̃

Les termes ¯T5/3T5/3+ ¯T2/3T2/3 ne se mélange pas avec les fermions du MS : nous les laissons
de coté pour le moment. Ainsi en notant Q=(T,B) nous avons :

Lmass = −MQ(Q̄RQL + Q̄LQR) +∆L(q̄LQR + Q̄RqL)−MT̃
¯̃T T̃ +∆Rt̄RT̃L +∆R

¯̃TLtR

Le lagrangien de Yukawa devient :

Lyuk = Y∗Tr{Q̄H}T̃ = Y∗Tr

([
T̄ B̄
¯T5/3

¯T2/3

] [
φ∗
0 φ+

−φ− φ0

])
T̃

= Y∗
(
T̄φ∗

0 − B̄φ− + ¯T5/3φ+ + ¯T2/3φ0
)
T̃

Ainsi nous avons le lagrangien suivant (avec < φ >= 0 avant la brisure de symétrie élec-
trofaible) :

Lmass =
(
T̄R

¯̃TRt̄R
)



−MQ Y∗φ0 ∆L

0 −MT̃ 0
0 ∆R 0








TL

T̃L

tL



 =
(
T̄R

¯̃TRt̄R
)



−MQ 0 ∆L

0 −MT̃ 0
0 ∆R 0








TL

T̃L

tL





A.2 Recherche des états propres de masse gauche

M+M =




−M2

Q 0 −∆LMQ

0 −∆2
R +M2

T̃
0

−∆LMQ 0 ∆2
L





Les valeurs propres Mi et vecteurs propres Ṽi sont (en posant x = ∆L
MQ

= tanϕL, soit

sinϕL = x√
1+x2

) :






mode sans masse : M0 = 0 donc V0 =
(

∆L
MQ

, 0, 1
)
→ Ṽ0 = (sinϕL, 0, cosϕL)

mode 1 : M1 =
√
∆2

L +M2
Q = MQ/cosϕL donc V1 =

(
−MQ

∆L
, 0, 1

)
→ Ṽ1 = (−cosϕL, 0, sinϕL)

mode 2 : M2 =
√
∆2

R +M2
T̃
= MT̃ /cosϕR donc V2 = (0, 1, 0) → Ṽ2 = T̃L

}
Yukawa lagrangian

mixing terms

elementary sector

composite sector
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35

Re-write the Yukawa lagrangian in this new basis:
(and remove the “^” to 

simplify notation)

We can therefore deduce the couplings of the top partners

Before EWSB the Yukawa Lagrangian is

Lyuk =Y∗ sin ϕL sin ϕR

�
t̄Lφ†

0tR − b̄Lφ−tR
�

+ Y∗ cos ϕL sin ϕR

�
T̄φ†

0tR − B̄φ−tR
�

+ Y∗ sin ϕL cos ϕR

�
t̄Lφ†

0T̃ − b̄Lφ−T̃
�

+ Y∗ sin ϕR

�
T̄5/3φ

+tR + T̄2/3φ0tR
�

+ Y∗ cos ϕL cos ϕR

�
T̄Lφ†

0T̃R − B̄Lφ−T̃R

�
+ Y∗

�
T̄Rφ†

0T̃L − B̄Rφ−T̃L

�

+ Y∗ cos ϕR

�
T̄5/3φ

+TR + T̄2/3φ0T̃R

�
+ Y∗

�
T̄5/3φ

+TL + T̄2/3φ0T̃L

�
+ . . .

(1)

[Notice that in eq.(3) of arXiv:0801.1679 the terms involving two heavy

fermions were not shown, but they are important for the diagonalization

of the mass matrix after EWSB.]

After EWSB, the mass term for charge-2/3 states reads

L =
Y∗v√

2

�
sin ϕL sin ϕR t̄LtR + cos ϕL sin ϕR T̄LtR + sin ϕL cos ϕR t̄LT̃R

+ sin ϕR T̄2/3tR + h.c.
�

−
M(2,2)

cos ϕL
T̄ T −

M(1,1)

cos ϕR

¯̃T T̃ −M(2,2)

�
T̄2/3T2/3 + T̄5/3T5/3

�

+
Y∗v√

2

�
cos ϕL cos ϕR T̄LT̃R + T̄RT̃L + cos ϕR T̄2/3T̃R + T̄2/3T̃L + h.c.

�

(2)

which implies the following mass matrix for the vector of states (T2/3, T̃ , T, t)L,R:

M+2/3 =





M(2,2) cR r 0 sR r

r
M(1,1)

cR
r 0

0 cLcR r
M(2,2)

cL
cLsR r

0 sLcR r 0 sLsR r




(3)

where r ≡ Y∗v/
√

2 and cL,R = cos ϕL,R, sL,R = sin ϕL,R.

