


What’s	
  special	
  with	
  Top	
  quark?	
  
•  Large	
  coupling	
  to	
  the	
  Higgs	
  boson	
  
•  Constrains	
  the	
  Higgs	
  mass	
  along	
  with	
  W	
  boson	
  mass	
  	
  

	
  
	
  
	
  

•  Many	
  new	
  physics	
  models	
  result	
  in	
  same	
  signature,	
  e.g,	
  SUSY	
  
“stop”	
  can	
  decay	
  into	
  top	
  quark	
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•  why is it important? 
•  most massive elementary particle 

–  dominant contributor to radiative 
corrections  

–  how is its mass generated? 
•  topcolor? 

–  does it couple to new physics? 
•  massive G, heavy Z’, H+, … 

•  need to know the mass precisely. 
–  Different influence in different final 

states? 
–  Check consistency across channels. 

Meenakshi Narain - Blois 2011 34 

W" W"

t"

b"

W" W"

H0"

 �mtop
2 

� log(mH) 

top quark mass measurement Eur. Phys. J. C 74, 3046 (2014) 
arXiv:1407.3792 [hep-ph] 

LHCP2017@Shanghai,	
  May	
  15-­‐20,	
  2017	
  



Top	
  pair	
  producFon	
  

Prolay	
  Kumar	
  	
  Mal	
   3	
  LHCP2017@Shanghai,	
  May	
  15-­‐20,	
  2017	
  

�  ggàttbar is the dominant production mode 
�  90% (gg) and 10% (qqbar) at √s=13 TeV for pp 

collisions 
�  All the measurements are in good agreement with the 

SM predictions at NNLO+NNLL	
  



Electroweak	
  Top	
  ProducFon	
  

²  Direct	
  determinaFon	
  of	
  the	
  CKM	
  Matrix	
  element	
  (|Vtb|)	
  
²  Background	
  process	
  for	
  Higgs	
  and	
  BSM	
  searches	
  
²  Major	
  probe	
  in	
  BSM	
  physics	
  scenarios	
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Why is the single top quark so interesting?

Single top-quark production via electroweak interaction, involving a Wtb vertex
t-channel Wt channel s-channel

NLO+NNLL with
mt = 172.5 GeV

p
s (pb) � (t-channel) � (Wt) � (s-channel)

87.8 ± 3.4 22.4 ± 1.5 5.6 ± 0.2
8 TeV Phys. Rev. D 83, 091503(R) (2011) Phys. Rev. D 82, 054018 (2010) Phys. Rev. D 81, 054028 (2010)

X Measurements of the single top production provide a test of SM predictions:
Production cross-section and direct determination of the quark mixing matrix element |Vtb|
! Test of unitarity of the CKM matrix
Probe of the b-quark structure function

X Powerful probe for physics beyond the SM (BSM) related to EWSB:
Resonances (W 0,H+,B0), vector-like quarks, anomalous couplings.

X Significant background in search for Higgs and several expected BSM processes

Carolina Gabaldon (LPSC) Single top production at the LHC: other channels September 15, 2015 3 / 22

√s	
  (pb)	
   σ	
  (t-­‐channel)	
   σ	
  (Wt)	
  
	
  

σ	
  (s-­‐channel)	
  

8	
  TeV	
   84.69	
   22.37	
   5.24	
  

13	
  TeV	
   216.99	
   71.7	
   10.32	
  

h]ps://twiki.cern.ch/twiki/bin/view/LHCPhysics/SingleTopRefXsec	
  

NLO+NNLL	
  with	
  
mtop=172.5	
  GeV	
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Decay	
  of	
  Top	
  quark	
  
•  SM	
  Br(t→W+b)=100%	
  
•  Final	
  states	
  determined	
  through	
  the	
  decay	
  

of	
  W±	
  bosons	
  from	
  top	
  and	
  anFtop	
  quarks.	
  
–  All	
  jets:	
  	
  

–  lepton+jets:	
  	
  
•  Moderately	
  high	
  branching	
  raFo	
  but	
  

relaFvely	
  low	
  background	
  
–  dilepton:	
  

•  Low	
  branching	
  raFo	
  but	
  clean	
  signal	
  
•  Similarly	
  different	
  final	
  states	
  for	
  single	
  top/

electroweak	
  top	
  producFon	
  
–  Dilepton:	
  
–  Semileptonic	
  s-­‐channel:	
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tt→bW+bW−→bbqq 'qq '

tt →bW+bW−→bbqq 'l−ν

tt →bW+bW−→bbl+νl−ν

tW−→bW+W−→bl+νl−ν
tb→bW+b→bbl+ν
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�  LHC Run I datasets at √s=7 TeV (2011) and 8 
TeV (2012) have been fully analyzed 

�  LHC has been performing exceedingly well 
during Run 2 with delivered luminosity of 
>40 fb-1 in 2016 

�  Both ATLAS & CMS experiments have 
recorded data with ~92% efficiency 

LHC	
  Performance	
  



Top	
  Quark	
  ProperFes	
  
•  Since its discovery many properties within the 

SM have been well established using both 
strong (top pair production) and electroweak 
(single top) production modes 

•  The LHC top measurements (at √s=7, 8 and 13 
TeV) have entered into a new precision era 

•   Classification based on the production/decay 
–  ttbar spin correlation, polarization, charge 

asymmetry, electroweak coupling (ttH, ttγ, ttZ), 
FCNC coupling (tZ, tH) 

–   W-helicity from top decay, width, branching ratio, 
anomalous couplings and rare decays (FCNC) 
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W	
  helicity	
  
