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Introduction
Top quarks are special

Top quark mass
The heaviest known particle
mass : mtop =
173.21 ± 0.51± 0.71 GeV
Pointlike particle with mass
of gold atom, 35x heavier
than bottom quark →why?
Being heavier than a W
boson, it is the only quark
that decays semi-weakly, i.e.,
into a real W boson and a b
quark

It is the only quark whose
Yukawa coupling to the Higgs
boson is order of unity.
charge 2/3
spin 1/2

Understanding the origin of
mass is a major open prob-
lem.

Top quark lifetime:
τ ≈ 5 · 10−25 s

Γ = 141+0.19
−0.15GeV.

Compare with
hadronization scale
ΛQCD ≈ 250 MeV.
A very short lifetime
and decays before
hadronization can
occur.
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Reasons to study
Important consequence of top τ :
top decay before hadronization.

Top = the only free quark =⇒
no bound states (e.g. toponium,
top mesons/baryons).
The only place where to study
property of bare quark.
Spin/polarization passed on to
decay productions without
dilution/direct access to quark
properties.

Particularly if new particle
couples to mass

First place a new particle could be
observed
Top is background of many
searches

• An accurate knowledge of
its properties (mass, cou-
plings, production cross sec-
tion, decay branching ratios,
etc.) can bring key infor-
mation on fundamental
interactions and beyond.
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Radiative corrections- Weak radiative
corrections - top mass

The main cause of the weak ra-
diative corrections is the W vac-
uum polarization diagram, af-
fecting mW and mZ.The contri-
bution of this kind of diagrams
is proportional to the difference
of the squared masses of the
two fermions.
Weak isospin symmetry breaking
by fermion doublets with large
mass splitting modifies the ρ pa-
rameter, which is unity in lowest
order.

ρ =
M2

W

M2
Z cos2 θw

(LO)

ρ̄ = 1 + ∆ρ

∆ρt =
3GF

8π2
√

2
m2

t + .. is a quadratic dependence
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Top mass at Tevatron
The first measurements of top mass
gave been performed at Tevatron
By CDF & D0 Collaborations in pp̄
collisions(

∫
Ldt = 9.7fb−1).

Using all data sample and taking the
correlated uncertainties properly the
Tevatron average mass of the top
quark is (2016):

Mtop = 174.30± 0.35(stat)

± 0.54(syst) GeV

summing uncertainties in quadra-
ture:

Mtop = 174.30± 0.65 GeV

corresponding to a relative precision
of 0.37%.

)2 (GeV/ctm
165 170 175 180 185
0

9

CDF March’07 2.66±     12.40  2.20)±1.50 ±(

Tevatron combination * 0.65±     174.30  0.54)±0.35 ±(

  syst)± stat  ±(

D0-II lepton+jets 0.76±     174.98  0.63)±0.41 ±(

CDF-II lepton+jets 1.12±     172.85  0.98)±0.52 ±(

CDF-II MET+Jets 1.85±     173.93  1.36)±1.26 ±(

CDF-II alljets 1.95±     175.07  1.19)±1.55 ±(

D0-II dilepton * 1.56±     173.50  0.84)±1.31 ±(

CDF-II dilepton  3.2±     171.5   2.5)± 1.9 ±(

Mass of the Top Quark

(* preliminary)July 2016

/dof = 10.8/11 (46%)2χ

(Run I and Run II)

a

aCDF and D0 Collaboration, Combination of
CDF and D0 results on the mass of the top quark
using up to 9.7 fb−1 at the Tevatron,
arXiv:1608.01881v1
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Top quark production at LHC

We can do better.
Pair production:qq and gg-fusion

Figure :

Top quarks pair in the Born
approximation

Table : Tevatron and LHC cross
section

Tevatron LHC
1.96 TeV 14 TeV

qq 85% 5%
gg 15% 95%
σ(pb) 7.0 pb 887 pb

Larger cross section
than Tevatron
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Top quark decays

Most of the time, the top
quark is produced in pairs tt̄.
Each quark t or t̄ decays in a
W boson and b-quark
∼ 100% of the time.
Then the topology of tt̄ events
is characterized by decay of
W-boson
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Top quark decays
♠ Then the topology of tt̄ events
is characterized by decay of W-
boson:

Fully hadronic:
Both Ws decay into two
quarks.
Boosteed hadronic:
Boosted tops have their decay
products within a large-R jet.
Dilepton channel:
Both Ws decay into a lepton
and a neutrino.
Lepton + jet :
One W decays into two quarks
and the other one into a lepton
and a neutrino.
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Fully hadronic channel
Advantages

No neutrinos, both top decay
quarks can be reconstructed.
Largest top decay channel
branching ratio ∼ 46%.