In the case of charge-(−1/3) and charge-(+5/3) states the mass term is

diagonal after EWSB (i.e. there is no mixing induced by the Higgs vev):

M+5/3 = M(2,2) , M−1/3 =
M(2,2)

cL
. (4)

1

T̃ → ZLtL
T̃ → h tL Y∗ sinϕL cosϕR

T̃ → WLbL
T2/3 → ZL tR Y∗ sinϕR

T2/3 → h tR
T → ZLtR Y∗ cosϕL sinϕR

B → WLtR Y∗ cosϕL sinϕR

T5/3 → WLtR Y∗ sinϕR

T5/3 → ZLtR Y∗ sinϕR

1

34

|SM >= cos ϕ |elem > + sinϕ |comp >

yt = Y∗ sinϕqL sinϕtR

h

tL tR

T �T

34

|SM >= cos ϕ |elem > + sinϕ |comp >

yt = Y∗ sinϕqL sinϕtR

h

tL tR

T �T
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Re-write the Yukawa lagrangian in this new basis:
(and remove the “^” to 

simplify notation)

We can therefore deduce the couplings of the top partners

Before EWSB the Yukawa Lagrangian is

Lyuk =Y∗ sin ϕL sin ϕR

�
t̄Lφ†

0tR − b̄Lφ−tR
�

+ Y∗ cos ϕL sin ϕR

�
T̄φ†

0tR − B̄φ−tR
�

+ Y∗ sin ϕL cos ϕR

�
t̄Lφ†

0T̃ − b̄Lφ−T̃
�

+ Y∗ sin ϕR

�
T̄5/3φ

+tR + T̄2/3φ0tR
�

+ Y∗ cos ϕL cos ϕR

�
T̄Lφ†

0T̃R − B̄Lφ−T̃R

�
+ Y∗

�
T̄Rφ†

0T̃L − B̄Rφ−T̃L

�

+ Y∗ cos ϕR

�
T̄5/3φ

+TR + T̄2/3φ0T̃R

�
+ Y∗

�
T̄5/3φ

+TL + T̄2/3φ0T̃L

�
+ . . .

(1)

[Notice that in eq.(3) of arXiv:0801.1679 the terms involving two heavy

fermions were not shown, but they are important for the diagonalization

of the mass matrix after EWSB.]

After EWSB, the mass term for charge-2/3 states reads

L =
Y∗v√

2

�
sin ϕL sin ϕR t̄LtR + cos ϕL sin ϕR T̄LtR + sin ϕL cos ϕR t̄LT̃R

+ sin ϕR T̄2/3tR + h.c.
�

−
M(2,2)

cos ϕL
T̄ T −

M(1,1)

cos ϕR

¯̃T T̃ −M(2,2)

�
T̄2/3T2/3 + T̄5/3T5/3

�

+
Y∗v√

2

�
cos ϕL cos ϕR T̄LT̃R + T̄RT̃L + cos ϕR T̄2/3T̃R + T̄2/3T̃L + h.c.

�

(2)

which implies the following mass matrix for the vector of states (T2/3, T̃ , T, t)L,R:

M+2/3 =





M(2,2) cR r 0 sR r

r
M(1,1)

cR
r 0

0 cLcR r
M(2,2)

cL
cLsR r

0 sLcR r 0 sLsR r




(3)

where r ≡ Y∗v/
√

2 and cL,R = cos ϕL,R, sL,R = sin ϕL,R.

In the case of charge-(−1/3) and charge-(+5/3) states the mass term is

diagonal after EWSB (i.e. there is no mixing induced by the Higgs vev):

M+5/3 = M(2,2) , M−1/3 =
M(2,2)

cL
. (4)

1

T̃ → ZLtL
T̃ → h tL Y∗ sinϕL cosϕR

T̃ → WLbL
T2/3 → ZL tR Y∗ sinϕR

T2/3 → h tR
T → ZLtR Y∗ cosϕL sinϕR

B → WLtR Y∗ cosϕL sinϕR

T5/3 → WLtR Y∗ sinϕR

T5/3 → ZLtR Y∗ sinϕR

1
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2 Model framework

2.1 Representations and couplings

The minimal scenarios with the presence of VLQs besides SM particles are those in which the new states interact
with SM quarks and the Higgs boson through Yukawa couplings. Classifying VLQs in multiplets of SU(2)L,
it is possible to write gauge-invariant interaction terms only for singlets, doublets and triplet representations.
All the possibilities are shown in Tab. 1. Pure mixing terms between VLQs and SM states, allowed by gauge

SM quarks Singlets Doublets Triplets

(

u
d

) (

c
s

) (

t
b

)

(U)
(D)

(

X
U

)

(

U
D

)

(

D
Y

)





