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Outline 

•  Standard Model and Top Quark 

 

 

•  What top mass is measured (=             ) 

•  What is the relation to any mass theorists know ?  

•  Outlook and Conclusions 

-  Factorization Theorem in e+e- 
-  First rough answer 
-  Plans to go on …. toward LHC 

mPythia
t

-  A brief history 
-  Why knowing the top mass is relevant 
-  Why this is conceptually non-trivial 
-  How is the top mass determined? 
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Standard Model and Top 

2004  

red,green,blue 

Knowing QCD is essential for conducting and 
interpreting collider experiments !! 
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Hunting the Top 

Discovery:  1995  (Tevatron) 

Start of the Hunt:  1977   Discovery of the bottom quark 

Measurement of bottom quark isospin: 1984  (PETRA / TRISTAN) 

?
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Hunting the Top 

Indirect Massbounds:  

Elektroweak Quanten Corrections:  Flavor-Violating Processes:  

1995  (Tevatron) 

2009  (Tevatron) 

W W Z Z 
b 

t t 

t 
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Hunting the Higgs 

Direct search (still) unsuccessful !  

LEP-II 

Tevatron Data not yet sufficient ! 

LHC Higgs search is primary task. 
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Need for a precise Top mass 

Fit to electroweak precision observables 

2 GeV error:            change in  

known to  

Best convergence using the MS top scheme: 
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Need for a precise Top mass 

Blick in die Zukunft:  

Heinemeyer, Kraml, Porod, Weiglein 

Minimales Supersymmetrisches Standard Model 

5 Higgs Bosonen: 

Corrections known to  

Best convergence using the MS top scheme: Haber, Hempfling, 
Hoang 
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Measuring the Mass 
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Measuring the Mass 

Masse des Elektrons:  
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Measuring the Mass 

Mass of the electron:  

Quantum electro dynamics (QED) 

Larmor- and cyclotron frequency of 
electrons bound in an ion  

Beier, Häffner etal. 2002 

rest mass of the electron 

spinning 
ion 
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Measuring the Mass 

Vacuum polarisation (elektron):  

QED quantum corrections can be 
computed very well in perturbation 
theory. 

“Screening”  

hydrogen 
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Measuring the Mass 

Vacuum polarization (quarks):  

High energies: QCD can be treated 
perturbatively:  “Asymtotic Freedom” 

Low energies: QCD quantum effects are 
nonperturbative 

      “Confinement”    

Bethke 

“Anti-Screening”  
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Measuring the Mass 

Confinement:  

Stable quarks only exist within bound 
states (hadrons). 

Mesons Baryons 

Free quarks cannot be obeserved in our 
present day conditions. 

Hadronization time: 

Proton mass (0.93 GeV) arises almost 
entirely from confinement dynamics 
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Measuring the Mass 

String Breaking:  Confinement effect in particle pair production 

t 

color-neutral 
mexons 
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Measuring the Mass 

Weak decay of the top quark:  

Top quark decays before it can form 
hadrons Lifetime: 

Hadronization time: 
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Description of Jets 

q q’ 

e e 

µ 

µ 

Quark 

Jet 
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Description of Jets 

•  Parton-Shower: leading-log 
approximation 

•  Classic approximation 
•  No quantum interference 
•  Infrared regularization scheme in 

the parton showers is not  
specified. 

Monte Carlo generators  

= QCD inspired model 

Monte Carlo generators:  

Universal instrument to describe hadronic final states. 
Hadronization models are “tuned” to experimental data.  
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Description of Jets 

Monte Carlo generators:  

Universal instrument to describe hadronic final states. 

Parton- 
Shower 
(leading 
order) 

Q

Λcut

perturbative 

non-
perturbative 

Hadronization model and          are “tuned” to experimental data.  αs

tuning 
parameters 

αs

model 
parameters 

mPythia
t
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Concept of a Quark Mass 

Quantum Field Theory:  Particles:  Field-valued operators made from 
creation and annihilation operators 

Lagrangian operators constructed using 
correspondence principle 

Classic action:            is the rest mass 

classic particle poles   

No other mass concept exists at the classic level. 
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Concept of a Quark Mass 

Renormalization:  UV-divergences in quantum corrections 

Fields, couplings, masses in classic action are bare quantities that need 
to be renormalized to have (any) physical relevance 

Mass Renormalization Schemes you know:  

Pole mass:  mass = classic rest mass 

MS mass:  

+ 

(concept sick in QCD!) 