Disadvantages
6 or more (due to initial and
final state radiation) jets in
the final state
Large multi jet QCD
background → Signal/bckg
∼ 1/6.
Background composition and
modelling.
High combinatorial
background. Many ways to
combine jets to top-antitop
pair: 90 combinations
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Fully hadronic channel: Event selection

ATLAS Collaboration analysis:1

Event selection criteria

At least 5 of the reconstructed central jets (η < 2.5) with pT> 60
GeV. Additional central jets must have pT> 25 GeV.
Any pairing of jets must be separated by ∆R(ji, jk) > 0.6.
No neutrino in the event: Emiss

T < 60 GeV.
No isolated electrons with ET> 25 GeV and no isolated muon with
pT>20 GeV.
At least two of the six leading transverse momentum jets are
tagged as coming from b quarks.
Highest two b-weight jets must satisfy ∆φ(bi, bj) > 1.5.
W candidate and associated b jets must satisfy ∆φ(b,W)< 2.

1ATLAS Coll.,Top-quark mass measurement in the all-hadronic tt̄ decay channel at
√

s= 8 TeV
with the ATLAS detector, submittedJHEP,arXiv:1702.07546v1
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Fully hadronic channel: variables

In each event the tt̄ final state is
reconstructed using all the jets
from the all-hadronic tt̄ decay

chain:tt̄→ bWbW → b1j1j2b2j3j4

jets are sensitive to QCD
modelling, R parameters....
difficult objects.
The mtop measurement is
obtained from template fits
to the distribution of the
top ratio of three-jet to
dijet masses:

R3/2 = mjjj/mjj

a partial cancellation of
systematic effects common
to mtop and associated mW

boson, e.g.the significant
uncertainty on the Jet
Energy Scale (JES).
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Fully hadronic channel

R3/2 = mjjj/mjj

The three-jet mass is obtained from the three jets assigned to the
top quark decay.
From the selected three jets the dijet mass is obtained using the
two jets assigned to the W boson decay.
The jet assignment is accomplished by using a χ2 fit to the tt̄
system, so there are two values of R3/2 measured in each. event.
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Fully hadronic channel : tt̄reconstruction

tt̄ event reconstruction:
tt̄→ bWbW → b1j1j2b2j3j4
To determine the mass a minimum χ2 approach is adopted:

χ2 =
(mb1j1j2 − mb2j3j4)2

σ2
∆mbjj

+
(mj1j2 − MMC

W )2

σ2
MMC

W

+
(mj3j4 − MMC

W )2

σ2
MMC

W

Two of the reconstructed jets are associated with the bottom-type
quarks produced directly from the top quark and antitop quark
decays (b1 and b2), the other four jets are assumed to be
u/d/c/s-quark jets from the W boson hadronic decay.
All possible permutations of the six or more reconstructed jets
in each event.
The permutation resulting in the lowest χ2 value is kept, assumed
consistent tt̄ hypothesis.
First term minimization tt̄, second and third Ws.
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Fully hadronic channel : background estimation
Only leading order theory
calculations for final states
with up to six partons.
=⇒ dominant multi-jet
background determined
directly from the data
(Data driven method)
4 control regions
The background is
determined in the control
regions and extrapolated to
the signal region.
2 uncorrelated variables:
Nbtag , number of b-tag
jets,< ∆φ(b,W ) > average
of the 2 angular
separations.

4 control region
A,B,C,(background) D

(signal).
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Fully hadronic channel: background estimation

The estimated background in a given bin i of R3/2 for signal region D
(SR)(NSR D

background) :

NSR D
background,i =

(
NSR C

background

NSR A
background

)
·NSR B

background,i

c©
The background in a given bin i of the R3/2 spectrum of control

region CR B (NSR B
background,i) is estimated after subtraction of the

signal contamination and after scaling by the ratio of the number
events in control regions C (NSR C

background) and A (NSR A
background),

also after signal removal.
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Fully hadronic channel: top quark mass determination
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Figure : mjjj for top candidates

For

each tt̄ event two R3/2 are obtained, one for each top-quark
measurement. Dividing :

R3/2 = mjjj/mjj
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Fully hadronic channel: top quark mass determination
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Figure : R3/2 before χ2 applied

Figure : R3/2 before χ2 applied

Largest uncertainties due to jet
energy scale and hadronisation.
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Fully hadronic channel: Template