X
U
D









U
D
Y





SU(2)L
qL = 2
qR = 1

1 2 3

U(1)Y

qL = 1/6
uR = 2/3
dR = −1/3

2/3 −1/3 7/6 1/6 −5/6 2/3 −1/3

LY
−yiuq̄

i
LH

cui
R

−yidq̄
i
LV

i,j
CKMHdjR

−λi
uq̄

i
LH

cUR

−λi
dq̄

i
LHDR

−λi
uψLH(c)ui

R

−λi
dψLH(c)diR

−λiq̄iLτ
aH(c)ψa

R

Lm not allowed −M ψ̄ψ

Table 1: Allowed representations for VLQs, with quantum numbers under SU(2)L and U(1)Y and Yukawa
mixing terms in the Lagrangian. Depending on the chosen representation, the Higgs boson may be H or Hc,
therefore it has been noted asH(c) when necessary. The gauge invariant mass term common to all representations
is a peculiar feature of VLQs.

invariance for singlets and SM-like doublet representations, have been omitted because they can be eliminated
through rotations of the states.

After the Higgs develops its VEV, VL states are allowed to mix with SM quarks: the mixing occurs in
the left-handed sector for the singlet and triplet representations and in the right-handed sector for the doublet
representation. The mass eigenstates will be labelled as:

{X5/3, t
′, b′, Y−4/3}. (1)

The mass matrices for the SM-partners t′ and b′ can be diagonalized by unitary 4× 4 matrices V t,b
L and V t,b

R :








mu

mc

mt

mt′









= (V t
L)

† ·Mt · (V t
R) (2)









md

ms

mb

mb′









= (V b
L)

† · Mb · (V b
R) (3)

where the actual expressions of Mt and Mb depend on the chosen representations and on the assumptions
on the mixing parameters. The couplings with gauge bosons also depend on the chosen representations, but
a common feature of every VLQ scenario is that tree-level FCNCs are developed through the mixing with SM
quarks. The general form of Zqq couplings with the presence of VLQs is:

gIJZL=
g

cW

(

T3 −Qs2W
)

δIJ+fL
g

cW
(V t,b

L )∗,q
′I(V t,b

L )q
′J

gIJZR=
g

cW

(

−Qs2W
)

δIJ +fR
g

cW
(V t,b

R )∗,q
′I(V t,b

R )q
′J (4)

where I, J run on all quarks, including VLQs, T3 = ±1/2 is the weak isospin of top or bottom in the SM,
and fL,R = {0,±1/2,±1} are parameters which depend on the VLQ representation and satisfy the relation

T q′

3 = T3 + fL = fR; they are listed in Tab. 2 for each representation.

3
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t't'->WbWb (single lepton + jets) 

•  Analysis	  strategy	  :	  Boosted	  W	  reconstruc&on	  
Selec2on:	  
•  Electron	  :	  	  

–  Tight,	  pT	  >	  25	  GeV	  &	  |η|	  <	  2.47	  not	  in	  the	  crack	  (1.37-‐1.52),	  isolated	  
•  Muon	  :	  

–  pT	  >	  20	  GeV	  &	  |η|	  <	  2.5	  
•  Jets	  :	  

–  Topocluster	  an&-‐kt,	  cone	  R	  =	  0.4	  	  
–  pT	  >	  25	  GeV	  &	  |η|	  <	  2.5	  

•  Event	  level	  cuts	  :	  
–  >	  4	  tracks	  from	  primary	  vertex	  (non-‐collision	  background	  rejec&on)	  
–  e-‐channel	  	  	  	  	  :	  ETmiss	  >	  35	  GeV	  &	  ETmiss	  +	  mT

W	  >	  60	  GeV	  
–  mu-‐channel	  :	  ETmiss	  >	  20	  GeV	  &	  ETmiss	  +	  mT

W	  >	  60	  GeV	  
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t't'->WbWb (single lepton + jets) 
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mu4 (GeV) σ(u4ū4) (pb) Scale uncertainties (pb) PDF and αs uncertainties (pb)
400 1.406 +0.045/-0.083 +0.176/-0.138
450 0.662 +0.023/-0.040 +0.087/-0.065
500 0.330 +0.012/-0.020 +0.045/-0.032
550 0.171 +0.007/-0.010 +0.024/-0.017
600 0.092 +0.004/-0.006 +0.014/-0.009
650 0.051 +0.002/-0.003 +0.008/-0.005
700 0.029 +0.001/-0.002 +0.005/-0.003
750 0.017 +0.001/-0.001 +0.003/-0.002

Table 3: Theoretical cross section at NNLO for u4ū4 production as a function of mu4 as computed by
Hathor, and scale and PDF uncertainties.

