


The	  Top	  Quark	  
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� Discovered	  at	  the	  Tevatron	  in	  1995	  by	  the	  CDF	  and	  DØ	  
experiments	  through	  the	  top	  pair	  produc?on	  mode	  

� Till	  the	  date	  heaviest	  known	  elementary	  par?cle	  
	  	  	  	  	  	  	  	  	  mt	  =	  173.34	  ±	  0.76	  GeV	  [LHCtop	  WG,	  Sept,	  2015]	  
� Known	  proper?es	  within	  the	  	  
	  Standard	  Model	  (SM):	  

�  Electric	  charge	  +2/3	  e	  
�  Strong	  &	  electroweak	  produc?on	  
� Decays	  before	  the	  hadroniza?on	  
	  	  	  	  	  	  [life?me	  0.5x10-‐24	  sec]	  

�  Unique	  opportunity	  to	  study	  the	  
bare	  quark	  

�  Br(t→W+b)≈100%	  
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What’s	  special	  with	  Top?	  
•  Strong	  coupling	  with	  the	  Higgs	  boson	  
•  Constraints	  the	  Higgs	  mass	  along	  with	  W	  boson	  mass	  	  

	  
	  
	  
•  Many	  new	  physics	  models	  result	  in	  same	  signature,	  e.g,	  SUSY	  

“stop”	  can	  decay	  into	  top	  
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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 
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Top	  pair	  produc?on	  
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Physics
Top#antiXtop#quark#production

ŝ = xi s ⋅ x j s ≥ (2mt )
2

xi ≈
2mt

s

x qq vs gg cross section ± scales ± pdf
Tev 1.96 TeV 0.18 90% vs 10% 7.164 pb ~2% ~2%
LHC 7 TeV 0.048 15% vs 85% 172.0 pb ~3% ~3%
LHC 8 TeV 0.043 12% vs 88% 245.8 pb ~3% ~2.5%
LHC 14 TeV 0.025 10% vs 90% 953.6 pb ~3% ~2%

1303.6254NNLO+NNLL

mt=173.3#GeV,#MSTW2008nnlo68cl#
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arXiv:1303.6254	  [hep-‐ph]	  

NNLO+NNLL	  
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Electroweak	  Top	  Produc?on	  

²  Direct	  determina?on	  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	  

hrps://twiki.cern.ch/twiki/bin/view/LHCPhysics/SingleTopRefXsec	  

NLO+NNLL	  with	  
mtop=172.5	  GeV	  



Decay	  of	  Top	  quark	  
•  SM	  Br(t→W+b)=100%	  
•  Final	  states	  determined	  through	  the	  decay	  

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

–  lepton+jets:	  	  
•  Moderately	  high	  branching	  ra?o	  but	  

rela?vely	  low	  background	  
–  dilepton:	  

•  Low	  branching	  ra?o	  but	  clean	  signal	  
•  Similarly	  different	  final	  states	  for	  single	  top/

electroweak	  top	  produc?on	  
–  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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Collider	  Datasets	  
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�  Tevatron has been shutdown after its glorious journey over two decade. Both CDF 
and DØ have recorded the final datasets of approximately 10 fb-1 per experiment.	  

Excellent LHC performance during Run I 
And Run II started in 2015  
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	  	  	  produc?on	  cross-‐sec?on	  
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tt
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Top	  Quark	  Measurements	  
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Measurements	  performed	  in	  21	  years	  (Tevatron	  +LHC)	  

W	  helicity	   Branching	  ra?o	  
Rare	  decays,	  New	  physics	  
Anomalous	  couplings	  

Cross	  sec?ons	  
Differen?al	  cross	  sec?ons	  

New	  physics	  

Mass,	  charge,	  width	  

+	  electroweak	  single	  top	  produc?on	  

Spin	  correla?on	  
Charge	  Asymmetry	  
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Observa?on	  of	  top	  quark	  in	  forward	  region	  	  
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²  First time observation of inclusive top quark production in forward region with a proton-
proton dataset of 1 (2) fb-1 at √s=7 (8) TeV 

²  Signal signature: t→W(→µνµ)b with reconstructed muon track & b-jet 
²  The SM predicts 75% (25%) of the inclusive top signature in forward region from 

top pair produced events (single top or electroweak production of top). 
²  Major background processes: W(→µνµ)+b, Z(→µµ)+b, QCD bottom pair production 
²  Event selection: 

²  Muons with pT,µ>25 GeV & 2<ηµ<4.5 
²  Secondary Vertex tagged b-jets 50<pT,b<100 GeV & 2.2<ηµb<4.2  
²  ΔR(µ,j)>0.5 and pT (µ+b) >20 GeV  

²   Good agreement between data & SM predictions PRL 115 112001 (2016) 
arXiv:1506.00903 [hep-ex] 
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Figure 3: Results for W+c compared to SM predictions at NLO obtained using MCFM.
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Figure 4: Distribution of pT(µ)/pT(jµ) with fit overlaid for all W+b candidates.

including both tt̄ and single-top production does describe the data well.
In Ref. [19], W+b is studied in a larger fiducial region (pT(µ) > 20GeV, pT(j) > 20GeV),

where the top quark contribution is expected to be about half as large as that of directW+b

production. The ratio [�(Wb)+�(top)]/�(Wj) is measured in the larger fiducial region to
be 1.17± 0.13 (stat)± 0.18 (syst)% at

p
s = 7TeV and 1.29± 0.08 (stat)± 0.19 (syst)% atp

s = 8TeV. These results agree with SM predictions, that include top quark production,
of 1.23± 0.24% and 1.38± 0.26%, respectively. This validates the direct W+b prediction,
since direct W+b production is the dominant contribution to the larger fiducial region.

Various sources of systematic uncertainties are considered and summarized in Table 1.
The direct W+b prediction is normalized using the observed inclusive W+jet data yields.
Therefore, most experimental systematic uncertainties cancel to a good approximation.

Since the muon kinematic distributions in W+jet and W+b are similar, all muon-based
uncertainties are negligible with the exception of the trigger GEC e�ciency. The data-
driven GEC study discussed above shows that the e�ciencies are consistent for W+jet and

5

Table 1: Relative systematic uncertainties. The symbol † denotes an uncertainty that only
applies to the cross-section measurement and not the significance determination. Only the
luminosity uncertainty depends on

p
s: 2% at 7 TeV and 1% at 8 TeV.

source uncertainty

GEC 2%
pT(µ)/pT(jµ) templates 5%
jet reconstruction 2%
SV-tag BDT templates 5%
b-tag e�ciency 10%
trigger & µ selection 2%†

jet energy 5%†

W ! ⌧ ! µ 1%†

luminosity 1–2%†

Total 14%

Theory 10%

The uncertainties due to the muon trigger, reconstruction, and selection e�ciencies are
taken from the data-driven studies of Refs. [21, 25]. The uncertainty due to the jet energy
determination is obtained from the data-driven study used to obtain the detector response
matrix. The uncertainty due to W ! ⌧ ! µ contamination is taken as the di↵erence
between the contamination in simulation versus that of a data-driven study of inclusive
W ! µ⌫ production [26]. The luminosity uncertainty is described in detail in Ref. [29].
The total systematic uncertainty is obtained by adding the individual contributions in
quadrature.

The resulting inclusive top production cross-sections in the fiducial region defined by
pT(µ) > 25GeV, 2.0 < ⌘(µ) < 4.5, 50 < pT(b) < 100GeV, 2.2 < ⌘(b) < 4.2, �R(µ, b) >
0.5, and pT(µ+ b) > 20GeV, are

�(top)[7TeV] = 239± 53 (stat)± 33 (syst)± 24 (theory) fb ,

�(top)[8TeV] = 289± 43 (stat)± 40 (syst)± 29 (theory) fb .

The systematic uncertainties are nearly 100% correlated between the two measurements.
In summary, top quark production is observed for the first time in the forward region.

The cross-section results are in agreement with the SM predictions of 180+51
�41(312

+83
�68) fb at

7(8)TeV obtained at NLO using MCFM. The di↵erential distributions of the yield and
charge asymmetry are also consistent with SM predictions.

7

q  Fiducial	  cross-‐sec?on:	  
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Forward-‐Backward	  (AFB)	  and	  charge	  
asymmetry	  (AC)	  in	  	  	  	  	  	  events	  
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tt
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tree-level and box diagram: +ve asymmetry 

ISR and FSR: −ve asymmetry 

²  No Asymmetry at the LO, neither from gg 
fusion processes 

²  In the SM, small asymmetry originates from 
the interference between ISR and FSR and, 
between the LO and box diagrams for quark-
antiquark annihilation processes.  

²  At Tevatron such interference leads to 5-9% 
asymmetry (AFB) while 1% asymmetry (AC) 
at the LHC. 

²  The asymmetry reduces at the LHC mainly 
due to lower contribution from qq→tt 
processes 



Charge	  Asymmetry	  (AC)	  
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²  Dilepton channel: Inclusive as well as differential 
measurements as functions of mtt, transverse 
momentum, and longitudinal boost 
²  Inclusive measurements (SM predictions)  

²  AC
ll=0.008 ± 0.006 (0.0064±0.0003)  

²  AC
tt=0.021± 0.016 (0.0064±0.0003) 

²  Lepton+jets channel measurement in highly boosted top 
pair produced topology in fiducial region of mtt>0.75 
TeV and -2<|yt|-|ytbar|<2 
²  Ac

tt =0.042±0.032 (in agreement with the SM) 
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Figure 5: Summary of all the measurements in this paper for the leptonic asymmetry in the fiducial volume (top)
and full phase space (bottom). The predictions shown in blue are obtained using Powheg-hvq + Pythia6 at NLO
where the uncertainties are statistical, and the corresponding theoretical uncertainties are small compared to the
experimental precision. The inclusive measurement in the full phase space is compared to a NLO + EW prediction
[22].

Figure 8 compares the values of A``C and Att̄
C from the inclusive measurements in the full phase space to

the SM predictions and two BSM models [76] compatible with the Tevatron results. Two BSM models
with a new color-octet particle that is exchanged in the s-channel are considered. In the model with the
light octet, the new particle’s mass is below the tt̄ production threshold (m = 250 GeV) and its width
is assumed to be � = 0.2m. The model with the heavy octet uses an octet mass beyond current limits
from direct searches at the LHC. The corrections to tt̄ production are independent of the mass but instead
depend on the ratio of coupling to mass, which is assumed to be 1 TeV�1. The new particles in both
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Submitted to PRD 
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Figure 6: Summary of all the measurements in this paper for the tt̄ asymmetry in the fiducial volume (top) and full
phase space (bottom). The predictions shown in blue are obtained using Powheg-hvq + Pythia6 at NLO where the
uncertainties are statistical, and the corresponding theoretical uncertainties are small compared to the experimental
precision. The inclusive measurement in the full phase space is compared to a NLO + EW prediction [22].

BSM models would not be visible as resonances in the mtt̄ spectrum at the Tevatron or at the LHC. In
the figures, model predictions for di↵erent left-handed, right-handed, and axial coupling constants to top
quarks are shown. The ellipses correspond to the 1� and 2� total uncertainty in the measurements. The
correlation between these two measurements is taken into account. The statistical and detector systematic
uncertainty correlation between A``C and Att̄

C is found to be 30%. The modeling systematic uncertainties
are assumed to be 100% correlated. The resulting correlation between A``C and Att̄

C is about 48%. The
measurements are compatible with the SM and do not exclude the two sets of BSM models considered.
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Figure 2: A summary of the charge asymmetry measurements. The error bars on the data indicate the modelling and
unfolding systematic uncertainties, shown as the inner bar, and the total uncertainty, which includes the statistical
uncertainty and the experimental systematic uncertainties. The SM prediction of the NLO calculation in Ref. [13]
for the charge asymmetry of top-quark pairs with |�|y|| < 2 is indicated as a shaded horizontal bar in each mtt̄ bin,
where the width of the bar indicates the uncertainty.

mtt̄ > 0.75 TeV and mtt̄ > 1.3 TeV are compared with AFB integrated over mtt̄ in pp̄ collisions at
p

s =
1.96 TeV. The measurements presented in this Letter are indicated as horizontal bands. The measure-
ments of AFB integrated over mtt̄ in top-quark pair production at 1.96 TeV in pp̄ collisions by CDF [7]
and D0 [8] are shown as vertical bands.