R3/2 = mjjj/mjjis a
powerful magentatop quark

mass estimator.
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Figure : Template distributions

Create templates for
simulated signal and
modelled background.
Use multi-jet background
derived from data (mt

independent)
Obtain an mt dependent
representation of template.
The top mass is obtained
by fit R3/2 distribution.
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Fully hadronic channel: Template

jj/mjjj = m3/2R
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ATLAS Top mass from full hadronic channel

From 20.2 fb−1 of data at
√

s8 = TeVATLAS determined from
all-hadronic decay channel of tt̄ pairs:

mtop = 173.72± 0.55(stat)± 1.01(sys) GeV

 [GeV]topm
160 165 170 175 180 185 190

1

21

 0.64±     174.34 
(arXiv:1407.2682)Tevatron Comb.  Jul. 2014 

 0.76±     173.34 
(arXiv:1403.4427)World Comb.  Mar. 2014 

 0.70±     172.84 
Phys. Lett. B761 (2016) 350ATLAS Comb. June 2016 

 

-1 =4.6 fbintL

JHEP 10 (2015) 121+1-jet) t(tσ   2.1     
 2.3 ±173.7   

-1 =4.6-20.3 fbintL

Eur. Phys. J. C74 (2014) 3109) dilepton t(tσ   2.6     
 2.5 ±172.9   

-1 =35 pb
int

CONF-2011-054, L
 ) l+jets t(tσ   7.3     

 7.8 ±166.4   

 

-1 = 20.2 fbintL
arXiv:1702.07546all jets   1.0   )± (  0.6                              1.2  ±173.7   

-1 = 20.2 fbintL

Phys. Lett. B761 (2016) 350 dilepton →   0.7   )± (  0.4                              0.8  ±173.0   

-1 = 4.7 fbintL

Eur. Phys. J. C75 (2015) 330 dilepton →   1.3   )± (  0.5                              1.4  ±173.8   

-1 = 4.7 fbintL

Eur. Phys. J. C75 (2015) 330 l+jets →   1.0   )±  0.7      ±  0.2 ± (  0.2     1.3  ±172.3   

-1 =20.3 fbintL
CONF-2014-055single top*   2.0   )± (  0.7                              2.1  ±172.2   

-1 = 4.6 fbintL

Eur. Phys. J. C75 (2015) 158all jets   1.2   )± (  1.4                              1.8  ±175.1   

-1 = 2.05 fbintL
CONF-2012-030all jets*   3.8   )± (  2.1                              4.3  ±174.9   

-1 = 1.04 fbintL

Eur. Phys. J. C72 (2012) 2046l+jets   2.3   )±  0.4              ± (  0.6     2.4  ±174.5   

-1 = 35 pbintL
CONF-2011-033l+jets*   4.9   )± (  4.0                              6.3  ±169.3   

 

-1 - 20.3 fb-1 = 35 pb
int

 summary - May 2017, Ltopm

 syst.)± bJSF ± JSF ±    tot.    (stat. ±      top    m

σ 1 ±World Comb. 
stat. uncertainty

 bJSF uncertainty⊕ JSF ⊕stat. 
total uncertainty

Input to ATLAS comb.→Preliminary, *

ATLAS Preliminary
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ATLAS + CMS: Top mass from full hadronic channel

 [GeV]topm
165 170 175 180 185

ATLAS+CMS Preliminary  = 7-8 TeVs summary, topmLHCtop WG

shown below the line
(*) Superseded by results

May 2017

World Comb. Mar 2014, [7]

 0.67) GeV± 0.76 (0.36 ± = 173.34 topm

stat
total uncertainty total  stat

 syst)± total (stat ± topm        Ref.s

ATLAS, l+jets (*) 7 TeV  [1] 1.35)± 1.55 (0.75 ±172.31 

ATLAS, dilepton (*) 7 TeV  [2] 1.50)± 1.63 (0.64 ±173.09 

CMS, l+jets 7 TeV  [3] 0.97)± 1.06 (0.43 ±173.49 

CMS, dilepton 7 TeV  [4] 1.46)± 1.52 (0.43 ±172.50 

CMS, all jets 7 TeV  [5] 1.23)± 1.41 (0.69 ±173.49 

LHC comb. (Sep 2013) 7 TeV  [6] 0.88)± 0.95 (0.35 ±173.29 
World comb. (Mar 2014) 1.96-7 TeV  [7] 0.67)± 0.76 (0.36 ±173.34 

