
Physics in Top Quark decays 
   the decay of the top quark in the Standard Model and beyond 
   using b-tagging to study the decay tWb 

1.   measuring the branching ratio 
2.   using BR(tWb) as a constraint to measure the b-tagging efficiency 

   obtaining Jet Energy Scale corrections from mass constraints 
   resonances in the top quark pair mass spectrum 
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The Top Quark in the Standard Model 
  In the Standard Model the quarks obtain their mass via EW symmetry breaking 

LY  =  Σ yij
D DR

i Φ† QL
j   +   Σ yij

U UR
i Φ† QL

j    +  h.c. 

  where Φ is a doublet under SU(2) and has hypercharge ½  
  when Φ† = ( 0 v ) these interactions give masses to the quarks as mq=yqv 
  collecting all the mass terms leads to the CKM matrix, a unitary matrix that  
    couples top and W to all the down, strange and bottom quarks : A(t→Wq) ∝Vtq 
  we can study the Standard Model production of top quarks or top quark pairs 

ij ij 

  ’Theorists at work’ : replace this structure with something else … 
  most of the times with more fields 
  the top quark couples most strongly to the EW symmetry breaking sector 

  The large mass leads to a large top quark width (Γt ~ 1.5 GeV) 
  the top quark lifetime is shorter than the typical hadronization time (ΛQCD

-1) 
  within the SM = 4 x 10-25 s  < τhadr. ~ 28 x 10-25 s 

  one can study the bare quark properties (no confinement) 
  the weak interactions are strong and the strong interactions are weak… 
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The decay of the top quark 

TOP 

BOTTOM 

W 

L 

ν


PRODUCTION 
Cross section 

PROPERTIES 
Mass (matter vs. anti-matter) 
Charge 
Life-time and width 
Spin  

DECAY 
Charged Higgs 
W helicity 
Anomalous couplings 
CKM matrix elements 
Calibration sample !! 

kinematic fit (mW) 

jets 
b-tagging 

trigger 

missing energy 

The LHC data will extend the Tevatron precision reach and allow new topics. 
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Tevatron knowledge 

 First measurements achieved at the Tevatron (only a selection!) 

Parameter CDF D0 

mass (comb) 173.1±0.6±1.1 GeV 

width < 13.1 GeV 

lifetime cτtop<52.2 µm 

charge excl. -4/3 @ 87% excl. -4/3 @ 92% 

BR(tWb)/
BR(tWq) 

> 0.61 > 0.79 

F0 0.66±0.16±0.05 0.49±0.11±0.09 

F+ < 0.27 0.11±0.06±0.05 

95% CL 

D0 : m(top) – m(anti-top) = 3.8 ± 3.7 GeV 
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How to define the Top Quark mass? 
eg. arXiv:0906.5273v2 

 What is the real theoretical uncertainty (or error even) on mtop? 
 Which kind of top quark mass do we measure, examples: 

 Pole mass (mt
pole): Breit-Wigner pole 

 1S mass scheme (mt
1S): threshold mass eg. in e+e-ttbar 

 MS-bar mass (mt
MS(µ)): preferred by theorists 

 Theoretical differences can be large… 

 A calculation from the Tevatron cross section resulted in a 8 GeV 
difference between the pole mass and the running top quark mass 
(MS-bar). 

Numbers obtained from the measured 
Tevatron cross section σ=8.18pb, 
uncertainties are experimental. 
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Decay of top quark pairs 

Many new measurements possible 
in the decay of top quark pairs 

Spin-correlations 
Resonances Xtt 
Fourth generation t’ 
New physics (SUSY) 
Flavour physics (FCNC) 
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Tevatron knowledge 

Eg. of first measurements achieved at the 
Tevatron, precision to reach with the LHC data 

Spin correlations strength 
K = -0.17 +0.65-0.53 (D0) 
K =  0.32 +0.55-0.78 (CDF) 

excl mZ’<820 GeV (D0) 
excl mZ’<805 GeV (CDF)  