(purely formal & unphysical) 

RENORMALONS !! 

What is the Pythia top mass ? 
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Concept of a Quark Mass 

All mass schemes are related through a perturbative series. 

Lesson 1: Renormalization schemes are defined by what quantum fluctuations 
are kept in the dynamical matrix elements and by what quantum fluctuations are 
absorbed into the couplings and parameters. 

Why do we have to care? 

Different mass schemes are useful and appropriate for different applications. 

Which is the best mass for a specific application? 

Lessson 2: A good scheme choice is one that gives systematically  (not 
accidentally) good convergence. But there are almost always several alternatives 
one can use. 
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Description of Jets 

p p 
t 

t - 

W

W

b 

b - 

jet 
jet jet 

jet 

LHC:  
Principle of mass measurements:  

Identification of the top decay products 

Invariant mass distribution 

ATLAS 

mt + ∆mnon−pert.
t



LPSC - Colloquium, May 26, 2011 

Description of Jets 

p p 
t 

t - 

W

W

b 

b - 

jet 
jet jet 

jet 

LHC:  
Principle of mass measurements:  

Identification of the top decay products 

Invariant mass distribution 

ATLAS 

mt + ∆mnon−pert.
t

depends on: 
* mass definition 
* jet definition 
* Monte Carlo 
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Description of Jets 

p p 
t 

t - 

W

W

b 

b - 

jet 
jet jet 

jet 

LHC:  

Measured object does not exist a priori, but 
only through the experimental prescription 
for the measurement. Quantum effects !! 

Problem is non-trivial !  

The idea of a - by itself - well defined object 
having a well defined mass is incorrect !!    

Details and uncertainties of the parton 
shower and the hadronization models in 
den MC’s influence the measured top 
quark mass.  

Top Mass + ? Principle of mass measurements:  

Identification of the top decay products 
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Description of Jets 
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Main Methods at Tevatron 

Template Method  

Dynamics Method 
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Top Quark is Special ! 

•  Heaviest known quark  (related to SSB?) 
•  Important for quantum effects affecting many observables 
•  Very unstable, decays “before hadronization”  (                          ) 

<1%  precision !  
How shall we theorists judge 
the error ? 

What is the theoretical error ? 

What mass is it ? 
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Main Methods at Tevatron 

Template Method  

Dynamics Method 

What mass is measured?: The Pythia Mass! 

•  What is the Pythia mass parameter? 

•  It’s not the pole mass ! 

•  How reliable is the MC in the first place? 

•  How can we approach the issue? 

•  Should we be worried concerning top physics at LHC ? 
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QCD Factorization 

Collins, Soper,Sterman; Bodwin 

dσ

dq2dY
=

�

i,j

�
dx1

x1

dx2

x2
fi(x1, µ) fj(x2, µ) H

incl
ij (x1, x2, q

2
, Y, µ)

non-perturbative          
parton distribution function 

 (process independent) 

perturbative                     
hard cross section 

 (process dependent) 

Drell-Yan: pp→ �+�− + X

QCD factorization in the initial state 

(inclusive) 
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QCD Factorization 

QCD factorization in the final state 

Top Invariant Mass Distribution:  

t 

t - 

W

W

b 

b - 

jet 
jet jet 

jet 

e+e− → tt̄

We need: 

( pT � mt )
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QCD Factorization 

Fleming, Mantry, Stewart, AHH 

resonance region: 

Definition of the observable  

Double differential hemisphere mass distribution 

Phys.Rev.D77:074010,2008 
Phys.Rev.D77:114003,2008 
Phys.Lett.B660:483-493,2008 

Top Invariant Mass Distribution:  
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QCD Factorization 