²  W	
  boson	
  helicity	
  fracFons:	
  FL,R,O=ΓL,R,O/ΓTotal	
  for	
  ler-­‐handed,	
  right-­‐handed	
  and	
  

longitudinal	
  polarizaFon	
  of	
  W	
  boson	
  respecFvely	
  
²  Helicity	
  angle	
  (θ*)	
  defined	
  as	
  the	
  angle	
  between	
  the	
  direcFon	
  of	
  the	
  charged	
  

lepton/down-­‐type	
  quark	
  (from	
  W)	
  and	
  the	
  direcFon	
  of	
  the	
  bo]om	
  quark	
  [all	
  in	
  
the	
  rest	
  frame	
  of	
  W]	
  

²  SM	
  (NNLO)	
  PredicFons:	
  FL=0.311,	
  FO=0.687	
  &	
  FR=0.001	
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²  CMS	
  measurement	
  in	
  ]baràμ+jets	
  &	
  ]baràe
+jets	
  channel	
  using	
  Run	
  I	
  dataset	
  at	
  √s=8	
  TeV	
  
(19.8	
  {-­‐1)	
  

²  ATLAS	
  measurement	
  in	
  ]barà	
  lepton+jets	
  
channel	
  with	
  the	
  Run	
  I	
  dataset	
  at	
  √s=8	
  TeV	
  (20.2	
  
{-­‐1)	
  	
  

²  Helicity	
  analysis	
  are	
  done	
  for	
  both	
  leptonic	
  and	
  
hadronic	
  W-­‐decays	
  in	
  ]bar	
  events	
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1 Introduction

The data from proton-proton (pp) collisions produced at the CERN LHC provide an excellent
environment to investigate properties of the top quark, in the context of its production and
decay, with unprecedented precision. Such measurements enable rigorous tests of the standard
model (SM), and deviations from the SM predictions would indicate signs of possible new
physics [1–4].

In particular, the W boson helicity fractions in top quark decays are very sensitive to the Wtb
vertex structure. The W boson helicity fractions are defined as the partial decay rate for a given
helicity state divided by the total decay rate: FL,R,0 ⌘ GL,R,0/G, where FL, FR, and F0 are the left-
handed, right-handed, and longitudinal helicity fractions, respectively. The helicity fractions
are expected to be F0 = 0.687 ± 0.005, FL = 0.311 ± 0.005, and FR = 0.0017 ± 0.0001 at next-to-
next-to-leading order (NNLO) in the SM, including electroweak effects, for a top quark mass
mt = 172.8 ± 1.3 GeV [5]. Anomalous Wtb couplings, i.e. those that do not arise in the SM,
would alter these values.

Experimentally, the W boson helicity can be measured through the study of angular distribu-
tions of the top quark decay products. The helicity angle q⇤ is defined as the angle between the
direction of either the down-type quark or the charged lepton arising from the W boson decay
and the reversed direction of the top quark, both in the rest frame of the W boson. The dis-
tribution for the cosine of the helicity angle depends on the helicity fractions in the following
way,

1
G

dG
d cos q⇤

=
3
8
(1 � cos q⇤)2 FL +

3
4
(sin q⇤)2F0 +

3
8
(1 + cos q⇤)2 FR. (1)

This dependence is shown in Fig. 1 for each contribution separately, normalised to unity, and
for the SM expectation. Charged leptons (or down-type quarks) from left-handed W bosons are
preferentially emitted in the opposite direction of the W boson, and thus tend to have lower
momentum and be closer to the b jet from the top quark decay, as compared to charged leptons
(or down-type quarks) from longitudinal or right-handed W bosons.

*)θcos(
-1 -0.5 0 0.5 10
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Figure 1: Predicted cosq⇤ distributions for the different helicity fractions. The distributions for
the fractions F0, FL, and FR are shown as dashed, dotted, and dash-dotted lines, respectively,
and the sum of the three contributions according to the SM predictions is displayed as a solid
line.

The measurement of the W boson helicity is sensitive to the presence of non-SM couplings
between the W boson, the top quark, and the bottom quark. A general parametrisation of the
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Figure 2: Distributions for the cosine of the helicity angle in the leptonic (upper row) and
hadronic (lower row) branches, for the e+jets (left) and µ+jets (right) decay channels. The
combined `+jets post-fit measurements of the helicity fractions were used in the simulation of
tt and single top quark events. The data are displayed as solid points, simulated samples of
tt (signal) processes and the contribution from background processes as histograms. At the
bottom of each plot, the ratio between MC simulation and data is displayed. The error bars
correspond to the statistical uncertainties.

be inaccurate, an uncertainty of +100%
�50% is assumed for simulated events involving a W boson

produced in association with b quark jets. The impact of the DY+jets normalisation uncertainty
in the analysis is small, since it corresponds to only a few percent of the sample composition.
The normalisation of the multijet background is estimated from control samples and results in
an uncertainty of +50%

�50% in the e+jets channel and +40%
�50% in the µ+jets channel. Shape uncertain-

ties on the multijet background templates were investigated by comparing the distributions
in several different control regions, both in MC and in data, and were found to be negligible,
compared to the much larger normalisation uncertainties.

Several uncertainties from possible systematic effects related to theoretical modelling of the sig-
nal are estimated by replacing the default tt samples with alternative tt samples and repeating
the entire analysis. Specifically, for the MADGRAPH interfaced with PYTHIA event generation,
the default mt value of 172.5 GeV is shifted up and down by 1 GeV; the renormalisation and fac-
torisation scales are varied down (up) by a factor of 0.5 (2); the kinematic scale used to match
jets to partons (matching threshold) is varied down (up) by factor of 0.5 (2); finally, the parton
shower and hadronisation modelling is studied in a tt sample simulated with MC@NLO v3.41
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Figure 2: Distributions for the cosine of the helicity angle in the leptonic (upper row) and
hadronic (lower row) branches, for the e+jets (left) and µ+jets (right) decay channels. The
combined `+jets post-fit measurements of the helicity fractions were used in the simulation of
tt and single top quark events. The data are displayed as solid points, simulated samples of
tt (signal) processes and the contribution from background processes as histograms. At the
bottom of each plot, the ratio between MC simulation and data is displayed. The error bars
correspond to the statistical uncertainties.

be inaccurate, an uncertainty of +100%
�50% is assumed for simulated events involving a W boson

produced in association with b quark jets. The impact of the DY+jets normalisation uncertainty
in the analysis is small, since it corresponds to only a few percent of the sample composition.
The normalisation of the multijet background is estimated from control samples and results in
an uncertainty of +50%

�50% in the e+jets channel and +40%
�50% in the µ+jets channel. Shape uncertain-

ties on the multijet background templates were investigated by comparing the distributions
in several different control regions, both in MC and in data, and were found to be negligible,
compared to the much larger normalisation uncertainties.