3.2.3 Background samples386

All the background samples are the ones used by the Top Group, and more information about them can387

be found in Section 4 of Ref. [14].388

For completeness, the list of the background ntuple datasets used for the nominal configuration of389

the analysis is available in Appendix A.390
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The most important conditions changes that are emulated in the simulated samples are: the num-353

ber of dead modules in the Tile calorimeter, the number of unavailable Front-End-Boards for the LAr354

calorimeter, the number of dead pixel modules, and changes in the trigger configuration.355

For the pile-up simulation, the minimum bias events generated with pythia 6 [32] generator using356

the ATLAS AMBT2B(CTEQ6L1) tune [39] are used by default. For periods B-H, the mean number of357

interactions per bunch crossing is µ = 6.3, it goes up to µ = 11.6 for periods L-M.358

3.2.2 Signal samples359

Two different signals are used, u4ū4 and Vector-Like-Quarks.360

The u4ū4 samples are generated using pythia 6.421 [32] with the MRST LO* [35] parton density361

functions (PDFs). The following CKM elements are assumed: |Vu4d | = 0.02393, |Vu4 s| = 0.04062, and362

|Vu4b| = 0.10003. Only the u4 → W
+

b decay mode is considered here, and samples were generated363

separately for the following values of the u4 mass: 400, 450, 500, 550, 600, 650 and 700 GeV. Events364

were filtered at the generator level to require at least one lepton with pT > 10 GeV.365

The Vector-Like-Quarks (VLQ) are generated using protos 2.2 [33] with the CTEQ6l1 [37] parton366

density functions (PDFs). Vector-Like-Quarks (named t
�) are pair produced. T can decay in any of the367

three modes: t
� → Wb, t� → tH, t� → tZ. When samples were generated, Higgs was not discovered and368

three Higgs mass points where produced: 115, 120 and 125 GeV. In the following we will only use the369

samples with a Higgs mass of 125 GeV. Default protosmixing where used for the production for the fol-370

lowing values of the t
� mass: 400, 450, 500, 550, and 600 GeV. They can be found in Table 2. Events were371

filtered at the generator level to require at least one lepton with pT > 10 GeV. ATLAS Fast simulation is372

used to reconstruct the VLQ signals samples. For more details about the VLQ production/validation can373

be found here [41].374

Signal MC samples are normalized to the theoretical cross section computed at approximate next-to-375

next-to leading order (NNLO) in QCD using Hathor[36] and CTEQ66 [37] PDFs. Scale uncertainties376

are calculated according to recommendations from the Hathor documentation: a numerical integration377

of the cross section for each mass point over a range of mu4/2 to mu4 for the negative scale uncertainty and378

a range of mu4 to 2mu4 for the positive scale uncertainty. PDF uncertainties are calculated with Hathor379

PDF SCAN option, which calculates the uncertainty based on the central cross section value and the380

CTEQ66 error PDFs. The cross section values used are summarized in Table 3.381

mT (GeV) BR(WbWb) BR(WbtH) BR(WbtZ) BR(tHtZ) BR(tHtH) BR(tZtZ)
400 0.2625 0.3569 0.1427 0.0969 0.1217 0.0193
450 0.2518 0.3409 0.1583 0.1078 0.1161 0.0250
500 0.2468 0.3282 0.1717 0.1141 0.1092 0.0300
550 0.2448 0.3169 0.1827 0.1183 0.1029 0.0344
600 0.2441 0.3075 0.1923 0.1209 0.0972 0.0379

Table 2: Protos Branching Ratios (BR) for TT̄ production as a function of mT as computed by Protos.

For the u4ū4, each mass point sample comprises 75k events. For the TT̄ , and for each mass point382

three samples are produced depending on the number of Higgs: 0, 1 and 2. For the 0/1/2 Higgs samples,383

10/40/40k events per mass points are produced. For completeness, the list of the signal ntuple datasets384

used is available in Appendix A.385
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Selec2on:	  
•  Electron	  :	  	  

–  Tight,	  pT	  >	  25	  GeV	  &	  |η|	  <	  2.47	  not	  in	  the	  crack	  (1.37-‐1.52),	  isolated	  
•  Muon	  :	  

–  Combined	  with	  track,	  pT	  >	  20	  GeV	  &	  |η|	  <	  2.5,	  isolated,	  not	  overlap	  with	  jet	  
–  Back-‐to-‐back	  muon	  pairs	  removed	  

•  Jets	  :	  
–  Topocluster	  an&-‐kt,	  cone	  R	  =	  0.4	  	  
–  pT	  >	  25	  GeV	  &	  |η|	  <	  2.5	  
–  Remove	  jets	  overlapped	  with	  electron	  

