
Recent progress in theoretical predictions
for top-pair phenomenology

Giuseppe Bevilacqua

RWTH Aachen

Alliance Workshop on Top Quark Physics

Wuppertal - April 7, 2011

G. Bevilacqua Alliance Workshop on Top Quark Physics 1/21



Introduction

A good theoretical understanding of top-pair production is crucial for many
analyses at Tevatron and LHC, be the top a signal (→ precise measurement
of top quark properties) or a background in New Physics searches (→ Higgs
production in VBF, SUSY...)

Top-pair phenomenology has been widely invetigated since many years with
impressive progress in several directions (NLO, NNLO, resummation...)

In this talk I will focus on a few (quite recent) selected topics which exemplify
current improvement at NLO accuracy in the description of three benchmark
processes:

• tt̄ + X

• tt̄ + 1 jet + X

• tt̄ + 2 jets + X
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I. Results in the narrow-width approximation

Factorizable NLO QCD corrections to tt̄ production with full spin correlations

↩→ Investigation of QCD-induced spin correlations in double angular distributions

Bernreuther, Brandenburg, Si and Uwer (2004)

↩→ Flexible Monte Carlo implementation, fully differential level
Melnikov and Schulze (2009)

Effects of mixed QCD-EW (NLOW) corrections to tt̄ production
Bernreuther, Fücker and Si (2005-2008)

↩→ Study of observables for top-spin induced correlations; charge asymmetries

for top quark and charged leptons at NLOW
Bernreuther and Si (2010)

QCD-induced spin correlations are visible at Tevatron and LHC. Weak
interaction contributes up to several percent in certain kinematical regions
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Impact of NLO QCD corrections to top quark production and decay
(pp(pp̄) → tt̄ → ℓ+νℓ−ν̄bb̄)

Melnikov and Schulze, 0907.3090 [hep-ph]
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FIG. 1: Various kinematic distributions for leptonic final states in tt̄ production at the Tevatron.

We show transverse momentum (a) and rapidity (b) distributions of the positively charged lepton

as well as the distribution in the invariant mass of a lepton and a b-jet (c). The distribution in the

(particularly defined, see text) opening angle of the leptons is shown in (d). Each distribution in

panel (d) is normalized to the corresponding total cross-section. All cuts described at the beginning

of Section III are applied.

literature, we do not present such studies in this paper.

To set the scale for the magnitude of next-to-leading QCD effects in tt̄ production for our

choices of input parameters, we quote results for cross-sections at leading and next-to-leading

order for the Tevatron (pp̄ → tt̄ → bl+ν b̄l−ν̄)

σLO = 34.63 fb, σNLO = 36.47 fb, KTEV =
σNLO

σLO
= 1.05, (7)

and the LHC (pp → tt̄ → bl+ν b̄l−ν̄)

σLO = 1484 fb, σNLO = 2097 fb, KLHC =
σNLO

σLO
= 1.41. (8)

To obtain those numbers, we set the renormalization and factorization scales to mt and

apply all the cuts listed in the beginning of this Section.
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FIG. 1: Various kinematic distributions for leptonic final states in tt̄ production at the Tevatron.

We show transverse momentum (a) and rapidity (b) distributions of the positively charged lepton

as well as the distribution in the invariant mass of a lepton and a b-jet (c). The distribution in the

(particularly defined, see text) opening angle of the leptons is shown in (d). Each distribution in

panel (d) is normalized to the corresponding total cross-section. All cuts described at the beginning

of Section III are applied.

literature, we do not present such studies in this paper.

To set the scale for the magnitude of next-to-leading QCD effects in tt̄ production for our

choices of input parameters, we quote results for cross-sections at leading and next-to-leading

order for the Tevatron (pp̄ → tt̄ → bl+ν b̄l−ν̄)

σLO = 34.63 fb, σNLO = 36.47 fb, KTEV =
σNLO

σLO
= 1.05, (7)

and the LHC (pp → tt̄ → bl+ν b̄l−ν̄)

σLO = 1484 fb, σNLO = 2097 fb, KLHC =
σNLO

σLO
= 1.41. (8)

To obtain those numbers, we set the renormalization and factorization scales to mt and

apply all the cuts listed in the beginning of this Section.
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FIG. 2: Various kinematic distributions for leptonic final states in tt̄ production at the LHC. We

show transverse momentum (a) and rapidity (b) distributions of the positively charged lepton as

well as the distribution in the invariant mass of a lepton and a b-jet (c). The distribution in the

(specially defined, see text) opening angle of the leptons is shown in (d). Each distribution in panel

(d) is normalized to the corresponding total cross-section. All cuts described at the beginning of

Section III are applied.

