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Outline

• Top

• @ Stony Brook

• @ LHC



Top 
the biggest and most expensive of  the quarks
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Quark flavors

TOP
up

down

strange

charm
bottom

• up: 0.01
• bottom: 5
• top: 175

Mass [GeV]



why is top interesting?

• Important input to constraining Higgs mass

• Large mass → couples strongly to whatever breaks EW symmetry

• Discovery tool for Higgs production at LHC via tt+Higgs

• Production characteristics sensitive to various forms of  physics beyond the 
Standard Model

• Top perhaps key in EW symmetry breaking (topcolor, radiative EW 
symmetry breaking)
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Top at Stony Brook

• In early 90’s the goal was: discovery via pair production

• After run I at Tevatron: mass > 91 GeV

• Required: calculation of  inclusive pair production cross section

• First calculation at SB by Jack Smith, Willy van Neerven et al 



Willy van Neerven 1947-2007



Top Pair Production



perturbative QCD description

dσ = α2
s(c0 + c1αs + c2α

2
s + ...)



perturbative QCD description
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perturbative QCD description

dσ = α2
s(c0 + c1αs + c2α

2
s + ...)



perturbative QCD description

︸ ︷︷ ︸
Next-to-Leading Order

dσ = α2
s(c0 + c1αs + c2α

2
s + ...)



Beyond NLO

• Top was likely so heavy that in most cases at the Tevatron, not 
much energy was left for extra radiation

• Soft gluons give large corrections → (re)sum them

• Gave additional 20% cross section → happy experimenters

• Renewed interest in resummation
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We investigate the all-order resummation of soft collinear gluon emission from initial quarks

and gluons participating in heavy quark inclusive production. A resummation formula is used to

calculate both the cross section and the inclusive transverse momentum distribution of the heavy

(anti)-quark. Results are given for a top quark in mass range 100 (1eV ~ ~ 200 (1eV to he

explored in p~experiments at the Fermilab Tcvatron.

1. Introduction

During the past few years heavy flavour production in hadronic collisions has

been exhaustively studied both theoretically and experimentally. We cite in partic-

ular the calculations of the complete first-order corrections to the dominant QCD

production channels carried out in refs. [1,21 and refs. [3—51,together with the
comparison with the experimental data for b-quark production from the UA1

collaboration [61and the CDF collaboration [7].Also the search for the top quark

has steadily increased the lower bound on its mass to 89 GeV/c
2 [81.

In perturbative QCD heavy quark—antiquark pairs are directly created in

parton—parton collisions. In lowest order of strong coupling constant as there are

two parton—parton subprocesses namely quark—antiquark annihilation

(1.1)

Correspondence to: W.L. van Ncerven, Instituut Lorentz, University of Leiden, P.O. Box 9506, 2300 RA

Leiden, The Netherlands.

0550-3213/92/$05.00 1992 — Elsevicr Science Publishers B.V. All rights reserved

Physics Letters B 321 (1994)254-258 PHYSICS LETTERS B 
North-Holland 

Top quark production cross section 

E. Laenen, 

Fermi National Accelerator Laboratory, P.O. Box 500, MS 106, Batavia, IL 60510, USA 

J. Smith  1 

Institute for Theoretical Physics, University of  Utrecht, P.O. Box 80006, 3508 TA Utrecht, The Netherlands 

and 

W. L. van Neerven 

Instituut Lorentz, University of  Leiden, P.O. Box 9506, 2300 114 Leiden, The Netherlands 

Received 18 October 1993; revised manuscript received 2 December 1993 
Editor: H. Georgi 

The production rate for top quarks at the Ferrnilab Tevatron is presented using the exact order a 3 corrected cross 
section and the resummation of the leading soft gluon corrections in all orders of perturbation theory. 

At the Tevatron, the top quark will be mainly pro- 

duced through t[  pair creation. Both top quarks will 

then decay to (W, b) pairs, and then each W can decay 

either hadronically or leptonically. It is in the channel 

where both W's decay leptonically, one to a (e, re) 

pair, the other to a (#, vz) pair, that a large part of  the 

current search effort to find the top quark is concen- 

trated. This is because the background in this chan- 

nel from W + W -  plus jets is fairly small. Using the 

known branching fractions of  the above decays, and 

taking acceptances into account, an experimental top 

production cross section is determined, which is then 

compared with a curve of  the theoretical cross section 

as a function o f  the top quark mass m. At present the 

top quark has not yet been discovered at the Tevatron, 

and thus an estimate of  the theoretical cross section 

is needed to either determine its mass or establish a 

lower limit on it. We therefore discuss the estimates 

of  this cross section here. 