•  Event	  level	  cuts	  :	  
–  ETmiss	  >	  40	  GeV	  

Heavy-quark and same-sign top-quark signal regions

!+!+ and !−!−

b′m
b′
=350 GeV 2.0%

b′m
b′
=450 GeV 2.5%

b′m
b′
=550 GeV 2.7%

!+!+ !−!−

ttLL 0.7% negligible

ttLR 0.8% negligible

ttRR 0.8% negligible

Low-mass Z ′ boson signal region

ttRR,mZ′=100 GeV 0.7% negligible

ttRR,mZ′=150 GeV 0.8% negligible

ttRR,mZ′=200 GeV 1.0% negligible

Table 1. Efficiencies of the event selection for heavy-quark and same-sign top-quark events in
the heavy-quark signal region (two same-sign leptons, at least two jets, and Emiss

T > 40 GeV and
HT > 350 GeV) as well as efficiencies of the event selection for same-sign top-quark events via a
low-mass Z ′ boson in the low-mass Z ′ boson signal region (two same-sign leptons, at least two jets,
Emiss

T > 40 GeV, HT > 150 GeV and m!! > 100 GeV). Efficiencies are relative to the total cross
section, and so include the effect of branching ratios (4.5% for tt and 9% for b′, without including
W → τν contributions) as well as acceptance. Statistical uncertainty is 0.01% for tt and 0.05% for
b′.

6 Standard Model Backgrounds

In the SM, events with the same-sign dilepton signature are due to three categories of

processes:

• those in which one lepton originates from a jet or from a photon conversion,

• those with an opposite-sign dilepton pair in which the reconstructed charge of one

lepton is mismeasured, and

• those that originate from a pair of Z/W gauge bosons.

The diboson contribution is estimated using simulated samples, and the remaining back-

grounds are estimated by extrapolation from control samples selected in the data as de-

scribed in the following sections.

6.1 Backgrounds with leptons originating from jets or photons

A significant SM background source is due to events in which one of the two leptons comes

from the decay of a W or Z boson (called ‘real’ below) and the second is a ‘fake’ lepton, a

jet or photon misreconstructed as an isolated lepton. Here ‘fake’ is used to indicate both

non-prompt leptons and misidentified π0s, conversions, etc.

The dominant fake-lepton mechanism is the semi-leptonic decay of a b- or c-hadron,

in which a muon survives the isolation requirements. In the case of electrons, the three
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b'b'àWtWtà4W2b (Same Sign Leptons + Jets) 

•  Analysis	  also	  used	  to	  search	  for	  same-‐sign	  (s-‐s)	  
top-‐quark	  pair	  produc&on	  

•  	  Event	  selec2on	  :	  
–  At	  least	  2	   lepton	  candidates	  with	  same	  charge	  

and	  at	  least	  2	  "good"	  jets	  
–  In	   ee	   or	   μμ	   channel	   :	   inv.	   mass	   of	   2	   leptons	  

must	  exceed	  15	  GeV	  &|mll	  -‐	  mZ|	  >	  10	  GeV	  
–  Missing	  transverse	  momentum	  >	  40	  GeV	  

	  

•  3	  signal	  regions	  :	  
–  (1)	  Heavy	  quark	  signal	  region	  for	  b',	  or	  s-‐s	  top-‐

pair	  produc&on	  from	  high-‐mass	  Z'	  exchange	  :	  	  
	  	  	  	  	  	  	  	  	  	  HT	  (jets+leptons)	  >	  350	  GeV	  

–  (2)	  Same-‐sign	  top-‐quark	  signal	  region	  :	  sa&sfies	  
requirement	   of	   (1)	   but	   only	   for	   posi&vely-‐
charged	  leptons	  

–  (3)	  Low-‐mass	  Z'	  boson	  signal	  region	  :	  posi&vely-‐
charged	  leptons,	  HT	  >	  150	  GeV,	  mll	  >100	  GeV	  

Latest	  paper	  with	  1.04	  D-‐1	  

arXiv	  :	  1202.5520	  

EFSS2012	  –	  17	  December	  2012	   33	  
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Figure 8. HT distributions: comparison of observed data and expected SM backgrounds for
events with a pair of same-sign leptons, at least two reconstructed jets, Emiss

T > 40 GeV, HT >
150 GeV and m!! > 100 GeV. Left are negatively-charged lepton pairs, right are positively-charged
lepton pairs. Uncertainties (hatched) are systematic and statistical. The last bin includes overflow
events. ttRR from Z ′ 100 GeV (×10) signal histogram includes both signal and background.
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Comparison	  of	  observed	  data	  and	  expected	  
SM	  backgrounds	  for	  HT	  in	  region	  (3)	  



Results	  :	  
•  Heavy	  down-‐type	  quark	  mb'	  >	  450	  GeV	  
•  For	   s-‐s	   top	   quarks	   produc&on	   :	   Solid	   red	  

line	   presents	   result	   from	   analysis,	  
measurements	   of	   forward-‐backward	  
produc&on	   at	   Tevatron	   lie	   above	   SM	  
expecta&on	  
–  Upper	  limit	  for	  cross	  sec&on	  :	  2pb	  

arXiv	  :	  1202.5520	  

EFSS2012	  –	  17	  December	  2012	   34	  
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Figure 18: Invariant mass of the Zb system, for all events in the Z + tagged jet sample. The Z + jets
Monte Carlo is Alpgen, and the normalizations include the scale to the Z + bottom sample. See Figure 48
for Sherpa.
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Figure 1. Left: Heavy quark production cross sections at LHC. Right: branching ratios for T and
B decays.