The clouds of points in Figure 3 correspond to a number of models in Refs. [80, 81]: a heavy Z0 or W0

boson exchanged in the t-channel, a heavy axi-gluon Gµ exchanged in the s-channel, and doublet (�),
triplet (!4) or sextet (⌦4) scalars. Each point corresponds to a choice of the new particle’s mass, in
the range between 100 GeV and 10 TeV, and of the couplings to SM particles, where all values allowed
give a total cross-section for top-quark pair production at the Tevatron compatible with observations and
a high-mass tt̄ production cross-section (mtt̄ > 1 TeV) at the LHC that is at most three times the SM
prediction. The contribution from new physics to the Tevatron AFB is moreover required to be positive.
The predictions of the Tevatron forward–backward asymmetry and the LHC high-mass charge asymmetry
are calculated using PROTOS [83], which includes the tree-level SM amplitude plus the one(s) from the
new particle(s), taking into account the interference between the two contributions. This measurement
extends the reach of previous ATLAS and CMS measurements to beyond 1 TeV(adding a bin with mtt̄ =

10

arXiv:1512.06092 [hep-ex]; 
PLB 756 52 (2016) 



Charge	  Asymmetry	  (AC)	  
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²  Dilepton channel: Inclusive as well as 
differential measurements as functions of mtt, 
transverse momentum (pT

tt), and |ytt| 
²  Inclusive measurements: 

²  AC
ll=0.003±0.006 (stat)±0.003 (syst)  

²  AC
tt=0.011± 0.011 (stat)±0.007 (syst)  

²  Good agreement with the SM predictions 
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Figure 2: Dependence of the charge asymmetries AC (left) and Alep
C (right) obtained from the

unfolded distributions in data (points) on Mtt (upper), |ytt| (middle), and ptt
T (lower). Parton-

level predictions from the MC@NLO simulation and calculations at NLO (QCD+EW) [11] are
shown by dashed and solid histograms, respectively. The vertical bars show the total uncer-
tainty, the statistical component of which is marked by a horizonal tick. The last bin of each
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Figure 1: Background-subtracted and unfolded distributions of D|yt| (left) and D|h`| (right)
from data (points), normalized to unit area. Parton-level predictions from the MC@NLO sim-
ulation and calculations at NLO (QCD+EW) [11] are shown by dashed and solid histograms,
respectively. The ratio of the measured bin values to the MC@NLO prediction is shown in the
bottom panel. The vertical bars show the total uncertainty, the statistical component of which is
marked by a horizonal tick. The first and last bins of each plot include underflow and overflow
events, respectively.
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Figure 3: Predictions from a number of extensions of the SM from Refs. [80, 81], for the forward–backward asym-
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²  Selection criteria based on mtt potentially 
excludes W’ model 

²  More data and higher Run II beam energy 
would improve the sensitivity greatly 
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²  Many experimental methods to extract the top quark mass 
²  Reconstruction of object (e.g., W, top) kinematics for 

lepton+jets & dilepton events 
²  Likelihood fit as functions of Jet Energy Scale Factor 

(JSF), b-jet JSF (bJSF) with a defined top quark mass in 
MC (expected to be within 1 GeV of pole mass) 

²  Dominant Uncertainties stem from  
²  Theoretical: MC statistics, ISR/FSR, PDF, 

Underlying events, hadronization…. 
²  Experimental: Jet Energy Scale, Jet Energy 

Resolution, b-tagging, b-jet energy scale, Jet 
reconstruction efficiency, etc. 
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Figure 4: The fitted distributions in the data, showing (a) mreco
top , (b) mreco

W , (c) Rreco
bq , and (d) mreco

`b . The fitted prob-
ability density functions for the background alone and for signal-plus-background are also shown. The uncertainty
bands indicate the total uncertainty on the signal-plus-background fit obtained from pseudo-experiments as ex-
plained in the text. Figures (a-c) refer to the tt̄ ! lepton+jets analysis, figure (d) to the tt̄ ! dilepton analysis.
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Figure 5: Likelihood contours showing the correlation determined in data of the measured m`+jets
top to (a) the JSF

and (b) the bJSF, and (c) the correlation of the two scales JSF and bJSF, within the tt̄ ! lepton+jets analysis.
Figures (a-c) show the results using the events with one b-tagged jet only (grey ellipses), with at least two b-tagged
jets (red ellipses) and finally with all selected events, i.e. the ones with at least one b-tagged jet (blue ellipses).
The ellipses correspond to the ±1� (statistical) uncertainties, including the statistical components from the JSF and
bJSF determination. While tracing the contours the additional parameters of the likelihood are fixed to their best
fit values. Figure (d) reports the likelihood profile as a function of mdil

top for the sample with one b-tagged jet, the
sample with two b-tagged jets and the combined result. The colour coding is analogous to figures (a-c).
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pbT/pqT	  ~	  bJSF	  
m(qq)~mW	   m(bqq)~mtop	  

EPJC	  75,	  330	  (2015)	  
arXiv:1503.05427	  [hep-‐ex]	  

mtop=172.99	  ±	  0.48	  (stat)	  ±	  0.78	  (syst)	  GeV	  
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²  Matrix Element (ME) techniques using lepton+jets events considering 
mtop=172.5 GeV and ‘in-situ’ JES (by W mass). 
²  Per-event Probabilility Density function: Pevt=A(x)[f.Psig(x;mt, kJES) + (1-

f). Pbkg(x;kJES)]; Psig/Pbkg are PDs using ME for signal/W+jets and f is the 
signal fraction. W+jets and multijet events have similar PDs 

²  2D Likelihood fit as functions of JES and mtop as, 
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FIG. 2: (color online) (a) Invariant mass of the jet pair
matched to one of the W bosons. (b) Invariant mass of the
tt̄ system. In the ratio of data to SM prediction, the total
systematic uncertainty is shown as a shaded band.

Ref. [22]. The tt̄ signal is normalized to total cross sec-
tions of σtt̄ = 7.8 pb in the e + jets and σtt̄ = 7.6 pb
in the µ + jets channel, corresponding to the measured
signal fraction.

Systematic uncertainties are evaluated using PEs con-
structed from simulated signal and background events,
for three categories: modeling of signal and background
events, uncertainties in the simulation of the detector
response, and uncertainties associated with procedures
used and assumptions made in the analysis. Contribu-
tions from these sources are listed in Table I.

The first four sources of systematic uncertainty in Ta-
ble I are evaluated for mgen

t = 172.5 GeV by compar-
ing results for mt using different signal models. All
other systematic uncertainties are evaluated by rederiv-
ing the calibration with simulations reflecting an alter-
native model, and applying the alternative calibration
to data. The statistical components of systematic uncer-
tainties are ≈ 0.05 GeV for the former and ≈ 0.01 GeV for
the latter sources of systematic uncertainty. The statis-
tical components are never larger than the net difference
between the default and alternative models for any of the
sources of systematic uncertainty. One-sided sources of
systematic uncertainties are taken as symmetric in both
directions in the total quadrature sum.

We refine the evaluation procedure for several sources
of systematic uncertainty compared to Ref. [12] as de-
scribed below. Details on other, typically smaller, sources
of systematic uncertainty can be found in Ref. [12]. The
uncertainty from higher order corrections is evaluated
by comparing events simulated with mc@nlo [35] to
alpgen interfaced to herwig [36]. The uncertainty due
to the modeling of initial and final state radiation is con-
strained from Drell-Yan events [37]. As indicated by
these studies, we change the amount of radiation via the
renormalization scale parameter for the matching scale in
alpgen interfaced to pythia [38] up and down by a fac-
tor of 1.5. In addition, we reweight tt̄ simulations in pT
of the tt̄ system (ptt̄T) to match data, and combine the two
effects in quadrature. The uncertainty originating from
the choice of a model for hadronization and underlying

Source of uncertainty Effect on mt (GeV)
Signal and background modeling:
Higher order corrections +0.15
Initial/final state radiation ±0.09
Hadronization and UE +0.26
Color reconnection +0.10
Multiple pp̄ interactions −0.06
Heavy flavor scale factor ±0.06
b-jet modeling +0.09
PDF uncertainty ±0.11

Detector modeling:
Residual jet energy scale ±0.21
Flavor-dependent response to jets ±0.16
b tagging ±0.10
Trigger ±0.01
Lepton momentum scale ±0.01
Jet energy resolution ±0.07
Jet ID efficiency −0.01

Method:
Modeling of multijet events +0.04
Signal fraction ±0.08
MC calibration ±0.07

Total systematic uncertainty ±0.49
Total statistical uncertainty ±0.58
Total uncertainty ±0.76

TABLE I: Summary of uncertainties on the measured top
quark mass. The signs indicate the direction of the change in
mt when replacing the default by the alternative model.

event (UE) is evaluated by comparing events simulated
with alpgen interfaced to either pythia or herwig.
The JES calibration is derived using pythia with a mod-
ified tune A [13], and is expected to be valid for this con-
figuration only. Applying it to events that use herwig

for evolving parton showers can lead to a sizable effect on
mt. However, this effect would not be present if the JES
calibration were based on herwig. To avoid such double-
counting of uncertainty sources, we evaluate the uncer-
tainty from hadronization and UE by considering as x⃗ the
momenta of particle level jets matched in (η,φ) space to
reconstructed jets. In this evaluation, we reweight our
default tt̄ simulations in ptt̄T to match alpgen interfaced
to herwig. A potential effect of color reconnection (CR)
on mt is evaluated by comparing alpgen events inter-
faced to pythia with the Perugia 2011NOCR and Peru-
gia 2011 tunes [39], where the latter includes an explicit
CR model. The residual jet energy scale uncertainty from
a potential dependence of the JES on (pT, η) is estimated
by changing the jet momenta as a function of (pT, η) by
the upper limits of JES uncertainty, the lower limits of
JES uncertainty, and a linear fit within the limits of JES
uncertainty. The maximum excursion in mt is quoted
as systematic uncertainty. Dedicated calibrations to ac-
count for the flavour-dependent response to jets originat-
ing from a gluon, a b quark and u, d, c, or s quarks are
now an integral part of the JES correction [13], and the
uncertainty on mt from these calibrations is evaluated

PRL	  113,	  032002	  (2014)/arXiv:1405.1756	  [hep-‐ex]	   mtop=174.98	  ±	  0.58	  (stat)	  ±	  0.49	  (syst)	  GeV	  
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to reduce the statistical uncertainty in evaluating most
of the systematic uncertainties discussed below.

The differential partonic cross section for Pbkg is cal-
culated using the LO W + 4 jets MEs implemented in
vecbos [28]. The initial-state partons are all assumed
to have zero transverse momentum pT. As in the case of
Psig, we apply identical procedures to calculate Pbkg to
those in Ref. [12], but using the updated transfer function
W (x⃗, y⃗; kJES) and background normalization factor.

We calculate Psig and Pbkg on a grid in (mt, kJES)
with spacings of (1 GeV, 0.01). A likelihood function,
L(x⃗1, x⃗2, ..., x⃗N ;mt, kJES, f), is constructed at each grid
point from the product of the individual Pevt values
for the measured quantities x⃗1, x⃗2, ..., x⃗N of the selected
events, and f is determined by maximizing L at that grid
point. The likelihood function L(x⃗1, x⃗2, ..., x⃗N ;mt, kJES)
is then projected onto the mt and kJES axes by inte-
grating over kJES and mt, respectively. Best unbiased
estimates of mt and kJES and their statistical uncertain-
ties are extracted from the mean and standard deviation
(SD) of L(x⃗1, x⃗2, ..., x⃗N ;mt) and L(x⃗1, x⃗2, ..., x⃗N ; kJES).

Simulations are used to calibrate the ME technique.
Signal tt̄ events, as well as the dominant background con-
tribution from W + jets production, are generated with
alpgen [29] using the CTEQ6L1 set of PDFs, interfaced
to pythia for parton showering using the MLM matching
scheme [30]. Therefore, it is the value of mt as defined
in the MC generator that is measured, and this value is
expected to correspond within ≈ 1 GeV to mt as defined
in the pole mass scheme [31]. The simulation of par-
ton showers with pythia uses modified tune A with the
CTEQ6L1 PDF set and fixed ΛQCD. The detector re-
sponse is fully simulated through geant3 [32], followed
by the same reconstruction algorithms as used on data.
See Ref. [22] for more details on MC simulations. Con-
tributions from MJ production are estimated with the
“matrix method” [22] and modeled using a data sample,
where lepton isolation requirements are inverted.

Seven samples of tt̄ events, five at mgen
t = 165, 170,

172.5, 175, 180 GeV for kgenJES = 1, and two at kgenJES =
0.95, 1.05 for mgen

t = 172.5 GeV, are generated. Three
samples of W + jets events, at kgenJES = 0.95, 1, and 1.05,
are produced. Together, the tt̄, W +jets and MJ samples
are used to derive a linear calibration for the response of
the ME technique to mt and kJES. For each generated
(mgen

t , kgenJES) point, 1000 pseudo-experiments (PE) are
constructed, each containing the same number of events
as observed in data. This is done by randomly draw-
ing simulated signal and background events according to
the signal fraction f from Eq. 1, which is randomly var-
ied according to a binomial distribution around the value
measured in data. Each of the PEs contains the number
of MJ events determined from the matrix method.

