
V.	
  Lacuesta,	
  IFIC	
  (UV	
  –	
  CSIC)	
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Top	
  produc1on	
  in	
  LHC	
  
•  Produc1on	
  of	
  top	
  quarks:	
  
–  produced	
  mainly	
  in	
  pairs	
  via	
  strong	
  interac1on:	
  147.4	
  pb	
  
– Alterna1ve	
  produc1on:	
  Weak	
  interac1on	
  involving	
  Wtb	
  
vertex	
  à	
  single	
  top	
  quark	
  produc1on	
  

•  Single	
  top	
  produc1on	
  at	
  7	
  TeV:	
  
–  t-­‐channel	
  (virtual	
  W	
  boson):	
  64.6	
  pb	
  	
  

	
  
–  s-­‐channel	
  (virtual	
  W	
  boson):	
  15.7	
  pb	
  	
  

– Wt	
  channel	
  (on-­‐shell	
  W	
  boson):	
  4.63	
  pb	
  

Anomalous	
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Cross	
  sec1ons	
  at	
  NNLO	
  



Wtb	
  vertex	
  
•  Top	
  quarks	
  almost	
  decay	
  exclusively	
  to	
  W	
  boson	
  and	
  a	
  b-­‐

quark	
  à	
  Good	
  to	
  probe	
  the	
  couplings	
  of	
  the	
  vertex	
  Wtb	
  
•  The	
  Wtb	
  vertex	
  can	
  be	
  wriTen:	
  

–  g	
  :	
  weak	
  coupling	
  constant	
  
–  mW:	
  mass	
  of	
  W	
  boson	
  
–  q,	
  b,	
  t,	
  W:	
  4-­‐mon	
  of	
  the	
  par1cles	
  
–  VL,R:	
  vector	
  couplings	
  
–  gL,R:	
  tensor	
  couplings	
  
–  PL,R:	
  Projec1on	
  operators,	
  (1±γ5)/2	
  

•  In	
  the	
  Standard	
  Model	
  VL	
  is	
  close	
  to	
  one	
  and	
  VR,	
  gL	
  and	
  gR	
  
are	
  zero.	
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parameter in the Lagrangian, whose precise determination is fundamental to reduce

theoretical uncertainties in many observables. On the other hand, top couplings offer

an interesting window to new physics. If new particles exist above the electroweak

scale, their effect at energies below the resonance thresholds can be parameterised by

effective operators [5–7] invariant under the standard model (SM) gauge symmetry

SU(3)c × SU(2)L × U(1)Y . In the case of top quark couplings, the contribution from

these operators is expected to be more important than for the other fermions, due

precisely to the large top mass. A general (and minimal) parameterisation of top

quark couplings arising from dimension-six effective operators was given in Refs. [8].

Among the different top couplings to the gauge and Higgs bosons, the Wtb vertex

deserves a special attention, precisely because the top quark is expected to decay almost

exclusively via this interaction, t → Wb. Within the effective operator framework, this

vertex can be written in full generality as

LWtb = −
g√
2
b̄ γµ (VLPL + VRPR) t W

−
µ

−
g√
2
b̄
iσµνqν
MW

(gLPL + gRPR) t W
−
µ + h.c. (1)

This Lagrangian is assumed to be Hermitian in order to preserve unitarity, as it is

demanded for a fundamental theory of elementary particle interactions, from which

effective operators arise by integration of the heavy degrees of freedom. This implies

that all complex phases in our effective Lagrangian are CP violating. We will not

introduce any of the so-called “CP-conserving phases” [9–11] since they lead to a non-

Hermitian Lagrangian with some undesired effects.1

In the SM, the Wtb vertex in Eq. (1) reduces to VL = Vtb ≃ 1 and VR = gL = gR = 0

at the tree level. Deviations from these values (see for example Refs. [12–17]) can be

tested by measuring various observables. In particular, the presence of non-zero anoma-

lous couplings VR, gL, gR is probed with good precision by determining the helicity of

the W boson in the top quark decay, i.e. the relative fractions F+, F0, F− of W bosons

produced with helicity +1, 0, −1 [18], and through angular distributions in the top

quark rest frame [19, 20]. Still, these observables do not contain all the information

from the top decay, in particular regarding complex phases. As we will show in this

paper, the density matrix for a polarised top quark decay is determined by eight form

factors which are functions of the Wtb couplings in Eq. (1). Three of these factors

1Such phases could appear in the t → Wb decay amplitude from unitarity corrections, associated

with the absorptive parts of higher-order diagrams involving new states lighter than the top quark.

The presence of such states, however, contradicts the spirit of the effective operator framework, where

new physics is assumed to be heavy, and invariant under the (unbroken) SM gauge group.

2



•  Single	
  top	
  quark	
  t-­‐channel	
  highly	
  polarized	
  along	
  the	
  
spectator	
  quark	
  direc1on	
  (P~0.9)	
  

•  Asymmetries	
  derived	
  with	
  θ*	
  are	
  not	
  sensi1ve	
  to	
  all	
  
anomalous	
  couplings:	
  
–  Define	
  θN	
  and	
  θT	
  angles	
  

Probe	
  of	
  anomalous	
  couplings	
  

W	
  boson	
  mom.	
  	
  
(top	
  rest	
  frame)	
  

Polariza1on	
  direc1on	
  of	
  	
  
Top	
  quark	
  

Charged	
  lepton	
  mom.	
  