Several uncertainties from possible systematic effects related to theoretical modelling of the sig-
nal are estimated by replacing the default tt samples with alternative tt samples and repeating
the entire analysis. Specifically, for the MADGRAPH interfaced with PYTHIA event generation,
the default mt value of 172.5 GeV is shifted up and down by 1 GeV; the renormalisation and fac-
torisation scales are varied down (up) by a factor of 0.5 (2); the kinematic scale used to match
jets to partons (matching threshold) is varied down (up) by factor of 0.5 (2); finally, the parton
shower and hadronisation modelling is studied in a tt sample simulated with MC@NLO v3.41

Phys. Lett. B 762, 512 (2016) 
arXiv:1605.09047 [hep-ex] 
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Figure 2: Measured and predicted distributions of (a) likelihood and (b) event probability from the kinematic fit
and reconstructed cos ✓⇤ distribution using (c) the leptonic and (d) the hadronic analysers with �2 b-tags. The
displayed uncertainties represent the Monte Carlo statistical uncertainty as well as the background normalisation
uncertainties.
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Eur. Physics J. C 77, 264 (2017) 
arXiv:1612.02577 [hep-ex] 

q  ATLAS	
  sub-­‐categorizaFon	
  based	
  on	
  number	
  of	
  
b-­‐tagged	
  jets	
  
q  1	
  b-­‐tagged	
  jets	
  
q  ≥	
  2	
  b-­‐tagged	
  jets	
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8 5 Systematic uncertainties
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Figure 3: Left: the measured W boson helicity fractions in the (F0, FL) plane. The dashed and
solid ellipses enclose the allowed two-dimensional 68% and 95% CL regions, for the combined
`+jets measurement, taking into account the correlations on the total (including systematic)
uncertainties. The error bars give the one-dimensional 68% CL interval for the separate F0 and
FL measurements, with the inner-tick (outer-tick) mark representing the statistical (total) un-
certainty. Right: the corresponding allowed regions for the real components of the anomalous
couplings gL and gR at 68% and 95% CL, for VL = 1 and VR = 0. A region near Re(gL) = 0
and Re(gR) � 0, allowed by the fit but excluded by the CMS single top quark production
measurement, is omitted. The SM predictions are shown as stars.

[38] using the PDF set CTEQ6M and interfaced with HERWIG v6.520 [39].

Uncertainties in the helicity fractions arising from the limited size of the simulated tt samples
are taken into account, both in the main analysis and in the determination of the modelling
uncertainties. In the former case, these effects are added as a separate source of uncertainty. In
the latter case, the systematic uncertainties in the W boson helicity are assigned to be the larger
of either (i) the statistical precision of the limited sample size or (ii) the systematic shift of the
central value with respect to the reference tt sample.

The shape of the pT spectrum for top quarks, as measured by the differential cross section for
top quark pairs [25, 40], has been found to be softer than the predictions from MADGRAPH
simulation. The effect of this mismodelling is estimated by reweighting the events in the simu-
lated tt sample, so that the top quark pT at parton level in the MC describes the unfolded data
distribution. Further, the systematic effects due to the PDFs used to simulate the signal and
background samples are estimated according to the prescriptions described in [41, 42], using
NNPDF21 [43] and MSTW2008lo68cl [44] PDF sets as alternatives to those used at generation.
Finally, uncertainties related to the modelling of the pileup in simulated events are also taken
into account.

The total systematic uncertainty is given by the sum in quadrature of all uncertainties described
above.

Phys. Lett. B 762, 512 (2016) 
arXiv:1605.09047 [hep-ex] 

Eur. Physics J. C 77, 264 (2017) 
arXiv:1612.02577 [hep-ex] 

v  CMS measurements (with better than 5% accuracy) are 
limited by the ttbar signal modeling; dominant 
uncertainties from ttbar scale and top quark mass 
v  F0= 0.681 ± 0.012 (stat) ± 0.023(syst) and FL= 0.323 

± 0.008 (stat) ± 0.014(syst) with F0+FL+FR=1 

v  ATLAS measurements are done 
using  both leptonic analyzer and 
hadronic analyzer. Leptonic 
analyzer results (F0=0.709±0.019 
& FL=0.299±0.015) are more 
precise than the hadronic one 
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v  Top width (Γt) is inversely proportional to its life-time; NLO SM 

predicted value (ΓSM) is 1.35 GeV for mtop=173.3 GeV and αs=0.118 
v Analysis performed with the ttbaràdilepton (e/µ) +≥ 2 jets (≥1 b-tagged 

jets, ≥2 b-tagged jets) events at √s=13 TeV (13.1 fb-1) 
v Discriminating variable Mlb=√(mtop

