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The fate of the Universe

[Hiller et al. ’24]

3

•top-mass measurements at the LHC via 
combination of different strategies: 
- total x-section, tt+jet, kinematic 
reconstruction, kinematic edges,…. 

•many techniques rely on kinematic 
information of top decay products

➡ need realistic MC modelling

[G. Hiller et. al., 2401.08811]

[ATLAS+CMS; arXiv:2402.08713]

•Also: tt ubiquitous background, QCD laboratory,
         anomalous coupling, etc….

https://arxiv.org/abs/2401.08811
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@ NLO+PS

Top-pair production and decay



5

@ NLO+PS

Top-pair production and decay

NLO
incl. off-shell/non-resonant/

interference effects



bb4l

•Consistent inverse-width expansion
•Matrix-element based resonance histories
• Semi-leptonic decays

What’s new?
[T. Jezo, JML, S. Pozzorini, 2307.15653]

[Jezo, JML, Nason, Oleari, Pozzorini, ’16] 

Physics features:
•exact non-resonant / off-shell / interference / spin-correlation effects at NLO
•consistent NLO+PS treatment of top resonances, including quantum corrections to 
top propagators and off-shell top-decay chains thanks to POWHEG-BOX-RES

•unified treatment of top-pair and Wt production with interference at NLO
•access to phase-space regions with unresolved b-quarks and/or jet vetoes

https://arxiv.org/abs/2307.15653


‣ Already at NLO: 
• FKS (and similar CS) subtraction does not preserve virtuality of intermediate resonances 
• Real (R) and Subtraction-term (S~B) with different virtuality of intermediate resonances 

 

• IR cancellation spoiled 

    

  ⟹ severe efficiency problem! 

‣ More severe problems at NLO+PS:
• in POWHEG:  

 
Sudakov form-factor generated from uncontrollable R/B ratios: 
 
 
 

• also subsequent radiation by the PS itself reshuffles internal momenta and does in general not 
preserve the virtuality of intermediate resonances.

       ⟹ expect uncontrollable distortion of important kinematic shapes! 

Resonance-unaware NLOPS matching in POWHEGarise in the R and V contributions, is achieved via FKS subtraction [62]. Technically, the

one-particle phase space of the NLO emission is partioned into FKS sectors,

d�rad =
X

↵

d�(↵)
rad, (2.3)

and in each sector the IR cancellations are controlled through universal subtraction terms

in the real-emission phase space, C(↵)(�B,�rad), and their integrated counterparts in the

Born phase space, C̄(↵)(�B). The two phase spaces are connected through sector-dependent

kinematic mappings,

(�B,�rad) ! �(↵)
R . (2.4)

The first emission in POWHEG is generated by the unitary operator

U(�B) = �
⇣
�B, p

(min)
T

⌘
+
X

↵

Z

kT>p
(min)
T

R(�(↵)
R )

B(�B)
� (�B, kT) d�

(↵)
rad , (2.5)

where kT ⌘ kT(�rad). The real-emission probability is given by the matrix-element ratio

R(�(↵)
R )/B(�B) and is unitarised through Sudakov form factors defined as

� (�B, pT) = exp

(
�

X

↵

Z

kT>pT

R(�(↵)
R )

B(�B)
d�(↵)

rad

)
. (2.6)

Let us now discuss the problems that arise in the presence of resonances. The first

issue concerns the FKS subtraction method. 8 According to the general properties of real-

emission matrix elements in the soft and collinear limits, the subtraction terms in (2.2)

have a factorised form of type

C(↵)(�B,�rad) = K(↵)(�rad)⌦B(�B), (2.7)

where the kernels K(↵)(�rad) are universal, and the Born terms, B(�B), describe the un-

derlying hard sub-process. The cancellation of IR divergences relies on the assumption that

the kinematic dependence of the hard subprocess is smooth enough so that the di↵erences

between the hard kinematics of the real-emission term R(�(↵)
R ) and the Born contribu-

tion B(�B) in (2.7) have a negligible impact around the singularar regions. However, in

the presence of sharply peaked resonances, the above assumption is badly violated. The

problem is that standard FKS mappings (2.4) are designed such as to conserve the total

four-momentum and/or the invariant mass of the final-state system, but do not necessarily

preserve the virtuality of s-channel propagators. Thus, the o↵-shellness of an intermediate

resonance will di↵er between real radiation and subtraction terms. If a parton arising from

the decay of a resonance splits in a pair of partons, the typical shift induced by the map-

pings (2.4) in the resonance virtuality is of order m2/E, where m is the virtuality of the

splitting parton, and E is its energy [55]. Consequently, in the vicinity of Breit–Wigner

peaks, for emission with m2/E > �, where � is the width of the resonance, the relative

8The problem discussed in the following arises also in the Catani–Seymour [63] subtraction approach.
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Rigorous solution to all these issues within POWHEG-BOX-RES according to [Ježo, Nason; ’15]

 
Idea: preserve invariant mass of intermediate resonances at all stages!