(W	
  rest	
  frame)	
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Asymmetries	
  
•  The	
  asymmetry	
  backward-­‐forward	
  is	
  defined	
  as:	
  

	
  	
  
–  θ:	
  angle	
  under	
  study	
  
– Nevt:	
  number	
  of	
  events	
  

•  We	
  focus	
  on:	
  
– Angle	
  θN	
  à	
  	
  

– Angle	
  θT	
  	
  à	
  	
  

	
  

AFB
T
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N -1 -0.75 -0.5 -0.25 0 0.25 0.5 0.75 1

cos θ
0

0.01
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0.03

0.04

0.05

0.06

Ev
en

ts
 (n

or
m

al
is

ed
)

Helicity (θl
*)

Transverse (θl
T)

Normal (θl
N)

Figure 4: Angular distribution of the charged lepton with respect to the three W spin

axes: helicity (cos θ∗ℓ ), transverse (cos θTℓ ) and normal (cos θNℓ ).

1. In the top quark rest frame, the normal and transverse directions are obtained

from Eqs. (10) using for s⃗t some spatial direction, preferrably one in which the

top quark is produced with a large polarisation (e.g. the spectator jet momentum

in the top rest frame, for t-channel single top production [27]).

2. The momentum of the charged lepton in the W rest frame is obtained performing

a boost on its momentum in the top quark rest frame.

3. The angles θTℓ , θNℓ correspond to the ones between the charged lepton and the

two directions previously determined.

We have checked our analytical results for the W polarisation fractions by comparing

the predicted distributions with tree-level Monte Carlo calculations in t-channel single

top production using Protos [42] and different values of the anomalous couplings,

obtaining very good agreement between them.

We conclude this section with a discussion of the corresponding observables for

t̄ → W−b̄ decays. By explicit calculation it is found that the W polarisation fractions

for this decay (denoted with a bar) satisfy

F̄0 = F0 , F̄± = F∓ ,

F̄ T
0 = F T

0 , F̄ T
± = F T

± ,

F̄N
0 = FN

0 , F̄N
± = FN

± (17)

in full generality, even if the Wtb vertex is CP violating. It is very interesting to observe

12
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W	
  polarisa1on	
  beyond	
  helicity	
  frac1ons	
  in	
  top	
  
quark	
  decays,	
  J.A.	
  Aguilar-­‐Saavedra,	
  J.	
  Bernabeu	
  

AFB ⌘ N
evt

(cos ✓ > 0)�N
evt
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AFBN	
  and	
  AFBT	
  
•  	
  	
  	
  	
  and	
  	
  	
  	
  	
  	
  	
  	
  related	
  to	
  gR	
  with	
  the	
  approxima1ons	
  
(assuming	
  VL	
  =	
  1	
  and	
  VR	
  =	
  gL	
  =	
  0)	
  :	
  

	
  

	
  

	
  
	
  

AFB
TAFB

N

AN
FB ⇡ 0.64P Im(gR)

AT
FB ⇡ 0.38P � 0.26P Re(gR)
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Figure 5: Left, middle: dependence of the FB asymmetries in the cos θ∗ℓ , cos θ
T
ℓ , dis-

tributions on the real part of anomalous Wtb couplings in Eq. (1), respectively, taking

VL = 1 and the rest of anomalous couplings zero. Right: the same for the cos θNℓ
distribution and the imaginary parts.

vanishes for real anomalous couplings (in particular, within the SM), is very sensitive

to Im gR, as it can be seen in the right plot of this figure. For small gR, taking VL = 1,

VR = gL = 0, we obtain

AN
FB = 0.64P Im gR . (21)

The numerical coefficient in this asymmetry has also been verified with the Monte Carlo

generator Protos. The dependence on VR is much weaker because it is suppressed by

mb/mt, and the asymmetry does not depend on gL if the other anomalous couplings

vanish. This asymmetry is the same (up to a minus sign) as the one based on the triple

product [18]

s⃗t · (p⃗b × p⃗ℓ) , (22)

with the b quark and charged lepton momenta taken in the top quark rest frame. Both

asymmetries, although sensitive to CP-violating phases in the top decay vertex, are

not genuinely CP violating and could be faked by unitarity phases (not considered in

our work). The sum of asymmetries for t and t̄ decays,

ACP
FB = AN

FB(t) + AN
FB(t̄) (23)

is unambiguously CP violating.

It is worthwhile to remark here that AN
FB can be relatively large because it directly

probes the imaginary parts of the off-diagonal density matrix elements for a polarised

top quark decay, namely D1 in Eqs. (5). Therefore, it is expected to be much larger than

CP-violating asymmetries based on triple-product spin correlations in tt̄ production [9–

14
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Figure 5: Left, middle: dependence of the FB asymmetries in the cos θ∗ℓ , cos θ
T
ℓ , dis-

tributions on the real part of anomalous Wtb couplings in Eq. (1), respectively, taking

VL = 1 and the rest of anomalous couplings zero. Right: the same for the cos θNℓ
distribution and the imaginary parts.

vanishes for real anomalous couplings (in particular, within the SM), is very sensitive

to Im gR, as it can be seen in the right plot of this figure. For small gR, taking VL = 1,

VR = gL = 0, we obtain

AN
FB = 0.64P Im gR . (21)

The numerical coefficient in this asymmetry has also been verified with the Monte Carlo

generator Protos. The dependence on VR is much weaker because it is suppressed by

mb/mt, and the asymmetry does not depend on gL if the other anomalous couplings

vanish. This asymmetry is the same (up to a minus sign) as the one based on the triple

product [18]

s⃗t · (p⃗b × p⃗ℓ) , (22)

with the b quark and charged lepton momenta taken in the top quark rest frame. Both

asymmetries, although sensitive to CP-violating phases in the top decay vertex, are

not genuinely CP violating and could be faked by unitarity phases (not considered in

our work). The sum of asymmetries for t and t̄ decays,

ACP
FB = AN

FB(t) + AN
FB(t̄) (23)

is unambiguously CP violating.