The signal fraction f used to construct PEs for the
calibration of the method response in mt and kJES is
extracted from data by maximizing the likelihood af-
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FIG. 1: (color online) (a) Two-dimensional likelihood
L(x⃗1, x⃗2, ..., x⃗N ;mt, kJES)/Lmax for data. Fitted contours of
equal probability are overlaid as solid lines. The maximum
is marked with a cross. Note that the bin boundaries do not
necessarily correspond to the grid points on which L is calcu-
lated. (b) Expected uncertainty distributions for mt with the
measured uncertainty indicated by the arrow.

ter integrating over mt and kJES. Five sets of PEs are
formed, for f = 0.5, 0.6, 0.7, 0.8, and 0.9 at mgen

t =
172.5 GeV, kgenJES = 1 to linearly calibrate the response
of the ME technique to f . We find f = 63% in the
e + jets and f = 70% in the µ + jets channels, with an
absolute uncertainty of 1% due to the finite size of the
data sample and the calibration in f . These values are
in agreement with the expectation for the signal yield
assuming σtt̄ = 7.24 pb [33].

With f determined as above, we proceed to form
PEs at the chosen (mgen

t , kgenJES) points, and extract lin-
ear calibrations of the ME technique response to mt

and kJES. Applying them to data, we measure mt =
174.98± 0.58 GeV and kJES = 1.025± 0.005 , where the
total statistical uncertainty on mt also includes the statis-
tical contribution from kJES. Both uncertainties are cor-
rected by the observed SD of the pull distributions [34].
The two-dimensional likelihood distribution in (mt, kJES)
is shown in Fig. 1(a). Figure 1(b) compares the measured
total statistical uncertainty on mt with the distribution
of this quantity from the PEs at mgen

t = 172.5 GeV and
kgenJES = 1. In contrast to the previous measurement [12],
we do not use the JES determined in exclusive γ+jet and
dijet events with an uncertainty of ≈ 2% to constrain
kJES. We follow this strategy because the statistical
uncertainty on the measured kJES value is substantially
smaller than the typical uncertainty on the JES, and be-
cause kJES relates jet energies at detector level to parton
energies, while JES relates jet energies at detector level
to jet energies at particle level. Splitting the total statis-
tical uncertainty into two parts from mt alone and kJES,
we obtain mt = 174.98± 0.41 (stat)± 0.41 (JES) GeV.

Comparisons of SM predictions to data for mt =
175 GeV and kJES = 1.025 are shown in Fig. 2 for the
invariant mass of the jet pair matched to one of the W
bosons and the invariant mass of the tt̄ system. The
kinematic reconstruction is identical to the one used in
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of the systematic uncertainties discussed below.
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culated using the LO W + 4 jets MEs implemented in
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to pythia for parton showering using the MLM matching
scheme [30]. Therefore, it is the value of mt as defined
in the MC generator that is measured, and this value is
expected to correspond within ≈ 1 GeV to mt as defined
in the pole mass scheme [31]. The simulation of par-
ton showers with pythia uses modified tune A with the
CTEQ6L1 PDF set and fixed ΛQCD. The detector re-
sponse is fully simulated through geant3 [32], followed
by the same reconstruction algorithms as used on data.
See Ref. [22] for more details on MC simulations. Con-
tributions from MJ production are estimated with the
“matrix method” [22] and modeled using a data sample,
where lepton isolation requirements are inverted.

Seven samples of tt̄ events, five at mgen
t = 165, 170,

172.5, 175, 180 GeV for kgenJES = 1, and two at kgenJES =
0.95, 1.05 for mgen

t = 172.5 GeV, are generated. Three
samples of W + jets events, at kgenJES = 0.95, 1, and 1.05,
are produced. Together, the tt̄, W +jets and MJ samples
are used to derive a linear calibration for the response of
the ME technique to mt and kJES. For each generated
(mgen

t , kgenJES) point, 1000 pseudo-experiments (PE) are
constructed, each containing the same number of events
as observed in data. This is done by randomly draw-
ing simulated signal and background events according to
the signal fraction f from Eq. 1, which is randomly var-
ied according to a binomial distribution around the value
measured in data. Each of the PEs contains the number
of MJ events determined from the matrix method.

The signal fraction f used to construct PEs for the
calibration of the method response in mt and kJES is
extracted from data by maximizing the likelihood af-
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FIG. 1: (color online) (a) Two-dimensional likelihood
L(x⃗1, x⃗2, ..., x⃗N ;mt, kJES)/Lmax for data. Fitted contours of
equal probability are overlaid as solid lines. The maximum
is marked with a cross. Note that the bin boundaries do not
necessarily correspond to the grid points on which L is calcu-
lated. (b) Expected uncertainty distributions for mt with the
measured uncertainty indicated by the arrow.

ter integrating over mt and kJES. Five sets of PEs are
formed, for f = 0.5, 0.6, 0.7, 0.8, and 0.9 at mgen

t =
172.5 GeV, kgenJES = 1 to linearly calibrate the response
of the ME technique to f . We find f = 63% in the
e + jets and f = 70% in the µ + jets channels, with an
absolute uncertainty of 1% due to the finite size of the
data sample and the calibration in f . These values are
in agreement with the expectation for the signal yield
assuming σtt̄ = 7.24 pb [33].

With f determined as above, we proceed to form
PEs at the chosen (mgen

t , kgenJES) points, and extract lin-
ear calibrations of the ME technique response to mt

and kJES. Applying them to data, we measure mt =
174.98± 0.58 GeV and kJES = 1.025± 0.005 , where the
total statistical uncertainty on mt also includes the statis-
tical contribution from kJES. Both uncertainties are cor-
rected by the observed SD of the pull distributions [34].
The two-dimensional likelihood distribution in (mt, kJES)
is shown in Fig. 1(a). Figure 1(b) compares the measured
total statistical uncertainty on mt with the distribution
of this quantity from the PEs at mgen

t = 172.5 GeV and
kgenJES = 1. In contrast to the previous measurement [12],
we do not use the JES determined in exclusive γ+jet and
dijet events with an uncertainty of ≈ 2% to constrain
kJES. We follow this strategy because the statistical
uncertainty on the measured kJES value is substantially
smaller than the typical uncertainty on the JES, and be-
cause kJES relates jet energies at detector level to parton
energies, while JES relates jet energies at detector level
to jet energies at particle level. Splitting the total statis-
tical uncertainty into two parts from mt alone and kJES,
we obtain mt = 174.98± 0.41 (stat)± 0.41 (JES) GeV.

Comparisons of SM predictions to data for mt =
175 GeV and kJES = 1.025 are shown in Fig. 2 for the
invariant mass of the jet pair matched to one of the W
bosons and the invariant mass of the tt̄ system. The
kinematic reconstruction is identical to the one used in
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²  Measurement using all-jets, lepton+jets and dilepton events 
through constraining ‘reconstructed W mass’ at 80.4 GeV 
²  1-D/2-D Ideogram method for all-jets and lepton+jet 

channel as functions mtop, , and JSF (for 2-D case, i.e., 
the extra scale factor in addition to Jet Energy Scale 
Corrections); In ‘Hybrid’, prior JES knowledge is 
incorporated through Gaussian constraints. 

²  Analytical Matrix Weighting Technique (AMWT) for 
dilepton channel 

tt

PRD	  93,	  072004	  (2016)/arXiv:1409.04044	  [hep-‐ex]	   mtop=172.44	  ±	  0.13	  (stat)	  ±	  0.47	  (syst)	  GeV	  

5.1 The lepton+jets channel 11
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Figure 4: The two-dimensional likelihood (�2D log (L)) for the lepton+jets channel for the 2D,
hybrid, and 1D fits. The thick (thin) ellipses correspond to contours of �2D log (L) = 1 (4)
allowing the construction of the one (two) s statistical intervals of mt. For the 1D fit, the thick
and thin lines correspond to the one and two s statistical uncertainties, respectively.

The ideogram method (Section 4.1) is calibrated for each combination of the top quark mass
hypothesis, mgen

t and JSF values by conducting 10 000 pseudo-experiments, separately for the
muon and electron channels, using simulated tt and background events. The average devia-
tions between extracted mass and JSF and their input values are obtained as a function of mgen

t
and the bias is fit with a linear function for each generated JSF value. From these fits, additional
small corrections for calibrating the top quark mass and the jet energy scale are derived as lin-
ear functions of both the extracted top quark mass and JSF. The corrections are approximately
�0.2 GeV for mt and �0.4% for the JSF. The statistical uncertainties of the method are also cor-
rected by factors of approximately 1.04 that are derived from the widths of the corresponding
pull distributions.

The 2D ideogram fit to the combined electron and muon channels yields:

m2D
t = 172.14 ± 0.19 (stat+JSF) GeV,

JSF2D = 1.005 ± 0.002 (stat).

As mt and the JSF are measured simultaneously, the statistical uncertainty in mt combines the
statistical uncertainty arising from both components of the measurement. The uncertainty of
the measurement agrees with the expected precision obtained by performing pseudo-experiments.

The results in the individual muon and electron channels are compatible within their statistical
uncertainties:

µ+jets: m2D
t = 172.03 ± 0.27 (stat+JSF) GeV, JSF2D = 1.007 ± 0.003 (stat),

e+jets: m2D
t = 172.26 ± 0.28 (stat+JSF) GeV, JSF2D = 1.003 ± 0.003 (stat).

The 1D and hybrid analyses give results of

m1D
t = 172.56 ± 0.12 (stat) GeV,

mhyb
t = 172.35 ± 0.16 (stat+JSF) GeV,

JSFhyb = 1.002 ± 0.001 (stat),

14 5 Mass measurements
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Figure 6: The two-dimensional likelihood (�2D log (L)) for the all-jets channel for the 2D,
hybrid, and 1D fits. The thick (thin) ellipses correspond to contours of �2D log (L) = 1 (4)
allowing the construction of the one (two) s statistical intervals of mt. For the 1D fit, the thick
and thin lines correspond to the one and two s statistical uncertainties, respectively.

results:

m2D
t = 171.64 ± 0.32 (stat+JSF) GeV,

JSF2D = 1.011 ± 0.003 (stat).

As mt and the JSF are measured simultaneously, the statistical uncertainty in mt combines the
statistical uncertainty arising from both components of the measurement. The two additional
free parameters in the fit, the signal fraction fsig and the fraction of correct permutations fcp,
are in agreement with the expectation from simulation.

Using the JEC determined from g/Z+jet events in combination with the JSF prior from the 2D
fit yields the results in the 1D and hybrid approaches of

m1D
t = 172.46 ± 0.23 (stat) GeV,

mhyb
t = 172.32 ± 0.25 (stat+JSF) GeV,

JSFhyb = 1.002 ± 0.001 (stat).

For the all-jets channel, the fitted results for the JSF (JSF2D and JSFhyb) are both within 1.1% of
one. While the JSF results from the 2D analyses in the lepton+jets and all-jets channels differ
by 0.6%, the results from the hybrid analyses agree to within 0.2%. The all-jets results for mt
and the JSF are compared in Fig. 6 which shows the two-dimensional statistical likelihoods
obtained from data in the 2D and hybrid cases and mt from the 1D analysis.

5.3 The dilepton channel

Figure 7 shows the distribution of mAMWT
t in data compared to a simulation with mt = 172.5 GeV

for events containing at least one b jet. This channel is very clean with a negligible background
from non tt sources and the collision and simulated events are in good agreement.

34 11 Summary
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•  Results from Tevatron and 
LHC experiments are 
combined together → World 
Combination 

•  Reached a precision of 0.5 
GeV (<0.3%). 