We are now in position to illustrate capabilities of our numerical program by presenting

a number of tt̄-related kinematic distributions, computed through NLO in perturbative

QCD. In Fig.1 we present results for the Tevatron. The transverse momentum and rapidity

distributions of leptons in top decays are shown in Figs. 1(a) and 1(b), respectively. The

distribution in the invariant mass of the charged lepton and the b-jet is given in Fig.1(c).

Fig.1(d) shows the distribution in cosϕ!+!− , where ϕ!+!− is the angle between the directions

of flight of "+ and "−, defined in the rest frames of t and t̄ respectively. In all cases we

compare predictions at leading and next-to-leading order, with and without corrections to

the decay. Corresponding results for the LHC are shown in Fig.2.

We first consider transverse momentum and rapidity distributions of the charged lepton,
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FIG. 2: Various kinematic distributions for leptonic final states in tt̄ production at the LHC. We

show transverse momentum (a) and rapidity (b) distributions of the positively charged lepton as

well as the distribution in the invariant mass of a lepton and a b-jet (c). The distribution in the

(specially defined, see text) opening angle of the leptons is shown in (d). Each distribution in panel

(d) is normalized to the corresponding total cross-section. All cuts described at the beginning of

Section III are applied.

We are now in position to illustrate capabilities of our numerical program by presenting

a number of tt̄-related kinematic distributions, computed through NLO in perturbative

QCD. In Fig.1 we present results for the Tevatron. The transverse momentum and rapidity

distributions of leptons in top decays are shown in Figs. 1(a) and 1(b), respectively. The

distribution in the invariant mass of the charged lepton and the b-jet is given in Fig.1(c).

Fig.1(d) shows the distribution in cosϕ!+!− , where ϕ!+!− is the angle between the directions

of flight of "+ and "−, defined in the rest frames of t and t̄ respectively. In all cases we

compare predictions at leading and next-to-leading order, with and without corrections to

the decay. Corresponding results for the LHC are shown in Fig.2.

We first consider transverse momentum and rapidity distributions of the charged lepton,

LHC
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G. Bevilacqua Alliance Workshop on Top Quark Physics 5/21



Effects of mixed weak-QCD corrections to tt̄ production × decay

Bernreuther and Si, 1003.3926 [hep-ph]
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Figure 11: The normalized tt̄ invariant mass distribution for semileptonic final states at NLOW,
for the Tevatron (left) and the LHC at

√
s = 10 TeV (right). The solid, dashed, and dotted lines

correspond to µ = mt, mt/2, 2mt, respectively.

Table 3: Results for the charge asymmetry A and the pair asymmetry Att̄ of top quarks, and
the leptonic charge asymmetry A! and the pair asymmetry A!!, for dileptonic final states at the
Tevatron, with the cuts (IV.2), at NLO’ and NLOW’ for µ = mt/2, mt, and 2mt. The acronyms
NLO’ and NLOW’ are explained in Section III. The acronym tt̄ uncorrelated refers to the case
when all t- and t̄-spin dependent terms in the spin density matrices are switched off at NLOW.