It is worthwhile to remark here that AN
FB can be relatively large because it directly

probes the imaginary parts of the off-diagonal density matrix elements for a polarised

top quark decay, namely D1 in Eqs. (5). Therefore, it is expected to be much larger than

CP-violating asymmetries based on triple-product spin correlations in tt̄ production [9–

14
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Wtb	
  Analyses	
  
•  AFBN	
  at	
  7	
  TeV:	
  
– AFBN	
  very	
  sensi1ve	
  to	
  Im(gR)	
  :	
  
–  If	
  Im(gR)	
  !=	
  0	
  à	
  CP-­‐viola1on	
  in	
  top	
  decays	
  
– First	
  experimental	
  limit	
  to	
  Im(gR)	
  
– Conf.	
  note:	
  ATLAS-­‐CONF-­‐2013-­‐032	
  (Maria	
  Moreno	
  
Thesis)	
  

•  AFBT	
  at	
  7	
  TeV:	
  
– Work	
  in	
  progress.	
  

•  Anomalous	
  couplings	
  at	
  8	
  TeV	
  
•  We	
  will	
  focus	
  in	
  7TeV	
  AFBN	
  and	
  AFBT	
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Event	
  Selec1on	
  

Pre-­‐SelecFon:	
  	
  
•  Single	
  lepton	
  triggers	
  
•  Exactly	
  one	
  e±	
  or	
  μ±	
  with	
  pT	
  >25GeV,|η|<2.5	
  
•  Exactly	
  2	
  jets	
  with	
  pT	
  >	
  30	
  GeV,	
  |η|<	
  4.5	
  	
  

–  pT	
  >	
  35	
  GeV	
  for	
  2.75	
  <|η|<	
  3.5	
  	
  
–  Exactly	
  1	
  b-­‐tag	
  jet	
  (JetFiTerCOMBNNc	
  @	
  55%	
  eff.),	
  |η|<	
  2.5	
  

•  QCD	
  background	
  rejec1on	
  
–  ETmiss	
  >	
  30	
  GeV	
   	
  	
  
–  mT(W)	
  >	
  30	
  GeV	
  	
  
–  pT(lepton)	
  >	
  40	
  ∓	
  40/(π-­‐1)	
  ·∙	
  (Δφ(leading-­‐jet,lepton)	
  ±	
  π	
  )	
  

Anomalous	
  Couplings	
  	
  

SelecFon:	
  	
  
|ηlight-­‐jet|	
  >	
  2.0	
  
HT	
  >	
  210	
  GeV	
  	
  (Ht	
  =	
  pT	
  (lepton)	
  +	
  pT(light-­‐jet)	
  +	
  pT(b-­‐jet)	
  +	
  Etmiss	
  )	
  
150	
  <	
  mTop<	
  190	
  GeV	
  
|Δη	
  (b-­‐jet,	
  light-­‐jet)|	
  >	
  1.0	
  

9	
  



Backgrounds	
  and	
  samples	
  
•  ATLAS	
  2011	
  data	
  @	
  7	
  TeV,	
  4.66	
  ±	
  0.08	
  y-­‐1	
  

•  MulFjet	
  background	
  
–  Electron	
  channel:	
  Jet-­‐Electron	
  model	
  

•  Shape:	
  	
  events	
  with	
  similar	
  kinema1cs	
  to	
  the	
  signal	
  selec1on	
  but	
  with	
  a	
  jet	
  
used	
  in	
  place	
  of	
  the	
  electron	
  (MC	
  sample).	
  

•  Normaliza1ons:	
  binned	
  likelihood	
  fit	
  on	
  the	
  measured	
  MET	
  distribu1on	
  	
  
–  Muon	
  channel:	
  Matrix	
  Method	
  

•  The	
  contribu1on	
  from	
  QCD	
  mul1jet	
  background	
  in	
  the	
  muon	
  channel	
  comes	
  
from	
  non-­‐isolated	
  muons	
  	
  passing	
  muon	
  isola1on.	
  

–  W	
  +	
  jets	
  background	
  
•  Shape	
  from	
  MC	
  

–  Normaliza1on	
  from	
  data:	
  global	
  scale	
  factor	
  and	
  flavour	
  frac1ons	
  	
  
•  Define	
  a	
  W+jets	
  control	
  region	
  (1	
  or	
  2	
  jets,	
  PreSelec1on	
  cuts	
  &	
  top	
  mass	
  veto)	
  	
  
•  Overall	
  SF:	
  data/MC	
  ra1o	
  es1mated	
  in	
  pretag	
  sample	
  for	
  each	
  jet	
  bin	
  
•  Flavour	
  frac1ons	
  (W+bb,	
  W+cc,	
  W+c	
  &	
  W+light)	
  are	
  derived	
  using	
  1-­‐jet	
  &	
  2-­‐

jets	
  events	
  in	
  the	
  pretag	
  and	
  tagged	
  sample.	
  A	
  numerical	
  fit	
  is	
  performed	
  to	
  
obtain	
  them.	
  	
  

•  Signal	
  and	
  remaining	
  backgrounds	
  (single	
  top,	
  top,	
  dibosons	
  and	
  Z
+jets):	
  using	
  simulated	
  samples	
  and	
  theore1cal	
  cross-­‐sec1ons.	
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MC	
  Generators	
  

Anomalous	
  Couplings	
  	
  

Sample	
   Generator	
  

Single	
  top	
  t-­‐channel	
   AcerMC	
  +	
  Pythia	
  (tune	
  Perugia	
  2011c)	
  

Mul1jet	
   JetElectron(mul1jet	
  MC	
  &	
  data)	
  /	
  Matrix	
  
Method(data)	
  

W	
  +	
  jets	
   Alpgen	
  +	
  Herwig	
  

Z	
  +	
  jets	
   Alpgen	
  +	
  Herwig	
  

Dibosons	
   Herwig	
  

Top	
  Pairs	
   Powheg	
  +	
  Pythia	
  (tune	
  Perugia	
  2011c)	
  