✓ NLO:
• Split phase-space integration into regions dominated by a single resonance history

• within a given resonance history modify FKS mappings, such  
that they always preserve intermediate resonances  
     ⟹ R and S~B always with same virtuality of intermediate resonances  
     ⟹ IR cancellation restored

✓ NLO+PS:
• R and B related via modified FKS mappings  

     ⟹ R/B ratio with fixed virtuality of intermediate resonances  
     ⟹ Sudakov form-factor preserves intermediate resonances

✓ PS:
• pass information about resonance histories to the shower (via extension of LHE)
• tell PS to respect intermediate resonances (available in Pythia8)

Resonance-aware NLOPS matching in POWHEG-RES

original kinematic projectors



Key advantage I: Interplay between top-pair and Wt

4FS

• unified treatment of top-pair and Wt including interference  
• Wt enhanced in phase-space regions where one b becomes unresolved/vetoed
• requires off-shell WWbb calculation (with massive b’s)

Wt

LO

2

to be completely dominated by the on-shell tt̄ contribution.
In phase-space regions with unresolved b-quarks, the impor-
tance of off-shell and single-top contributions is expected to
increase quite substantially. However, due to the presence
of collinear singularities, such regions are not accessible in
the massless b-quark approximation of [4–6]. To fill this
gap, in this paper we present a complete NLO W+W�bb̄
calculation including off-shell W-boson decays and massive
b-quarks in the 4F scheme. A similar calculation has been
presented very recently in [7]. These simulations provide
NLO accurate W+W�bb̄ predictions in the full phase space
and allow one to investigate, for the first time, top-pair and
single-top production in presence of jet vetoes or jet bins,
such as in the case of the H ! W+W� analysis. An im-
portant advantage of NLO W+W�bb̄ predictions in the 4F
scheme is that they provide a fully differential NLO descrip-
tion of both final-state b-jets and a correspondingly accurate
modelling of jet vetoes, while in the 5F scheme a similar
level of accuracy for spectator b-quarks in Wt production
would require an NNLO calculation.

2 Technical tools and ingredients of the calculation

We will focus on NLO predictions for pp ! nee+µ�n̄µ bb̄,
which comprises tt̄ production and decay in the opposite-
flavour di-lepton channel. For brevity we will denote this re-
action as W+W�bb̄ production, keeping in mind that all off-
shell and interference effects related to the nee+µ�n̄µ final
state are consistently handled in the complex-mass
scheme [3], where finite-width effects are systematically ab-
sorbed in the imaginary part of the renormalised pole mass.
The complex-mass scheme is used also for the off-shell con-
tinuation of top-quark resonances [5]. Examples of tree di-
agrams involving two, one and no top-quark resonances are
illustrated in Figures 1 and 2. The second diagram in Fig. 1
is the 4F-scheme analogon of t-channel gb ! tW� produc-
tion in the 5F scheme, and the initial-state g ! bb̄ split-
ting is related to the b-quark parton distribution in 5F PDFs.
At NLO we include the full set of tree, one-loop and real-
emission diagrams that contribute to nee+µ�n̄µ bb̄ produc-
tion without applying any approximation. In particular non-
resonant Z/g ! nee+µ�n̄µ sub-topologies like in the sec-
ond diagram of Fig. 2 are included also in the virtual and real
corrections. The bottom- and top-quark masses are renor-
malised in the on-shell scheme, and their contributions are
retained everywhere.

The entire calculation has been performed with highly
flexible and automated NLO programs, and the high com-
plexity resulting from the presence of multiple top- and W-
resonances, as well as from the wide spectrum of involved
scales, render pp ! W+W�bb̄ an excellent technical bench-
mark to test the performance of the employed tools. To eval-
uate tree, virtual, and real-emission amplitudes, we
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Fig. 1 Representative tt̄-like (left) and Wt-like (right) tree diagrams.
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Fig. 2 Representative tree topologies without top resonances and with
two (left) or only one (right) resonant W-boson.