Tevatron ((tt̄ correlated)) Tevatron (tt̄ uncorrelated))

µ mt/2 mt 2mt mt/2 mt 2mt

A (NLO’) 0.053 0.048 0.044 0.053 0.047 0.043
A (NLOW’) 0.054 0.049 0.046 0.054 0.049 0.046

Att̄ (NLO’) 0.074 0.068 0.062 0.075 0.067 0.061
Att̄ (NLOW’) 0.078 0.071 0.066 0.077 0.070 0.065

A! (NLO’) 0.038 0.033 0.031 0.037 0.033 0.030
A! (NLOW’) 0.039 0.034 0.032 0.038 0.035 0.032
A!! (NLO’) 0.047 0.042 0.038 0.050 0.045 0.041

A!! (NLOW’) 0.048 0.044 0.040 0.052 0.047 0.043

15

Charge and tt̄ asymmetry

Aℓ =

R
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II. Beyond the narrow-width approximation

Complete off-shell effects to tt̄ production at NLO QCD

↩→ non-factorizable, single-resonant, non-resonant

Two independent calculations with per-mille agreement:

• pp(pp̄) → W+W−bb̄ → e+νeµ
−ν̄µbb̄

Denner, Dittmaier, Kallweit and Pozzorini (2010)

• pp(pp̄) → e+νeµ
−ν̄µbb̄

GB, Czakon, van Hameren, Papadopoulos and Worek (2010)

With inclusive cuts, finite-width effects on the integrated cross section
are small (within ∼ 1%) both at the Tevatron and the LHC
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Invariant mass of the positron–b-jet system (Me+b) at the Tevatron

Denner, Dittmaier, Kallweit and Pozzorini, 1012.3975 [hep-ph] 4

FIG. 4: Invariant mass Me+b of the positron–b-jet system at
the Tevatron: absolute LO and NLO predictions (upper plot)
and relative corrections w.r.t. LO at µ = mt (lower plot). The
uncertainty bands describe mt/2 < µ < 2mt variations.
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Invariant mass of the tt̄ system and pT of the charged leptons

GB, Czakon, van Hameren, Papadopoulos and Worek, 1012.4230 [hep-ph]
.
..

.

. ..

.

.

 0.5
 1

 1.5
 2

 2.5

 400  500  600  700  800

 Mtt [GeV]

 NLO/LO

 0.01

 0.1

dσ
/d

M
tt [

fb
/G

eV
]

NLO

LO

pp̄
√

s = 1.96 TeV

HELAC-NLO

 0.5
 1

 1.5
 2

 2.5

 0  50  100  150  200

 pTl
 [GeV]

 NLO/LO

 0.01

 0.1

 1

dσ
/d

p T l [
fb

/G
eV

]

NLO

LO

pp̄
√

s = 1.96 TeV

TevatronHELAC-NLO

.

..

.

. ..

.

.

 0.5
 1

 1.5
 2

 2.5

 400  500  600  700  800  900  1000

 Mtt [GeV]

 NLO/LO

 0.1

 1

dσ
/d

M
tt [

fb
/G

eV
]

NLO

LO

pp√
s = 7 TeV

HELAC-NLO

 0.5
 1

 1.5
 2

 2.5

 0  50  100  150  200  250

 pTl
 [GeV]

 NLO/LO

 0.1

 1

 10

dσ
/d

p T l [
fb

/G
eV

]

NLO

LO

pp√
s = 7 TeV

HELAC-NLO LHC
7 TeV

Moderate K−factor at Tevatron, but also more relevant shape distortions w.r.t LHC

G. Bevilacqua Alliance Workshop on Top Quark Physics 9/21



.

.

. ..
.

.II. tt̄ + 1 jet + X

G. Bevilacqua Alliance Workshop on Top Quark Physics 10/21



Status

Complete phenomenological studies at NLO QCD

• pp(pp̄) → tt̄j
Dittmaier, Uwer and Weinzierl (2008)

• pp(pp̄) → tt̄j → ℓνℓνbb̄j/ℓνj1j2bb̄j (with LO top decays)

Melnikov and Schulze (2010)

First results of NLO+PS matching recently started to appear!

