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Δσ/σ= ± 5% ⇔ Δm/m= ± 1% ≲ 2 GeV, comparable to Δmdirect



Example: CDF

mtop = 178.3 +10.1
−8.0 (exp) +4.0

−5.8 (Theory) GeV

CDF, “Cross-section constrained top quark mass measurement from dilepton events at the Tevatron”, 
Phys.Rev.Lett.100:062005,2008. 



Where do we stand



recent progress at NLO
• σ(tt):

• Approx. NNLO: Moch and Uwer, arXiv/08041476

• Scale-dep, Coulomb and all powers of logβt at 2-loops
• NLL resum, update: Cacciari, Frixione, Mangano, Nason, Ridolfi, arXiv/08042800
• Kidonakis, Vogt, arXiv/0805.3844

• Spin correlations at NLO

• NLO corrections to σ(tt+jet)

• EW effects in σ(tt)

For a recent review, see also: Bernreuther, arXiv/08051333



Moch&Uwer vs Cacciari et al: LHC

σ = 918 −9(1.0%)
−39(4.2%) (scales) +30(3.3%)

−30(3.3%) (PDFs) pb

σ = 908 +82(9.0%)
−85(9.3%) (scales) +30(3.3%)

−29(3.2%) (PDFs) pb

M&U

C&al

CTEQ6.5 

σ = 969 −13(1.3%)
−39(4.0%) (scales) +11(1.1%)

−11(1.1%) (PDFs) pb

σ = 961 +89(9.2%)
−91(9.4%) (scales) +11(1.1%)

−12(1.2%) (PDFs) pb

M&U

C&al

MRSTW-06

•Central values within 1%
•PDF uncertainty results agree, and confirm that δPDF is 

underestimated
•NNLL scale uncertainty smaller than NLL?

mtop = 171 GeV



Moch&Uwer vs Cacciari et al: TeV

mtop = 171 GeV

M&U

C&al

CTEQ6.5 

M&U

C&al

MRSTW-06

σ = 7.93 +0.06(1.0%)
−0.28(3.5%) (scales) +0.44(5.5%)

−0.45(5.5%) (PDFs) pb

σ = 7.61 +0.38(5.1%)
−0.80(10.9%) (scales) +0.49(6.6%)

−0.34(4.6%) (PDFs) pb

σ = 8.23 +0.08(1.0%)
−0.33(4.0%) (scales) +0.21(2.6%)

−0.23(2.8%) (PDFs) pb

σ = 7.93 +0.34(4.3%)
−0.56(7.1%) (scales) +0.24(3.1%)

−0.20(2.5%) (PDFs) pb .



Scale dependence

Moch and Uwer, arXiv/08041476

Scale dependence criteria:

Moch and Uwer: 
μR = μF   = μ  μ0 /2 < μ  < 2 μ0 μ0 = mtop

Cacciari et al.
μR ≠ μF   1 /2 < μF / μR < 2 μ0 = mtopμ0 /2 < μR,F  < 2 μ0



... on the other hand ...

Δ0 Δ1 Δ2

Δ2 = ΔNLO ~ 12%
Δ1 = ΔNLL [A=2, μR = μF ]  ~ 7%

Bonciani et al 1998

Δ0 = ΔNLL [A=0, μR = μF ]  ~ 2% “Aggressive” NLL scale uncertainty
“Conservative” NLL scale uncertainty



NLL resummation

parameter  A:
•A~1/N
•Vanishing 1st moment
•Non-log terms at order αs4 and higher



A and μR≠μF systematics at NLL

A=2 
μR ≠ μF   1 /2 < μF / μR < 2 μ0 = mtopμ0 /2 < μR,F  < 2 μ0

σ = 908 +82(9.0%)
−85(9.3%) (scales) pb

A=0
μR ≠ μF   1 /2 < μF / μR < 2 μ0 = mtopμ0 /2 < μR,F  < 2 μ0

σ = 945 +95(10%)
−85(9.0%) (scales) pb

A=0
μR = μF   μ0 /2 < μ  < 2 μ0 μ0 = mtop

(Cacciari et al default scale dependence)

σ = 945 +19(2%)
−7(0.7%) (scales) pb



PDF Uncertainties

LHC

tt production, smaller 
uncertainty at the LHC!