employed OPENLOOPS [8], a new one-loop generator that
will become public in the next future. The OPENLOOPS
program is based on a novel numerical recursion, which is
formulated in terms of loop-momentum polynomials called
“open loops” and allows for a fast evaluation of scattering
amplitudes with many external particles. It uses the
COLLIER library [9] for the numerically stable evaluation
of tensor integrals [10, 11] and scalar integrals [12]. To-
gether with [13, 14], the present study is one of the very
first applications of OPENLOOPS. Phase-space integration
and infrared subtractions are performed with an in-house
NLO Monte-Carlo framework [15], which is interfaced with
OPENLOOPS and provides full automation along the entire
chain of operations that are required for NLO calculations.
This tool is applicable to any Standard-Model process at
NLO QCD. Infrared singularities are handled with dipole
subtraction [16, 17], and since collinear g ! bb̄ splittings
are regularised by the finite b-quark mass, corresponding
subtraction terms are not included. The phase-space integra-
tor is based on the adaptive multi-channel technique [18]
and implements dedicated channels for the dipole subtrac-
tion terms, which improve the convergence, especially for
multi-resonance processes. Multiple scale variations in a
single run are also supported. This tool has been validated
in several NLO processes and, in combination with OPEN-
LOOPS and COLLIER, it is also applicable to NNLO calcu-
lations [19]. The correctness of the results is supported by
various checks: OPENLOOPS has been validated against an
independent in-house generator for more than hundred par-
tonic processes, including W+W�bb̄ production with mass-
less b-quarks and various processes with massive heavy-
quarks. For the process at hand we checked the cancella-
tion of infrared and ultraviolet singularities. The correctness
of phase-space integration and dipole subtraction was tested
by means of a second calculation based on OPENLOOPS in
combination with SHERPA [20, 21] and AMEGIC++ [22].

tt
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employed OPENLOOPS [8], a new one-loop generator that
will become public in the next future. The OPENLOOPS
program is based on a novel numerical recursion, which is
formulated in terms of loop-momentum polynomials called
“open loops” and allows for a fast evaluation of scattering
amplitudes with many external particles. It uses the
COLLIER library [9] for the numerically stable evaluation
of tensor integrals [10, 11] and scalar integrals [12]. To-
gether with [13, 14], the present study is one of the very
first applications of OPENLOOPS. Phase-space integration
and infrared subtractions are performed with an in-house
NLO Monte-Carlo framework [15], which is interfaced with
OPENLOOPS and provides full automation along the entire
chain of operations that are required for NLO calculations.
This tool is applicable to any Standard-Model process at
NLO QCD. Infrared singularities are handled with dipole
subtraction [16, 17], and since collinear g ! bb̄ splittings
are regularised by the finite b-quark mass, corresponding
subtraction terms are not included. The phase-space integra-
tor is based on the adaptive multi-channel technique [18]
and implements dedicated channels for the dipole subtrac-
tion terms, which improve the convergence, especially for
multi-resonance processes. Multiple scale variations in a
single run are also supported. This tool has been validated
in several NLO processes and, in combination with OPEN-
LOOPS and COLLIER, it is also applicable to NNLO calcu-
lations [19]. The correctness of the results is supported by
various checks: OPENLOOPS has been validated against an
independent in-house generator for more than hundred par-
tonic processes, including W+W�bb̄ production with mass-
less b-quarks and various processes with massive heavy-
quarks. For the process at hand we checked the cancella-
tion of infrared and ultraviolet singularities. The correctness
of phase-space integration and dipole subtraction was tested
by means of a second calculation based on OPENLOOPS in
combination with SHERPA [20, 21] and AMEGIC++ [22].

same finale state!

5FS

[Demartin et. al.; ‘16]

d
σ

/d
p

T
(t

) 
  
[p

b
/b

in
]

LO

NLO DR1

NLO DR2

NLO DS1

NLO DS2

10
-1

10
0

10
1

10
2

tW   at the LHC13

5FS (N)LO+PYTHIA8 

No cuts

M
ad

G
ra

p
h
5
_
aM

C
@

N
L

O

pT(t)   [GeV]

1.00

1.50

2.00

0 100 200 300 400

NLO+PY8 / LO+PY8   with µ unc. bands

d
σ

/d
p

T
(W

) 
  
[p

b
/b

in
]

LO

NLO DR1

NLO DR2

NLO DS1

NLO DS2

10
-1

10
0

10
1

10
2

tW   at the LHC13

5FS (N)LO+PYTHIA8 

No cuts

M
ad

G
ra

p
h
5
_
aM

C
@

N
L

O

pT(W)   [GeV]

1.00

1.50

2.00

0 100 200 300 400

NLO+PY8 / LO+PY8   with µ unc. bands

d
σ

/d
η

(t
) 

  
[p

b
/b

in
]

LO

NLO DR1

NLO DR2

NLO DS1

NLO DS2

0

2

4

6

8

10

tW   at the LHC13

5FS (N)LO+PYTHIA8 

No cuts

M
ad

G
ra

p
h
5
_
aM

C
@

N
L

O

η(t)

1.00

1.50

2.00

-4 -2 0 2 4

NLO+PY8 / LO+PY8   with µ unc. bands

d
σ

/d
η

(W
) 

  
[p

b
/b

in
]