2 – mW
2) 

v Hypothesis testing with the Powheg-Pythia8 generated templates for 
Γt=1-4xΓSM and mtop=169.5-175.5 GeV 
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Figure 3: Distribution of the M`b variable for simulated POWHEG +PYTHIA 8 events where the
top quark mass is varied by ±3 GeV with respect to 172.5 GeV and the width is varied by a factor
of 4 with respect to the SM value. The upper (lower) row of plots describes boosted (unboosted)
events, while the left (right) column displays information in the 1b(� 2b) category. The top
panels show the distributions with the last bin displaying the overflow of the histograms while
the bottom plot show the ratio with respect to the mt = 172.5 GeV and Gt = GSM scenario.
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Figure 3: Distribution of the M`b variable for simulated POWHEG +PYTHIA 8 events where the
top quark mass is varied by ±3 GeV with respect to 172.5 GeV and the width is varied by a factor
of 4 with respect to the SM value. The upper (lower) row of plots describes boosted (unboosted)
events, while the left (right) column displays information in the 1b(� 2b) category. The top
panels show the distributions with the last bin displaying the overflow of the histograms while
the bottom plot show the ratio with respect to the mt = 172.5 GeV and Gt = GSM scenario.
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8 5 Statistical analysis

tW/tt interference: At NLO QCD, tW production is expected to interfere with tt production [39–
41]. Two schemes for defining the tW signal in a way which distinguishes it from tt pro-
duction have been compared in our analysis: “diagram removal” (DR) [39], in which all
doubly resonant NLO tW diagrams are removed, and “diagram subtraction” (DS) [39,
42], where a gauge-invariant subtractive term modifies the NLO tW cross section to lo-
cally cancel the contribution from tt. The difference between the samples simulated using
the two approaches is taken as a systematic uncertainty.

5 Statistical analysis
To test different hypotheses for the top quark width, we analyse likelihood ratios calculated
from pairs of shape hypotheses. The adopted procedure is similar to the one used in [43].
Hypotheses differed in the generator-level width, where the null hypothesis was fixed at the
SM-predicted Gt = 1.324 GeV. Below we denote the null hypothesis as SM. The hypotheses
are generated by re-weighting the generator-level top quark mass distribution with ratios of
relativistic Breit-Wigner functions [13] corresponding to the alternative and SM hypotheses
being tested. The procedure has been validated for the observable used in this analyis, using
a dedicated POWHEG simulation with Gt = 4 · GSM

t . For each hypothesis, a two-dimensional
likelihood scan was performed, varying the signal strength (µ ⌘ sobs

sSM
) and the sample fraction of

alternative width hypothesis (denoted x) as parameters of interest. The signal model generated
from these parameters was a scaled linear interpolation between SM and alternate hypotheses:

Nsignal = µ [(1 � x) · NSM + x · Nalt] , (1)

where Nsignal is the total expected number of signal events, and NSM (Nalt) is the expectation
for the SM (alternate) hypothesis. In Equation 1 the expectations for the signal are furthermore
expanded to include the tt and tW expectations for each hypothesis under test. The overall
signal strength therefore corresponds to the ratio of the observed to the expected tt +tW cross
section. This parameter is profiled in the fit.

Figure 4 compares the expected values of the likelihood as functions of x, for different alter-
native top quark width hypotheses. The expected likelihoods are obtained using pseudo-data
where Gt = GSM or Gt = 4 · GSM. In each case, these are compared with the values of the fit
observed in data. Qualitatively, the data prefers an SM-like scenario, with respect to a wide top
quark scenario.

The impact of each uncertainty in the fit, discussed in Sec. 4, is determined by repeating the fit
after fixing each nuisance to its best-fit value in data and evaluating the difference in the un-
certainty attained in the measurement of x. With this procedure we estimate that the dominant
uncertainties in the measurement of x for each pair of width hypotheses being tested is due to
tt and tW modelling and the luminosity, trigger and selection efficiency-related uncertainties.
In general, the post-fit nuisance values and corresponding uncertainties are in good agreement
with the pre-fit ones.

In order to quantify the separation of the different hypotheses and derive the limits on an
SM-like top quark width, we assume a top quark mass of mt = 172.5 GeV and we perform
pseudoexperiments to produce distributions of a test statistic defined from the likelihood ratios
between the alternate and SM hypotheses:

12 6 Conclusion

 [GeV]Γ
0 0.5 1 1.5 2 2.5 3 3.5 4
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Preliminary CMS

 (13 TeV)-112.9 fb

Figure 7: Evolution of the CLS as a function of the top quark width. The derived limits at the
95% (99%) confidence level are represented as the intersection of the fits to the line at CLS = 0.05
(0.01). The expectations from both the pre-fit and post-fit models are represented by means of
a best-fit spline curve.

v  Two dimensional likelihood varying the signal strength (µ=σobs/σSM) and sample 
fraction for alternate hypothesis x:   

NSM (Nalt) being expectation for SM (alternate) hypothesis 

v  Limit extraction with a test statistic: 

v  limits on Γt at 95% CL: 
v Observed: 0.6<Γt<2.5 GeV (Expected: 

0.6<Γt<2.4 GeV for mtop=172.5 GeV) 
v  Till the date it is the best precision from direct 

measurement. Indirect measurements so far 
result: 
v  Γt=2.00 +0.47 

-0.43 GeV  [DØ: Phys Rev D 
85, 091104 (2012)] 

v  Γt=1.36±0.02 (stat) +0.14 
-0.11(syst) GeV 

[CMS: Phys. Lett. B 736, 33 (2014)] 

9

q ⌘ �2 · ln
✓
Lalt
LSM

◆
, (2)

where Lalt and LSM are the likelihoods for the alternate and SM hypotheses, respectively. These
distributions are produced both before and after optimizing x, µ, and all other nuisance pa-
rameters through a fit to data. Figure 5 demonstrates distributions of the test statistic from
pseudoexperiments. The toy experiments display a Gaussian behavior and the quantiles of the
distributions are used to evaluate the separation strength of the hypotheses in each test.

The quantiles of the distributions of the test statistics are represented in Fig. 6. Similar behavior
is observed in the pre-fit and post-fit model with the data following closely the SM hypothesis.

