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Physics  Program 
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Large HadronCollider

Lecture 7

Physics with 

top quarks
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Latest news!!!

 Very successful 
commissioning of heavy ion 
set-up followed by very quick 
step up in the intensity

 After 6 days maximum 
number of colliding bunches 
reached (121 x 121 bunches)

 Up to 1.75b-1 reached last 
morning 

 LHCC open presentation by all 
experiments TODAY!! 

4-jet event

Z→ee event
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A brief history of the top quark
 1971: three quark generations first hypothesized by Kobayashi 

and Masakawa
 1977: Isospin partner needed for anomaly cancellations after b-

quark discovery 

 1983: PETRA determines I3b with Afb measurements

 1984: UA1 “discovery” (mt = 40+- 10 GeV with 12 events 
observed and 3.5 expected, then retracted

 1987: B mixing measurements imply a large top mas.

 1992: LEP determines I3b = -1/2

 1988-1993: increasing lower limits on top mass by CDF and D0

 1994: first evidence by CDF, mt=174+-12 GeV

 1995: Observation of top pairs by CDF & D0
 2008:  Observation of single top by CDF and D0
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A brief history of 
top quark



Lectures on LHC physics  Elzbieta Richter­Was 5

The top quark
 Needed in theory as 

isospin partner of b-quark
 Properties well defined by 

the Standard Model
 Unknown – top quark 

mass
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The top quark

 The heaviest fundamental 
particle with unique properties
 Large coupling to Higgs boson 

(~1)
 Important role in electroweak 

symmetry breaking?
 Short lifetime: decays before 

fragmenting 

The most probable place for new physics to show up?
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Top quark decays
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Top quark properties
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Top quark pair production
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Top quark pairs at Tevatron
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Top quark properties 
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A challenge at Tevatron
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Experimental 
challenges

 Only jets can be measured
 Clear mapping between 

reconstructed objects and 
partons

 Jet energy scale calibration 
to particle level
 dominant uncertainty

 In-situ calibration using 
hadronic W mass
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Finding top quarks: jet 
algorithms
 Projection to jets should be resilient to QCD effects
 The algorithm should behave in similar manner (as 

much as possible) at the parton, particle and 
detector levels
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(Legacy) cone algorithms

 The cone algorithm is (was) 
most often used in hadron-
hadron colliders
 Perhaps most intuitive
 Draw a cone radius R in  space 
 Non-trivial where we start the cone:

 use seeds to build towers
 combine seed towers with other 

towers within a radius R
 re-calculate jet centroid using new 

list of towers.... inside cone
 lather, rinse, iterate until a stable 

solution is found

 You may end up with 
overlapping cones; 
split-and-merge 
procedure
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KT recombination algorithms
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Finding top quarks: b-tagging
 Powerful tool to suppress 

backgrounds
 Utilizes

 Long live time 

   of B-hadrons
 Semileptonic B decays
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General methods
 More sophisticated methods are 

used as the experimental 
challenge increases
 Small S/B, signal, background 

kinematically similar, higher 
precision

 Simple vs multivariate techniques
 A simple kinematic variable can be 

calculated by theorists while NN 
distribution cannot 

 Multivariate technique exploit 
correlations between variables 
 Need to understand if the Monte 

Carlo models correlations 
correctly



Lectures on LHC physics  Elzbieta Richter­Was 19

Templates/likelihood example



Lectures on LHC physics  Elzbieta Richter­Was 20

Neural networks
 Uses correlations between inputs in order to decide 

if event looks signal like or background like
 Trained on Monte carlo kinematic distributions
 Thoroughly validated in actual data
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Cross-section measurement
 The most precise result come from 

CDF when they normalise cross-
section to the yield of Z bosons in 
the same dataset – this gets rid of 
most of the 5.6%  luminosity 
uncertaintity.

 Data selection is loose, no b-
tagging

 QCD and W+jets backgrounds are 
derived by a fit to the missing Et 
distribution. 

 Result systematic dominated by jet 
energy scale and to modeling 
( 2.5-3%), 2% from Z theory, 1% 
from Q2 scale in W+jets
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Top pair cross-section
measurement from D0

 Single lepton channel
 Using kinematics, no b-tagging
 Boosted decision trees (BDT), 6 

classes of events
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Cross-section measurement
 It is now “less hot” subject at Tevatron

 Still very precise check on perturbative QCD NLO 
calculations; new production mechanisms, new decay 
modes. Exp. precision better than theoretical predictions

 Interest nowdays driven by top being background to other 
searches (eg. SUSY, 4-th gen, Higgs,...)
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Forward-backward asymmetry 
in top-pair production
 A recent “hot topic”: do t+ get 

produced preferentially in proton 
direction?