LO

NLO DR1

NLO DR2

NLO DS1

NLO DS2

0

2

4

6

8

10

tW   at the LHC13

5FS (N)LO+PYTHIA8 

No cuts

M
ad

G
ra

p
h
5
_
aM

C
@

N
L

O

η(W)

1.00

1.50

2.00

-4 -2 0 2 4

NLO+PY8 / LO+PY8   with µ unc. bands

Figure 5. pT and ⌘ distributions for the top quark and the W boson at NLO+PS accuracy in tW
production at the 13-TeV LHC. The lower panels provide information on the di↵erential K factors
with the scale uncertainties.
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Figure 6. Same as fig. 5, but for the b-tagged jets. Note that the second-hardest b-jet is described
by the parton shower at LO, while by the matrix element at NLO.
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to be completely dominated by the on-shell tt̄ contribution.
In phase-space regions with unresolved b-quarks, the impor-
tance of off-shell and single-top contributions is expected to
increase quite substantially. However, due to the presence
of collinear singularities, such regions are not accessible in
the massless b-quark approximation of [4–6]. To fill this
gap, in this paper we present a complete NLO W+W�bb̄
calculation including off-shell W-boson decays and massive
b-quarks in the 4F scheme. A similar calculation has been
presented very recently in [7]. These simulations provide
NLO accurate W+W�bb̄ predictions in the full phase space
and allow one to investigate, for the first time, top-pair and
single-top production in presence of jet vetoes or jet bins,
such as in the case of the H ! W+W� analysis. An im-
portant advantage of NLO W+W�bb̄ predictions in the 4F
scheme is that they provide a fully differential NLO descrip-
tion of both final-state b-jets and a correspondingly accurate
modelling of jet vetoes, while in the 5F scheme a similar
level of accuracy for spectator b-quarks in Wt production
would require an NNLO calculation.

2 Technical tools and ingredients of the calculation

We will focus on NLO predictions for pp ! nee+µ�n̄µ bb̄,
which comprises tt̄ production and decay in the opposite-
flavour di-lepton channel. For brevity we will denote this re-
action as W+W�bb̄ production, keeping in mind that all off-
shell and interference effects related to the nee+µ�n̄µ final
state are consistently handled in the complex-mass
scheme [3], where finite-width effects are systematically ab-
sorbed in the imaginary part of the renormalised pole mass.
The complex-mass scheme is used also for the off-shell con-
tinuation of top-quark resonances [5]. Examples of tree di-
agrams involving two, one and no top-quark resonances are
illustrated in Figures 1 and 2. The second diagram in Fig. 1
is the 4F-scheme analogon of t-channel gb ! tW� produc-
tion in the 5F scheme, and the initial-state g ! bb̄ split-
ting is related to the b-quark parton distribution in 5F PDFs.
At NLO we include the full set of tree, one-loop and real-
emission diagrams that contribute to nee+µ�n̄µ bb̄ produc-
tion without applying any approximation. In particular non-
resonant Z/g ! nee+µ�n̄µ sub-topologies like in the sec-
ond diagram of Fig. 2 are included also in the virtual and real
corrections. The bottom- and top-quark masses are renor-
malised in the on-shell scheme, and their contributions are
retained everywhere.

The entire calculation has been performed with highly
flexible and automated NLO programs, and the high com-
plexity resulting from the presence of multiple top- and W-
resonances, as well as from the wide spectrum of involved
scales, render pp ! W+W�bb̄ an excellent technical bench-
mark to test the performance of the employed tools. To eval-
uate tree, virtual, and real-emission amplitudes, we
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employed OPENLOOPS [8], a new one-loop generator that
will become public in the next future. The OPENLOOPS
program is based on a novel numerical recursion, which is
formulated in terms of loop-momentum polynomials called
“open loops” and allows for a fast evaluation of scattering
amplitudes with many external particles. It uses the
COLLIER library [9] for the numerically stable evaluation
of tensor integrals [10, 11] and scalar integrals [12]. To-
gether with [13, 14], the present study is one of the very
first applications of OPENLOOPS. Phase-space integration
and infrared subtractions are performed with an in-house
NLO Monte-Carlo framework [15], which is interfaced with
OPENLOOPS and provides full automation along the entire
chain of operations that are required for NLO calculations.
This tool is applicable to any Standard-Model process at
NLO QCD. Infrared singularities are handled with dipole
subtraction [16, 17], and since collinear g ! bb̄ splittings
are regularised by the finite b-quark mass, corresponding
subtraction terms are not included. The phase-space integra-
tor is based on the adaptive multi-channel technique [18]
and implements dedicated channels for the dipole subtrac-
tion terms, which improve the convergence, especially for
multi-resonance processes. Multiple scale variations in a
single run are also supported. This tool has been validated
in several NLO processes and, in combination with OPEN-
LOOPS and COLLIER, it is also applicable to NNLO calcu-
lations [19]. The correctness of the results is supported by
various checks: OPENLOOPS has been validated against an
independent in-house generator for more than hundred par-
tonic processes, including W+W�bb̄ production with mass-
less b-quarks and various processes with massive heavy-
quarks. For the process at hand we checked the cancella-
tion of infrared and ultraviolet singularities. The correctness
of phase-space integration and dipole subtraction was tested
by means of a second calculation based on OPENLOOPS in
combination with SHERPA [20, 21] and AMEGIC++ [22].