ATLAS, l+jets 7 TeV  [8] 1.02)± 1.27 (0.75 ±172.33 

ATLAS, dilepton 7 TeV  [8] 1.30)± 1.41 (0.54 ±173.79 

ATLAS, all jets 7 TeV  [9] 1.2)± 1.8 (1.4 ±175.1 

ATLAS, single top 8 TeV  [10] 2.0)± 2.1 (0.7 ±172.2 

ATLAS, dilepton 8 TeV  [11] 0.74)± 0.85 (0.41 ±172.99 

ATLAS, all jets 8 TeV  [12] 1.01)± 1.15 (0.55 ±173.72 

)
l+jets, dil.
June 2016(ATLAS comb.  7+8 TeV  [11] 0.61)± 0.70 (0.34 ±172.84 

CMS, l+jets 8 TeV  [13] 0.48)± 0.51 (0.16 ±172.35 

CMS, dilepton 8 TeV  [13] 1.22)± 1.23 (0.19 ±172.82 

CMS, all jets 8 TeV  [13] 0.59)± 0.64 (0.25 ±172.32 

CMS, single top 8 TeV  [14] 0.95)± 1.22 (0.77 ±172.95 

CMS comb. (Sep 2015) 7+8 TeV  [13] 0.47)± 0.48 (0.13 ±172.44 
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[4] Eur.Phys.J.C72 (2012) 2202

[5] Eur.Phys.J.C74 (2014) 2758
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[7] arXiv:1403.4427
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[13] Phys.Rev.D93 (2016) 072004
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Boosted hadronic channel

When the top quark is produced with a very high momentum ,
its decay products are collimated, affecting the reconstruction
efficiency of each individual decay product(boosted regime).

A boosted topology study can complement a resolved analysis by
recovering events otherwise mis-reconstructed,
Additional advantages: reduction of the combinatorial
background due to less final state objects.
Property of boosted object decays: the decay products appear
collimated in the momentum direction of the boosted mother
particle in the rest frame of the detector. −→ the decay products
merge into a single large radius (large-R) jet with a characteristic
substructure
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Jet mass in boosted tt̄ events(CMS)

CMS analysis:
Boosted top-quark became
collimated → reconstructed
one large-R jet.
It needs a special jet
treatment.
Select highly boosted
tt̄→ (bjj)b`ν

2

2CMS Coll.,Measurement of the jet mass in highly boosted tt̄ events from pp collisions at at
√

s=
8 TeV, EPJ C 77,7,467,arXiv:1703.06330v2
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Jet mass in boosted tt̄ events(CMS)

Measaurement strategy:
tt̄→ (bjj)b`ν

A boosted leptonic top quark decay, where the lepton is close in
∆R to the bjet.
An additional high-pT jet is selected, which is assumed to
originate from the hadronic top quark decay
A veto on additional jets is employed which ensures that the
hadronic decay is merged into a single jet
An event selection on reconstruction level objects is carried out
ensuring high efficiency for events in the fiducial region.
Finally, the mjet distribution is unfolded for experimental effects
and compared to different predictions on particle level.
A measurement of the normalised mjet distribution is performed as
well
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Jet mass in boosted tt̄ events(CMS)

Event selection:
tt̄→ (bjj)b`ν

Channel ` + jets channels.
Only one electron or muon pT> 45 GeVand |η|< 2.1.
At least one jet with pT> 400 GeV in |η|< 2.5 originate from the
t→Wb→ qq̄′b decay, merged into a single jet.
A second jet with pT > 150 GeV from the fragmented b quark of
the leptonic decay leg.
A veto on additional jets with pT > 150GeV .
The distance between the lepton and the second jet ∆R<1.2 .
This, together with the veto on additional jets, ensures that the
top quarks were produced back- to-back in the azimuthal angle φ.
The invariant mass of the leading jet and leptonhas to be greater
than the invariant mass of the combination of the second jet and
the lepton. This improves the choice of the leading jet to originate
from the fully hadronic top quark decay.
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Jet mass in boosted tt̄ events(CMS)

Results:
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At left the normalised 3 particle-level tt̄ differential cross section in
the fiducial region as a function of the leading-jet mass. The
measurement is compared to predictions from MadGraph+PYTHIA for
three values of mt

3is obtained by dividing the differential cross sections by the total cross section in the mjet range from
140 to 350 GeV,same range.
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Jet mass in boosted tt̄ events(CMS): top quark mass
derivation

mtop = 170.8 ± 6.00(stat) ± 2.8(sys) ± 4.6(model) ±
4.0(theo) GeV
mtop = 170.8± 9.00 GeV

Precision not comparable with other methods.