Single	
  top	
  Wt	
  and	
  s-­‐channel	
   Powheg	
  +	
  Pythia	
  (tune	
  Perugia	
  2011c)	
  

11	
  



Control	
  plots	
  at	
  Preselec1on	
  –	
  electrons	
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Electron Channel Control Plots
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Electron Channel Control Plots
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Figure 5: Angular distributions in the transversal direction at preselection level for electron (left) and

muon (right) channels in the Tagged sample.

of multijet events, which is several orders of magnitude higher than the t-channel signal cross-section,235

it is still a significant background. Because this probability depends on the detector configuration and236

geometry, methods based on data are the most appropriate estimate for the multijet background.237

238

4.1.1 The jet-electron model for the electron channel239

For the electron channel a di-jet sample simulated with Pythia is used to model the shape of the multijet240

background, together with templates derived from MC simulation for all other processes (top quark,241

W/Z+jets, diboson). The multijet template consists of events where the electron requirement in the242

selection is replaced by a jet requirement. This method is called jet-electron model and it is described in243

detail in [35]. The basic concept is to accept a reconstructed jet as a lepton if it has a lepton like signature.244

The selection cuts for the fake leptons, i.e. the jets, are Emiss
T
> 25 GeV, |η| < 2.47, an electromagnetic245

fraction between 0.8 and 0.95 and at least three reconstructed tracks.246

A fit is performed after applying the single top quark t-channel event preselection cuts (see Sec-247

tion 3.1), including the mT(W) > 30 GeV cut, but leaving out the Emiss
T cut. From this fit, the multijet248

fraction in the selected region Emiss
T > 30 GeV is determined. The result of the fitting method is used249

as the primary background estimate for the analysis for the electron channel as explained in [29] and [30].250

251

Table 3 provides the estimate of multijet background at preselection level for the electron channel252

which is fitted in two separate electron η regions: forward (1.52 < |η| < 2.47) and central (|η| < 1.37). The253

JetFitterCOMBNNc algorithm at a working point of 55% b-tagging efficiency is used to computed the254

Tagged normalisation. The normalisation at selection is estimated from these numbers and considering255

the selection cut efficiency.256
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Figure 3: Comparison between data and expectation at preselection level for Emiss
T

, mT(W) and the an-

gular distributions in the normal direction for the electron (left) and the muon (right) channels. The

uncertainties shown on the prediction take into account MC statistics and the 50% systematic uncer-

tainty on the normalization of the multijet background.
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Figure 4: Angular distribution of the charged lepton with respect to the three W spin

axes: helicity (cos θ∗ℓ ), transverse (cos θTℓ ) and normal (cos θNℓ ).

1. In the top quark rest frame, the normal and transverse directions are obtained

from Eqs. (10) using for s⃗t some spatial direction, preferrably one in which the

top quark is produced with a large polarisation (e.g. the spectator jet momentum

in the top rest frame, for t-channel single top production [27]).

2. The momentum of the charged lepton in the W rest frame is obtained performing

a boost on its momentum in the top quark rest frame.

3. The angles θTℓ , θNℓ correspond to the ones between the charged lepton and the

two directions previously determined.

We have checked our analytical results for the W polarisation fractions by comparing

the predicted distributions with tree-level Monte Carlo calculations in t-channel single

top production using Protos [42] and different values of the anomalous couplings,

obtaining very good agreement between them.

We conclude this section with a discussion of the corresponding observables for

t̄ → W−b̄ decays. By explicit calculation it is found that the W polarisation fractions

for this decay (denoted with a bar) satisfy

F̄0 = F0 , F̄± = F∓ ,

F̄ T
0 = F T

0 , F̄ T
± = F T

± ,

F̄N
0 = FN

0 , F̄N
± = FN

± (17)

in full generality, even if the Wtb vertex is CP violating. It is very interesting to observe
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1. In the top quark rest frame, the normal and transverse directions are obtained

from Eqs. (10) using for s⃗t some spatial direction, preferrably one in which the

top quark is produced with a large polarisation (e.g. the spectator jet momentum

in the top rest frame, for t-channel single top production [27]).

2. The momentum of the charged lepton in the W rest frame is obtained performing

a boost on its momentum in the top quark rest frame.

3. The angles θTℓ , θNℓ correspond to the ones between the charged lepton and the

two directions previously determined.

We have checked our analytical results for the W polarisation fractions by comparing

the predicted distributions with tree-level Monte Carlo calculations in t-channel single

top production using Protos [42] and different values of the anomalous couplings,

obtaining very good agreement between them.

We conclude this section with a discussion of the corresponding observables for

t̄ → W−b̄ decays. By explicit calculation it is found that the W polarisation fractions

for this decay (denoted with a bar) satisfy
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Figure 5: Reconstructed cos θN angular distribution obtained at selection level for electron (left) and

muon (right) channels. ATLAS data, simulated signal and different background contributions are shown.

The uncertainties shown on the prediction take into account MC statistics and the 50% systematic uncer-

tainty on the normalization of the multijet background.
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Figure 6: Angular distribution for the combined electron and muon channel. ATLAS data, MC signal

and the merged backgrounds are shown. The uncertainties shown on the prediction take into account MC

statistics and the 50% systematic uncertainty on the normalization of the multijet background.

theoretical prediction.