↩→ Two calculations based on the POWHEG method

Kardos, Papadopoulos and Trocsanyi (2011)

Alioli, Moch and Uwer (in progress)
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NLO QCD corrections to tt̄j production: focus on the Tevatron case

Dittmaier, Uwer and Weinzierl, 0810.0452 [hep-ph]
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Figure 3: Various distributions for the process pp̄ → (t → l+νb) + (t̄ → j1j2b̄)+ j at the Tevatron at leading (blue)
and next-to-leading order (red) in perturbative QCD. The bands correspond to the choice of the renormalization
and factorization scales µ = [mt/2, mt, 2mt]. We show distributions of the transverse momentum (a) and rapidity of
the positron (b), the total transverse energy H⊥ (c), the transverse momentum (d) and the rapidity (e) distributions
of the fifth hardest jet and the missing transverse momentum (f).

algorithm with Rij = 0.5 and the four-momentum recombination scheme5. The couplings of the
W -boson to fermions are obtained from the Fermi constant GF = 1.16639 · 10−5 GeV−2. We em-
phasize that results reported in this paper are calculated with on-shell top quark decays at leading
order in QCD; radiative corrections to the decays are not included. We take the CKM matrix to
be the identity matrix. We consider the W -boson in t → Wb decay to be on the mass shell. With
these approximations, we obtain the leading order top quark decay width Γt = 1.47 GeV. We set
the width of the W boson to 2.14 GeV. With our input parameters, we find the following branch-
ing ratios Br(W+ → l+ν) = 10.6 %, Br(W+ → hadrons) = 64 %. We note that the hadronic
branching fraction is slightly lower than the experimental value 67 %.

4.2. tt̄ + jet production in lepton + jets channel at the Tevatron

We begin our discussion with the Tevatron,
√

s = 1.96 TeV. The measurement of the pp̄ →
tt̄ + jet at the Tevatron was performed by the CDF collaboration and there is a public note
[63] that describes the details of the experimental setup and the results of the measurements.

5We note that Rij = 0.5 in the k⊥ algorithm roughly corresponds to Rij = 0.4 in a typical cone algorithm [62].
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W -boson to fermions are obtained from the Fermi constant GF = 1.16639 · 10−5 GeV−2. We em-
phasize that results reported in this paper are calculated with on-shell top quark decays at leading
order in QCD; radiative corrections to the decays are not included. We take the CKM matrix to
be the identity matrix. We consider the W -boson in t → Wb decay to be on the mass shell. With
these approximations, we obtain the leading order top quark decay width Γt = 1.47 GeV. We set
the width of the W boson to 2.14 GeV. With our input parameters, we find the following branch-
ing ratios Br(W+ → l+ν) = 10.6 %, Br(W+ → hadrons) = 64 %. We note that the hadronic
branching fraction is slightly lower than the experimental value 67 %.

4.2. tt̄ + jet production in lepton + jets channel at the Tevatron

We begin our discussion with the Tevatron,
√

s = 1.96 TeV. The measurement of the pp̄ →
tt̄ + jet at the Tevatron was performed by the CDF collaboration and there is a public note
[63] that describes the details of the experimental setup and the results of the measurements.

5We note that Rij = 0.5 in the k⊥ algorithm roughly corresponds to Rij = 0.4 in a typical cone algorithm [62].
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algorithm with Rij = 0.5 and the four-momentum recombination scheme5. The couplings of the
W -boson to fermions are obtained from the Fermi constant GF = 1.16639 · 10−5 GeV−2. We em-
phasize that results reported in this paper are calculated with on-shell top quark decays at leading
order in QCD; radiative corrections to the decays are not included. We take the CKM matrix to
be the identity matrix. We consider the W -boson in t → Wb decay to be on the mass shell. With
these approximations, we obtain the leading order top quark decay width Γt = 1.47 GeV. We set
the width of the W boson to 2.14 GeV. With our input parameters, we find the following branch-
ing ratios Br(W+ → l+ν) = 10.6 %, Br(W+ → hadrons) = 64 %. We note that the hadronic
branching fraction is slightly lower than the experimental value 67 %.

4.2. tt̄ + jet production in lepton + jets channel at the Tevatron

We begin our discussion with the Tevatron,
√

s = 1.96 TeV. The measurement of the pp̄ →
tt̄ + jet at the Tevatron was performed by the CDF collaboration and there is a public note
[63] that describes the details of the experimental setup and the results of the measurements.