in the same way as the top quark. The cross section only depends on the quark mass, and

is plotted in figure 1 (left). For T quark singlets the partial decay widths are

Γ(T → W+b) =
g2

64π
|VTb|2
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,

Γ(T → Ht) =
g2

128π
|XTt|2

mT

M2
W

λ(mT ,mt,MH)1/2

×
[

1 + 6
m2

t

m2
T

−
M2

H

m2
T

+
m4

t

m4
T

−
m2

t M
2
H

m4
T

]

, (3.2)

being

λ(x, y, z) ≡ (x4 + y4 + z4 − 2x2y2 − 2x2z2 − 2y2z2) (3.3)

a kinematical function.

For a B singlet, the expressions for B → W−t, B → Zb, B → Hb can be obtained from

eq. (3.2) by replacing the mixings VTb → VtB , XTt → XBb and the quark masses mT → mB ,

mt → mb, mb → mt. The branching ratios as a function of the heavy quark mass are

presented in figure 1 (right), fixing MH = 115 GeV. For (T B) doublets the analytical

expressions of the widths are the same as for the singlets, although the relation beween the

neutral and charged current mixings differs. For equal mixings VTb % VtB the branching

ratios are the same as for singlets, while for VTb & VtB the decays T → W+b, B → Zb,

B → Hb are absent, so that Br(T → Zt) % Br(T → Ht) % 0.5, Br(B → W−t) = 1. For T ,

B quarks in (X T ) and (B Y ) doublets the charged decay modes are absent, and thus the

partial widths for the other modes are roughly one half. For X → W+t and Y → W−b the

– 9 –

Selec&on	  of	  objects	   is	  exactly	  the	  
same	  as	  the	  2	  previous	  analyses.	  
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Selec2on:	  
–  Object	  selec&on	  is	  the	  same	  as	  for	  the	  previous	  analyses	  
–  Addi&onal	  cuts	  :	  

the transverse impact parameter with respect to the primary vertex, d0, is required to have a relative sig-

nificance of σd0 /d0 < 3. Furthermore, muon candidates are required to have ISOpT−corrected/pT < 0.1,

where ISOpT−corrected is the sum of track pT in a cone around the muon of size ∆R = 0.2, corrected for

pileup effects.

Jet candidates are reconstructed using the anti-kT algorithm [34] with a radius parameter of 0.4, using

energy deposits in the calorimeter as input clusters [35–37] These clusters are seeded by calorimeter cells

with energies significantly above the measured noise level. Reconstructed jets are required to pass a set

of selection criteria defined to suppress jets coming from background events or those reconstructed in

problematic detector regions [38]. Jet candidates must have pT > 25 GeV and |η| < 4.5. In addition,

the fraction of the transverse momentum of tracks in the jet coming from the primary vertex, |JVF|, is

required to be greater than 0.75 to suppress jets coming from pileup interactions. Furthermore, jets that

fall within a radius of ∆R < 0.3 to an electron or muon candidate are removed.

The missing transverse energy (Emiss
T

) is calculated after calibrating objects in the event as the nega-

tive vector sum of the transverse momenta within |η| < 4.5 [39]

In the CC channel, W boson candidates are constructed using the lepton candidate four-momentum

and the Emiss
T

, interpreted here as a neutrino candidate. The longitudinal momentum, pz, of the neutrino

candidate is calculated by constraining the invariant mass of the of the lepton-neutrino system to the mass

of the W boson. When two real solutions are found, the one that leads to a smaller η separation between

the reconstructed W boson and the highest transverse momentum jet is chosen, since the simulation

shows that this selection leads to a ∼ 1 − 3% improvement in the VLQ mass resolution compared to

always using the neutrino pz solution closer to zero. If no real solution is found, the real part of the

complex solution is taken.

Once final state objects are identified, a baseline selection is performed. In the CC channel, events are

required to have exactly one good reconstructed lepton and Emiss
T
> 50 GeV. Furthermore, the transverse

mass, mT , of the W boson candidate must be greater than 40 GeV, the pseudorapidity must be within

|η(W)| < 2.5, and the pT of the leading jet must be greater than 60 GeV. The cut on Emiss
T

is primarily

to reduce QCD multi-jet background, and the cut on η(W) helps in removing poorly reconstructed W

boson candidates. In the NC channel, events are required to have two same-flavor, opposite sign leptons

whose invariant mass is between 66 GeV and 116 GeV. In both channels, events are further required to

have Njet ≥ 2 in order to exploit the presence of the second light quark produced with a VLQ, which

fragments into a jet with large pseudorapidity. This jet, defined as the jet farthest in η from the leading

jet, is referred to as the associated jet.