The signal selection efficiency A j, where j indicates the bin of the angular distribution at generator

level, is not flat. Events with cos θN closer to zero have a smaller selection efficiency. In these events

the lepton and the two jets are all in one plane and the event is less likely to pass the lepton isolation

requirement. The cos θN distribution is also smeared by an imperfect measurement of physics objects

quantities (detector acceptance or inefficiencies, the missing transverse momentum due to the neutrino

and the reconstruction of the top quark). These smearing effects lead to a migration of events between

different bins in the cos θN distribution. These migrations can be described by a migration matrix M ji

that translates reconstructed cos θN values (bin i) into the corresponding generated values (bin j); this

matrix is derived from simulated single top quark t-channel events. The number of unfolded signal
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axes: helicity (cos θ∗ℓ ), transverse (cos θTℓ ) and normal (cos θNℓ ).

1. In the top quark rest frame, the normal and transverse directions are obtained

from Eqs. (10) using for s⃗t some spatial direction, preferrably one in which the

top quark is produced with a large polarisation (e.g. the spectator jet momentum

in the top rest frame, for t-channel single top production [27]).

2. The momentum of the charged lepton in the W rest frame is obtained performing

a boost on its momentum in the top quark rest frame.

3. The angles θTℓ , θNℓ correspond to the ones between the charged lepton and the

two directions previously determined.

We have checked our analytical results for the W polarisation fractions by comparing

the predicted distributions with tree-level Monte Carlo calculations in t-channel single

top production using Protos [42] and different values of the anomalous couplings,

obtaining very good agreement between them.

We conclude this section with a discussion of the corresponding observables for
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1. In the top quark rest frame, the normal and transverse directions are obtained

from Eqs. (10) using for s⃗t some spatial direction, preferrably one in which the

top quark is produced with a large polarisation (e.g. the spectator jet momentum

in the top rest frame, for t-channel single top production [27]).

2. The momentum of the charged lepton in the W rest frame is obtained performing

a boost on its momentum in the top quark rest frame.

3. The angles θTℓ , θNℓ correspond to the ones between the charged lepton and the

two directions previously determined.

We have checked our analytical results for the W polarisation fractions by comparing

the predicted distributions with tree-level Monte Carlo calculations in t-channel single

top production using Protos [42] and different values of the anomalous couplings,

obtaining very good agreement between them.

We conclude this section with a discussion of the corresponding observables for
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of the momentum of the spectator quark. To measure ✓T, the reconstructed momentum of the lepton is331

boosted into the rest frame of the W boson and the momentum of the W boson is boosted into the top332

quark rest frame.333

Figure 5 shows the angular distribution of cos ✓T at preselection level for the electron and muon334

channel for events with two jets and exactly one of them b-tagged. At this level, the distributions are335

dominated by background events but allow the data to MC agreement in the signal region to be checked.336

In fact the agreement is good. The equivalent plots at selection level are shown in Figure 8. One can337

clearly see the enhancement of the signal over background due to the additional selection cuts. The338

latter distributions are used to compute the forward-backward asymmetry AT
FB. Since this is obtained339

by counting the number of events in the forward (cos ✓T > 0) and backward (cos ✓T < 0) regions, a340

two-binned distribution is used (this binning choice avoids problems due to the limited statistics in the341

simulated samples). The corresponding distributions are shown in Figure 9 for the electron and muon342

channel.343
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Figure 8: Reconstructed cos ✓T angular distribution obtained at selection level for electron (left) and
muon (right) channel in the Tagged sample. ATLAS data, simulated signal and di↵erent background
contributions are shown. Uncertainties are statistical but for multijet which shows the systematic uncer-
tainty on normalisation.

The measurement of the asymmetry AT
FB is given in this note for the combined electron and muon344

channel. This means that all the results shown from now on are for the combination though in Ap-345

pendix ?? all the results obtained in the electron and muon channel individually are shown. Figure 10346

shows the angular distribution for events with two jets for the combined electron and muon channel.347

5.1 Distortions of the angular distribution cos ✓T348

Since the angle ✓T is measured using the reconstructed momenta of the charged lepton and W boson,349

the distribution of cos ✓T is convoluted by detector and reconstruction e↵ects. Before the asymmetry can350

be deduced from Figure 9, it has to be deconvoluted from distortions due to experimental limitations351

to parton level (i.e. to parton from hard process7). The di↵erent e↵ects are described below and their352

impact is shown in Figure 11.353

7For Pythia generator these correspond to status = 3.
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Figure 11: Comparison of the angular distribution cos ✓T from simulated single top quark t-channel
events at di↵erent stages of the analysis: from the generated objects before and after the event selection
and the distribution obtained from the reconstructed objects for all selected events for electrons (left) and
muons (right).

selection e�ciency (A j) is not flat as a function of cos ✓T, as it can be seen in Figure 12 which363

shows the event selection e�ciency for the combined electron and muon channel. The e↵ect for364

the electron and muon channels independently is shown in Appendix ?? (see Figure ??).365
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Figure 12: Event selection e�ciency as a function of cos ✓T for the combined electron and muon channel.

• Impact of the event reconstruction: The shape of the simulated cos ✓T distribution is also af-366

fected by the reconstruction. Several e↵ects contribute to this deviation: imperfect measurement367

of physics objects quantities due to detector acceptance or ine�ciencies, as well as resolution ef-368

fects due to the neutrino and the reconstruction of the top quark. All these smearing e↵ects lead369

to the migration of events between di↵erent bins in the cos ✓T distribution. These migrations can370

be described by a migration matrix M ji that translates reconstructed cos ✓T values in bin i into the371

corresponding generated values in bin j, and that it is equivalent to a detector resolution function.372

A transfer matrix T ji is calculated using simulated t-channel events filling one entry for each event373

passing the acceptance cuts. The migration matrix M ji is obtained from this transfer matrix, by374

normalising the sum of the entries in a bin of the truth physical quantity (each row) to unity. In this375
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Figure 16: Angular distribution for the combined electron and muon channel. ATLAS data, MC signal
and the merged backgrounds (red) are shown. Uncertainties are statistical and for multijet include also
the 50% systematic uncertainty on normalisation.

to parton level (i.e. to parton from hard process8). The different effects are described below and their358

impact is shown in Figure ??.359

Necos 

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
Ev

en
t f

ra
ct

io
n

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4
 internalATLAS Simulation

 = 7 TeVs-jet electronsb2 jets 1 
Parton level (no cuts)
Parton level after selection
Reconstruction

Necos 

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Ev
en

t f
ra

ct
io

n

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4
 internalATLAS Simulation

 = 7 TeVs-jet muonsb2 jets 1 
Parton level (no cuts)
Parton level after selection
Reconstruction

Figure 17: Comparison of the angular distribution cos θN from simulated single top quark t-channel
events at different stages of the analysis: from the generated objects before and after the event selection
and the distribution obtained from the reconstructed objects for all selected events for electrons (left) and
muons (right).