S. Gentile (Sapienza) ELEMENTARY PARTICLE PHYSICS December 7, 2017 34 / 66



Lepton + jets channel

tt̄→ (Wb)(Wb)→ (`νb)(qq̄b)

One of the channels with the
most precise measurements.
Still requires template fit
modelling.
The presence of neutrino
implies not all decay
products are
reconstructed.
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µ + jets channel
CMS analysis :
tt̄→ (Wb)(Wb)→ (µνb)(qq̄b)

Exactly one µ with pT> 25
GeVand |η|< 2.1

At least 4 jets with pT> 30
GeVand |η|< 2.4. The response
and the resolution of the jets is
corrected to match the data
Exactly two b-jets among
the among the four leading
ones.

tt̄ events, the parton-jet assignments: correct permutations (cp), wrong
permutations (wp), and unmatched permutations (un), where, at least
one quark from the tt̄ decay is not unambiguously matched with a
distance of ∆R< 0.3 in the η−φ space to any of the four selected jets. 4

4CMS Coll.,Measurement of the top quark mass with muon+jets final states in pp collisions at√
s=13 TeV,CMS PAS TO-16-022
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µ + jets channel

W

Figure : Invariant mass mreco
W of

the two untagged jets .black

top

Figure : The invariant mass mreco
t

the two untagged jets and one
of the b-tagged jets after the b
tagging requirement
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µ + jets channel: fit

The compatibility of an event with the tt̄ hypothesis and to
improve the resolution of the reconstructed quantities, a
kinematic fit is applied to the events. Inputs for each event:

four-momenta of the lepton.
four-momenta of the four leading jets.

the missing transverse momentum, ~pmiss
T

with their resolution.
Constrains:The fit constrains these to the hypothesis of the

production of two heavy particles of equal mass, each one decaying to a
W boson with its invariant mass constrained to 80.4 GeV and a b quark:

m(t→ `νb) = m(t̄→ qq̄b̄)

m(`ν) = MW

m(qq̄) = MW
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µ + jets channel: after fit
W

Figure : The reconstructed W
boson masses mreco

W

top

Figure : the fitted top quark mfit
t

after the goodness-of-fit selection
and the weighting by
goodness-of-fit probability for the
kinematic fit

The remaining background consists mostly of single top quark events
(3.0%), while W+jets, Z+jets, and QCD multijet contributions are
found to be negligible
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µ + jets channel: Ideogram fit

Jet energy scale (JES) and and top quark mass are derived with a
joint likelihood fit.
mreco

W before it is constrained by the kinematic fit, as an estimator
for measuring in situ a JSF(jet energy scale factor).
The distributions of mfit

t and mreco
W are obtained from simulation

for five different mt and five different JSF values.
From these distributions, probability density functions Pj are
derived separately for the different permutation cases j: cp, wp, un
These functions depend on mt and JSF and are labeled
Pj(m

fit
t |mt, JSF) and Pj(m

reco
W , JSF) respectively for the ith

permutation of an event in the final likelihood.
The most likely mt and JSF values are obtained by maximizing
−2ln[L(mt, JSF|sample)].
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µ + jets channel: Ideogram fit

[L(mt, JSF|sample) =

P (JSF) ·∏N
i=events

(∑n
i=1 Pgof(i)

(∑
j fjPj(m

fit
t |mt, JSF)×

Pj(m
reco
W , JSF)

))wevent

n denotes the number of permutations in each event, j labels the
permutation cases,fj relative fraction.
Pgof Probability of goodness of fit.
wevent,reduce the impact of events without correct permutations,
where c is a normalization constant.
P(JSF) is chosen to reflect the knowledge on the jet scale factor
from the CMS.
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µ + jets channel: Mass quark top

The top mass and JSF are measured simultaeously.