After applying the baseline selection, cut optimization is performed on five (six) angular separation

variables in the CC (NC) channel, maximizing S/
√

S + B, where B is the number of expected events

according to the MC background estimate, and S is the number of expected events according to the

400 GeV VLQ MC. The optimization is done using TMVA [40] with variables that are uncorrelated with

each other. The resulting signal region cuts are given below:

CC Channel:

• |∆η(W, leading jet)| < 2.3

• |∆φ(W, leading jet)| > 2.1 rad

• |∆φ($,Emiss
T

)| < 1.3 rad

• |∆η(W, associated jet)| > 1.6

• |∆η(leading jet, associated jet)| > 1.3

NC Channel:

4

• |∆φ(", ")| < 1.5 rad

• |∆η(", ")| < 1.6

• |∆φ(Z, leading jet)| > 2.1 rad

• |∆η(Z, leading jet)| < 1.1

• |∆η(Z, associated jet)| > 0.9

• |∆η(leading jet, associated jet)| > 0.9

Optimization was also tested using higher mass VLQ MC, but the resulting cuts were not found to

provide any increase in signal significance.

5 Background Estimation

The final background is estimated by fitting the reconstructed VLQ mass, calculated as the invariant mass

of the four-vectors reconstructed from the W or Z and the leading pT jet, in data after the full selection.

The smooth functional form chosen to describe the background is

f (m; p0,1,2,3) = p0 ·
(1 − x)p1

xp2+p3·ln(x)
, (1)

where x is the reconstructed VLQ mass mQ (in units of 7 TeV) and p0,1,2,3 are four free parameters. This

fit is performed on a binned distribution, where the binning is chosen to reflect the reconstructed width

of the VLQ signal, which ranges from ∼40 GeV for masses near 400 GeV to ∼130 GeV for masses near

2 TeV. If the initial fit is found to have a χ2 probability of less than 1%, the most discrepant region of

the distribution is removed and the remaining sidebands are refit, thus preventing the possible presence

of signal from biasing the background shape.

As a cross-check, the data are compared to the simulated background model to ensure the under-

standing of the primary backgrounds. This is done in control regions where the selections in Sec. 4 are

applied, but one of the optimized angular variable cuts is reversed. The data are found to be modeled

well by the background estimates in all of the control regions tested in each channel. This comparison

is also done in the signal regions, as shown in Fig. 2, and no obvious signal is found to be present in

the data. To estimate the background coming from multi-jet events, included in the figure, data-driven

techniques are used. A multi-jet enriched sample is obtained by inverting the lepton isolation criteria for

the muon channel, or reconstruction quality criteria for the electron channel, allowing events where a jet

either contains or has been mis-identified as a high-pT lepton. In the CC channel, a template fit of the

data-driven multi-jet background and the combined MC components is performed on the distribution of

Emiss
T

to obtain a normalization factor. The fraction of multi-jet events in the final signal region is found to

be 7.4% in the W → eν channel and 1.2% in the W → µν channel. In the NC channel, the normalization

factor is obtained from a template fit on the dilepton invariant mass spectrum of the MC and multi-jet

backgrounds. This technique shows that the multi-jet background is negligible, below 1% after the full

NC event selection. These data-driven estimates serve foremost as checks that the multi-jet contribution

to the background is small enough that it can be neglected in the optimization of the search.

6 Systematic Uncertainties

The systematic uncertainties considered for the background estimation are fully contained within the un-

certainty of the fitting procedure described in Sec. 5. To determine this uncertainty, the data in the signal

5

the transverse impact parameter with respect to the primary vertex, d0, is required to have a relative sig-

nificance of σd0 /d0 < 3. Furthermore, muon candidates are required to have ISOpT−corrected/pT < 0.1,

where ISOpT−corrected is the sum of track pT in a cone around the muon of size ∆R = 0.2, corrected for

pileup effects.

Jet candidates are reconstructed using the anti-kT algorithm [34] with a radius parameter of 0.4, using

energy deposits in the calorimeter as input clusters [35–37] These clusters are seeded by calorimeter cells

with energies significantly above the measured noise level. Reconstructed jets are required to pass a set

of selection criteria defined to suppress jets coming from background events or those reconstructed in

problematic detector regions [38]. Jet candidates must have pT > 25 GeV and |η| < 4.5. In addition,

the fraction of the transverse momentum of tracks in the jet coming from the primary vertex, |JVF|, is

required to be greater than 0.75 to suppress jets coming from pileup interactions. Furthermore, jets that

fall within a radius of ∆R < 0.3 to an electron or muon candidate are removed.