• Impact of the event selection: Comparing the cos θN distribution obtained at parton level from360

the generated objects before and after applying the event selection, one can observe a strong sup-361

pression of events with cos θN values in the central region. This is due to the requirement of an362

isolated lepton. In fact, cos θN ≃ 0 means that the angle θN between the lepton and the normal363

direction is ∼π/2; that is, the lepton is in the plane formed by the W momentum and the top quark364

spin direction (see Figure ??). Then, since the W momentum is back-to-back to the b quark, and365

the top quark spin direction is the spectator jet momentum direction, the lepton and the two jets366

(coming from the b and spectator quarks) in the event are all in the same plane. Therefore, the367

8For Pythia generator these correspond to status = 3.

-­‐-­‐	
  Parton	
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  Reconstruc1on	
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Systema1c	
  uncertain1es	
  

•  The	
  procedure	
  to	
  evaluate	
  the	
  systema1c	
  
uncertain1es	
  is	
  the	
  following:	
  	
  
–  For	
  each	
  systema1c	
  uncertainty	
  source,	
  run	
  15k	
  pseudo	
  
experiments	
  (PEs)	
  to	
  evaluate	
  the	
  impact	
  of	
  that	
  source	
  in	
  to	
  
the	
  asymmetry.	
  

–  In	
  each	
  pseudo-­‐experiment,	
  the	
  measurement	
  is	
  repeated	
  
on	
  a	
  pseudo-­‐data	
  (MC	
  signal	
  +	
  bkg)	
  distribu1on	
  
corresponding	
  to	
  the	
  integrated	
  data	
  luminosity.	
  The	
  
number	
  of	
  events	
  is	
  allowed	
  to	
  fluctuate	
  varying	
  each	
  bin	
  
according	
  to	
  a	
  Poisson	
  distribu1on.	
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Systematic ∆AT
FB

Lepton reco. eff. 0.008 / -0.009

Lepton energy reso.: no scale 0.003 / -0.03

Lepton energy reso.: ID 0.003 / -0.005

Lepton energy reso.: MS 0.003 / -0.010

Jet energy scale 0.08 / -0.06

Emiss
T

(cellout) 0.010 / -0.07

Emiss
T

(pileup) 0.04 / -0.014

SF b-tag 0.015 / -0.014

SF c-tag 0.0013 / -0.003

SF mistag 0.02 / -0.002

JVF SF 0.003 / -0.005

Jet reconstruction efficiency 0.008 / -0.008

Jet energy resolution 0.04 / -0.04

Luminosity 0.024 / -0.015

Z+jets norm. 0.005 / -0.005

tt norm. 0.02 / -0.02

s-ch. norm. <0.001 / <0.001

Wt-ch. norm. 0.002 / -0.002

dibosons norm. <0.001 / <0.001

W+jets shape (iqopt3) 0.001 / -0.001

W+jets shape (ptjmin10) 0.001 / -0.001

QCD shape and norm. 0.02 / -0.02

ISR/FSR <0.001 / <0.001

t-ch. MC generator 0.015 / -0.015

tt MC gen. and PS 0.003 / -0.003

PDF 0.017 / -0.017

Unfolding 0.013 / -0.013

Total +0.11 / -0.11

Table 10: Detailed breakdown of the contribution of each source of systematic uncertainty (∆AT
FB) for

the 2 jets Tagged events for electrons and muons combined.

combined AT
FB

Data (raw) 0.201 ± 0.028 (stat.)

Data (raw, bkg. subtracted) 0.357 ± 0.038 (stat.)

Data unfolded 0.513 ± 0.071 (stat.) ± 0.115 (syst.)

Table 11: AT
FB measurement for events with two jets for the combined electron and muon channel. Both

the statistic and systematic uncertainties are shown for the unfolded result.

8 Conclusions552

AT
FB = 0.51 ± 0.07 (stat.) ± 0.11 (syst.) .

This measurement and the results for the electron and muon channel individually, which can be553

found in Appendix ?? (Section ??), are found to be consistent with the SM prediction within the total554
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Systematic ∆AN
FB

Lepton reco. eff. <0.001 / <0.001

Lepton energy reso.: no scale 0.002 / 0.006

Lepton energy reso.: ID -0.001 / 0.001

Lepton energy reso.: MS -0.003 / <0.001

Jet energy scale -0.005 / 0.009

Emiss
T

(cellout) -0.001 / -0.001

Emiss
T

(pileup) 0.002 / -0.004

SF b-tag <0.001 / -0.001

SF c-tag 0.001 / <0.001

SF mistag -0.001 / -0.001

JVF SF <0.001 / <0.001

Jet reconstruction efficiency 0.001 / -0.001

Jet energy resolution 0.007 / -0.007

Luminosity 0.001 / 0.001

Z+jets norm. 0.002 / 0.002

tt norm. 0.001 / 0.001

s-ch. norm. -0.001 / -0.001

Wt-ch. norm. 0.001 / <0.001

dibosons norm. <0.001 / <0.001

W+jets shape (iqopt3) <0.001 / <0.001

W+jets shape (ptjmin10) 0.001 / -0.001

QCD shape and norm. 0.007 / -0.007

ISR/FSR 0.001 / -0.001

t-ch. MC generator 0.024 / -0.024

tt MC gen. and PS 0.010 / -0.010

PDF 0.003 / -0.003

Unfolding 0.003 / -0.003

Total +0.029 / -0.031

Table 11: Detailed breakdown of the contribution of each source of systematic uncertainty (∆AN
FB

) for

the 2 jets Tagged events for electrons and muons combined.

combined AN
FB

Data (raw) 0.012 ± 0.028 (stat.)