Figure : The
likelihood(−2∆log(L))measured
for the muon+jets final state.The
ellipses correspond to contours of
−2∆log(L) = (1,4, 9) allowing the
construction one (two, three) σ
statistical intervals of mtop.

mtop = 172.62± 0.38(stat + JSF)± 0.70(stat + JSF) GeV

JSF = 0.998± 0.003(stat + JSF) 0.010(stat + JSF)
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dilepton channel

tt̄→ (Wb)(Wb)→ (`νb)(`νb)

One of the channels withthe
most precise measurements,
Doesn’t require require
template fit modelling.
The presence of neutrino
implies not all decay
products are
reconstructed.
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dilepton channel
tt̄→ (W+b)(W−b̄)→ (`+νb)(`−ν̄b̄)

`` = ee, eµ, µµ (including τ → eµ)
Preselection

Electron ET>25 GeVand |η| <2.47, transition region barrel-endcap
excluded
Muon pT>25 GeV|η| <2.5
Isolation criteria to reduce the contamination by leptons from
heavy-flavour decays inside jets or from photon conversions (non
prompt lepton,NP).
Jets pT>25 GeV|η| <2.5.
The identification of jets containing b-hadrons, b-tagging
Exactly two oppositely charged leptons are required
Same-lepton-flavour channels, ee and µµ,Emiss

T > 60
GeV,m`` > 15 GeV, out of Z mass within 10 GeV

5
5ATLAS Coll.,Measurement of the top quark mass in the tt̄→dilepton channel from

√
s=8 TeV

ATLAS data, Physics Letters B 761 (2016) 350,arXiv:1606.02179
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dilepton channel

tt̄→ (W+b)(W−b̄)→ (`+νb)(`−ν̄b̄)

`` = ee, eµ, µµ (including τ → eµ)
Preselection (cont)

eµ channel scalar sum of pT of the two selected leptons and all jets
> 130 GeV.
At least two jets with pT> 25 GeV and |η| < 2.5.
At least one of these jets has to be b-tagged.

Assuming a top quark mass of mt = 172.5 GeV, the predicted number
of events is consistent with the one observed in the data within
uncertainties.
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dilepton channel
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After preselection
The smallest uncertainty in
mt is obtained for:
=⇒ pT`b > 120 GeV
(1st) additional selection criterion

+
30 GeV <mreco

`b < 170 GeV
(2nd) additional selection criterion

Applying both restrictions, the matching efficiency and the sample
purity are much improved. Using this selection, and the objects
assigned to the two lepton-b-jet pairs, the kinematic distributions in
the data are well described by the predictions.
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dilepton channel
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After final selection
the objects assigned to the two
lepton-b-jet pairs, the kinematic
distributions in the data are well
described by the predictions.
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dilepton channel: template fit

Kinematics are
under-constrained due to the
presences of neutrinos.
The templates are simulated
distributions of mreco

`b ,
constructed for a number of
discrete values of mt.
The resulting template fit
function has mt as the only
free parameter. A sum of
Gaussian and a Landau
function gives a good
description of shape mreco

`b .
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Figure : Simulated signal templates
with statistical uncertainties
(histograms) for different values of mt

together with the template fits
(curves).
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dilepton channel: template fit

An unbinned likelihood
maximisation gives the value of
mt that best describes the
data.
A Gaussian distribution and a
Landau function gives a good
description of the shape of the
mreco

`b .
The background distribution is
independent of mt, and a
Landau function is fitted to it.
The sum of the signal template
at mt = 172.5 GeV and the
background is compared to
data .
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Figure : The mreco
`b distribution

observed in data with statistical
uncertainties in comparison to the
prediction. The background
contributions are too small to be
distinguished

S. Gentile (Sapienza) ELEMENTARY PARTICLE PHYSICS December 7, 2017 49 / 66



dilepton channel: template fit

The expected statistical
precision as well as all
systematic uncertainties are
obtained from 1000
pseudo-experiments generated
per mass point from MC
simulated samples mimicking
ATLAS data.
The expected statistical
uncertainty is obtained from
the distribution of the
statistical uncertainty in the
fitted mt of the
pseudo-experiments. Value
obtained mt = 172.99± 0.41
(stat) GeV.
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Figure : The mreco
`b distribution is

shown for data with statistical
uncertainties together with the fitted
probability density functions for the
background alone (barely visible at the
bottom of the figure) and for the sum
of signal and background. The
uncertainty band corresponds to the
total uncertainty in mt
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dilepton channel: Final results
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Figure : The logarithm of the likelihood corresponding to the fit in previous
figure as a function of mt.