Hypothesis separation can be measured via the CLs criterion, which takes into account the
value of the test statistic observed in data, qobs.. CLobs.

s is defined as the ratio of the areas under
each distribution with q  qobs.:

CLobs.
s =

P(qalt. < qobs.)
P(qSM < qobs.)

. (3)

An analogous criterion for expected results, CLexp.
s , can be defined by replacing qobs. with the

median of the SM hypothesis distribution:

CLexp.
s =

P(qalt. < qmedian
SM )

0.5
(4)

Figure 7 shows the evolution of CLS as a function of the width of the top quark. The value of
Gt for an SM-like top quark is constrained by fitting the CLS as a function of generator-level
width using a piece-wise quadratic spline, which takes the separation strength into account
for all the different input template widths. An exclusion region at a level of 2s is calculated
as the expected generator-level widths yielding CLS = 0.05. The expected bounds at the 95%
confidence level are 0.6  Gt  2.4 GeV. The observed bounds at the 95% confidence level are
0.6  Gt  2.5 GeV.

6 Conclusion
We have presented limits on the top quark width using 12.9 fb�1 of proton-proton collision
data at

p
s = 13 TeV collected by the CMS experiment. Using tt and tW decay events with

two charged leptons in the final state, we reconstruct the M`b observable inclusively using up
to two jets identified as stemming from the fragmentation and hadronization of ab quark. The
observable is fit for deviations of the width with respect to the SM prediction. Different event
categories are included in the fit to improve the sensitivity of the measurement and partially
constraint some of the uncertainties. Binary hypothesis tests are then used to bound an SM-like
top quark width to 0.6  Gt  2.5 GeV at the 95% CL, with corresponding expected bounds of
0.6  Gt  2.4 GeV for mt = 172.5 GeV. This constitutes the first such direct measurement at
the LHC and the most precise direct bound of the top quark width performed to date.
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Figure 2: The upper plot shows the number of b-tagged jets per event for the different tt dilep-
ton channels. For each final state, separate subsets are shown corresponding to events with
two, three, or four jets. The simulated tt and single-top-quark events correspond to a scenario
with R = 1. The lower panel shows the ratio of the data to the expectations. The shaded
bands represent the uncertainty owing to the finite size of the simulation samples, the main
background contribution (DY), and the integrated luminosity.

events with no top quarks;
• events with only one jet from a top-quark decay, which includes some tt events and

single-top-quark events (mainly produced through the tW channel);
• events with two jets produced from the two top-quark decays.

In order to avoid model uncertainties, the number of selected jets from top-quark decays is
derived from the lepton-jet invariant-mass (M`j) distribution, reconstructed by pairing each
lepton with all selected jets. For lepton-jet pairs originating from the same top-quark decay,
the endpoint of the spectrum occurs at M`j ⇡

p
M2

t � M2
W ⇡ 153 GeV [55], where Mt (MW)

is the top-quark (W boson) mass (Fig. 3, top, open histogram). The predicted distribution for
correct pairings is obtained after matching the simulated reconstructed jets to the b quarks from
t ! Wb at the generator level using a cone of radius R = 0.3. The same quantity calculated for
a lepton from a top-quark decay paired with a jet from the top antiquark decay and vice versa
(“wrong” pairing) shows a distribution with a long tail (Fig. 3, top, filled histogram), which can
be used as a discriminating feature. A similar tail is observed for “unmatched” pairings: either
background processes without top quarks, or leptons matched to other jets. The combinations
with M`j > 180 GeV are dominated by incorrectly paired jets, and this control region is used to
normalise the contribution from background.

In order to model the lepton-jet invariant-mass distribution of the misassigned jets, an empir-
ical method is used based on the assumption of uncorrelated kinematics. The validity of the
method has been tested using simulation. For each event in data, the momentum vector of the
selected lepton is “randomly rotated” with uniform probability in the (cos (q) , f) phase space,
and the M`j is recomputed. This generates a combinatorial distribution that is used to describe

Phys. Lett B 736, 33 (2014) 
arXiv: 1404.2292 [hep-ex] 

² Measurement of R=Br (tàWb)/Br(tàWq) with q=b,s,d 
²  Estimation of R from ttbaràdilepton+jets dataset at √s=8 TeV (19.7 

fb-1) by counting number of b-jets/event 
²  The fraction of correct pairs of lepton-jet pairs (from top decays) is 

modeled through  Mlj=√(Mt
2 - MW

2) variable 



Branching	
  RaFo	
  (II)	
  

Prolay	
  Kumar	
  	
  Mal	
   17	
  LHCP2017@Shanghai,	
  May	
  15-­‐20,	
  2017	
  

Phys. Lett B 736, 33 (2014) 
arXiv: 1404.2292 [hep-ex] 

²  Translated into an indirect Γt (top width) measurement using the 
formula:                                                    with Γ(tàWb)= 1.329 GeV 

 
²  Γt= 1.36 ± 0.02 (stat) +0.14 

-0.11(syst) GeV  

14 6 Probing the b-flavour content
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Figure 6: Variation of the log of the profile likelihood ratio (l) used to extract R from the data.
The variations observed in the combined fit and in the exclusive ee, µµ, and eµ channels, are
shown. The inset shows the inclusive b-tagged jet multiplicity distribution and the fit distribu-
tion.