 AT LO QCD the answer is no, at NLO 
few percent asymmetry is predicted 
in SM.
 Larger asymmetries could be the 

effect of Z'→ tt in production
 Smaller asymmetries  could 

indicate New Physics 
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Top mass
 Top is the quark whose mass is best 

     known:  O(0.67%) and decreasing.

 Do we need to know this mass better?
 From SM perspective the answer is NO, 

    not for constraining the mass of the Higgs boson
 Precision on the other SM parameters still significantly 

driven bymt

 As far as EW parameters, both in the SM and in the MSSM 
a sub-GeV mt knowledge makes a big difference.

 In SUSY (and almost any other BSM model ) mH is free, and 
tightly connected to mt via loops:

  mt=1GeV ↔ mH= 1 GeV
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Top mass
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Future precision on 
the top mass
 Tevatron:

 CDF alone will 
reach precision 
below 1 GeV

 With D0 
combination, likely 
get to 600 MeV

 A true legacy, will be 
hard to surpass at 
LHC
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Electroweak top production 
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Single top production
 Contrary to top pair production, single 

tops are not produced via strong force, 
but by the weak force.

 There are three distinct (interferences 
are color suppressed)  production 
mechanisms named after virtuality of 
the W boson
  t- channel 

 relative t-channel enhancement at LHC 
 also enhancement from b-quark

 s- channel 
 just like “Drell-Yan process”
 relative enhancement at Tevatron
 more sensitive to quark PDF's

 W-associated single-top production
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t-channel process

 For the t-channel process situation is complicated 
due to the initial state b-quark 

 The LO+parton shower greatly underestimate 
importance of the spectator b-quark 

 With NLO calculations, spectator b-quark 
spectrum is described only at first non-zero order 
(thus, in fact, LO) 
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t-channel process
 McatNLO and POWHEG

 Sizeable differences in shape 
and normalisation for 
spectator b-quark

 b-quark massless, low pT 
range not well described
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The two schemes

 At all orders both description should agree; 
otherwise differ by:
 evolution of logarithms in PDF's: they are 

resumed  
 available phase-space
 approximation by large logarithm
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Single top cross-section
 The resulting cross-section in good 

agreement with SM predictions
 Separate measurements in 

    s- and t-channel also extracted 

 From the same data |Vtb| = 0.88±0.07
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Comparison of methods

 Boosted decision tree 
(BDT) is also a 
multivariate technique 
with a different learning 
algorithm

 Likelihood function is a 
template analysis which 
uses many variables

 Among multivariate 
analyses there is no clear 
winner
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Top couplings

 Important to directly measure 

   top couplings
 The V-A character of the decay 

determines the W boson helicity 
fractions



Lectures on LHC Physics  E. Richter­Was 36

Extracting top couplings

 Same technique as top mass but parametrizing the 
matrix element as a function of f0 assuming f+=0 
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Measurement of f0
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LHC:  the road to the top and 
beyond
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Top production at LHC

 The LHC is a top factory

 tt LHC (7 TeV) ~ 20 tt Tevatron

 We expect 1fb-1 by the end of 2011
 We might have double the statistics 

     available at the Tevatron
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Steps towards: rediscovery

 Detector performance
 Jets
 Electrons, muons
 MET
 B-tagging

 Soft physics
 Pile-up
 Underlying event
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CMS candidate event
 Detector performance

 Jets
 Electrons, muons
 MET
 B-tagging

 Soft physics
 Pile-up
 Underlying event
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CMS analysis: lepton-hadron



Lectures on LHC Physics  E. Richter­Was 43

Top quark: CMS analysis
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Top quark: CMS analysis
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Combination of lepton flavours
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CMS analysis: lepton-lepton
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CMS: cross-section
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CMS: Published results
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ATLAS: 
public results
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Next topics

 24.11  – Hot topics:  new exclusion limits 
   1.12  – dibosons and anomalous
                couplings 
   8.12, 15.12 – Higgs  (SM)
   5.01  - Searches:    new exclusion limits
 12.01  - Higgs (MSSM)
 19.01, 26.01  - SUSY
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