BR(tZq) < 3.7% @ 95% CL (CDF) 

mt’ > 311GeV @ 95% CL (CDF) 

AFB = 0.19±0.07±0.02 (CDF) 
AFB = 0.12±0.08±0.01 (D0) 
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The decay of the top quark 

 Also new phenomena can be hidden in the top decay… 
 Flavour changing processes in the Standard Model 

 There can be new physics in |Vtb|, eg. charged Higgs tH+b or an 
extended quark flavour section (4th generation)… 

 Direct constraints via 

arXiv:hep-ph/0607115v2 

b-tagging!! 
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B-tagging in CMS 

 B-tagging tools make use of the Tracking devices to search in a jet for 
displaced vertices, soft (low pT) leptons and/or tracks not originating 
from the primary collision vertex 

CMS PAS BTV-09-001 

One should not forget to include quality cuts on the tracks to consider in the jet 

Example b-tagger (track counting): 
Jet is b-tagged if at least N tracks have a 
impact parameter significance above S. 

BR(bµX)~20% 

Example of  observables used: 
•  Impact parameter and its 

significance 
•  Decay lengths 
•  Presence of secondary vertex 
•  Vertex mass 
•  Number of tracks at vertex 
•  Ratio of je energy to energy 

associated to secondary vertex 
•  Presence of soft-leptons  
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B-tagging in CMS 

 The performance of these different b-taggers is quantified as a typical 
hypothesis test.  

B-tag variable 

B-tag variable 

Signal 
(H0) 

Background 
(H1) 

jets from  
b-quarks 

jets from  
uds-quarks or 

gluons 

cut (= “working point”) 

error  
type 1 

error  
type 2 

Error of type-1: rejecting a real b-quark jet 
Error of type-2: accepting a non b-quark jet 

  or 
εb = b-tagging efficiency = # Selsign / total # b-quark jets 
εnon-b = Mis-tagging efficiency = # Selbck / total # non-b-quark jets 

Selsign 

Selbck 

Track counting variable 

example cut 

b-quarks 
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B-tagging in CMS 

Track counting variable 

example cut 

b-quarks 

εb=55% 

εnon-b=1% 

 An example (track counting variable) 

 These efficiencies depend on the η-value and pT-value of the jet 
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B-tagging in CMS 

 Comparing all methods (all b-tag discriminators/variables) 

Direction of 
better variables 

•  The better algorithm is the most 
complex one to master, namely 
the “Combined Secondary 
Vertex” variable. 

•  At 60% efficiency the non-b-
quark efficiency of mis-tag 
efficiency can vary between 
0.4% and 3%. 

•  Soft-lepton taggers can only 
reach efficiencies up to ~20% 
because of the branching ratio of 
b-quarks into these leptons. 
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Effect of mis-alignment on b-tagging 

 The true performance of the b-tagging algorithms will depend on how 
good we can align the Tracker modules in our detector 

 Steep improvement in performance from start to 100/pb 

CMS PAS BTV-07-003 

udsg 
c 

1% 

10% 
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Effect of mis-alignment on b-tagging 

 Decrease in performance depends of course on the b-tagger used 

 “Simple secondary vertex” variable most robust (eg. 10/pb) 

udsg 
c 
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Measuring the top’s branching ratios 

  Important to test the |Vtb|~1 of the Standard Model 
  (remember Tevatron gives |Vtb| = 1.0 ± 0.1 … personal poor mans combination    

     as an illustration of the current precision from direct measurements) 
 Likelihood fit of the b-tag multiplicity spectra with a function depending 

on R, b-tagging efficiency εb and mis-tag efficiency εnon-b 

CMS PAS TOP-09-007 
CMS PAS TOP-09-001 

Example with di-lepton events 

1.  Choose a b-tagging algorithm and a 
working point 

2.  If the discriminator value is above a 
certain threshold then we consider 
the jet to be tagged 

3.  Count the number of tagged jets per 
event  
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Measuring the top’s branching ratios 