If the three-generation CKM matrix is assumed to be unitary, then R = |Vtb|2 [4]. By perform-
ing the fit in terms of |Vtb|, a value of |Vtb| = 1.007 ± 0.016 (stat.+syst.) is measured. Upper
and lower endpoints of the 95% CL interval for R are extracted by using the Feldman–Cousins
(FC) frequentist approach [57]. The implementation of the FC method in ROOSTATS [58] is
used to compute the interval. All the nuisance parameters (including #b) are profiled in order
to take into account the corresponding uncertainties (statistical and systematic). If the condition
R  1 is imposed, we obtain R > 0.955 at the 95% CL. Figure 7 summarizes the expected limit
bands for 68% CL, 95% CL, and 99.7% CL, obtained from the FC method. The expected limit
bands are determined from the distribution of the profile likelihood obtained from simulated
pseudo-experiments. The upper and lower acceptance regions constructed in this procedure
are used to determine the endpoints on the allowed interval for R. In the pseudo-experiments
the expected signal and background yields are varied using Poisson probability distributions
for the statistical uncertainties and Gaussian distributions for the systematic uncertainties. By
constraining |Vtb|  1, a similar procedure is used to obtain |Vtb| > 0.975 at the 95% CL.

6.4 Indirect measurement of the top-quark total decay width

The result obtained for R can be combined with a measurement of the single-top-quark pro-
duction cross section in the t-channel to yield an indirect determination of the top-quark total
width Gt. Assuming that Âq B(t ! Wq) = 1, then R = B(t ! Wb) and

Gt =
st-ch.

B(t ! Wb)
· G(t ! Wb)

stheor.
t-ch.

, (7)

where st-ch. (stheor.
t-ch. ) is the measured (theoretical) t-channel single-top-quark cross section and

G(t ! Wb) is the top-quark partial decay width to Wb. If we assume a top-quark mass

² Combined measurement of R= 1.014 
± 0.003 (stat) ± 0.032 (syst) 
²  Translates to CKM |Vtb| =1.007 ±  0.016 

(syst+stat) 

²  Imposing R≤1 condition è R>0.955 
and CKM |Vtb| >0.975 at 95% CL 
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The variations observed in the combined fit and in the exclusive ee, µµ, and eµ channels, are
shown. The inset shows the inclusive b-tagged jet multiplicity distribution and the fit distribu-
tion.

If the three-generation CKM matrix is assumed to be unitary, then R = |Vtb|2 [4]. By perform-
ing the fit in terms of |Vtb|, a value of |Vtb| = 1.007 ± 0.016 (stat.+syst.) is measured. Upper
and lower endpoints of the 95% CL interval for R are extracted by using the Feldman–Cousins
(FC) frequentist approach [57]. The implementation of the FC method in ROOSTATS [58] is
used to compute the interval. All the nuisance parameters (including #b) are profiled in order
to take into account the corresponding uncertainties (statistical and systematic). If the condition
R  1 is imposed, we obtain R > 0.955 at the 95% CL. Figure 7 summarizes the expected limit
bands for 68% CL, 95% CL, and 99.7% CL, obtained from the FC method. The expected limit
bands are determined from the distribution of the profile likelihood obtained from simulated
pseudo-experiments. The upper and lower acceptance regions constructed in this procedure
are used to determine the endpoints on the allowed interval for R. In the pseudo-experiments
the expected signal and background yields are varied using Poisson probability distributions
for the statistical uncertainties and Gaussian distributions for the systematic uncertainties. By
constraining |Vtb|  1, a similar procedure is used to obtain |Vtb| > 0.975 at the 95% CL.

6.4 Indirect measurement of the top-quark total decay width

The result obtained for R can be combined with a measurement of the single-top-quark pro-
duction cross section in the t-channel to yield an indirect determination of the top-quark total
width Gt. Assuming that Âq B(t ! Wq) = 1, then R = B(t ! Wb) and

Gt =
st-ch.

B(t ! Wb)
· G(t ! Wb)

stheor.
t-ch.

, (7)

where st-ch. (stheor.
t-ch. ) is the measured (theoretical) t-channel single-top-quark cross section and

G(t ! Wb) is the top-quark partial decay width to Wb. If we assume a top-quark mass
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²  t-channel single top production is sensitive to possible deviations from the SM 
predictions; most general CP-conserving Lagrangian: 

fV
L(fV

R) and fT
L (fT

R) represent left-handed (right-handed) vector and tensor 
couplings respectively; In SM: fV

L=Vtb and fV
R = fT

L = fT
R = 0  

²  Signal selection: 1 muon + 1 b-tagged jet + 1 light-flavored jet in the forward 
region 

²  Dataset: 5 fb-1 at √s=7 TeV (2011) and 19.7 fb-1 at √s=8 TeV (2012) 
²  Baysian Neural Networks (BNN) for SM signal extraction as well as three 

additional Wtb BNN for separating the contributions for fV
R , fT

L , and fT
R  
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discriminant distribution after the statistical analysis and evaluation of all the uncertainties are
shown in Fig. 4 for the two data sets. As the

p
s = 7 and 8 TeV data sets have similar selection

criteria, reweighting, and uncertainties and the physics is expected to also be similar, the data
sets are combined by performing a joint fit. The previously described systematic uncertain-
ties and methods of statistical analysis are used in the combination. In the statistical model,
the experimental uncertainties are treated as uncorrelated between the data sets. The theoreti-
cal uncertainties (from the choice of generator, scales, and PDF) are treated as fully correlated
between the data sets. The sensitivity of the separate

p
s = 7 and 8 TeV analyses and their com-

bination is limited by their corresponding systematic uncertainties. Therefore, the combined
statistical model does not necessarily provide the tightest exclusion limits. In order to validate
the analysis strategy and the statistical treatment of the uncertainties, we measure the cross
sections in the SM t channel, and find values and uncertainties in agreement with previous
measurements [58, 59] and with the prediction of the SM.
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Figure 4: The SM BNN discriminant distributions after the statistical analysis and evaluation
of all the uncertainties. The lower part of each plot shows the relative difference between the
data and the total predicted background. The hatched band corresponds to the total simula-
tion uncertainty. The vertical bars represent the statistical uncertainties. The left (right) plot
corresponds to

p
s = 7 (8) TeV.

