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ttbar production II
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top mass
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TeVatron combination

arXiv:1305.3929

173.20± 0.51(stat)± 0.71(sys)GeV/c2
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Fig. 1. – Scale dependence of the total cross-section at LO (blue), NLO (red) and NNLO
(black) as a function of mtop at the Tevatron (left) and the LHC 8 TeV (right). No soft
gluon resummation is included. For reference the most precise experimental measurements are
also shown.

In fig. 1 (left) we show the scale dependence of the predicted cross-section at the
Tevatron, as a function of the top quark mass. We note the significant and consistent
improvement in the theoretical precision due to inclusion of corrections at higher per-
turbative orders. We also note the agreement between the theoretical prediction (3) and
the latest Tevatron measurement [13].

Next we turn to the LHC. In fig. 1 (right) we show the scale dependence of the
predicted cross-section at the LHC 8 TeV as a function of mtop. Similarly to the case
of the Tevatron, we observe a very good perturbative convergence of the theoretical
prediction and good agreement with the available measurement [14].

In fig. 2 (left) we show the scale dependence of the predicted cross-section at the LHC
as a function of the collider energy. We note that the perturbative convergence observed
at 8 TeV is consistently present in the whole range of relevant LHC energies. Moreover,
the good agreement of the NNLO theoretical prediction with the available data persists
at all energies where data is currently available [15-17].

Next we study the impact of soft-gluon resummation on the size of the scale depen-
dence and the central value of the theoretical prediction. In fig. 2 (right) we show the
scale dependence of the predicted cross-section at the LHC 8 TeV for a number of cases
with different fixed order and logarithmic accuracy: LO, NLO, NLO+LL, NLO+NLL,
NLO+NNLL, NNLO, NNLO+LL, NNLO+NLL and NNLO+NNLL. In all cases we fol-
low the resummation procedure of Ref. [18]. We set the constant A = 0 (introduced in
Ref. [19]), mtop = 173.3 GeV and set the accuracy of the pdf according to the accuracy
of the fixed order result.

We observe that the excellent convergence of the perturbative expansion is preserved
after the inclusion of soft gluon resummation. In particular, the feature that resummation
shifts the fixed order cross-section up by about 2-3% is consistently present at NLO and
NNLO and does not seem to significantly depend on the logarithmic accuracy of the

(3) Recall that only the scale dependence is shown. The full theoretical uncertainty is, roughly,
about twice as large as the scale dependence.

8.7fb�1

�mt = 1GeV ! ��LHCb = 3%

http://arxiv.org/abs/1305.3892
http://arxiv.org/abs/1305.3892
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Completion of inclusive NNLO calculation arXiv:1303.6254
M. Czakon, P. Fielder, A. Mitov

FURTHER EXPLORATION OF TOP PAIR HADROPRODUCTION AT NNLO 5
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Fig. 2. – Scale dependence of the predicted cross-section at LO, NLO and NNLO at the LHC
as a function of

√
s (left). On the right plot: detailed breakdown of scale uncertainty for LHC

8 TeV at LO, NLO and NNLO including also soft-gluon resummation at LL, NLL and NNLL.

resummation. Inclusion of resummation with logarithmic accuracy at NLL or NNLL
also noticeably decreases the scale dependence of the theoretical prediction, as expected.
The absolute size of the resulting reduction in scale dependence is also at the 2% level.

An alternative way of assessing the impact of soft-gluon resummation is shown in
fig. 3 (which updates fig. 1 of Ref. [18] by including the exact NNLO result). Plotted
is the relative error of the cross-section at the LHC as a function of the collider energy.
We consider a broad range of energies, starting from slightly above the tt̄ production
threshold and going up to 45 TeV which is far above threshold. In all cases we observe
that the inclusion of soft gluon resummation extends the validity of the perturbative
prediction closer to threshold. For large collider energies the enhanced tt̄ threshold
contribution gets reduced and, indeed, we observe that the resummed and unresummed
predictions converge to each other in this case. We also notice that the difference between
NLL and NNLL is small and is more pronounced when added on top of the NLO result
(as anticipated). Finally we note that the inclusion of soft-gluon resummation on top
of the NNLO result makes the relative scale uncertainty practically independent of the
collider energy, except of course for the immediate threshold region which, a posteriori,
is another justification for the use of soft-gluon resummation.