 Fit function uses the probability Pk of observing k b-tags in an event 

 The probability functions Pk are parametrized by α, εb, εq and R 
 The probability α that a jet from a top decay is reconstructed and 

selected is evaluated from data 

 The top quark pairs decay to 2 b-jets 
 Expect 2 b-tags in the event from: 

P(tWb;tWb) ~ R2 εb
2 

+ P(tWb;tWq) ~ 2 R (1-R) εb εq 
+ P(tWq;tWq) ~ (1-R)2 εq

2 

  In general the probability to observe k 
b-tags in the events is: 

Pk = R2 Pk(bb) + 2R(1-R) Pk(bq) + (1-R)2 Pk(qq) 
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Measuring the top’s branching ratios 

 Probability that 2, 1 or 0 b-jets are reconstructed and selected 

 Obtained from the tail of the mlepton,jet spectrum ( wrong b-jets in tail) 



J.D’Hondt                                       
Vrije Universiteit Brussel 

Physics in Top Quark decays                                        
21-27 of October 2009 19 

Measuring the top’s branching ratios 

Results for 
250/pb @ 10TeV 

Three parameters are involved and are correlated 

A total uncertainty of 9% can be reached on R. 
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Measuring the top’s branching ratios 

 Always check the bias of your 
method (what you put in, is what 
you should get out)… 

 Also check that your estimator 
has a linear behaviour with 
respect to the input parameter 
value to measure 

 This is to be done with simulated 
events 
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… also from single-top events 

Each channel sensitive to different signals 

•  heavy W’  → s-channel 
•  FCNC  → t-channel 
•  H±   → Wt-channel 

Also directly related to |Vtb| to percent level 
(s-channel preferred, t-channel dominated 
by PDF scale uncertainties of ~10%) 

CMS PAS TOP-09-005 
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Using the constraint BR(tWb)=1 

 We can do the inverse: assume |Vtb|=1 and obtain the b-tag efficiency 
CMS Note 2006/013 
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Using the constraint BR(tWb)=1 
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Using the constraint BR(tWb)=1 

@ 14 TeV 
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Jet corrections from top events 

 Also here we can do the inverse: assume the top quark mass as 
measured by Tevatron experiments and obtain Jet Energy Corrections 

•  Reconstruct the W boson mass in 
the tWb decay (with Wqq) and 
measure the shift. 

•  Transform this into a shift on the 
energy scale of the individual jets. 

•  Statistical precision of <1% can be 
obtained, but at this precision the 
delicate systematic effects are 
important… 

•  More clever: event-by-event rather 
than one distribution over all events. 
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Jet corrections from top events 

 More advanced, perform an event-by-event kinematic fit on tWb 
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Jet corrections from top events 
CMS PAS TOP-07-004 
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Jet corrections from top events 
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Jet corrections from top events 

@ 14 TeV 
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The decay of the top quark (BSM) 

 Also new phenomena can be hidden in the top pair decay… 
 Effects in the top quark pair mass spectrum 

 Lots of theory work needed to control this distribution 
 Also lots of experimental work needed to reconstruct this distribution! 

arXiv:0712.2355v3 
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The decay of the top quark (BSM) 

 Several new models predict resonances in this spectrum 
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The decay of the top quark (BSM) 

 Boson-phobic scalar (left) and pseudo-scalar (right) 



J.D’Hondt                                       
Vrije Universiteit Brussel 

Physics in Top Quark decays                                        
21-27 of October 2009 33 

The decay of the top quark (BSM) 
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The decay of the top quark (BSM) 

gravitons 
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Top quark pair resonances 

 When reconstructing the full event one can obtain the mass of the top-
antitop system and search for resonances Xtt 

 Trigger on non-isolated muons not to loose the boosted signal… 

CMS PAS TOP-09-009 

SM ttbar Z’ttbar 
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Top quark pair resonances 

 The jets from the top quark decays in the event are chosen via a χ2 
minimization on the top quark and W boson mass (kinematic fit) 

 The resonance mass is measured as the Gaussian fitted average 

 The jet resolution is relatively improving with ~35% by use of the 
kinematic fit 
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Top quark pair resonances 

 The improvement from the kinematic fit visual… 

 The kinematic fit reduces the bias on the measured mttbar and 
improves the overall resolution 

500GeV 
1000GeV 
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Top quark pair resonances 

 The new physics is visible above the Standard Model background 

100/pb @ 10TeV 

For illustration purpose the Z’ttbar cross section is set equal to the 
Standard Model ttbar cross section 
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Top quark pair resonances 

 Reconstructing and identifying boosted top quarks is not easy 
CMS PAS JME-09-001 

How to identify the decay tWbqqb 
in this collimated top? 