The statistical uncertainty in mt is mt = 172.99± 0.41 (stat) GeV

mtop = 172.99± 0.41(stat)± 0.74(sys) GeV
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ATLAS + CMS: Top mass from full hadronic channel

 [GeV]topm
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ATLAS+CMS Preliminary  = 7-8 TeVs summary, topmLHCtop WG

shown below the line
(*) Superseded by results

May 2017

World Comb. Mar 2014, [7]

 0.67) GeV± 0.76 (0.36 ± = 173.34 topm

stat
total uncertainty total  stat

 syst)± total (stat ± topm        Ref.s

ATLAS, l+jets (*) 7 TeV  [1] 1.35)± 1.55 (0.75 ±172.31 

ATLAS, dilepton (*) 7 TeV  [2] 1.50)± 1.63 (0.64 ±173.09 

CMS, l+jets 7 TeV  [3] 0.97)± 1.06 (0.43 ±173.49 

CMS, dilepton 7 TeV  [4] 1.46)± 1.52 (0.43 ±172.50 

CMS, all jets 7 TeV  [5] 1.23)± 1.41 (0.69 ±173.49 

LHC comb. (Sep 2013) 7 TeV  [6] 0.88)± 0.95 (0.35 ±173.29 
World comb. (Mar 2014) 1.96-7 TeV  [7] 0.67)± 0.76 (0.36 ±173.34 

ATLAS, l+jets 7 TeV  [8] 1.02)± 1.27 (0.75 ±172.33 

ATLAS, dilepton 7 TeV  [8] 1.30)± 1.41 (0.54 ±173.79 

ATLAS, all jets 7 TeV  [9] 1.2)± 1.8 (1.4 ±175.1 

ATLAS, single top 8 TeV  [10] 2.0)± 2.1 (0.7 ±172.2 

ATLAS, dilepton 8 TeV  [11] 0.74)± 0.85 (0.41 ±172.99 

ATLAS, all jets 8 TeV  [12] 1.01)± 1.15 (0.55 ±173.72 

)
l+jets, dil.
June 2016(ATLAS comb.  7+8 TeV  [11] 0.61)± 0.70 (0.34 ±172.84 

CMS, l+jets 8 TeV  [13] 0.48)± 0.51 (0.16 ±172.35 

CMS, dilepton 8 TeV  [13] 1.22)± 1.23 (0.19 ±172.82 

CMS, all jets 8 TeV  [13] 0.59)± 0.64 (0.25 ±172.32 

CMS, single top 8 TeV  [14] 0.95)± 1.22 (0.77 ±172.95 

CMS comb. (Sep 2015) 7+8 TeV  [13] 0.47)± 0.48 (0.13 ±172.44 
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Single top production

Processes involving single top quarks provide direct probes of
electroweak interactions:

Important tests of the SM predictions → excellent opportunities
for searching for New Physics(NP).
Matrix element |Vtb| can be determined from measured cross
sections.
measurement of b-PDF
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Single top production

t- and s-channels, specific to pp collisions, is the difference between
production cross sections of single t and t̄ that results from a
difference in parton distribution functions (PDF) of incident up
and down quarks involved in the hard scattering. The ratio of t
over t̄ production cross sections in the t-channel (R(t/t̄ )) is
therefore sensitive to the PDFof the up- and down-type quarks
in the proton.
Sensitivity of (R(t/t̄ )) to physics beyond the SM manifesting as
anomalous couplings in the Wtb vertex.
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b
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Single top production teoretica prediction

NKidonakis, NLO+NNLL calculations:

6

6N Kidonakis.Differential and total cross sections for top pair and single top production.
arXiv:1205.3453v1; t-channel:PRD 83(2001) 091503, s-channel PRD 81 (2010) 054028, tW-channel PRD
82(2010) 054018
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single top production: t-channel

Golden t-channel
Has the largest cross section.
has the largest S/B.
Discovered at Tevatron 2009
Observed at LHC 2011

An example of signal with
leptons, Missing Transverse
Energy (MET), b-tag & jets.
Good agreement with SM
prediction. Leading
systematics:Parton
shower,b-tagging efficiency.
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single top production: t-channel

The CMS results on t-channel cross section of single top-quark σ 7.

σ(t− ch., t) = 154± 8(stat)± 9(exp)± 19(theo)± 4(lumi)pb

= 154± 22pb,

σ(t− ch., t) = 85± 10(stat)± 4(exp)± 11(theo)± 2(lumi)pb

= 85± 16pb,

σ(t− ch., t+ t̄) = 238± 13(stat)± 12(exp)± 26(theo)± 5(lumi)pb

= 238± 32pb

R(t/t̄) = 1.81± 0.18(stat)± 0.15(syst)

7ATLAS Coll., Fiducial, total and differential cross-section measurements of t-channel single
top-quark production in pp collisions at 8 TeV using data collected by the ATLAS detector,Eur.
Phys. J. C 77 (2017) 531,arXiv:1702.02859
ATLAS Coll.,Measurement of the inclusive cross-sections of single top-quark and top-antiquark
t-channel production in pp collisions at