5. – Application to searches for physics beyond the Standard Model

In addition to being a powerful tool for testing the Standard Model, the high precision
of the total inclusive tt̄ production cross-section presents an opportunity for devising new
strategies for searches of physics beyond the Standard Model. A first exploration of the
improvements in BSM searches arising from NNLO top data was presented in Ref. [9],
where it was shown that the use of top quark data in a NNLO global PDF fit leads to
an improved determination of the poorly known large-x gluon PDF. This improvement
then translates into more accurate predictions for BSM heavy particle production and
for the large mass tail of the Mtt distribution, the latter used in searches of new heavy
resonances which decay into top quarks.

While the above examples illustrate the indirect improvement in BSM searches due
to top quark data, high-precision top production can also impact BSM studies directly,

��LHCb(NLO) +13.9%
�14.2%
+4.0%
�6.4%
+2.6%
�3.4%

NNLO
NNLO+NNLL

Vary ren./factorisation

arXiv:1305.3892 M. Czakon et al.
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summary of uncertainties

12

Order PDF σ(pb) δscale (pb) δPDF (pb) δαs (pb) δmt (pb) δtotal (pb)

NNL(O/L) 172.5 +4.6
−6.0

(+2.7%)
(−3.5%)

+8.0
−6.5

(+4.6%)
(−3.8%)

+3.7
−3.7

(+2.2%)
(−2.2%)

+8.0
−7.7

(+4.6%)
(−4.4%)

+16.5
−16.7

(+9.5%)
(−9.7%)

NLO CT10 148.3 +17.7
−19.2

(+11.9%)
(−12.9%)

+6.6
−6.1

(+4.4%)
(−4.2%)

+1.9
−1.9

(+1.3%)
(−1.3%)

+6.6
−6.4

(+4.6%)
(−4.4%)

+27.2
−28.2

(+18.4%)
(−19.0%)

LHCb 19.9 +2.6
−2.7

(+13.3%)
(−13.7%)

+1.4
−1.1

(+6.9%)
(−5.5%)

+0.3
−0.3

(+1.7%)
(−1.7%)

+0.9
−0.9

(+4.8%)
(−4.8%)

+4.4
−4.2

(+21.9%)
(−21.2%)

NNL(O/L) 177.2 +4.8
−4.2

(+2.7%)
(−2.3%)

+4.0
−6.4

(+2.3%)
(−3.6%)

+3.0
−3.0

(+1.7%)
(−1.7%)

+8.1
−7.8

(+4.6%)
(−4.4%)

+14.3
−14.7

(+8.1%)
(−8.3%)

NLO HERA 136.1 +15.6
−16.3

(+11.5%)
(−12.0%)

+3.9
−3.4

(+2.9%)
(−2.5%)

+1.4
−1.4

(+1.0%)
(−1.0%)

+6.3
−6.1

(+4.6%)
(−4.5%)

+23.1
−23.4

(+17.0%)
(−17.2%)

LHCb 16.9 +2.1
−2.0

(+12.3%)
(−12.0%)

+0.5
−0.3

(+2.9%)
(−1.6%)

+0.2
−0.2

(+1.2%)
(−1.2%)

+0.8
−0.8

(+4.9%)
(−4.8%)

+3.1
−2.9

(+18.1%)
(−17.2%)

NNL(O/L) 172.0 +4.4
−5.8

(+2.6%)
(−3.4%)

+4.7
−4.7

(+2.7%)
(−2.7%)

+2.9
−2.9

(+1.7%)
(−1.7%)