•  Precision is limited by the 
understanding of  
hadronization modeling 
–  Studying Pythia vs Herwig 

•  Usage of experimentally clear 
observables avoiding jets 
–  charged track & leptons 
–  Vertex-lepton invariant mass 
–  Using Charm mesons 

•  Top quark ‘pole’ mass? arXiv:1403.4427	  [hep-‐ex]	  
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PRD	  93,	  092006	  (2016)/arXiv:1603.06536	  [hep-‐ex]	  

mtop	  using	  Secondary	  Vertex	  tracks	  

•  Mass reconstruction of Lepton + 
Secondary Vertex in bins of SVX-
track multiplicity  

•  Leading systematic uncertainties 
–  B-fragmentation (+1.00 

-0.54 GeV) 
–  Top quark pT (+0.82 GeV) 

•  Total experimental uncertainties 
<500 MeV 

mtop=173.68	  ±0.2	  (stat)+1.58-‐0.97(syst)	  GeV	  



mtop	  using	  charm	  meson	  
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CMS:	  mtop=173.5	  ±	  3.0	  (stat)	  ±	  0.9	  (syst)	  GeV	  

•  Reconstruction of Lepton + J/Ψ invariant mass 
•  Small branching fractions 

–  666 available events in 2012 dataset 
–  Statistical uncertainty of 3.0 GeV 

•  However, systematic uncertainty <1 GeV 
–  b-fragmentation ~ 0.3 GeV 
–  Limited by top pT modeling, QCD scales 
–  Relevant experimental uncertainties < 100 MeV 

CMS-‐TOP-‐15-‐014	  

ATLAS-‐CONF-‐2015-‐040	  
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FIG. 9. The measured tt̄ production cross section dependence
on the top quark mass (points) parametrized by a quartic
function (solid black line) and compared to the dependence
provided by the NNLO pQCD calculation top++ [40], which
implements pQCD calculations according to [37].

the Development of Science and Technology and Carlos
Chagas Filho Foundation for the Support of Research
in the State of Rio de Janeiro (Brazil); Department of
Atomic Energy and Department of Science and Tech-
nology (India); Administrative Department of Science,
Technology and Innovation (Colombia); National Council
of Science and Technology (Mexico); National Research
Foundation of Korea (Korea); Foundation for Funda-
mental Research on Matter (The Netherlands); Science
and Technology Facilities Council and The Royal Soci-
ety (United Kingdom); Ministry of Education, Youth and
Sports (Czech Republic); Bundesministerium für Bildung
und Forschung (Federal Ministry of Education and Re-
search) and Deutsche Forschungsgemeinschaft (German
Research Foundation) (Germany); Science Foundation
Ireland (Ireland); Swedish Research Council (Sweden);
China Academy of Sciences and National Natural Science
Foundation of China (China); and Ministry of Education
and Science of Ukraine (Ukraine).

[1] CDF Collaboration, F. Abe et al., Observation of top
quark production in pp̄ collisions, Phys. Rev. Lett. 74,
2626 (1995).

[2] D0 Collaboration, S. Abachi et al., Observation of the
top quark, Phys. Rev. Lett. 74, 2632 (1995).

[3] D0 Collaboration, V. M. Abazov et al., Measurement
of the Top Quark Pair Production Cross Section in the
Lepton+Jets Channel in Proton-Antiproton Collisions at√
s = 1.96 TeV Phys. Rev. D 84, 012008 (2011).

[4] CDF Collaboration, F. Abe et al., Measurement of the
top-quark pair-production cross section in events with
two leptons and bottom-quark jets using the full CDF
data set, Phys. Rev. D 88, 091103 (2013).

[5] CMS Collaboration, S. Chatrchyan et al., Measurement
of the tt̄ production cross section in the dilepton channel
in pp̄ collisions at

√
s = 8 TeV, J. High Energy Phys. 02

(2014) 024.
[6] ATLAS Collaboration, G. Aad et al., Measurement of the

top pair production cross section in 8 TeV proton-proton
collisions using kinematic information in the lepton+jets
final state with ATLAS, Phys. Rev. D 91, 112013 (2015).

[7] LHCb Collaboration, R. Aaij et al., First observation of
top quark production in the forward region, Phys. Rev.
Lett. 115 112001 (2015).

[8] D0 Collaboration, V. M. Abazov et al., Precision mea-
surement of the top-quark mass in lepton+jets final
states, Phys. Rev. Lett. 113, 032002 (2014).

[9] CDF & D0 Collaborations, V. M. Abazov et al., Com-
bination of the top-quark mass measurements from the
Tevatron collider, Phys. Rev. D 86, 092003 (2012), up-
dated in [arxiv:1407.2682].

[10] S. Weinzierl, Precision of the top mass, Proceedings of
the 50th Rencontres de Moriond on EW Interactions and

Unified Theories, (2015).
[11] K. Kondo, Dynamical Likelihood Method for Reconstruc-

tion of Events With Missing Momentum. 1: Method and
Toy Models, J. Phys. Soc. Jap. 57, 4126 (1988).

[12] R. M. Neal, Bayesian Learning for Neural Networks,
(Springer-Verlag, New York, 1996).

[13] L. Breiman et al., Classification and Regression Trees,
(Wadsworth, Stamford, 1984).

[14] A. Hoecker, P. Speckmayer, J. Stelzer, J. Therhaag,
E. von Toerne, and H. Voss, TMVA-Toolkit for Multi-
variate Data Analysis, PoS ACAT 040 (2007).

[15] D0 Collaboration, V. M. Abazov et al., Improved b quark
jet identification at the D0 experiment, Nucl. Instrum.
Methods Sect. A 763, 290 (2014).

[16] D0 Collaboration, V. M. Abazov et al., The upgraded
D0 detector, Nucl. Instrum. Methods Sect. A 565, 463
(2006).

[17] S. N. Ahmed et al., The D0 silicon microstrip tracker,
Nucl. Instrum. Methods Sect. A 634, 8 (2011).

[18] R. Angstadt et al., The layer 0 inner silicon detector of
the D0 experiment, Nucl. Instrum. Methods Sect. A 622,
298 (2010).

[19] D0 Collaboration, V. M. Abazov et al., The Muon System
of the Run II D0 Detector, Nucl. Instrum. Methods in
Phys. Res. Sect. A 552, 372 (2005).

[20] T. Andeen et al., The D0 Experiment’s Integrated Lu-
minosity for Tevatron Run IIa, FERMILAB-TM-2365
(2007).

[21] B.C.K. Casey et al., The D0 Run IIb Luminosity Mea-
surement, Nucl. Instrum. Methods Sect. A 698, 208
(2013).

[22] M. Abolins et al., Design and implementation of the new
D0 level-1 calorimeter trigger, Nucl. Instrum. Methods in

FERMILAB-‐PUB-‐16-‐180-‐E	  
Submired	  to	  PRD	  (May,	  2016)	  

•  Extraction of top quark 
pole mass (mt

pole) from 
inclusive production 
cross-section (σtt) using 
lepton+jets and dilepton 
events 

mt
pole	  =	  172.8	  +3.4	  -‐3.2	  GeV	  
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FIG. 7. Post-fit output distributions of the combined MVA discriminant using the measured combined tt̄ cross section and
mt = 172.5 GeV for the e+ two, three or four or more jets (panels (a) – (c)), and for the µ+ two, three or four or more jets
(panels (d) – (f)). Statistical uncertainties of the data are shown and the post-fit systematic uncertainties are indicated by the
hashed band in the bottom panel of the histogram.

XI. TOP QUARK POLE MASS

Table V presents the measured combined inclusive tt̄
cross section as a function of the top quark mass. For
each top quark mass point shown a separate combined
log-likelihood fit of the ℓ+jets and ℓℓ channel MVA dis-
criminant inputs was performed, as was done for the mass
point of 172.5 GeV. The measured tt̄ cross section only
changes by 0.7% for a change of 1 GeV in the assumed
top quark mass. Systematic uncertainties of the tt̄ contri-
bution are taken from the 172.5 GeV case and assigned
to other masses as a relative systematic uncertainty of
the same size.
Figure 9 shows the measured and theoretical mass de-

pendence of the inclusive tt̄ production cross section as
provided by top++ [40]. We parametrize the experi-
mentally measured dependence with a fourth order poly-
nomial function to the individual cross section measure-
ments at the mass points reported in Table V. There
is negligible change if a cubic function is chosen. Un-
certainties on the measured values include the statistical
and systematic uncertainties discussed in Sec. IX and are
indicated by the dotted lines. Theoretical uncertainties
include those from the variation of the renormalization
and factorization scales by a factor of 2 and PDF uncer-
tainties [39] taken from the MSTW2008 NNLO PDF set.

TABLE V. The measured combined inclusive tt̄ cross section
as a function of the top quark MC mass with statistical and
systematic uncertainties given separately.

Top quark mass [GeV] Cross section σ(tt̄) [pb]

150 9.70 ± 0.16 (stat.)+0.73
−0.67 (syst.)

160 8.25 ± 0.14 (stat.)+0.63
−0.57 (syst.)

165 7.46 ± 0.13 (stat.)+0.58
−0.51 (syst.)

170 7.55 ± 0.13 (stat.)+0.58
−0.55 (syst.)

172.5 7.26 ± 0.12 (stat.)+0.57
−0.50 (syst.)

175 7.28 ± 0.12 (stat.)+0.54
−0.49 (syst.)

180 6.86 ± 0.12 (stat.)+0.53
−0.47 (syst.)

185 6.50 ± 0.11 (stat.)+0.50
−0.43 (syst.)

190 6.70 ± 0.11 (stat.)+0.60
−0.47 (syst.)

These are added in quadrature and indicated by the dot-
ted lines surrounding the central theoretical prediction.
To determine the top quark pole mass from the in-

clusive tt̄ cross section following the method in [54], we
extract the most probable mt value and uncertainty by
employing a normalized joint-likelihood function, which
takes into account the total experimental uncertainty,
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ATLAS:	  mt
pole	  =	  172.9	  +2.5	  -‐2.6	  GeV	  

CMS:	  mt
pole	  =	  173.8	  +1.7	  -‐1.8	  GeV	  

•  Extraction of top quark pole mass (mt
pole) 

from inclusive production cross-section (σtt) 

•  σtt can be calculated theoretically at NNLO 
for different values of mt

pole 

–  Acceptance also depends on mt
pole 

–  Fixed value of αs 

•  Precision is limited by beam luminosity and 
beam energy 

CMS:	  arXiv:1603.02303	  [hep-‐ex]	  
ATLAS:	  arXiv:1406.5375	  [hep-‐ex]	  

The ATLAS Collaboration: Measurement of the tt̄ production cross-section using eµ events with b-tagged jets 15

Table 5. Fiducial cross-section measurement results at
p
s = 7TeV and

p
s = 8TeV, for di↵erent requirements on the minimum

lepton p
T

and maximum lepton |⌘|, and with or without the inclusion of leptons from W ! ⌧ ! ` decays. In each case, the
first uncertainty is statistical, the second due to analysis systematic e↵ects, the third due to the integrated luminosity and the
fourth due to the LHC beam energy.

p`
T

(GeV) |⌘`| W ! ⌧ ! `
p
s = 7TeV (pb)

p
s = 8TeV (pb)

> 25 < 2.5 yes 2.615± 0.044± 0.056± 0.052± 0.047 3.448± 0.025± 0.069± 0.107± 0.059
> 25 < 2.5 no 2.305± 0.039± 0.049± 0.046± 0.041 3.036± 0.022± 0.061± 0.094± 0.052
> 30 < 2.4 yes 2.029± 0.034± 0.043± 0.040± 0.036 2.662± 0.019± 0.054± 0.083± 0.046
> 30 < 2.4 no 1.817± 0.031± 0.039± 0.036± 0.033 2.380± 0.017± 0.048± 0.074± 0.041
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Fig. 7. Predicted NNLO+NNLL tt̄ production cross-sections
at

p
s = 7TeV and

p
s = 8TeV as a function of mpole

t , showing
the central values (solid lines) and total uncertainties (dashed
lines) with several PDF sets. The yellow band shows the QCD
scale uncertainty. The measurements of �t¯t are also shown,
with their dependence on the assumed value of mt through
acceptance and background corrections parameterised using
Eq. (2).

masses of up to 2GeV have a negligible e↵ect (< 0.2GeV)
on the pole mass determination. A comparison of the the-
oretical and experimental curves shown in Fig. 7 therefore
allows an unambiguous extraction of the top quark pole
mass.

The extraction is performed by maximising the follow-
ing Bayesian likelihood as a function of the top quark pole
mass mpole

t

:

L(mpole
t

) = (3)Z
G(�0

tt̄

|�
tt̄

(mpole
t

), ⇢exp) ·G(�0
tt̄

|�theo
tt̄

(mpole
t

), ⇢±theo )d�
0
tt̄

.