±40%

±4%

√s√s 400

400

Tevatron



PDF Uncertainties

m=171 gg qq tot

σTeV(pb) 1.1 6.3 7.3

% 15% 85%

σLHC(pb) 804 84 898

% 90% 9%

δPDF ~ %[σgg ] x 40%  ⊕  %[σqq ] x 4% ~ ± 7%

Tevatron

LHC

δPDF ~ %[σgg ] x 4%  ⊕  %[σqq ] x 4% ~ ± 4%



PDF Uncertainties

σ = 908 +82(9.0%)
−85(9.3%) (scales) +30(3.3%)

−29(3.2%) (PDFs) pbCTEQ6.5 

σ = 961 +89(9.2%)
−91(9.4%) (scales) +11(1.1%)

−12(1.2%) (PDFs) pb

 MRST–CTEQ = 53 ± 33 pb

CTEQ6.5 σ = 7.61 +0.38(5.1%)
−0.80(10.9%) (scales) +0.49(6.6%)

−0.34(4.6%) (PDFs) pb

σ = 7.93 +0.34(4.3%)
−0.56(7.1%) (scales) +0.24(3.1%)

−0.20(2.5%) (PDFs) pb .

 MRST–CTEQ = 0.32 ± 0.45 pb

Tevatron

MRSTW-06

MRSTW-06

LHC



Tevatron results

172.5 GeV



❍:
σtt(Npdf)/σjet(Npdf)

σtt(6M)/σjet(6M)
- 1

X:
σtt(Npdf)

σtt(6M)
- 1

Npdf in the CTEQ6M set

σjet= rate of events with 
ETjet>175 GeV

A correlation exists, but it is not perfect. Likely due to the fact that 
the initial state is not precisely the same:

σgg(tt) : σqg(tt) : σqq(tt) = 90% : 1% : 10%

σgg(jet) : σqg(jet) : σqq(jet) = 45% : 45% : 10%

Exploiting PDF correlations?

Looking for PDF correlations with the inclusive jet sample:



Mass-dept parameterization

σ(mt) = A + B(mt − 171) + C(mt − 171)2 + D(mt − 171)3

Cacciari et al, arXiv/0804:2800



LHC at 10 TeV

414 pb at 10 TeV

σ = 908 +82(9.0%)
−85(9.3%) (scales) +30(3.3%)

−29(3.2%) (PDFs) pb



The future:
Full NNLO

See presentation by Czakon, 
hvq parallel session, 
Tue@16:30



NNLO building blocks

• Real-emission diagrams, squared: 

• tt gg, ttqg, ttqq (gs8  = gs4 x gs4)

• 1-loop, O(ε, ε2):

• tt @ 1-loop, squared (gs8  = gs(2+2) x gs (2+2))

• 1-loop + real emission diagrams:

• ttg+ttq at 1-loop, interference with tree-level 
ttg+ttq (gs8  = gs(3+2) x gs3)

• 2-loop

• tt at 2-loops, interference with tree-level tt 
(gs8  = gs(2+4) x gs2)



1-loop, O(ε, ε2)

NLO

NNLO

gs4 gs2 

gs4 gs4 

A(–2)/ε2 + A(–1)/ε +A(0)

A(–2)/ε2 + A(–1)/ε +A(0) + A(1) ε + A(2)ε2 



Real-emission, 1-loop

gs5 gs3 



2-loop

Czakon, arXiv/0803.1400 

qq/gg->QQ at 2-loops, analytic, √S>>mQ

qq->QQ at 2-loops, numerical, mQ≠0,

gs6 gs2 

gg->QQ at 2-loops, numerical, mQ≠0,
Czakon, in progress



Conclusions

• The LHC will challenge QCD in the determination 
of σ(tt)

• Estimates of the intrinsic theoretical accuracy vary 
from 2% (NLL or approx NNLO, μR = μF, A=0) to 
9% (NLL, μR ≠ μF, A=2)

• PDF uncertainty likely underestimated

• Current impressive progress towards full NNLO, 
but still some way from physical cross-sections