+8.0
−7.7

(+4.6%)
(−4.4%)

+14.1
−15.2

(+8.2%)
(−8.9%)

NLO MSTW 158.4 +19.6
−21.2

(+12.4%)
(−13.4%)

+4.0
−5.5

(+2.6%)
(−3.5%)

+2.1
−2.1

(+1.3%)
(−1.3%)

+7.0
−6.9

(+4.6%)
(−4.4%)

+27.9
−30.3

(+17.6%)
(−19.1%)

LHCb 20.8 +2.9
−2.9

(+13.9%)
(−14.2%)

+0.7
−0.9

(+3.2%)
(−4.2%)

+0.3
−0.3

(+1.5%)
(−1.5%)

+1.0
−1.0

(+4.8%)
(−4.8%)

+4.1
−4.3

(+19.9%)
(−20.8%)

NNL(O/L) 172.7 +4.6
−6.0

(+2.7%)
(−3.5%)

+5.2
−5.2

(+3.0%)
(−3.0%)

+2.7
−2.7

(+1.6%)
(−1.6%)

+8.0
−7.8

(+4.6%)
(−4.5%)

+14.5
−15.8

(+8.4%)
(−9.1%)

NLO NNPDF 158.6 +19.3
−20.5

(+12.2%)
(−12.9%)

+4.0
−4.0

(+2.5%)
(−2.5%)

+2.4
−2.4

(+1.5%)
(−1.5%)

+7.1
−7.0

(+4.6%)
(−4.5%)

+27.8
−28.9

(+17.5%)
(−18.2%)

LHCb 20.2 +2.8
−2.7

(+14.0%)
(−13.3%)

+0.7
−0.7

(+3.3%)
(−3.3%)

+0.4
−0.4

(+1.8%)
(−1.8%)

+1.0
−0.9

(+4.9%)
(−4.8%)

+4.1
−3.9

(+20.2%)
(−19.4%)

Table 1. Summary of inclusive and differential LHCb cross-section and associated theoretical
uncertainties at 7 TeV, as described in the text.

PDF δratioscale δratioPDF δratioαs
δratiomt

δratiototal

CT10 +1.12
−1.06

+1.57
−1.31

+1.31
−1.31

+1.04
−1.09

+1.19
−1.12

HERA +1.07
−1.00

+1.00
−0.64

+1.20
−1.20

+1.07
−1.07

+1.06
−1.00

MSTW +1.12
−1.06

+1.23
−1.20

+1.15
−1.15

+1.04
−1.09

+1.13
−1.09

NNPDF +1.15
−1.03

+1.32
−1.32

+1.20
−1.20

+1.07
−1.07

+1.15
−1.07

Table 2. Ratio of relative uncertainties at 7 TeV between LHCb/NLO.

uncertainties between inclusive and LHCb measurements is still present at NNLO. This

can be seen by comparing the relative uncertainty on the gluon PDF as function of x for

both CT10 NLO and NNLO sets for δPDF (left) and δαs (right) as shown in Fig. 4.

3 LHCb analysis at 7, 14 TeV

This section aims to provide an estimate of the potential statistical precision of a cross-

section measurement achievable with the current 7 TeV data (
∫
Ldt = 1fb−1) as well as

the projected 14 TeV data sample after 1 year of running (
∫
Ldt = 5fb−1). As pointed out

in Ref. [1], top quarks can be identified through their decay t → (W → µνµ)b, where the

muon and the b are registered by the detector. Indeed, in the full tt̄ decay it is also possible

to reconstruct a b,µ along with W decay products or b′ quarks which do not come from the

same parent top - as demonstrated in Ref. [21]. In the following analysis we will consider

– 6 –
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potential precision 7 TeV
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potential precision 14 TeV
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Expected number of events?