√
s = 13 TeV with the ATLAS

detector,JHEP04(2017)086,arXiv:1609.03920
CMS Coll.Cross section measurement of t-channel single top quark production in pp collisions at t√
s = 13 TeV,Submitted to Phys. Let. B,arXiv:1610.00678
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single top production: t-channel

 (TeV)s
2 4 6 8 10 12 14

-c
ha

nn
el

 to
ta

l c
ro

ss
 s

ec
tio

n 
(p

b)
t

1

10

210

 )-1 9.7 fb≤Tevatron 1.96 TeV (L 
Phys. Rev. Lett. 115 (2015) 152003

 )-1CMS 7 TeV (L = 1.17/1.56 fb
JHEP 12 (2012) 035

 )-1CMS 8 TeV (L = 19.7 fb
JHEP 06 (2014) 090

 )-1CMS 13 TeV (L = 2.2 fb

CMS

 PDF)⊕ (scale ±NLO+NNLL QCD 

Kidonakis, Phys. Rev. D 83 (2011) 091503 

  

   

Figure : The summary of the most
precise CMS measurements for the
total t-channel single top quark cross
section, in comparison with
NLO+NNLL QCD calculations. The
combination of the Tevatron
measurements [56] is also shown.
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Vtb

Matrix element |Vtb|can be determined from measured cross
section.

The presence of a Wtb vertex allows for an interpretation of the
cross section measurement in terms of the parameters
regulating the strength of this coupling, most notably the
CKM matrix element |Vtb|.
The presence of anomalous couplings at theWtb vertex can
produce anomalous form factors, with parameter F , that would
modify the interaction strength.
Assuming |Vtd|, |V tts| � |Vtb|,
Considering top-quark decay branching fraction into Wb,B ' 1:

|F × Vtb| =

√
σt−ch,t+t̄

σth
t−ch,t+t̄

that several scenarios beyond the SM predict a deviation
of the measured value of F from 1.
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Vtb at 13 TeV

|F × Vtb| = 1.07± 0.01(stat)± 0.09(sys)± 0.02(theo)± 0.01(lumi) =

= 1.07± 0.09 ATLAS
|F × Vtb| = 1.05± 0.07(exp)± 0.02(theo) CMS

can be directly compared with:
|Vtb| = 1.009± 0.031 PDG2016

Summary of all top LHC mesurements can found in LHCTopWG
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single top production: s-channel

Challenging channel Measurements
have been performed for s-channel:
CMS

σ7TeV
s = 7.1± 8.1(stat+ syst)pb

σ8TeV
s = 13.4± 7.3(stat+ syst)pb

ATLAS

σ8TeV
s = 4.8± 0.8(stat) +1.6

−1.3 (syst)pb

s-channel at 7-8 TeV
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Figure : Comparison of data
with simulation for
distributions of the BDT
discriminants in the 2-jets
2-tags,

Limited by stat., signal
and tt̄ modelling

8
8ATLAS Coll., Evidence for single top-quark production in the s-channel in proton-proton collisions at√

(s) = 8 TeV with the ATLAS detector using the Matrix Element Method,Phys. Lett. B (2016)
228-246,arXiv:1511.05980
CMS Coll., Search for s channel single top quark production in pp collisions at

√
(s) = 7 and 8 TeV,JHEP

09 (2016) 027,arXiv:1603.02555
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single top production: tW-channel at
√

s= 8 TeV
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aATLAS Coll. ,Measurement of the production cross-section of a single top quark in
association with a W boson at 8 TeV with the ATLAS experiment,
JHEP01(2016)064,arXiv:1510.03752
CMS Coll.Observation of the Associated Production of a Single Top Quark and a W
Boson in pp Collisions at
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s= 8??TeV,
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single top production: tW-channel at
√

s= 8 TeV
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single top production: tW-channel at
√

s= 13 TeV

ATLAS performed as well preliminary measurement at
√

s 13 TeV.
Using 2 separate BDT, trained in two signal region 1jet1 b-jet and
2j1b-jet. 9

σtW = 94.0± 10(stat)+28
−22(sys)± 2(lumi)pb(ATLAS)
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9ATLAS Coll. ,Measurement of the cross-section for producing a W boson in association with a

single top quark in pp collisions at s?=13TeV with ATLAS,
JHEP01(2016)064,arXiv:1612.07231
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single top production: Summary of cross section
measurements
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