Here, G(x|µ, ⇢) represents a Gaussian probability density
in the variable x with mean µ and standard deviation
⇢. The first Gaussian term represents the experimental
measurement �

tt̄

with its dependence on mpole
t

and un-
certainty ⇢exp. The second Gaussian term represents the
theoretical prediction given by Eq. (2) with its asymmet-
ric uncertainty ⇢±theo obtained from the quadrature sum

Table 6. Measurements of the top quark pole mass deter-
mined from the tt̄ cross-section measurements at

p
s = 7TeV

and
p
s = 8TeV using various PDF sets.

mpole

t (GeV) from �t¯t

PDF
p
s = 7TeV

p
s = 8TeV

CT10 NNLO 171.4± 2.6 174.1± 2.6
MSTW 68% NNLO 171.2± 2.4 174.0± 2.5
NNPDF2.3 5f FFN 171.3+2.2

�2.3 174.2± 2.4

of PDF+↵s and QCD scale uncertainties evaluated as dis-
cussed in Sect. 2. The likelihood in Eq. (3) was maximised
separately for each PDF set and centre-of-mass energy to
give the mpole

t

values shown in Table 6. A breakdown of
the contributions to the total uncertainties is given for
the CT10 PDF results in Table 7; it can be seen that the
theoretical contributions are larger than those from the
experimental measurement of �

tt̄

. A single mpole
t

value
was derived for each centre-of-mass energy by defining
an asymmetric Gaussian theoretical probability density
in Eq. (3) with mean equal to the CT10 prediction, and a
±1 standard deviation uncertainty envelope which encom-
passes the ±1 standard deviation uncertainties from each
PDF set following the PDF4LHC prescription [4], giving:

mpole
t

= 171.4± 2.6 GeV (
p
s = 7TeV) and

mpole
t

= 174.1± 2.6 GeV (
p
s = 8TeV).

Considering only uncorrelated experimental uncertainties,
the two values are consistent at the level of 1.7 stan-
dard deviations. The top pole mass was also extracted
using a frequentist approach, evaluating the likelihood for
each mpole

t

value as the Gaussian compatibility between
the theoretically predicted and experimentally measured
values, and fixing the theory uncertainties to those at
mpole

t

= 172.5GeV. The results di↵er from those of the
Bayesian approach by at most 0.2GeV.

Finally, mpole
t

was extracted from the combined
p
s =

7TeV and
p
s = 8TeV dataset using the product of likeli-

hoods (Eq. (3)) for each centre-of-mass energy and ac-
counting for correlations via nuisance parameters. The
same set of experimental uncertainties was considered cor-
related as for the cross-section ratio measurement, and
the uncertainty on �theo

tt̄

was considered fully correlated
between the two datasets. The resulting value using the
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•  Distribution shapes are more 
sensitive, but not limited by beam 
uncertainties. 

•  Normalized differential cross-section 
(in association with at least one extra 
jets) as a function of ρs is utilized to 
extract top quark pole mass (mt

pole):  

•  Unfolded distributions are compared 
with the NLO MC to extract mt

pole 

JHEP	  10,	  121	  (2015)	  
arXiv:1507.01769	  [hep-‐ex]	  

in the following) and normalized. The top-quark pole mass is then extracted through a fit to the data us-
ing the predicted normalized di↵erential tt̄ + 1-jet cross section from a next-to-leading-order calculation
combined with parton showering (NLO+PS) [14, 17–19].

2 Definition of the observable

The method to extract the top-quark pole mass followed here, proposed in ref. [14], exploits the fact that
the top-quark mass dependence of the tt̄ + 1-jet cross section, �tt̄+1-jet, is enhanced in the phase-space
region relatively close to the tt̄+1-jet production threshold. This method uses the predictions for tt̄+1-jet
production at hadron colliders at NLO accuracy reported in refs. [17, 18]. A well-defined top-quark pole
mass can be extracted by comparing these calculations with the measurement of the normalized tt̄ + 1-jet
cross section in pp collisions as a function of the inverse of the invariant mass pstt̄+1-jet of the tt̄ + 1-jet
system:

R(mpole
t , ⇢s) =

1
�tt̄+1-jet

d�tt̄+1-jet

d⇢s
(mpole

t , ⇢s), (1)

where ⇢s is defined as

⇢s =
2m0pstt̄+1-jet

, (2)

and m0 is an arbitrary constant of the order of the top-quark mass. Here and in the following, m0 =

170 GeV is used. The anti-kt jet reconstruction algorithm [20,21] is employed to reconstruct the jets. The
extra jet, beyond those which originated from the tt̄ decay, is the leading jet with a transverse momentum
pT > 50 GeV and a pseudorapidity |⌘| < 2.5. 1 The observable R defined in this way is infra-red safe as
demonstrated in the study of ref. [14].

In this analysis, the measured normalized and di↵erential cross section, unfolded to parton level, is
compared to the theoretical calculations at NLO accuracy, after adding the parton shower evolution
(NLO+PS). Including the parton shower is expected to give a better description of the final-state phase
space than the NLO calculation alone and is implemented in the publicly available MC generator de-
veloped in ref. [19]. This generator uses Powheg (Powheg-ttJ) [19, 22, 23] matched with the Pythia
v8 [24] parton shower. Using a fixed order NLO calculation to fit the data gives a similar R-distribution
but leads to an estimated top quark pole mass about 0.3 GeV lower than using a NLO+PS calculation.

This di↵erence is well below the present theoretical uncertainty of the calculation. Di↵erences due to the
use of Pythia v8 or Pythia v6 [25] are below this value of 0.3 GeV.

In the NLO calculation, it is assumed that the top quarks are stable. Possible e↵ects due to radiation from
top-quark decay products and virtual corrections to the decay are small compared to the overall theoretical
uncertainty. Quantum chromodynamics corrections to the decay do not a↵ect the mass renormalization of
the top quark at the same order of accuracy as considered in the calculation because the renormalization is

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the
detector and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points
upward. Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the beam pipe. The
pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln [tan (✓/2)]. Transverse momentum and energy are defined
as pT = p sin ✓ and ET = E sin ✓, respectively.
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Figure 4: R-distribution at parton level corrected for detector and hadronization e↵ects after the background sub-
traction as a function of ⇢s (m0 = 170 GeV). The predictions of the tt̄ + 1-jet calculation at NLO+PS using three
di↵erent masses (mpole

t =170, 175 and 180 GeV) are shown together with the result of the best fit to the data, mpole
t

=173.7±1.5 (stat.) GeV. The black points correspond to the data. In the lower part of the figure, the ratios of the
di↵erent R-distributions to the one corresponding to the best fit are shown. The shaded area indicates the statistical
uncertainty.

a function of the input mass. In the range studied here, all fit results are compatible with the input values
within their statistical uncertainties.

Existing generated samples with Powheg + Herwig 6 including full ATLAS simulation were used to
make the correction of the data without using the intermediate state of the tt̄+g system. This cross-
check allowed investigations of potential biases introduced by this step. When using this sample the
correction procedure was tested including and excluding the tt̄+g intermediate state. The two methods
gave compatible results within ⇠0.1 GeV for mpole

t , well within the statistical precision of the test, ⇠0.25
GeV.

12
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²  Heavy quark spins are correlated in QCD; Top 
quarks decay before their spins de-correlate. 

²  Dilepton angular distributions: ∆φ (in lab frame) or 
cosθ1, cosθ1cosθ2,(in top rest frame) 

²   Can also be used to probe BSM physics 
²  e.g, for stop-pair production, enhanced 

production rate would reduce the spin 
correlation 

3

Process Yield
tt̄ 54000 + 3400

� 3600

Z/�⇤+jets 2800± 300
tV (single top) 2600± 180

tt̄V 80± 11
WW , WZ , ZZ 180± 65

Fake leptons 780± 780
Total non-tt̄ 6400± 860

Expected 60000 + 3500
� 3700

Observed 60424

t̃1
¯̃t1 7100± 1100

(m
t̃1
= 180 GeV, m

�̃

0
1
= 1 GeV)

TABLE I. Observed dilepton yield in data and the expected
SUSY and tt̄ signals and background contributions. Systematic
uncertainties due to theoretical cross sections and systematic un-
certainties evaluated for data-driven backgrounds are included in
the uncertainties.

likelihood fit is used to extract the spin correlation from
the �� distribution in data. This is done by defining a
coefficient fSM that measures the degree of spin correla-
tion relative to the SM prediction. The fit includes a linear
superposition of the �� distribution from SM tt̄ MC sim-
ulation with coefficient fSM, and from the tt̄ simulation
without spin correlation with coefficient (1 � fSM). The
e+e�, µ+µ� and e±µ⌥ channels are fitted simultaneously
with a common value of fSM, leaving the tt̄ normaliza-
tion free with a fixed background normalization. The tt̄
normalization obtained by the fit agrees with the theoret-
ical prediction of the production cross section [71] within
the uncertainties. Negative values of fSM correspond to an
anti-correlation of the top and antitop quark spins. A value
of fSM = 0 implies that the spins are uncorrelated and val-
ues of fSM > 1 indicate a degree of tt̄ spin correlation
larger than predicted by the SM.

Systematic uncertainties are evaluated by applying the fit
procedure to pseudo-experiments created from simulated
samples modified to reflect the systematic variations. The
fit of fSM is repeated to determine the effect of each sys-
tematic uncertainty using the nominal templates. The dif-
ference between the means of Gaussian fits to the results
from many pseudo-experiments using nominal and modi-
fied pseudo-data is taken as the systematic uncertainty on
fSM [102].

The various systematic uncertainties are estimated in the
same way as in Ref. [42] with the following exceptions:
since this analysis employs b-tagging, the associated un-
certainty is estimated by varying the relative normaliza-
tions of simulated b-jet, c-jet and light-jet samples. The
uncertainty due the choice of generator is determined by
comparing the default to an alternative tt̄ sample generated
with the POWHEG-BOX generator interfaced with PYTHIA.

E
ve

n
ts

/0
.1

0

2000

4000

6000

8000

10000

12000

14000

16000
ATLAS 

-1 = 8 TeV, 20.3 fbs

Data

tSM t

 (A=0)tt

Background

 , 180 GeV1t
~
1t

~

Fit

π [rad] / φ∆

0 0.2 0.4 0.6 0.8 1

R
a

tio

0.8

0.9

1

1.1

1.2

FIG. 1. Reconstructed �� distribution for the sum of the
three dilepton channels. The prediction for background (blue
histogram) plus SM tt̄ production (solid black histogram) and
background plus tt̄ prediction with no spin correlation (dashed
black histogram) is compared to the data and to the result of
the fit to the data (red dashed histogram) with the orange band
representing the total systematic uncertainty on fSM. Both the
SM tt̄ and the no spin correlation tt̄ predictions are normalized
to the NNLO cross section including next-to-next-to-leading-
logarithm corrections [71, 72] (the theory uncertainty of 7% on
this cross section is not displayed). The prediction for t̃1¯̃t1 pro-
duction (m

t̃1
= 180 GeV and m

�̃

0
1

= 1 GeV) normalized to
the NLO cross section including next-to-leading-logarithm cor-
rections [101] plus SM tt̄ production plus background is also
shown (solid green histogram). The lower plot shows those dis-
tributions (except for background only) divided by the SM tt̄ plus
background prediction.

The uncertainty due to the parton shower and hadroniza-
tion model is determined by comparing two tt̄ samples
generated by ALPGEN, one interfaced with PYTHIA and
the other one interfaced with HERWIG. The uncertainty on
the amount of initial- and final-state radiation (ISR/FSR) in
the simulated tt̄ sample is assessed by comparing ALPGEN
events, showered with PYTHIA, with varied amounts of
ISR and FSR. As in Ref. [42], the size of the variation is
compatible with the recent measurements of additional jet
activity in tt̄ events [103]. The Wt normalization is var-
ied within the theoretical uncertainties of the cross-section
calculation [86], and the sensitivity to the interference be-
tween Wt production and tt̄ production at NLO is stud-
ied by comparing the predictions of POWHEG-BOX with
the diagram-removal (baseline) and diagram-subtraction
schemes [85, 104]. As in Ref. [42], the uncertainty due
to the top quark mass is evaluated but not included in the
systematic uncertainties, since it would have no significant

arXiv:1412.4742 [hep-ex]; PRL 114, 0142001 (2015) fSM	  =	  1.20	  ±	  0.05	  (stat)	  ±	  0.13	  (syst)	  

4

Source of uncertainty �fSM
Detector modeling

Lepton reconstruction ±0.01
Jet energy scale ±0.02

Jet reconstruction ±0.01
Emiss

T < 0.01
Fake leptons < 0.01
b-tagging < 0.01

Signal and background modeling
Renormalization/factorization scale ±0.05

MC generator ±0.03
Parton shower and fragmentation ±0.06

ISR/FSR ±0.06
Underlying event ±0.04

Color reconnection ±0.01
PDF uncertainty ±0.05

Background ±0.01
MC statistics ±0.04

Total systematic uncertainty ±0.13
Data statistics ±0.05

TABLE II. Summary of systematic uncertainties on fSM in the
combined dilepton final state.

impact on the results.
The sizes of the systematic uncertainties in terms of

�fSM are listed in Table II. The total systematic uncer-
tainty is calculated by combining all systematic uncertain-
ties in quadrature.