SOFT 

JET 

SOFT 

JET 

JET JET SOFT 

Faktorization 
Formula 

QCD 

Soft-Collinear-
Effective-Theory 

Heavy-Quark-
Effective-Theory 

Unstable-Particle-
Effective-Theory +

Fleming, Mantry, Stewart, AHH 
Phys.Rev.D77:074010,2008 
Phys.Rev.D77:114003,2008 
Phys.Lett.B660:483-493,2008 
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QCD Factorization 

full QCD:  3 phase space regions: 

•   n-collinear:  

•   n-collinear: 

•   soft: 

Gluon collinear to the top:  
(n-collinear)  

n-jet 

gauge dependent 

gauge independent 
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QCD Factorization 

full QCD:  

•   n-collinear:  

•   n-collinear: 

•   soft: 

Gluon soft:  

3 phase space regions: 
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QCD Factorization 

mt ! ¡ t

Jet functions: 

Soft function: 
•  non-perturbative  
•  analogous to the pdf’s 
•  dependent on color charge, 

kinematics   

•  perturbative 
•  dependent on mass, width, 

color charge  

Independent of the mass ! 
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NLL Numerical Analysis 

Double differential invariant mass distribution: 

Non-perturbative effects shift the peak by +2.4 GeV 
and broaden the distribution. 
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QCD Factorization 
Fleming, Mantry, Stewart, AHH 

Mpeak = mt + Γt(αs + α2
s + . . .) +

Q

mt
Ω1 +O

�mtΛQCD

Q

�

first moment of the soft function: Ω1 =
�

d� �S(�, µ)

Phys.Rev.D77:074010,2008 

from event shape distributions 
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QCD Factorization 
Fleming, Mantry, Stewart, AHH 

Phys.Rev.D77:074010,2008 
Higher Orders & Top Mass Scheme:  

Jain, Scimemi, Stewart 
PRD77, 094008(2008)  
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NLL Numerical Analysis 

Scale-dependence of peak position 

•   Jet mass scheme: significanly better perturbative behavior. 

•   Renormalon problem of pole scheme already evident at NLL. 
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Theory Issues for                 

•  definition of jet observables 

•  initial state radiation 

•  final state radiation 

•  underlying events 

•  color reconnection & soft gluon 

interactions 

•  beam remnant 

•  parton distributions 

•  summing large logs 

•  relation to Lagrangian short 
distance mass 

Can be addressed in the 
framework of a LC. 

Requires extensions of 
LC concepts and other 
known concepts 

Hadron event shapes  

Soft function ? 

Banfi, Salam, Zanderighi 
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MC Top Mass 

Use analogies between MC set up and factorization theorem 

Final State Shower Factorization Theorem 

•  Start: at transverse momenta of 
primary partons, evolution to smaller 
scales. 

                           
•  Shower cutoff  

•  Hadronization models fixed from 
reference processes 

•  Renormalization group evolution 
from transverse momenta of primary 
partons to scales in matrix elements. 

                           
•  Subtraction in jet function that 

defines the mass scheme 

•  Soft function model extracted from 
another process with the same soft 
function 

Additional Complications: 
Initial state shower, underlying events, 
combinatorial background, etc 

Let’s assume that these aspects are 
treated correctly in the MC 
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MC Top Mass 

Conclusion (quick answer): 

Determination of the MSbar mass: 

constant of order unity 

3-loop R-evolution 
equation 

AHH,Jain, Scimemi, Stewart 

PRL 101,151602(2008)  

More systematic study needed for final answer! 
The exercise just carried out does not account for any conceptual uncertainties!  
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→  Current top mass measurements from the Tevatron refer to the top mass  

→  For a high energy Linear Collider we have a factorization theorem to do 

→  The analogy between MC generators and factorization theorem indicates 

Outlook & Conclusion  
Conclusion: 

parameter in Pythia                 .  

MC independent short-distance Lagrangian top mass measurements (jet mass)   

that the                  is a short-distance mass like the jet mass (and not the pole 
mass).  

Plans: →  “Measure” the                  in terms of the Jet mass 

→  Derivation of eventshape-like factorization theorems for Tevatron/LHC  

→  “Measure”                 for LHC-Pythia  

using thrust and other event shapes  

mPythia
t

mPythia
t mJ

t (2 GeV)

mJ
t (2 GeV)

mPythia
t

mPythia
t mJ

t (2 GeV)

mPythia
t