7 Search for anomalous contributions to the Wtb vertex

7.1 Modelling the structure of the anomalous Wtb vertex

The t-channel single top quark production is sensitive to possible deviations from the SM pre-
diction for the Wtb vertex. The most general, lowest-dimension, CP-conserving Lagrangian for
the Wtb vertex has the following form [69, 70]:

L =
gp
2

b̄gµ
⇣

f L
VPL + f R

V PR

⌘
tW�

µ � gp
2

b̄
sµn∂nW�

µ

MW

⇣
f L
T PL + f R

T PR

⌘
t + h.c., (2)

where PL,R = (1 ⌥ g5)/2, sµn = i(gµgn � gngµ)/2, g is the coupling constant of the weak inter-
action, the form factor f L

V ( f R
V ) represents the left-handed (right-handed) vector coupling, and

f L
T ( f R

T ) represents the left-handed (right-handed) tensor coupling. The SM has the following
set of coupling values: f L

V = Vtb, f R
V = f L

T = f R
T = 0. The same analysis scheme proposed in

Refs. [71, 72] is used to look for possible deviations from the SM, by postulating the presence
of a left-handed vector coupling. Two of the four couplings are considered simultaneously in
two-dimensional scenarios: ( f L

V, f R
V ) and ( f L

V, f L
T ), where the couplings are allowed to vary

from 0 to +•, and ( f L
V, f R

T ) with variation bounds from -• to +•. Then, considering three
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the Wtb vertex has the following form [69, 70]:
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Figure 6: Combined
p

s = 7 and 8 TeV observed and expected exclusion limits in the two-
dimensional planes ( f L

V, | f R
V |) (top-left), ( f L

V, | f L
T |) (top-right), and ( f L

V, f R
T ) (bottom) at 68% and

95% CL.
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Figure 7: Combined
p

s = 7 and 8 TeV results from the three-dimensional variation of the cou-
plings of f L

V, f L
T , f R

T (left), and f L
V, f R

V , f R
T (right) in the form of observed and expected exclusion

limits at 68% and 95% CL in the two-dimension planes (| f L
T |, f R

T ) (left) and (| f R
V |, f R

T ) (right).
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Figure 8: Representative Feynman diagrams for the FCNC processes.
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q  ATLS	
  W-­‐helicity	
  results	
  translated	
  to	
  set	
  limits	
  on	
  anomalous	
  Wtb	
  coupling	
  	
  
q  The	
  structure	
  of	
  the	
  Wtb	
  vertex	
  can	
  be	
  expressed	
  as:	
  

Anomalous	
  couplings	
  can	
  lead	
  to	
  non-­‐vanishing	
  	
  VR,	
  gL,	
  gR	
  
q  Limits	
  set	
  on	
  VR,	
  gL,	
  gR	
  at	
  95%	
  CL	
  

1 Introduction

The top quark, discovered in 1995 by the CDF and D0 collaborations [1, 2] is the heaviest known ele-
mentary particle. It decays almost exclusively into a W boson and a b-quark. The properties of the top
decay vertex Wtb are determined by the structure of the weak interaction. In the Standard Model (SM)
this interaction has a (V � A) structure, where V and A refer to the vector and axial vector components
of the weak coupling. The W boson, which is produced as a real particle in the decay of top quarks,
possesses a polarisation which can be left-handed, right-handed or longitudinal. The corresponding frac-
tions, referred to as helicity fractions, are determined by the Wtb vertex structure and the masses of the
particles involved. Calculations at next-to-next-to-leading order (NNLO) in QCD predict the fractions to
be FL = 0.311 ± 0.005, FR = 0.0017 ± 0.0001, F0 = 0.687 ± 0.005 [3].

By measuring the polarisation of the W boson with high precision, the SM prediction can be tested, and
new physics processes which modify the structure of the Wtb vertex can be probed. The structure of
the Wtb vertex can be expressed in a general form using left- and right-handed vector (VL/R) and tensor
(gL/R) couplings:

LWtb = � gp
2

b̄ �µ (VLPL + VRPR) t W�µ �
gp
2

b̄
i�µ⌫q⌫

mW
(gLPL + gRPR) t W�µ + h.c. (1)

Here, PL/R refer to the left- and right-handed chirality projection operators, mW to the W boson mass,
and g to the weak coupling constant. At tree level, all of the vector and tensor couplings vanish in the
SM, except VL, which corresponds to the CKM matrix element Vtb and has a value of approximately
one. Dimension-six operators, introduced in e↵ective field theories, can lead to anomalous couplings,
represented by non-vanishing values of VR, gL and gR [4–6].

The W boson helicity fractions can be accessed via angular distributions of polarisation analysers. Such
analysers are W boson decay products whose angular distribution is sensitive to the W polarisation and
determined by the Wtb vertex structure. In case of a leptonic decay of the W boson (W ! `⌫), the
charged lepton serves as an ideal analyser: its reconstruction e�ciency is very high and the sensitivity
of its angular distribution to the W boson polarisation is maximal due to its weak isospin component
T3 = � 1

2 . If the W boson decays hadronically (W ! qq̄0), the down-type quark is used, as it carries the
same weak isospin as the charged lepton. This provides it with the same analysing power as the charged
lepton, which is only degraded by the lower reconstruction e�ciency and resolution of jets compared to
charged leptons. The reconstruction of the down-type quark is in particular di�cult as the two decay
products of a hadronically decaying W boson are experimentally hard to separate. In the W boson rest
frame, the di↵erential cross-section of the analyser follows the distribution

1
�

d�
d cos ✓⇤

=
3
4

⇣
1 � cos2 ✓⇤

⌘
F0 +

3
8
�
1 � cos ✓⇤

�2 FL +
3
8
�
1 + cos ✓⇤

�2 FR , (2)

which directly relates the W boson helicity fractions Fi to the angle ✓⇤ between the analyser and the
reversed direction of flight of the b-quark from the top quark decay in the W boson rest frame. Previous
measurements of the W boson helicity fractions from the ATLAS, CDF, CMS and D0 collaborations show
agreement with the SM within the uncertainties [7–11].