2

to be completely dominated by the on-shell tt̄ contribution.
In phase-space regions with unresolved b-quarks, the impor-
tance of off-shell and single-top contributions is expected to
increase quite substantially. However, due to the presence
of collinear singularities, such regions are not accessible in
the massless b-quark approximation of [4–6]. To fill this
gap, in this paper we present a complete NLO W+W�bb̄
calculation including off-shell W-boson decays and massive
b-quarks in the 4F scheme. A similar calculation has been
presented very recently in [7]. These simulations provide
NLO accurate W+W�bb̄ predictions in the full phase space
and allow one to investigate, for the first time, top-pair and
single-top production in presence of jet vetoes or jet bins,
such as in the case of the H ! W+W� analysis. An im-
portant advantage of NLO W+W�bb̄ predictions in the 4F
scheme is that they provide a fully differential NLO descrip-
tion of both final-state b-jets and a correspondingly accurate
modelling of jet vetoes, while in the 5F scheme a similar
level of accuracy for spectator b-quarks in Wt production
would require an NNLO calculation.

2 Technical tools and ingredients of the calculation

We will focus on NLO predictions for pp ! nee+µ�n̄µ bb̄,
which comprises tt̄ production and decay in the opposite-
flavour di-lepton channel. For brevity we will denote this re-
action as W+W�bb̄ production, keeping in mind that all off-
shell and interference effects related to the nee+µ�n̄µ final
state are consistently handled in the complex-mass
scheme [3], where finite-width effects are systematically ab-
sorbed in the imaginary part of the renormalised pole mass.
The complex-mass scheme is used also for the off-shell con-
tinuation of top-quark resonances [5]. Examples of tree di-
agrams involving two, one and no top-quark resonances are
illustrated in Figures 1 and 2. The second diagram in Fig. 1
is the 4F-scheme analogon of t-channel gb ! tW� produc-
tion in the 5F scheme, and the initial-state g ! bb̄ split-
ting is related to the b-quark parton distribution in 5F PDFs.
At NLO we include the full set of tree, one-loop and real-
emission diagrams that contribute to nee+µ�n̄µ bb̄ produc-
tion without applying any approximation. In particular non-
resonant Z/g ! nee+µ�n̄µ sub-topologies like in the sec-
ond diagram of Fig. 2 are included also in the virtual and real
corrections. The bottom- and top-quark masses are renor-
malised in the on-shell scheme, and their contributions are
retained everywhere.
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scales, render pp ! W+W�bb̄ an excellent technical bench-
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employed OPENLOOPS [8], a new one-loop generator that
will become public in the next future. The OPENLOOPS
program is based on a novel numerical recursion, which is
formulated in terms of loop-momentum polynomials called
“open loops” and allows for a fast evaluation of scattering
amplitudes with many external particles. It uses the
COLLIER library [9] for the numerically stable evaluation
of tensor integrals [10, 11] and scalar integrals [12]. To-
gether with [13, 14], the present study is one of the very
first applications of OPENLOOPS. Phase-space integration
and infrared subtractions are performed with an in-house
NLO Monte-Carlo framework [15], which is interfaced with
OPENLOOPS and provides full automation along the entire
chain of operations that are required for NLO calculations.
This tool is applicable to any Standard-Model process at
NLO QCD. Infrared singularities are handled with dipole
subtraction [16, 17], and since collinear g ! bb̄ splittings
are regularised by the finite b-quark mass, corresponding
subtraction terms are not included. The phase-space integra-
tor is based on the adaptive multi-channel technique [18]
and implements dedicated channels for the dipole subtrac-
tion terms, which improve the convergence, especially for
multi-resonance processes. Multiple scale variations in a
single run are also supported. This tool has been validated
in several NLO processes and, in combination with OPEN-
LOOPS and COLLIER, it is also applicable to NNLO calcu-
lations [19]. The correctness of the results is supported by
various checks: OPENLOOPS has been validated against an
independent in-house generator for more than hundred par-
tonic processes, including W+W�bb̄ production with mass-
less b-quarks and various processes with massive heavy-
quarks. For the process at hand we checked the cancella-
tion of infrared and ultraviolet singularities. The correctness
of phase-space integration and dipole subtraction was tested
by means of a second calculation based on OPENLOOPS in
combination with SHERPA [20, 21] and AMEGIC++ [22].
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increase quite substantially. However, due to the presence
of collinear singularities, such regions are not accessible in
the massless b-quark approximation of [4–6]. To fill this
gap, in this paper we present a complete NLO W+W�bb̄
calculation including off-shell W-boson decays and massive
b-quarks in the 4F scheme. A similar calculation has been
presented very recently in [7]. These simulations provide
NLO accurate W+W�bb̄ predictions in the full phase space
and allow one to investigate, for the first time, top-pair and
single-top production in presence of jet vetoes or jet bins,
such as in the case of the H ! W+W� analysis. An im-
portant advantage of NLO W+W�bb̄ predictions in the 4F
scheme is that they provide a fully differential NLO descrip-
tion of both final-state b-jets and a correspondingly accurate
modelling of jet vetoes, while in the 5F scheme a similar
level of accuracy for spectator b-quarks in Wt production
would require an NNLO calculation.