The measured value of fSM for the combined fit is 1.20
± 0.05 (stat) ± 0.13 (syst). This agrees with previous re-
sults from ATLAS using data at a center-of-mass energy of
7 TeV [41, 42], and compares to the best previous mea-
surement using �� of fSM = 1.19 ± 0.09 (stat) ±
0.18 (syst) [42]. It also agrees with the SM prediction
to within two standard deviations.

This agrees with previous results from ATLAS using
data at a center-of-mass energy of 7 TeV [41, 42] and
agrees with the SM prediction to within two standard devi-
ations. An indirect extraction of Ahelicity can be achieved
by assuming that the tt̄ sample is composed of top quark
pairs as predicted by the SM, but with varying spin corre-
lation. In that case, a change in the fraction fSM leads to a
linear change of Ahelicity (see also Ref. [42]), and a value
of the spin correlation strength in the helicity basis Ahelicity

at a center-of-mass energy of 8 TeV is obtained by apply-
ing the measured value of fSM as a multiplicative factor to
the SM prediction of ASM

helicity = 0.318± 0.005 [36]. This
yields a measured value of Ahelicity = 0.38± 0.04.

The measurement of the variable �� is also used to
search for top squark pair production with t̃1 ! t�̃0

1 de-

cays. The present analysis is sensitive both to changes in
the yield and to changes in the shape of the �� distribu-
tion caused by a potential admixture of t̃1¯̃t1 with the SM
tt̄ sample. An example is shown in Fig. 1, where the ef-
fect of t̃1¯̃t1 production in addition to SM tt̄ production and
backgrounds is compared to data. No evidence for t̃1

¯̃t1
production was found.

Limits are set on the top squark pair-production cross
section by fitting each bin of the �� distribution to the dif-
ference between the data and the SM prediction, varying
the top squark signal strength µ. In contrast to the mea-
surement of fSM where the tt̄ cross section is varied in the
fit, here the tt̄ cross section is fixed to its SM value [71].
In addition, a systematic uncertainty of 7% is introduced,
composed of factorization and renormalization scale varia-
tion, top quark mass uncertainty, PDF uncertainty and un-
certainty in the measurement of the beam energy. All other
sources of systematic uncertainty are identical to ones in
the measurement of fSM. All shape-dependent modeling
uncertainties on the SUSY signal are found to be negligi-
ble. The limits are determined using a profile likelihood
ratio in the asymptotic limit [105], using nuisance parame-
ters to account for the theoretical and experimental uncer-
tainties.
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squark pair-production cross section as a function of m
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, for

pair-produced top squarks t̃1 decaying with 100% branching ratio
via t̃1 ! t�̃0

1 to predominantly right-handed top quarks, assum-
ing m

�̃

0
1
= 1GeV. The black dotted line shows the expected limit

with ±1 (green) and ±2 (green+yellow) standard deviation con-
tours, taking into account all uncertainties. The red dashed line
shows the theoretical cross section with uncertainties. The solid
black line gives the observed limit.

The observed and expected limits on the top squark

Stop masses 
excluded in the 
range of mtop 
and 191 GeV 
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8.2 Limits on new physics 13

Compared to the measurement of ADf in Table 5, the differential measurement in bins of Mtt
(Fig. 4, top row, left plot) has a significantly reduced (factor of 2.3) systematic uncertainty asso-
ciated with the top quark pT modeling. When the acceptance correction is binned in a variable
that is correlated with the top quark pT (e.g., Mtt), the top quark pT reweighting affects the nu-
merator and denominator in the acceptance ratio similarly, leading to a reduction in the associ-
ated systematic uncertainty. The inclusive asymmetry measured from the projection in |Df`+`� |
of the normalized double-differential cross section is ADf = 0.095 ± 0.006 (stat) ± 0.007 (syst),
which is converted into the value of fSM = 1.12 + 0.12

� 0.15 given in Table 6.

8.2 Limits on new physics

Anomalous ttg couplings can lead to a significant modification of the polarization and spin
correlations in tt events. A model-independent search can be performed using an effective
model of chromo-magnetic and chromo-electric dipole moments (denoted CMDM and CEDM,
respectively). This study follows the proposal in Ref. [4]. For an anomalous ttg interaction
arising from heavy-particle exchange characterized by a mass scale M & mt, one can write an
effective Lagrangian as

Leff = � eµt

2
tsµnTatGa

µn �
edt

2
tisµng5TatGa

µn, (1)

where eµt and edt are the CMDM (CP-conserving) and CEDM (CP-violating) dipole moments,
Ga

µn is the gluon field strength, and Ta are the QCD fundamental generators. It is usually
preferred to define dimensionless parameters

µ̂t ⌘
mt

gs
eµt, d̂t ⌘

mt

gs
edt, (2)

where gs is the QCD coupling constant [4]. The parameters µ̂t and d̂t correspond to the form
factors in the timelike kinematic domain and are therefore complex quantities, here assumed
to be constant. In general, both the real and imaginary parts of µ̂t and d̂t can be determined,
but the spin correlations and polarization measured in this paper are only sensitive to Re(µ̂t)
and Im(d̂t), respectively [4].

We begin with the determination of Re(µ̂t) using the measured normalized differential cross
section (1/s)(ds/d|Df`+`� |). In the presence of a small new physics (NP) contribution such
that Re(µ̂t) ⌧ 1, one can linearly expand the normalized differential cross section as [4]

1
s

ds

d|Df`+`� |
=

✓
1
s

ds

d|Df`+`� |

◆

SM
+ Re(µ̂t)

✓
1
s

ds

d|Df`+`� |

◆

NP
. (3)

The predicted shapes of the SM and NP terms in Eq. (3) are shown in Fig. 5. The NP term
arises from interference with SM tt production, and therefore gives both positive and negative
contributions to the differential cross section.

To measure Re(µ̂t), the SM and NP contributions to Eq. (3) are parametrized by polynomial
functions (shown in Fig. 5), which are then used in a template fit to the measured normalized
differential cross section. We use the projection in |Df`+`� | of the measured normalized double-
differential cross section in bins of Mtt to minimize the systematic uncertainty from top quark
pT modeling, as for the extraction of fSM. The measurement is made under the assumption
that the A matrix is unchanged by the presence of NP. Studies of the effects of our selection

²  Can also be utilized to set limits on 
chromomagnetic dipole moments 
e.g., assuming 

    -0.043 <Re(µ)<0.117 @ 95% CL 

²  Inclusive distributions are unfolded 
at parton level 

²  Unfolding the angular distributions 
to obtain asymmetries: 

8.1 Unfolded distributions 11

a factor of 2. For Acos j and Ac1c2 , these scale uncertainties are summed in quadrature with the
difference between the NLO predictions from Ref. [4] when the ratio in the calculation is ex-
panded in powers of the strong coupling constant and when the numerator and denominator
are evaluated separately.

Table 5: Inclusive asymmetry measurements obtained from the angular distributions unfolded
to the parton level, and the parton-level predictions from the MC@NLO simulation and from
NLO calculations with (SM) and without (no spin corr.) spin correlations [4, 63]. For the data,
the first uncertainty is statistical and the second is systematic. For the MC@NLO results and
NLO calculations, the uncertainties are statistical and theoretical, respectively.

Asymmetry Data MC@NLO NLO, NLO,
variable (unfolded) simulation SM no spin corr.
ADf 0.094± 0.005 ± 0.012 0.113± 0.001 0.107 + 0.006

� 0.009 0.202 + 0.006
� 0.009

Acos j 0.102± 0.010 ± 0.012 0.114± 0.001 0.114± 0.006 0
Ac1c2 �0.069± 0.013 ± 0.016 �0.081± 0.001 �0.080± 0.004 0
AP �0.011± 0.007 ± 0.028 0 0.002± 0.001 —
ACPV

P 0.000± 0.006 ± 0.005 0 0 —

Using the relationships between the asymmetry variables and spin correlation coefficients given
in Section 1, we find Chel = 0.278 ± 0.084 and D = 0.205 ± 0.031, where the uncertainties
include the statistical and systematic components added in quadrature. Similarly, the CP-
conserving and CP-violating components of the top quark polarization are found to be P =
�0.022 ± 0.058 and PCPV = 0.000 ± 0.016, respectively. All measurements are consistent with
the expectations of the SM.

The NLO predictions for |Df`+`� |, cos j, and c1c2 with and without spin correlations in Table 5
are used to translate the measurements into determinations of fSM, the strength of the spin
correlations relative to the SM prediction, with fSM = 1 corresponding to the SM and fSM = 0
corresponding to uncorrelated events. The measurements of fSM are shown in Table 6 and are
derived under the assumption that the A matrix used for the unfolding is independent of spin
correlations. This is found to give conservative estimates for the experimental uncertainties.

Table 6: Values of fSM, the strength of the measured spin correlations relative to the SM pre-
diction, derived from the numbers in Table 5. The last row shows an additional measurement
of fSM made from the projection in |Df`+`� | of the normalized double-differential cross sec-
tion as a function of |Df`+`� | and Mtt. The uncertainties shown are statistical, systematic, and
theoretical, respectively. The total uncertainty in each result, found by adding the individual
uncertainties in quadrature, is shown in the last column.

Variable fSM ± (stat) ± (syst) ± (theor) Total uncertainty
ADf 1.14± 0.06± 0.13+ 0.08

� 0.11
+ 0.16
� 0.18

Acos j 0.90± 0.09± 0.10± 0.05 ±0.15
Ac1c2 0.87± 0.17± 0.21± 0.04 ±0.27
ADf (vs. Mtt) 1.12± 0.06± 0.08+ 0.08

� 0.11
+ 0.12
� 0.15

The dependence of each asymmetry on Mtt, |ytt|, and pT
tt is extracted from the measured nor-

malized double-differential cross section, and the results are shown in Fig. 4. The measure-
ments are all consistent with the MC@NLO predictions, and with the SM NLO prediction for
the Mtt and |ytt| dependencies. No comparison is made with the NLO prediction for the pT

tt

dependence because the substantial effect of the parton shower on the pT
tt distribution means

fixed-order NLO calculations are not a sufficiently good approximation of the data.
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Figure 3: Normalized differential cross section as a function of |Df`+`� |, cos j, cos q?`+ cos q?`� ,
and cos q?` from data (points); parton-level predictions from MC@NLO (dashed histograms); and
theoretical predictions at NLO [4, 63] with (SM) and without (no spin corr.) spin correlations
(solid and dotted histograms, respectively). For the cos q?` distribution, CP conservation is as-
sumed in the combination of the cos q?`± measurements from positively and negatively charged
leptons. The ratio of the data to the MC@NLO prediction is shown in the lower panels. The
inner and outer vertical bars on the data points represent the statistical and total uncertain-
ties, respectively. The hatched bands represent variations of µR and µF simultaneously up and
down by a factor of 2.
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/H/g	  

²  BSM can enhance  Flavor-changing Neutral current (FCN) couplings i.e., t→Z/H/γ/
g + c/u by many orders of magnitude. 
²  SM BR: 10-12-10-17 --within the SM the suppression due to the GIM mechanism  

²  BSM BR: 10-5-10-10 – wide range  depending om the BSM model  
²   t→H/Z + c/u are the largest for BSMs with tree level FCN coupling   
²  The radiative decays ( t→ γ/g + c/u) have large branching ratios in Supersymmetric 

extensions of the SM. 

Br(t → qZ) ≃ 2 × 10−6

Br(t → qγ) ≃ 2 × 10−6 Br(t → qg) ≃ 10−4

t → qH Br(t → qH) ∼ 10−5

R

Br(t → qZ) ≃ 3×10−5 Br(t → qγ) ≃ 1×10−6

Br(t → qg) ≃ 2 × 10−4 Br(t → qH) ∼ 10−6

Λ = 1

Z H

t → qγ t → qg

R̸

t → uZ 8 × 10−17 1.1 × 10−4 − − 2 × 10−6 3 × 10−5

t → uγ 3.7 × 10−16 7.5 × 10−9 − − 2 × 10−6 1 × 10−6

t → ug 3.7 × 10−14 1.5 × 10−7 − − 8 × 10−5 2 × 10−4

t → uH 2 × 10−17 4.1 × 10−5 5.5 × 10−6 − 10−5 ∼ 10−6

t → cZ 1 × 10−14 1.1 × 10−4 ∼ 10−7 ∼ 10−10 2 × 10−6 3 × 10−5

t → cγ 4.6 × 10−14 7.5 × 10−9 ∼ 10−6 ∼ 10−9 2 × 10−6 1 × 10−6

t → cg 4.6 × 10−12 1.5 × 10−7 ∼ 10−4 ∼ 10−8 8 × 10−5 2 × 10−4

t → cH 3 × 10−15 4.1 × 10−5 1.5 × 10−3 ∼ 10−5 10−5 ∼ 10−6

Q = 2/3

R

t → qZ t → qγ
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Figure 2: Representative Feynman diagrams illustrating the partonic configurations and parton–jet assignments
considered in the construction of (a) the signal probability and (b) and (c) the background probability used in the
definition of the final discriminant (see text for details).