In this paper, the W boson helicity fractions are measured in top quark pair (tt̄) events. Data corresponding
to an integrated luminosity of 20.2 fb�1of proton–proton (pp) collisions, produced at the LHC with a
centre-of-mass energy of

p
s = 8 TeV, and recorded with the ATLAS [12] detector, are analysed. The final

2

Coupling 95 % CL interval
VR [�0.24, 0.31]
gL [�0.14, 0.11]
gR [�0.02, 0.06], [0.74, 0.78]

Table 5: Allowed ranges for the anomalous coulings VR, gL, and gR at 95 % CL. The limits are derived using
the measured W helicity fractions using the leptonic analyser for events with �2 b-tags (combination of the two
channels, electron and muon).
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Figure 5: (a) Limits on the anomalous left- and right-handed tensor couplings of the Wtb decay vertex as obtained
from the measured W boson helicity fractions from the leptonic analyser. (b) Limits on the right-handed vector and
tensor coupling. As the couplings are assumed to be real, the real part corresponds to the magnitude. Unconsidered
couplings are fixed to their SM values.

8 Conclusion

The longitudinal, left- and right-handed W boson helicity fractions are measured using the angle between
the charged lepton (down-type quark) and the reversed b-quark direction in the W boson rest frame for
leptonically (hadronically) decaying W bosons from tt̄ decays. A data set corresponding to 20.2 fb�1 of
pp collisions at the LHC with a centre-of-mass energy of

p
s = 8 TeV, recorded by the ATLAS experi-

ment, is analysed. Events are required to include one isolated electron or muon and at least four jets, with
at least one of them tagged as a b-jet. Events are reconstructed using a kinematic likelihood fit based on
mass constraints for the top quarks and W bosons. It utilises the weight of the b-jet tagging algorithm to
further separate the up- and down-type quarks from the hadronically decaying W bosons. The fractions
for left-handed, right-handed and longitudinally polarised W bosons are found to be F0 = 0.709 ± 0.012
(stat.+bkg. norm.) ± 0.015 (syst.), FL = 0.299 ± 0.008 (stat.+bkg. norm.) ± 0.013 (syst.) and FR =

�0.008 ± 0.006 (stat.+bkg. norm.) ± 0.012 (syst.). These results constitute the most precise measure-
ment of the W helicity fractions in tt̄ events to date and are in good agreement with the Standard Model
predictions within uncertainties. Using these results, limits on anomalous couplings of the Wtb vertex are
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pp collisions at the LHC with a centre-of-mass energy of
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s = 8 TeV, recorded by the ATLAS experi-

ment, is analysed. Events are required to include one isolated electron or muon and at least four jets, with
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Summary	
  &	
  Conclusions	
  
²  During	
  the	
  LHC	
  era,	
  the	
  top	
  quark	
  properFes	
  are	
  being	
  measured	
  with	
  

unprecedented	
  precision	
  
² Both	
  ATLAS	
  and	
  CMS	
  have	
  finished	
  up	
  the	
  Run	
  I	
  legacy	
  papers	
  
² Some	
  measurements	
  are	
  already	
  performed	
  with	
  the	
  Run	
  II	
  dataset	
  

²  Measurement	
  of	
  various	
  properFes	
  of	
  top	
  quark	
  are	
  providing	
  crucial	
  tests	
  on	
  
the	
  SM	
  itself	
  while	
  probing	
  the	
  BSM	
  physics;	
  so	
  far	
  no	
  excess	
  observed	
  over	
  
the	
  SM	
  predicFons.	
  

²  Key	
  measurements	
  on	
  Top	
  decay	
  properFes	
  presented	
  here	
  
² W	
  boson	
  helicity	
  
² Top	
  quark	
  width	
  (both	
  direct	
  and	
  indirect)	
  
² Branching	
  RaFo	
  and	
  |Vtb|	
  	
  
² Limits	
  on	
  anomalous	
  Wtb	
  couplings	
  

²  Some	
  of	
  the	
  limiFng	
  systemaFcs	
  affecFng	
  these	
  measurements	
  stem	
  from	
  	
  
² ]bar	
  modeling	
  (top	
  mass,	
  ]bar	
  scale,	
  ]bar	
  matching	
  scale)	
  
² Experimental	
  uncertainFes	
  related	
  to	
  the	
  jets	
  (Jet	
  Energy	
  Scale,	
  Jet	
  Energy	
  

ResoluFon),	
  W+jets	
  and	
  QCD	
  background	
  determinaFon	
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²  LHC	
  Run	
  II	
  at	
  √s=13	
  TeV	
  began	
  in	
  2015;	
  Top	
  properFes	
  from	
  the	
  full	
  2016	
  
dataset	
  are	
  yet	
  to	
  be	
  measured	
  

²  New	
  Physics	
  discovery	
  may	
  be	
  at	
  the	
  door-­‐step	
  and	
  top	
  quark	
  properFes	
  
would	
  play	
  the	
  key	
  role;	
  In	
  addiFon,	
  we	
  would	
  also	
  	
  be	
  able	
  to	
  probe	
  Fny	
  SM	
  
predicFons	
  

²  Many	
  more	
  upgrades	
  with	
  the	
  LHC	
  and	
  the	
  detectors	
  are	
  scheduled	
  for	
  next	
  
two	
  decades.	
  In	
  addiFon	
  analyses	
  techniques	
  would	
  be	
  refined	
  further.	
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²  LHCTopWG: https://twiki.cern.ch/twiki/bin/view/LHCPhysics/LHCTopWG 
²  ATLAS: https://twiki.cern.ch/twiki/bin/view/AtlasPublic/TopPublicResults 
²  CMS: https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsTOP 
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