2 Technical tools and ingredients of the calculation

We will focus on NLO predictions for pp ! nee+µ�n̄µ bb̄,
which comprises tt̄ production and decay in the opposite-
flavour di-lepton channel. For brevity we will denote this re-
action as W+W�bb̄ production, keeping in mind that all off-
shell and interference effects related to the nee+µ�n̄µ final
state are consistently handled in the complex-mass
scheme [3], where finite-width effects are systematically ab-
sorbed in the imaginary part of the renormalised pole mass.
The complex-mass scheme is used also for the off-shell con-
tinuation of top-quark resonances [5]. Examples of tree di-
agrams involving two, one and no top-quark resonances are
illustrated in Figures 1 and 2. The second diagram in Fig. 1
is the 4F-scheme analogon of t-channel gb ! tW� produc-
tion in the 5F scheme, and the initial-state g ! bb̄ split-
ting is related to the b-quark parton distribution in 5F PDFs.
At NLO we include the full set of tree, one-loop and real-
emission diagrams that contribute to nee+µ�n̄µ bb̄ produc-
tion without applying any approximation. In particular non-
resonant Z/g ! nee+µ�n̄µ sub-topologies like in the sec-
ond diagram of Fig. 2 are included also in the virtual and real
corrections. The bottom- and top-quark masses are renor-
malised in the on-shell scheme, and their contributions are
retained everywhere.

The entire calculation has been performed with highly
flexible and automated NLO programs, and the high com-
plexity resulting from the presence of multiple top- and W-
resonances, as well as from the wide spectrum of involved
scales, render pp ! W+W�bb̄ an excellent technical bench-
mark to test the performance of the employed tools. To eval-
uate tree, virtual, and real-emission amplitudes, we
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employed OPENLOOPS [8], a new one-loop generator that
will become public in the next future. The OPENLOOPS
program is based on a novel numerical recursion, which is
formulated in terms of loop-momentum polynomials called
“open loops” and allows for a fast evaluation of scattering
amplitudes with many external particles. It uses the
COLLIER library [9] for the numerically stable evaluation
of tensor integrals [10, 11] and scalar integrals [12]. To-
gether with [13, 14], the present study is one of the very
first applications of OPENLOOPS. Phase-space integration
and infrared subtractions are performed with an in-house
NLO Monte-Carlo framework [15], which is interfaced with
OPENLOOPS and provides full automation along the entire
chain of operations that are required for NLO calculations.
This tool is applicable to any Standard-Model process at
NLO QCD. Infrared singularities are handled with dipole
subtraction [16, 17], and since collinear g ! bb̄ splittings
are regularised by the finite b-quark mass, corresponding
subtraction terms are not included. The phase-space integra-
tor is based on the adaptive multi-channel technique [18]
and implements dedicated channels for the dipole subtrac-
tion terms, which improve the convergence, especially for
multi-resonance processes. Multiple scale variations in a
single run are also supported. This tool has been validated
in several NLO processes and, in combination with OPEN-
LOOPS and COLLIER, it is also applicable to NNLO calcu-
lations [19]. The correctness of the results is supported by
various checks: OPENLOOPS has been validated against an
independent in-house generator for more than hundred par-
tonic processes, including W+W�bb̄ production with mass-
less b-quarks and various processes with massive heavy-
quarks. For the process at hand we checked the cancella-
tion of infrared and ultraviolet singularities. The correctness
of phase-space integration and dipole subtraction was tested
by means of a second calculation based on OPENLOOPS in
combination with SHERPA [20, 21] and AMEGIC++ [22].
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• NLO corrections to Wt swamped by LO tt+decay  
• requires ad-hoc subtraction prescription: 

(Diagram Removal = DR vs. Diagram Subtraction = DS)  
• NLO+PS for Wt available in MC@NLO [Frixione, et. al.; ’08],  

POWHEG [Re; ’11] and Madgraph_aMC@NLO [Demartin et. al.; ‘16]
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For tt (double-resonant) at LO:

→ sensitivity to off-shell effects/ tt-Wt interference beyond endpoint
→ measure top width [Herwig, Jezo, Nachman, '19]

“Probing the quantum interference between singly 
and doubly resonant top-quark production in pp 
collisions at √s = 13 TeV with the ATLAS detector"

Interference effects between top-pair and Wt production
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‣ In traditional approach only hardest radiation is generated by POWHEG: 

 
 
 
 
 
 
BUT: for top-pair (or single-top) production and decay, emission from production is almost 
always the hardest. 
➡ emission off decays are mostly generated by the shower. 