6.2.2. Background probability

The calculation of Pbkg follows a similar approach to that discussed in section 6.2.1, although it is slightly
more complicated to account for the varying fraction and di↵erent kinematic features of the tt̄+light-jets,
tt̄ + cc̄ and tt̄ + bb̄ backgrounds as a function of the analysis channel. This is particularly relevant in the
(4 j, 3 b) and (4 j, 4 b) channels, which dominate the sensitivity of the search. While tt̄+light-jets events
often have both jets from the hadronic W boson decay among the four selected jets [see figure 2(b)], this
is seldom the case for tt̄ + bb̄ and tt̄ + cc̄ events, especially in the (4 j, 4 b) channel. In this case the
four b-tagged jets typically originate from the two b-quarks from the top quark decays, the charm quark
from the W boson decay, and an extra heavy-flavour quark (b or c) produced in association with the tt̄
system, while the jet associated with the down-type quark from the W boson decay is not reconstructed
[see figure 2(c)].

To account for this, the following kinematic variables are considered: M`⌫b` , Xq1 jbh and Mq1 j, with
Xq1 jbh ⌘ Mq1 jbh  Mq1 j, were j denotes an extra quark-jet which can either originate from the W bo-
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Signal	  
Background	  

6.1. Event categorisation

Given the focus on the W ! `⌫ and H ! bb̄ decay modes, the tt̄ ! WbHq signal is expected to have
typically four jets, of which three or four are b-tagged. The latter case corresponds to the tt̄ ! WbHc
signal where the charm quark, as well as the three b-quark jets, are b-tagged. Additional jets can also be
present because of initial- or final-state radiation. In order to optimise the sensitivity of the search, the
selected events are categorised into di↵erent channels depending on the number of jets (4, 5 and �6) and
on the number of b-tagged jets (2, 3 and �4). Therefore, the total number of analysis channels considered
in this search is nine: (4 j, 2 b), (4 j, 3 b), (4 j, 4 b), (5 j, 2 b), (5 j, 3 b), (5 j, �4 b), (�6 j, 2 b), (�6 j, 3 b),
and (�6 j, �4 b), where (n j, m b) indicates n selected jets and m b-tagged jets.

The overall rate and composition of the tt̄+jets background strongly depends on the jet and b-tag multi-
plicities, as illustrated in figure 1. The tt̄+light-jets background is dominant in events with exactly two or
three b-tagged jets, with the two b-quarks from the top quark decays being tagged in both cases, and a
charm quark from the hadronic W boson decay also being tagged in the latter case. Contributions from
tt̄+cc̄ and tt̄+bb̄ become significant as the jet and b-tag multiplicities increase, with the tt̄+bb̄ background
being dominant for events with �6 jets and �4 b-tags.

In the channels with four or five jets and three or at least four b-tags, which dominate the sensitivity of
this search, selected signal events have a H ! bb̄ decay in more than 95% of the events. The channels
most sensitive to the tt̄ ! WbHu and tt̄ ! WbHc signals are (4 j, 3 b) and (4 j, 4 b) respectively.
Because of the better signal-to-background ratio in the (4 j, 4 b) channel, this analysis is expected to
have better sensitivity for tt̄ ! WbHc than for tt̄ ! WbHu signal. The rest of the channels have
significantly lower signal-to-background ratios, but they are useful for calibrating the tt̄+jets background
prediction and constraining the related systematic uncertainties (see section 7) through a likelihood fit to
data (see section 8). This strategy was first used in the ATLAS search for tt̄H associated production, with
H ! bb̄ [21], and is adopted in this analysis. A table summarising the observed and expected yields
before the fit to data in each of the analysis channels can be found in appendix A.

6.2. Discrimination of signal from background

After event categorisation, the signal-to-background ratio is very low even in the most sensitive analysis
channels, and a suitable discriminating variable between signal and background needs to be constructed
in order to improve the sensitivity of the search. A powerful discriminant between signal and background
can be defined as:

D(x) =
Psig(x)

Psig(x) + Pbkg(x)
, (2)

where Psig(x) and Pbkg(x) represent the probability density functions (pdf) of a given event under the sig-
nal hypothesis (tt̄ ! WbHq) and under the background hypothesis (tt̄ ! WbWb) respectively. Both pdfs
are functions of x, representing the four-momentum vectors of all final-state particles at the reconstruction
level: the lepton (`), the neutrino (⌫; reconstructed as discussed below), and the Njets selected jets in a
given analysis channel.

Since both signal and background result from the tt̄ decay, there are few experimental handles available
to discriminate between them. The most prominent features are the di↵erent resonances present in the
decay (i.e. the Higgs boson in the case of tt̄ ! WbHq and a hadronically decaying W boson in the case
of tt̄ ! WbWb), and the di↵erent flavour content of the jets forming those resonances. This is the main
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²  BSM can enhance  Flavor-changing 
Neutral current (FCNC) couplings by 
many orders of magnitude. 
²  SM BR: 10-12-10-17 

²  BSM BR: 10-5-10-9  
²  BR( t→Hc) and BR(t→Hu) by fitting 
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Figure 6: tt̄ ! WbHc,H ! bb̄ search: comparison between the data and prediction for the distribution of the D
discriminant used in the (4 j, 4 b) channel (a) before the fit and (b) after the fit, in the (5 j, �4 b) channel (c) before
the fit and (d) after the fit, and in the (�6 j, �4 b) channel (e) before the fit and (f) after the fit. The fit is performed
on data under the signal-plus-background hypothesis. In the pre-fit distributions the tt̄ ! WbHc signal (solid red)
is normalised to BR(t ! Hc) = 1% and the tt̄ ! WbWb background is normalised to the SM prediction, while in
the post-fit distributions both signal and tt̄ ! WbWb background are normalised using the best-fit BR(t ! Hc).
The small contributions from W/Z+jets, single top, diboson and multijet backgrounds are combined into a single
background source referred to as “Non-tt̄”. The bottom panels display the ratios of data to either the SM background
prediction before the fit (“Bkg”) or the total signal-plus-background prediction after the fit (“Pred”). The hashed
area represents the total uncertainty on the background.
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In the absence of signal upper limits 
on BR( t→Hc) and BR(t→Hu) 
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Figure 10: Summary of the best-fit BR(t ! Hu) for the individual searches as well as their combination, assuming
that BR(t ! Hc) = 0.
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Figure 11: (a) CLs versus BR(t ! Hc) and (b) CLs versus BR(t ! Hu) for the combination of the searches,
assuming that the other branching ratio is zero. The observed CLs values (solid black lines) are compared to the
expected (median) CLs values under the background-only hypothesis (dotted black lines). The surrounding shaded
bands correspond to the 68% and 95% CL intervals around the expected CLs values, denoted by ±1� and ±2�,
respectively. The solid red line at CLs=0.05 denotes the value below which the hypothesis is excluded at 95% CL.

with a correlation coe�cient of �0.84, as shown in figure 13. Figure 14(a) shows the 95% CL upper limits
on the branching ratios in the BR(t ! Hu) versus BR(t ! Hc) plane. The corresponding upper limits on
the couplings in the |�tuH | versus |�tcH | plane can be found in figure 14(b).
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Figure 11: (a) CLs versus BR(t ! Hc) and (b) CLs versus BR(t ! Hu) for the combination of the searches,
assuming that the other branching ratio is zero. The observed CLs values (solid black lines) are compared to the
expected (median) CLs values under the background-only hypothesis (dotted black lines). The surrounding shaded
bands correspond to the 68% and 95% CL intervals around the expected CLs values, denoted by ±1� and ±2�,
respectively. The solid red line at CLs=0.05 denotes the value below which the hypothesis is excluded at 95% CL.

with a correlation coe�cient of �0.84, as shown in figure 13. Figure 14(a) shows the 95% CL upper limits
on the branching ratios in the BR(t ! Hu) versus BR(t ! Hc) plane. The corresponding upper limits on
the couplings in the |�tuH | versus |�tcH | plane can be found in figure 14(b).
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Figure 14: 95% CL upper limits (a) on the plane of BR(t ! Hu) versus BR(t ! Hc) and (b) on the plane of |�tuH |
versus |�tcH | for the combination of the searches. The observed limits (solid lines) are compared to the expected
(median) limits under the background-only hypothesis (dotted lines). The surrounding shaded bands correspond to
the 68% and 95% CL intervals around the expected limits, denoted by ±1� and ±2�, respectively.

10. Conclusion

A search for flavour-changing neutral current decays of a top quark to an up-type quark (q = u, c) and the
Standard Model Higgs boson, where the Higgs boson decays to bb̄, is presented. The analysis searches
for top quark pair events in which one top quark decays to Wb, with the W boson decaying leptonically,
and the other top quark decays to Hq. The search is based on pp collisions at

p
s = 8 TeV recorded in

2012 with the ATLAS detector at the CERN Large Hadron Collider and uses an integrated luminosity
of 20.3 fb�1. Data are analysed in the lepton-plus-jets final state, characterised by an isolated electron
or muon with moderately high transverse momentum and at least four jets. In this search the dominant
background process is tt̄ ! WbWb. To separate the signal from the background, the search exploits the
high multiplicity of b-quark jets characteristic of signal events, and employs a likelihood discriminant
that combines information from invariant mass distributions and the flavour of the jets. No significant
excess of events above the background expectation is found, and observed (expected) 95% CL upper
limits of 0.56% (0.42%) and 0.61% (0.64%) are derived for the t ! Hc and t ! Hu branching ratios
respectively.

Results from other ATLAS searches are also summarised, including a previous search probing H ! ��
decays, and a reinterpretation of a search for tt̄H production in multilepton final states, which exploits
the H ! WW⇤, ⌧⌧ decay modes. All searches discussed in this paper have comparable sensitivity, and
thus their combination represents a significant improvement over the individual results. The observed
(expected) 95% CL combined upper limits on the t ! Hc and t ! Hu branching ratios are 0.46%
(0.25%) and 0.45% (0.29%) respectively. The corresponding observed (expected) upper limits on the
|�tcH | and |�tuH | couplings are 0.13 (0.10) and 0.13 (0.10) respectively. Upper limits in the t ! Hc versus
t ! Hu branching ratio plane, as well as best-fit branching ratios, are also reported. These are the most
restrictive direct bounds on tqH (q = u, c) interactions measured so far.
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Figure 12: 95% CL upper limits on (a) BR(t ! Hc) and (b) BR(t ! Hu) for the individual searches as well as
their combination, assuming that the other branching ratio is zero. The observed limits (solid lines) are compared to
the expected (median) limits under the background-only hypothesis (dotted lines). The surrounding shaded bands
correspond to the 68% and 95% CL intervals around the expected limits, denoted by ±1� and ±2�, respectively.
Because the asymptotic approximation is used in the calculation of CLs, the results of the H ! �� search reported
in this figure di↵er slightly from those published in ref. [17], which remain the most accurate results.
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² @95%CL	  Observed	  (Expected)	  Upper	  limits	  on	  
²  BR(	  t→cH):	  0.56%	  (0.42%)	  –	  H→bb	  
²  BR(t→uH):	  0.61%	  (0.64%)	  –	  H→bb	  

²  |λtcH|:	  	  0.13	  (0.10)	  
²  |λtuH|:	  	  0.13	  (0.10)	  
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Table 1: Maximum allowed FCNC t ! qZ BRs as predicted by several models [3–9]

Model: SM QS 2HDM FC 2HDM MSSM /R SUSY RS
BR(t ! qZ): 10�14 10�4 10�6 10�10 10�7 10�6 10�5

charged-particle momentum measurements, together with e�cient and precise lepton and photon identi-
fication in the pseudorapidity range |⌘| < 2.5. Energy deposits over the full coverage of the calorimeters,
|⌘| < 4.9 are used to reconstruct jets and missing transverse momentum (with magnitude Emiss

T ). A three-
level trigger system is used to select interesting events. The Level-1 trigger is implemented in hardware
and uses a subset of detector information to reduce the event rate to a design value of at most 75 kHz.
This is followed by two software-based trigger levels which together reduce the event rate to less than
1 kHz. A detailed description of the ATLAS detector is provided in Ref. [29].