Consider muon + b-jet final state

POWHEG(NLO)->pythia8
anti-kt R = 0.5 jets
ST, tch = t-channel single top

Kinematic cuts:

Isolation:

Efficiencies:

µ pT > 20 GeV

b�jet pT > 60 GeV
µ, b�jet ⌘ 2 [2.0� 4.5]

�R(µ, jet) > 0.5

b mis-tag = 1%
b efficiency = 70%

muon efficiency = 75%
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Actually an under-estimate!!
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• 1 year of 13/14 TeV - no longer stat. limited

• A cross-section measurement can strongly 
constrain the high-x gluon PDF

• Necessary ingredients:

• Wjets measurement

• high pT b-jet tagger trained vs light jets

• all background modelling NLO+

• differential NNLO ttbar
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datasets at higher centre of mass energies. The dilepton channel is interesting as it is the
best way of probing a pair of top quarks in one event and would allow a measurement
of Ac. In this case, the minimum pT requirements in the dilepton channel are 7, 10 GeV
for electrons and muons respectively. The looser cuts in this channel reflect that the
QCD background for producing opposite flavour, charged leptons is small. The electron
cut is looser than that of the muon as calorimetry resolution for electrons is generally
poorer. Requiring the presence a soft b-jet (pT > 20 GeV) can greatly reduce electro-
weak backgrounds.

2.1 Production cross section

The tt̄ signal is simulated using POWHEG [10–13], including 7-point scale variation for
CT10wnlo [14], MSTW2008nlo68cl [15], NNPDF22 [16] central PDF sets, and then
matched to Pythia8 [17]. The 7-point scale variation of factorisation (µF ) and renor-
malisation (µR) takes the reference points obtained by varying independently µF and µR

such that,
1

2
<

µF ·mt

µR ·mt
< 2. (9)

This is an approximate method of evaluating the potential uncertainty arising from ne-
glected higher-order corrections. The resulting tt cross sections in the pseudorapidity
range 2 < η < 4.5 relevant to LHCb are summarised in Table 1. The total uncertainty of
≈ 20% corresponds to ≈ 14% (scale) +8% (PDF) +10% (shower, tagging). The majority
of the PDF uncertainty reflects the difference in predictions of the gluon PDF at high x
for the different sampled central PDF sets. The shower and tagging uncertainty arises
from re-seeding the showering process whilst varying colour reconnection parameters and
the shower scale, as well as an effect coming from smearing in the full decay. The higher
multiplicity and dilepton channels have no considerable event yield until

√
s = 14 TeV

centre of mass energies.

dσ(fb) 7 TeV 8 TeV 14 TeV
lb 285 ± 52 504 ± 94 4366 ± 663
lbj 97 ± 21 198 ± 35 2335 ± 323
lbb 32 ± 6 65 ± 12 870 ± 116
lbbj 10 ± 2 26 ± 4 487 ± 76
l+l− 44 ± 9 79 ± 15 635 ± 109
l+l−b 19 ± 4 39 ± 8 417 ± 79

Table 1: Summary of tt̄ differential cross section channels within the LHCb acceptance (2
< η < 4.5) for

√
s = 7, 8, 14 TeV LHC centre of mass energies. The quoted uncertainty

accounts for variation of scale, PDF and the shower modelling uncertainty, as described
in the text.

4

ttbar cross-sections for various final states.
uncertainty is combined scale, PDF and showering contributions
Same cuts as slide 13, sub-leading/non b-jets pT > 20 GeV
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Cplanar =
1

16N2
c

(f2
abc + d2abc) C

crossed

=
1

16N2
c

(�f2
abc

+ d2
abc

)

f2
abc = (N2

c � 1)Nc

d2abc = (N2
c � 1)(N2

c � 4)/Nc

d2abc = Tr[{T a, T b}T c]2

where I used,
• comes from colour!

• effect is 

• diluted by symmetric gg

O(↵3
s)

1. J.H.Kuhn, G. Rodrigo, arXiv:hep-ph/9807420 [hep-ph] 
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