5We note that Rij = 0.5 in the k⊥ algorithm roughly corresponds to Rij = 0.4 in a typical cone algorithm [62].
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NLO QCD corrections to tt̄j production: the LHC case

Dittmaier, Uwer and Weinzierl, 0810.0452 [hep-ph]
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Figure 4: Various distributions for the process pp → (t → l+νb) + (t̄ → l−ν̄b̄) + j at the LHC (
√

s = 7 TeV) at
leading (blue) and next-to-leading order (red) in perturbative QCD. The bands correspond to the choice of the
renormalization and factorization scales µ = [mt/2, mt, 2mt]. We show distributions of the transverse momentum
(a) and rapidity (b) of the positron, the total transverse energy H⊥ (c), the transverse momentum distribution of
the third hardest jet (d) and the invariant mass of the two leptons (e).

conventional double logarithmic enhancement of this “hard” asymmetry. This mechanism leads to
the following forward-backward cross-section difference in Eq.(44) as

σ(yt > 0) − σ(yt < 0) ∼
2CFαs

π
ln2

(

mt

p⊥,j

)

Att̄ σtt̄, (49)

where Att̄ is the pp̄ → tt̄ inclusive asymmetry. Taking the ratio of Eq.(49) and Eq.(47), we find

Ahard
tt̄j ≈ Att̄. (50)

The full forward-backward asymmetry at next-to-leading order is given by the sum of the two
mechanisms

ANLO
tt̄j ≈ Asoft

tt̄j (p⊥,j) + Ahard
tt̄j . (51)

Following the preceding discussion, we estimate

Asoft
tt̄j (p⊥,j) ∼ ALO

tt̄j (p⊥,j) ∼ ln−1

(

mt

p⊥,j

)

, Ahard
tt̄j ≈ Att̄. (52)
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The ratio σ(tt̄j)/σ(tt̄) at NLO is about 47%, 22%, and 7% for jet-pT cuts of 50 GeV ,
100 GeV and 200 GeV respectively
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NLO+PS matching with POWHEG
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Visible showering effects in rapidity and HT distributions

Shapes rather robust against different scale choices
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NLO+PS matching with POWHEG

from S. Alioli’s talk, Workshop on Heavy Particles at the LHC (Jan 2011)
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.III. tt̄ + 2 jets + X
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Status

One of the current frontiers in the field of associated top production at NLO

Focus on the special case pp → tt̄bb̄:

• Two NLO QCD calculations with per-mille agreement
Bredenstein, Denner, Dittmaier and Pozzorini (2009)

G.B, Czakon, Papadopoulos, Pittau and Worek (2009)

• Detailed phenomenological study with different kinematical setups
Bredenstein, Denner, Dittmaier and Pozzorini (2010)

More recently, the first complete results on pp → tt̄jj at NLO QCD have also
started to appear

G.B, Czakon, Papadopoulos and Worek (2010)

Top quarks treated as stable particles, no decay implemented yet
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Some results on pp → tt̄bb̄ at NLO QCD:

QCD background vs Higgs signal tt̄H(H → bb̄)

pp → tt̄bb̄ + X
√

s = 14 TeV

HELAC-NLO

µ = mt

HELAC-NLO

G.B, Czakon, Papadopoulos, Pittau, Worek, arXiv: 0907.4723 [hep-ph]
G.B, Czakon, Garzelli, Papadopoulos, Pittau, Worek, arXiv:1003.1241 [hep-ph]

Scale dependence of the QCD background
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With fixed-scale choice, QCD corrections to tt̄bb̄ are large (∼ 77% at the
central scale)

Improved convergence adopting dynamical scale: µ2 = mt
√
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Complete NLO QCD corrections to pp → tt̄jj

G.B, Czakon, Papadopoulos, Worek, arXiv:1002.4009 [hep-ph]

HELAC-NLO

1st hardest jet

HELAC-NLO

2nd hardest jet

HELAC-NLO

• QCD corrections determine a shift of −11% compared to LO

• residual scale uncertainty ∼ 13%

• tiny corrections in the dijet invariant mass, up to at least mjj = 200 GeV

• much larger effects in jet pT distributions, especially in the high-pT

region
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Summary

The investigation of top-pair production and related phenomenology at NLO
has reached in the last years a quite sophisticated level...

FO Inclusive FO Exclusive PS matching
NWA Full

tt̄

tt̄j

tt̄jj

...but there is lot of room for new developments!
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