Data (raw, bkg. subtracted) 0.018 ± 0.055 (stat.)

Data unfolded 0.031 ± 0.065 (stat.) +0.029
−0.031

(syst.)

Table 12: AN
FB measurement for events with two jets for the combined electron and muon channel. Both

the statistic and systematic uncertainties are shown for the unfolded result.

8 Conclusions660

A search for CP violation in the decays of highly polarised top quarks (P≈0.9) in the single top quark661

t-channel produced at the LHC and recorded by the ATLAS experiment has been presented. In the SM662

the couplings of the Wtb vertex are reduced to VL ≃ 1 and zero for the other three, i.e. VR, gR,L. The663

Anomalous	
  Couplings	
  	
   19	
  



November 20, 2013 – 16 : 25 DRAFT 21

Tθcos 

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

E
ve

n
t 

fr
a
ct

io
n

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
 Work in ProgressATLAS

-1 dt = 4.66 fbL ∫
 = 7 TeVs

-jet combinedb2 jets 1 

Data, before background subtraction

Data, after background subtraction

Data-bkg (unfolded)

SM prediction

 0.071(stat.)± = 0.513 T
FBA

Figure 14: Unfolded angular distribution for the combination of electron and muon channels. The un-
certainties are statistical only.

6 Systematic uncertainties414

There are multiple systematic e↵ects that can have an impact on the AN
FB measurement. These systematic415

uncertainties are evaluated using the common prescriptions from the ATLAS top physics working group416

and the standard ATLAS procedures [29] and [38]). For each systematic, the W+jets overall normali-417

sation and flavour fractions computed for the given systematic shift is used. The following systematics418

have been considered in this analysis:419

420

• Lepton trigger, reconstruction and identification e�ciency scale factors: Scale factors are421

applied to MC lepton trigger and identification e�ciencies in order to reproduce the trigger, re-422

construction and selection e�ciencies obtained in data. Z ! `` decays were used to obtain these423

scale factors as functions of the lepton kinematics. The uncertainties on the derived factors were424

evaluated by vaying the lepton and signal selections and from the uncertainty in the evaluation of425

backgrounds. Systematic uncertainties of the level of few % were found. Their impact on the AN
FB426

asymmetry measurement is evaluated by re-computing the predicted MC event yields and signal427

acceptance using the shifted (up and down) scale factors.428

• Lepton momentum/energy scale/resolution: In order to take into account discrepancies between429

data and MC in the momentum/energy scale and resolutions, electrons and muons are modified on430

the MC to reflect data. Z ! `` processes were used to derive correction factors and the associated431

uncertainties. A systematic uncertainty is assigned by shifting up and down the momentum/energy432

scaling and smearing by 1� and re-applying the event selection. The Emiss
T of the event is re-433

calculated accordingly.434

• Jet energy scale (JES): The JES was derived using data from the full 2011 dataset and simulations.435

Its uncertainty is estimated with the MultijetJESUncertaintyProvider tool and depends on the436

pTand ⌘ of the reconstructed jet. The tool is used to scale the energy of each jet up or down by437

1�, propagate this change to the Emiss
T calculation, then re-apply the object and event selection.438

The tool also provides the additional uncertainty to the JES due to pile-up events. An additional439

uncertainty is applied to b-jets. The b-jets are identified by their truth-flavour. This uncertainty440
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Systematic ∆AT
FB

Lepton reco. eff. 0.008 / -0.009

Lepton energy reso.: no scale 0.003 / -0.03

Lepton energy reso.: ID 0.003 / -0.005

Lepton energy reso.: MS 0.003 / -0.010

Jet energy scale 0.08 / -0.06

Emiss
T

(cellout) 0.010 / -0.07

Emiss
T

(pileup) 0.04 / -0.014

SF b-tag 0.015 / -0.014

SF c-tag 0.0013 / -0.003

SF mistag 0.02 / -0.002

JVF SF 0.003 / -0.005

Jet reconstruction efficiency 0.008 / -0.008

Jet energy resolution 0.04 / -0.04

Luminosity 0.024 / -0.015

Z+jets norm. 0.005 / -0.005

tt norm. 0.02 / -0.02

s-ch. norm. 0.00017 / -0.00017

Wt-ch. norm. 0.002 / -0.002

dibosons norm. 0.00007 / -0.00007

W+jets shape (iqopt3) 0.001 / -0.001

W+jets shape (ptjmin10) 0.001 / -0.001

QCD shape and norm. 0.02 / -0.02

ISR/FSR 0.0005 / -0.0005

t-ch. MC generator 0.015 / -0.015

tt MC gen. and PS 0.003 / -0.003

PDF 0.017 / -0.017

Unfolding 0.013 / -0.013

Total +0.11 / -0.11

Table 10: Detailed breakdown of the contribution of each source of systematic uncertainty (∆AT
FB) for

the 2 jets Tagged events for electrons and muons combined.

combined AT
FB

Data (raw) 0.201 ± 0.028 (stat.)

Data (raw, bkg. subtracted) 0.357 ± 0.038 (stat.)

Data unfolded 0.513 ± 0.071 (stat.) ± 0.115 (syst.)