‣  Multiple-radiation scheme: 
• keep hardest overall emission and additionally hardest emission from any of n decaying 
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. introduced in [Campbell, Ellis, Nason, Re; ’15] 

and infrared counterterms. More specifically, given the kinematics of the real-emission

process, and having specified a particular collinear region (i.e. a pair of partons that are

becoming collinear), there is a well-defined mapping that constructs a Born-like kinematic

configuration (called the “underlying Born” configuration) as a function of the real one. The

mapping is such that, in the strict collinear limit, the Born configuration is obtained from

the real one by appropriately merging the collinear partons. In the traditional methods,

these mappings do not necessarily preserve the virtuality of possible intermediate s-channel

resonances. If we consider the collinear region of two partons arising from the decay of

the same s-channel resonance, the typical di↵erence in the resonance virtuality between

the real kinematics and the underlying-Born one is of order m2/E, where m is the mass of

the two-parton system, and E is its energy. Because of this, the cancellation between the

real contribution and the subtraction term becomes e↵ective only if m2/E < �, where � is

the width of the resonance. As long as � is above zero, the traditional NLO calculations

do eventually converge, thanks to the fact that in the strict collinear limit the cancellation

takes place. However, convergence becomes more problematic as the width of the resonance

decreases.

The presence of radiation in resonance decays causes even more severe problems in

NLO+PS frameworks. In POWHEG, radiation is generated according to the formula

d� = B̄(�B) d�B

"
�(qcut) +

X

↵

�(k↵T )
R↵(�↵(�B,�rad))

B(�B)
d�rad

#
. (2.1)

The first term in the square bracket corresponds to the probability that no radiation is

generated with hardness above an infrared cuto↵ qcut, and its kinematics corresponds to

the Born one. Each ↵ in the sum labels a collinear singular region of the real cross section.

The full real matrix element is decomposed into a sum of terms

R =
X

↵

R↵ , (2.2)

where eachR↵ is singular only in the region labelled by ↵. The real phase space �↵(�B,�rad)

depends upon the singular region ↵ and is given as a function of the Born kinematics �B

and three radiation variables �rad. The inverse of �↵ implements the previously mentioned

mapping of the real kinematics into an underlying Born one. Thus, for a given �B and �rad,

each term in the sum inside the square bracket in Eq. (2.1) is associated with a di↵erent

real phase-space point. For each ↵, k↵T is defined as the hardness of the collinear split-

ting characterized by the kinematics �↵(�B,�rad). It usually corresponds to the relative

transverse momentum of the two collinear partons.

The Sudakov form factor, �, is such that the square bracket in Eq. (2.1), after per-

forming the integrals in d�rad, becomes exactly equal to one (a property sometimes called

unitarity of the real radiation). In general we have

�(q) =
Y

↵

�↵(q) , (2.3)
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the initial-state-radiation (ISR) regions are combined into a single one. We consider the

formula

d� = B̄(�B) d�B

Y

↵=↵b,↵b̄,↵ISR


�↵(qcut) +�↵(k

↵

T )
R↵(�↵(�B,�↵

rad))

B(�B)
d�↵

rad

�
, (2.6)

where, by writing �↵

rad, we imply that the radiation variables are now independent for each

singular region. By expanding the product, we see that we get a term with no emissions at

all, as in Eq. (2.1), plus terms with multiple (up to three) emissions. It can be shown that,

as far as the hardest radiation is concerned, formula (2.6) is equivalent to formula (2.1).

To this end, one begins by rewriting Eq. (2.6) as a sum of three terms, with appropriate ✓

functions such that each term represents the case where the hardest radiation comes from

one of the three regions. It is easy then to integrate in each term all radiations but the

hardest, thus recovering the full Sudakov form factor appearing in the second term in the

square bracket of Eq. (2.1).