In this paper the full 2012 dataset from proton–proton (pp) collisions at
p

s = 8 TeV is used. The
analysed events were recorded by single-electron or single-muon triggers and fulfil standard data-quality
requirements. Triggers with di↵erent transverse momentum thresholds are used to increase the overall
e�ciency. The triggers using a low transverse momentum (pT) threshold (pe,µ

T > 24 GeV) also have an
isolation requirement. E�ciency losses at higher pT values are recovered by higher threshold triggers
(pe

T > 60 GeV or pµT > 36 GeV) without any isolation requirement. The integrated luminosity of the
analysed data sample is 20.3 fb�1.

3 Simulated samples

In the SM, top quarks are produced at the LHC mainly in pairs, with a predicted tt̄ cross section in pp col-
lisions at a centre-of-mass energy of

p
s = 8 TeVof �tt̄ = 253+13

�15 pb for a top-quark mass of 172.5 GeV.
The cross section has been calculated at next-to-next-to leading-order (NNLO) in QCD including resum-
mation of next-to-next-to leading logarithmic (NNLL) soft gluon terms with Top++ 2.0 [30–35]. The par-
ton distribution function (PDF) and ↵S uncertainties are calculated using the PDF4LHC prescription [36]
with the MSTW 2008 68% CL NNLO [37, 38], CT10 NNLO [39, 40] and NNPDF 2.3 5f FFN [41]
PDF sets and are added in quadrature to the renormalisation and factorisation scale uncertainties. The
cross-section value for the NNLO+NNLL calculation is about 3% larger than the exact NNLO prediction
implemented in HATHOR 1.5 [42].

The simulation of signal events is performed with PROTOS 2.2 [43, 44], which includes the e↵ects of new
physics at an energy scale ⇤ by adding dimension-six e↵ective terms to the SM Lagrangian. The most
general Ztu vertex that arises from the dimension-six operators can be parameterised including only �µ

and �µ⌫q⌫ terms [45] as:

LZtu = � g
2cW

ū�µ
⇣
XL

utPL + XR
utPR
⌘

tZµ

� g
2cW

ū
i�µ⌫q⌫

mZ

⇣
LutPL + 

R
utPR
⌘

tZµ + h.c., (1)

where g is the electroweak coupling, cW is the cosine of the weak mixing angle, u and t are the quark
spinors, Zµ is the Z boson field, PL (PR) is the left-handed (right-handed) projection operator, mZ is the Z
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Figure 3: Expected (filled histogram) and observed (points with error bars) distributions in the signal region after
the final selection is applied for the reconstructed masses of the (a) top quark from the FCNC decay, (b) top quark
from the SM decay and (c) Z boson. For comparison, distributions for the FCNC tt̄ ! bWqZ signal (dashed line),
normalised to the observed 95% CL limit, are also shown. Background statistical uncertainties are represented by
the hatched areas.

The CL for a given signal hypothesis s is defined as [83]:

1 � CL =

R Xd

0 Ps+b(X)dX
R Xd

0 Pb(X)dX
, (4)

where Ps+b and Pb are the probability density functions obtained from the pseudo-experiments for the
Xs+b and Xb values, respectively, and are functions of s and b. The limit on the number of signal events is
determined by finding the value of s corresponding to a CL of 95%. The expected limit is computed by
replacing Xd with the median of the statistical test for the background hypothesis (Xb).

The limits on the number of signal events are converted into upper limits on the t ! qZ branching fraction
using the NNLO+NNLL calculation, and uncertainty, for the tt̄ cross section, and constraining BR(t !
bW) = 1 � BR(t ! qZ). Table 9 shows the observed limit on BR(t ! qZ) together with the expected
limit and corresponding ±1� bounds. These values are calculated using the reference tt̄ ! bWcZ sample,
since it gives a more conservative result than the tt̄ ! bWuZ sample. The smaller b-tagged jet multiplicity
of the tt̄ ! bWuZ signal sample leads to an improvement of 4% in the limit.

Figure 4 compares the 95% CL observed limit found in this analysis with the results from other FCNC
searches performed by the H1, ZEUS, LEP (combined results of the ALEPH, DELPHI, L3 and OPAL
collaborations), CDF, DØ and CMS collaborations. The results presented in this paper are consistent with
the ones from the CMS Collaboration.
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requirements are obtained from MC. The overall contribution from WZ plus ZZ and Drell–Yan
backgrounds is estimated to be 1.4 ± 0.1 (stat.) ± 0.3 (syst.) events. The expected yield from
ttW, ttZ, tbZ, and tt backgrounds is 1.7 ± 0.8 (stat.) ± 0.4 (syst.) events. The uncertainty of the
b-tagging efficiency, measured in control data samples, and the uncertainty on the top-quark
mass requirement, estimated with MC simulation, contribute to the systematic uncertainty.
The estimated background yields are summarized in Table 2 and show a good agreement with
those obtained from MC simulation. The background estimations from data are used for the
final results.
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Figure 2: Comparison between data and simulated events of the mZj (left), mWb (middle), and
2D scatter (right) distributions after the event selection prior to the top-quark mass require-
ments, which are shown as the dotted vertical lines (left, middle) and box (right). The data,
corresponding to an integrated luminosity of 19.7 fb�1, are represented by the points with er-
ror bars and the open histogram is the expected signal. The stacked solid histograms represent
the dominant backgrounds. The statistical uncertainties are not drawn. The last bin in each of
the left two plots contains all the overflow events.

Table 2: Expected number of signal t ! Zq events, background composition, and observed
events corresponding to an integrated luminosity of 19.7 fb�1 for all dilepton channels; back-
ground estimates included. The uncertainties in the background estimation include the statis-
tical and systematic components shown separately, in that order.

Process Estimation from data MC prediction
t ! Zq (B = 0.1%) — 6.4 ± 0.1 ± 1.3
WZ

1.4 ± 0.1 ± 0.3
0.9 ± 0.1 ± 0.3

ZZ < 0.1
Drell–Yan < 0.1
tt

1.7 ± 0.8 ± 0.4

0.7+1.1
�0.4 ± 1.2

ttZ 1.1 ± 0.1 ± 0.8
ttW 0.1 ± 0.1 ± 0.1
tbZ 0.3 ± 0.1 ± 0.2
Total background 3.1 ± 0.8 ± 0.8 3.2 ± 1.2 ± 1.5
Observed events 1 —

To calculate the expected upper limits, the systematic uncertainties from the dilepton trigger
efficiency, lepton selection efficiency [28], pileup modeling [34], b-jet tagging efficiency [33],
jet energy scale and missing transverse energy resolution [35] are included, with the b-jet tag-
ging efficiency being the dominant one for the background estimation. Additionally, several
sources of uncertainties in the signal yield are evaluated: the choice of PDFs, generator param-
eters, and uncertainty in the tt cross section. The major contributions come from the PDFs and

² @95%CL	  Observed	  (Expected)	  Upper	  limits	  on	  
²  ATLAS:	  BR(	  t→qZ):	  7x10-‐4	  (8x10-‐4)	  

²  CMS:	  0.05%	  (0.09%)	  
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Upper	  limits	  on	  

²  ATLAS:	  BR(	  t→qZ):	  7x10-‐4	  (8x10-‐4)	  
²  CMS:	  0.05%	  (0.09%)	  

Complementary limits from LEP, HERA, Tevatron are superseded by the LHC ones 



Summary	  &	  Conclusions	  
²  Rigorous	  studies	  with	  the	  top	  quark	  events	  are	  at	  full	  swing	  

² Experiments	  are	  finishing	  up	  the	  legacy	  papers	  (Tevatron	  &	  LHC	  Run	  I)	  
² Measurement	  of	  various	  proper?es	  of	  top	  quark	  are	  providing	  crucial	  

tests	  on	  the	  SM	  itself	  while	  probing	  the	  BSM	  physics;	  so	  far	  no	  excess	  
observed	  over	  the	  SM	  predic?ons.	  

²  Key	  measurements	  from	  Tevatron	  &	  LHC	  Run	  I	  
² rbar	  spin	  correla?on	  
² Forward-‐backward	  and	  Charge	  Asymmetry	  
² Precision	  on	  Top	  quark	  mass	  <0.5	  GeV;	  new	  techniques	  e.g.,	  SV+lepton	  

mass	  reconstruc?on	  would	  reduce	  it	  further	  	  	  
² Rare	  decays	  e.g.,	  FCNC	  are	  being	  probed	  

²  Challenges	  for	  LHC	  Run	  II	  and	  beyond	  
² Analysis	  with	  enhanced	  pile-‐up	  events	  
² Reducing	  the	  systema?c	  uncertain?es	  
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²  LHC	  Run	  II	  at	  √s=13	  TeV	  just	  began	  in	  2015;	  we	  are	  in	  the	  early	  days	  of	  Run	  II	  
²  New	  Physics	  discovery	  may	  be	  at	  the	  door-‐step	  and	  top	  quark	  proper?es	  

would	  play	  the	  key	  role	  
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²  Many	  more	  upgrades	  with	  the	  LHC	  and	  the	  detectors	  are	  scheduled	  for	  next	  
two	  decades.	  In	  addi?on	  analyses	  techniques	  would	  be	  refined	  further.	  

²  New	  Physics	  discovery	  may	  be	  at	  the	  door-‐step	  and	  top	  quark	  proper?es	  would	  
play	  the	  key	  role;	  In	  addi?on,	  we	  would	  also	  	  be	  able	  to	  probe	  ?ny	  SM	  
predic?ons.	  
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References 5

Table 5: Upper limits at the 95% CL for B(t ! Zq), including the results obtained in 8 TeV
data, which corresponds to an integrated luminosity of 19.5 fb�1 and the projections made for
14 TeV with an integrated luminosity up to 3000 fb�1 using DELPHES samples.

B(t ! Zq) 19.5 fb�1 @ 8 TeV 300 fb�1 @ 14 TeV 3000 fb�1 @ 14 TeV
Exp. bkg. yield 3.2 26.8 268
Expected limit < 0.10% < 0.027% < 0.010%
1 s range 0.06 � 0.13% 0.018 � 0.038% 0.007 � 0.014%
2 s range 0.05 � 0.20% 0.013 � 0.051% 0.005 � 0.020%

luminosities up to 3000 fb�1 are considered. These events are compatible with a pp ! tt !
Zq + Wb ! ``q + `0nb (` = e, µ) topology. Assuming no excess of events over the SM back-
ground is observed, a branching fraction B(t ! Zq) larger than 0.010% could be excluded at
the 95% confidence level.
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Figure 1: Feynman diagram of a top-quark pair with one top quark FCNC decay.

The event selection is based on the search performed at 8 TeV [5]. Since the leptons come from
the decays of a W or a Z boson, they are expected to be isolated. Events with two opposite-
signed, isolated leptons (e or µ) having an invariant mass between 78 GeV and 102 GeV, con-
sistent with a Z-boson decay, and an extra isolated lepton are selected. All three leptons must
have transverse momentum pT > 30 GeV, and they must satisfy |h| < 2.5 for electrons and
|h| < 2.4 for muons. The µ+µ� pair opening angle is required to differ from p radians by more
than 0.05 radians to reject cosmic rays. Events with a fourth lepton candidate are rejected.

Neutrinos from W-boson decays escape detection and produce a significant momentum im-
balance in the detector. The missing transverse momentum (�S~pT) and its magnitude (ET/ ) are
reconstructed from energy deposits in calorimeters combined with the inner tracker measure-
ments, with performance expected for a particle-flow reconstruction [11]. We require the ET/ to
be larger than 30 GeV. W-boson candidates can be reconstructed from the momentum of the
third lepton and the missing transverse momentum (assumed to come from the neutrino), by
forcing the resulting invariant mass to be equal to the W mass.

Table 2: The expected SM background contributions at 14 TeV with 3000 fb�1 data. The cross
sections of each process shown are based on leading order (LO) calculations times the corre-
sponding k-factors, which are obtained from the next-to-next-to-leading logarithmic (NNLL) +
next-to-next-to-leading order (NNLO) [12] or next-to-leading order (NLO) cross section calcu-
lations [13, 14]. The uncertainties shown contain only the statistical uncertainty on simulated
samples.

Process Cross section (pb) Order Expected @ 3000 fb�1

top FCNC signal 1.91 NNLL 578 ± 13
vector boson + jet 338 ⇥ 103 NLO < 55
di-boson + jets 412 NLO 40 ± 31
top pair + jets 954 NNLL 70 ± 57
single top + jets 323 NLO < 8
boson + top + jets 97.3 NLO 15 ± 15
boson + top pair + jets 3.97 NLO 144 ± 14

To reduce the background from diboson events we require at least 2 jets with pT > 50 GeV
and |h| < 2.4. Exactly one of these jets should be tagged as a b jet. The b-jet identification
efficiency in DELPHES is based on the performance of CMS combined secondary vertex b-
tagging algorithm, loose working point, described in Ref. [15]. In the HL-LHC conditions with
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