There have been previous predictions of  the top 

quark cross section based on the results of  the fixed 

order a~ plus a 3 contributions in perturbative QCD 

(pQCD) [1-4] .  As with all fixed order pQCD cal- 

culations, these contain a scale (factorization scale 

= renormalization scale) which reflects the size of  

the uncalculated O(a~) and higher order terms. Al- 

though the dependence on this scale is relatively flat, 

indicating that the present result is stable under scale 

changes, the size of  the O (as 3 ) term is disturbing. This 

size is usually summarized in the so-called K-factor, 
( 1 )  . .  ( 0 )  

defined at NLO as K = (a~°~ + aoxact)/a~xac t. With 

O-e n )  xaet we denote the exact order a~n+2) contribution 

to the cross section, which implies that o'e(°xa)et stands 

for the Born contribution. Here, and throughout this 

paper, we have used recent patton distribution func- 

tions (MRSD_') #~ [5 ], choosing the DIS factoriza- 

tion scheme, and the two-loop running coupling con- 

stant (in the MS scheme) with five active flavours and 

A = 0.152 GeV. When one examines the K-factor 
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Impact

• D0 and CDF experiments used results in acceptance 
determinations for top discovery analysis

• Deeper insight into resummation since then (Sterman and 
collaborators), better calculations.

• Latest results:



Top at LHC
• Start in 2008, top quark factory (8 MegaTops/year)

• Calibrate detector

• Can rediscover top using very simple selection criteria

• Top quark physics major part of  physics program

• Precise study of  properties and behavior

• Large mass → small QCD coupling 

• Free quark

Top quark physics



Top couplings

• coupling to W bosons mixes flavors, is left-handed

• coupling to gluons vectorlike

• coupling to Z parity violating

• coupling to Higgs of  Yukawa type, strength 1

gs
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All these structures should be tested!



Single top production

• Likely visible at Tevatron, barely. Detailed scrutiny at LHC

• Measure Vtb per channel, check handedness

• Requires again good theoretical description
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Single top evidence

0.68 < |Vtb| < 1 (D0, 2007)

December’06: evidence for single top

Bayesian dudes



Status of single top production 
calculations

• Many NLO calculations, all agree

• Theoretically well-defined, precise, but with at most 1 extra parton

• General purpose Monte Carlo programs (PYTHIA, HERWIG) 
provide more realistic final states, but theoretically not precise

• Best of  both: MC@NLO  (Frixione, Webber)



Monte Carlo at NLO

• Set up calculation as Markov chain, fill histograms event by event

• Draw random events from a physics distribution, imitating Nature

• Include up to NLO exact. Beyond, use parton shower algorithms

• Very flexible, allows realistic simulation of  final states

• Experiments are adopting it  



Monte Carlo at NLO

dσ

dO
=

∫ 1

0
dx

[
IMC(O, xM (x))

α(R(x)−B Q(x))
x

+IMC(O, 1)
B + αV + αB(Q(x)− 1)

x

]

Real emission + MC parton shower

Born + virtual + MC parton shower



Single top and MC@NLO

• Included s- and t-channel production 

• First time: final state jets included

Frixione, EL, Motylinski, Webber  ‘05



top spin correlations in MC@NLO

• Top 100% polarized at moment of  production

• 100% correlation between top spin and lepton from its decay → 
could check handedness of  coupling

Frixione, EL, Motylinski, Webber  ‘06



Spin correlations in MC

Spin-density matrix

Use hit-and-miss unweighting to very efficiently include
spin correlation effects

dσNLO(e+νeb) < dσNLO(ts′)⊗ ρs′s



spin correlations in pair production



spin correlations for single top

θ

Clear correlations where expected

Visible when adding higher orders and  final state realism



Summary

• Personally, I am very grateful for all that I learned in Stony Brook

• Top quark part of  YITP history (Smith et al)

• LHC top factory, top physics expected next year