The missing transverse energy (Emiss
T

) is calculated after calibrating objects in the event as the nega-

tive vector sum of the transverse momenta within |η| < 4.5 [39]

In the CC channel, W boson candidates are constructed using the lepton candidate four-momentum

and the Emiss
T

, interpreted here as a neutrino candidate. The longitudinal momentum, pz, of the neutrino

candidate is calculated by constraining the invariant mass of the of the lepton-neutrino system to the mass

of the W boson. When two real solutions are found, the one that leads to a smaller η separation between

the reconstructed W boson and the highest transverse momentum jet is chosen, since the simulation

shows that this selection leads to a ∼ 1 − 3% improvement in the VLQ mass resolution compared to

always using the neutrino pz solution closer to zero. If no real solution is found, the real part of the

complex solution is taken.

Once final state objects are identified, a baseline selection is performed. In the CC channel, events are

required to have exactly one good reconstructed lepton and Emiss
T
> 50 GeV. Furthermore, the transverse

mass, mT , of the W boson candidate must be greater than 40 GeV, the pseudorapidity must be within

|η(W)| < 2.5, and the pT of the leading jet must be greater than 60 GeV. The cut on Emiss
T

is primarily

to reduce QCD multi-jet background, and the cut on η(W) helps in removing poorly reconstructed W

boson candidates. In the NC channel, events are required to have two same-flavor, opposite sign leptons

whose invariant mass is between 66 GeV and 116 GeV. In both channels, events are further required to

have Njet ≥ 2 in order to exploit the presence of the second light quark produced with a VLQ, which

fragments into a jet with large pseudorapidity. This jet, defined as the jet farthest in η from the leading

jet, is referred to as the associated jet.

After applying the baseline selection, cut optimization is performed on five (six) angular separation

variables in the CC (NC) channel, maximizing S/
√

S + B, where B is the number of expected events

according to the MC background estimate, and S is the number of expected events according to the

400 GeV VLQ MC. The optimization is done using TMVA [40] with variables that are uncorrelated with

each other. The resulting signal region cuts are given below:

CC Channel:

• |∆η(W, leading jet)| < 2.3

• |∆φ(W, leading jet)| > 2.1 rad

• |∆φ($,Emiss
T

)| < 1.3 rad

• |∆η(W, associated jet)| > 1.6

• |∆η(leading jet, associated jet)| > 1.3

NC Channel:

4

•  ETmiss	  >	  50	  GeV	  
•  pTleading	  jet	  >	  60	  GeV	  
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Figure 2: Monte Carlo estimated backgrounds for the combined electron and muon channels for the

CC (top) and NC (bottom) channel. A 1.1 TeV VLQ signal is overlaid in each case, normalized to the

nominal VLQ cross section assuming a coupling of κ̃qQ =
mQ

v κqQ = 1 and 100% branching fraction to

a W or Z and a light quark. The data is also plotted. Note that for calculation of sensitivity and setting

limits on σ × BR the background estimate is taken from a fit to data.
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respectively. The nominal theoretical predictions are overlaid. Both cases assume a coupling κ̃qQ = 1,

and 100% branching fraction to a W or Z boson and a light quark. The band around the theoretical

predictions is the uncertainty due to the PDF set and the factorization and renormalization scales.
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Figure 3: The BumpHunter results for combined electron and muon channels for the CC (top) and NC

(bottom) channels showing the local deviation of the data from the smooth background hypothesis and

the most significant deviation and corresponding region bounded by blue lines. The width of each bin is

chosen to be roughly equal to the VLQ mass resolution, calculated using MC.
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ATLAS	  Note	  ATLAS-‐CONF-‐2012-‐137	  Results	  :	  

CC	  

Ø  Mass	  of	  X(+5/3),	  D(-‐1/3)	  greater	  than	  1420	  GeV	  and	  1080	  GeV	  respec&vely	  
Ø  U(+2/3)	  with	  mass	  below	  1120	  GeV	  excluded	  (NC)	  

Same	  kind	  of	  plots	  but	  for	  CC	  channel	  
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Figure 7: Event display for the W → eν channel event with the highest three body invariant mass. Here,

the invariant mass of the three body system is M(e, ν, leading jet) = 1615 GeV.

Figure 8: Event display for the W → µν channel event with the highest three body invariant mass. Here,

the invariant mass of the three body system is M(µ, ν, leading jet) = 1598 GeV.
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Figure 9: Event display for the Z → ee channel event with the highest three body invariant mass. Here,

the invariant mass of the three body system is M(e, e, leading jet) = 1859 GeV.

Figure 10: Event display for the Z → µµ channel event with the highest three body invariant mass. Here,

the invariant mass of the three body system is M(µ, µ, leading jet) = 1380 GeV.
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