 Now we have the “super-jet” which should reflect the top quark 

 Reverse the clustering sequence, by throwing out clusters which are 
soft (less then 5% of the “super-jets” pT) and this to find sub-jets in 
the “super-jet” 

Reconstruct a “super-jet” with 
the Cambridge-Aachen 
clustering algo with R=0.8 in 
the algorithm’s metric 

            dij=ΔRij
2/R2 
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Top quark pair resonances 

 Selection window on “top quark” and “W boson” mass 

eg. Z’ decay to top pairs 
eg. QCD bck (generic) 
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Top quark pair resonances 

 Resulting top-tagging efficiency reaches ~50% for pT>700GeV/c 

 Mis-tag rate can be controlled via data-driven methods. 

98% rejection of non-top jets with pT=600GeV/c 
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General searches with top events 
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 Several differential distributions can go beyond 
testing the Standard Model and are sensitive to 
new physics 

 We need to understand the SM part of the 
distribution before we start looking in the part 
sensitive to new physics 

  Including the systematic effects... 

 Examples:  
  HT, MET, pT

top,  pT
ttbar, 

pT
lept, mll, mT(l+MET), 

topo. variables, ... 

 Need to increase the 
activity and ideas in this 
direction 
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General searches with top events 
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at 30fb-1 a pptt cross section of 
1pb becomes visible as a 5σ effect 

on the ratio R 

  Di-lepton top quark pairs have a clear topology 
  2 b-jet and 2 isolated leptons with a different charge, selected with a large S/N 
  exploit the performance of the lepton isolation criteria (CMS Note 2006/024) 

  Motivation for this search 
  FCNC (in SM suppressed,  
    Z’ bosons in Topcolor assisted  
    Technicolor (TC2)) 
  from top- and techni-pion in TC2 models 
  in MSSM from for example gluino pairs 

  Variable to be measured is R = N++,- - / N+- 

  ratio of events with a pair of leptons with 
   same and different electric charge 
  most of the systematics cancel in the ratio 

CMS Note  
2006/065 
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Not covered… 
 Many important analyses are not well covered today within CMS, hence 

consider this as a shopping list for newcomers! 

1.  W polarization (using the cosθ* distribution) 
2.  Spin correlations between the top and anti-top quark 
3.  Mass difference between top and anti-top 
4.  The electric charge of the top quark 
5.  Fourth generation quarks (t’) 
6.  The fully hadronic channel 
7.  Using matrix element tools rather than a kinematic 

fit 
8.  Forward-Backward charge asymmetry 
9.  Top quark width 
10.   … 

 All of these topics cover reconstruction issues, Standard Model issues 
and can search for new physics phenomena… hence an excellent topic 
for a small group of students and senior people! 

 Most of these analyses are documented at the Tevatron or ATLAS… 
Physics in Top Quark decays                                        

21-27 of October 2009 
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Putting the pieces together… 

 The first measurements at the Tevatron 
do not reach the precision to discover 
new phenomena, the LHC data will open 
a new window on this heaviest quark 

 An important ground for understanding 
the physics and reconstruction tools in 
hadron collisions 

 Top Quark physics is the key topic for 
the Tevatron and will be the key physics 
topic for 2-10TeV LHC collisions 

 An understanding on the full process, 
from production over properties to 
decays, has still to arise 

Tevatron 

LHC 
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Some important publicity… 

TOP2010 Conference

30th of May – 5th of June 2010	



Brugge, Belgium	


CP3 - IIHE 
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