Table 11: AT
FB measurement for events with two jets for the combined electron and muon channel. Both

the statistic and systematic uncertainties are shown for the unfolded result.

8 Conclusions552

AT
FB = 0.51 ± 0.07 (stat.) ± 0.11 (syst.) .

This measurement and the results for the electron and muon channel individually, which can be553

found in Appendix ?? (Section ??), are found to be consistent with the SM prediction within the total554
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Systematic ∆AN
FB

Lepton reco. eff. <0.001 / <0.001

Lepton energy reso.: no scale 0.002 / 0.006

Lepton energy reso.: ID -0.001 / 0.001

Lepton energy reso.: MS -0.003 / <0.001

Jet energy scale -0.005 / 0.009

Emiss
T

(cellout) -0.001 / -0.001

Emiss
T

(pileup) 0.002 / -0.004

SF b-tag <0.001 / -0.001

SF c-tag 0.001 / <0.001

SF mistag -0.001 / -0.001

JVF SF <0.001 / <0.001

Jet reconstruction efficiency 0.001 / -0.001

Jet energy resolution 0.007 / -0.007

Luminosity 0.001 / 0.001

Z+jets norm. 0.002 / 0.002

tt norm. 0.001 / 0.001

s-ch. norm. -0.001 / -0.001

Wt-ch. norm. 0.001 / <0.001

dibosons norm. <0.001 / <0.001

W+jets shape (iqopt3) <0.001 / <0.001

W+jets shape (ptjmin10) 0.001 / -0.001

QCD shape and norm. 0.007 / -0.007

ISR/FSR 0.001 / -0.001

t-ch. MC generator 0.024 / -0.024

tt MC gen. and PS 0.010 / -0.010

PDF 0.003 / -0.003

Unfolding 0.003 / -0.003

Total +0.029 / -0.031

Table 11: Detailed breakdown of the contribution of each source of systematic uncertainty (∆AN
FB

) for

the 2 jets Tagged events for electrons and muons combined.

combined AN
FB

Data (raw) 0.012 ± 0.028 (stat.)

Data (raw, bkg. subtracted) 0.018 ± 0.055 (stat.)

Data unfolded 0.031 ± 0.065 (stat.) +0.029
−0.031

(syst.)

Table 12: AN
FB measurement for events with two jets for the combined electron and muon channel. Both

the statistic and systematic uncertainties are shown for the unfolded result.

8 Conclusions660

A search for CP violation in the decays of highly polarised top quarks (P≈0.9) in the single top quark661

t-channel produced at the LHC and recorded by the ATLAS experiment has been presented. In the SM662

the couplings of the Wtb vertex are reduced to VL ≃ 1 and zero for the other three, i.e. VR, gR,L. The663
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Figure 26: Unfolded angular distribution for the combination of electron and muon channels. The un-
certainties are statistical only.

In the following two checks are presented: a study of the dependence of the raw AN
FB values for454

different pile-up conditions and the single top quark t-channel cross-section using unfolded data events.455

5.3.1 AN
FB measurement dependence for different pile-up conditions456

The dependence of the AN
FB measurement has been studied for two pile-up conditions, in particular for457

low pile-up events with less than ten interactions per bunch crossing and for high pile-up events with ten458

or more interactions per bunch crossing. As shown in Figure ?? (left) the low pile-up event selection459

collects practically all events from run periods B-K and low pile-up events from periods L-M while the460

high pile-up event selection collects mostly events from periods L-M. Figure ?? (right) shows the AN
FB461

measurements for these two pile-up event selections together with the measurement considering all pile-462

up events (i.e. the result shown in the first row in Table ??) for comparison. All these results are for the463

combined electron and muon channel using exclusively data samples (i.e. raw data) and no dependence464

is observed on different pile-up conditions within the statistical uncertainties.465

In Appendix ?? are shown the AN
FB measurements for different pile-up conditions for the electron and466

muon channels individually.467

5.3.2 Cross-section measurement468

The single top quark t-channel cross-section is measured as an additional check using the same unfolded469

data events which are used to compute the result shown in the last row in Table ??. This is done using470

the following formula:471

σ j =
M−1

ji (Ndata
i − Nbkg

i )

A jL
, (8)

where σ j is the cross-section and L is the given luminosity. Since only W leptonic decay modes with472

electron or muon in the final state are considered, one has to add the appropriate branching ratio (BR) of473

the corresponding channels to the denominator in Equation ??: BR(W+ → e+νe) = 10.75% , BR(W+ →474

µ+νµ) = 10.57% andBR(W+ → τ+τµ) = 11.25% (valid for their charge conjugates as well) [?]. However,475

one has to consider also BR(τ+ → e+νeντ) = 17.85% for the electron channel and BR(τ+ → µ+νµντ) =476

17.36% for the muon channel (and their charge conjugates in both cases).477
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Summary	
  
•  The	
  Wtb	
  vertex	
  in	
  the	
  single	
  top	
  quark	
  has	
  
been	
  studied:	
  
– AFBT	
  and	
  AFBN	
  at	
  7	
  TeV:	
  

•  AFBN	
  already	
  approved	
  
•  AFBT	
  work	
  in	
  progress	
  

– Analysis	
  at	
  8	
  TeV	
  ongoing	
  
•  Results:	
  
– Measurement	
  of	
  the	
  coupling	
  constants	
  
compa1ble	
  with	
  the	
  Standard	
  Model	
  predic1ons.	
  

	
  

23	
  Anomalous	
  Couplings	
  	
  



BACKUP	
  SLIDES	
  

24	
  Anomalous	
  Couplings	
  	
  



Control	
  plots	
  at	
  PreSelec1on	
  –	
  muons	
  

Anomalous	
  Couplings	
  	
   25	
  

Muons Channel Control Plots
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