The bb4l generator can generate radiation using the improved multiple-radiation

scheme of formula (2.6) or the conventional single-radiation approach of Eq. (2.1). In

events generated with multiple emissions included, the hardest radiation from all sources

(i.e. production, t and t̄ decays) may be present. The POWHEG generated event is then

completed by a partonic shower Monte Carlo program that attaches further radiation to

the event. The interface to the shower must be such that the shower does not generate

radiation in production, in t decay and in t̄ decay that is harder than the one generated by

POWHEG in production, t and t̄ decay, respectively.5

3 The POWHEG-BOX-RES framework

In this section we illustrate features that have been added to the POWHEG-BOX-RES package

since the publication of Ref. [52], and discuss some issues that were not fully described

there.

Automatic generation of resonance histories

In the POWHEG-BOX-RES implementation of Ref. [52], the initial subprocesses and the as-

sociated resonance structures were set up by hand. We have now added an algorithm

for the automatic generation of all relevant resonance histories for a given process at a

specified perturbative order. Thanks to this feature, the user only needs to provide a list

of subprocesses, as was the case in the POWHEG-BOX-V2 package. This is a considerable

simplification, in view of the fact that, when electroweak processes are considered, the

number of resonance histories can increase substantially. Details of this feature are given

in Appendix A.1.

5 We note that this method guarantees full NLO accuracy, including exact spin correlations, only at the

level of each individual emission, while correlation e↵ects between multiple QCD emissions are handled in

approximate form. Nevertheless it should be clear that Eq. (2.6) represents a significant improvement with

respect to pure parton showering after the first emission.
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Consistent inverse-width expansion at NLO

NWA: This hold to all orders!

Naive NLO expansion of NWA:

this ensures:

Consistent NLO expansion of NWA:

[Melnikov, Schulze, ’09]

spurious

Generalise to multiple resonances:

E.g.: !

[Jezo, JML, Pozzorini, 2307.15653]

https://arxiv.org/abs/2307.15653


Consistent inverse-width expansion at NLOPS

Start from fNLO in NWA:

fNLO for off-shell computation:
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�r ! 0

POWHEG for off-shell computation:

<latexit sha1_base64="Dr9z3QPEZ7yyp22OSS9HtiwI4M4="></latexit>
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�hvq+ST

����
with 1/�t expansion

= 1.012vs.

NWA limit:

use             in ME
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Matrix element-based resonance histories

Matrix 
element-based 
resonance 
histories

kinematics-
based 
resonance 
histories

*illustration courtesy of T. Jezo

squared-ME
in pole 
approximation 



Matrix element-based resonance histories

Different resonance history projectors 
agree at <1% level!



Matrix element-based resonance histories
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However, remember: here separation at LO + Real
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4 Semi-leptonic top-quark pair production and decay492

In this section we present the new bb4l-sl version of the bb4l generator, which is applicable to493

o�-shell tt̄ and tW production with semi-leponic decays, i.e.494

pp ! `
±
⌫`jjbb̄ . (4.1)

At Born level this process receives five di�erent perturbative contributions that range fromO(↵4

S
↵
2)495

toO(↵6), as illustrated in Fig. 1. These di�erent contributions originate from the interplay of matrix496

elements of order g
4

S
e
2, g

2

S
e
4 and e

6, as detailed in the following.497

(i) The terms of O(↵4

S
↵
2) represent the leading QCD contributions and originate form squared498

matrix elements of order g
4

S
e
2. They are dominated by W -boson plus heavy-flavour produc-499

tion (W+HF) in association with two additional light jets, i.e. pp ! W
±
bb̄jj where the W500

boson decays leptonically.501

(ii) The terms of O(↵2

S
↵
4) arise from squared matrix elements of order g

4

S
e
2 as well as from the502

interference between matrix elements of order g
2

S
e
4 and e

6. Such interferences are strongly503

colour-suppressed and are seven orders of magnitude smaller wrt the full O(↵2

S
↵
4) cross504

section. The latter is dominated by tt̄ and tW production, i.e. pp ! WWbb̄, with one505

leptonic and one hadronic W -boson decay.506

(iii) The terms of O(↵6) arise from squared matrix elements of order e
6 and represent the507

lowest order in ↵S. They are dominated by the vector-boson scattering (VBS) processs508

pp ! W
±
Zjj and the tri-boson production processes pp ! W

±
ZV , with Z ! bb̄ and509

a leptonically decaying W boson, while V = Z, W
± decays into two jets in the tri-boson510

process.511

(iv) The contributions ofO(↵5

S
↵
3) andO(↵3

S
↵
5) correspond to pure interferences between matrix512

elements of di�erent order and are strongly suppressed, due also to colour-interference e�ects.513

(SP:Add reference to discussion in the Appendix and main messages: region with two resonant514

W bosons strongly dominated by top-production processes. Moreover the other processes can be515

described and simulated as separate processes with nbegligible interference with top-productoin.516

Thus we will focus on O(↵2

S
↵
4). )517

Clarify role of single-top processes518

4.1 WWbb signature and bb4l-sl approximation519

In the following we focus on the order O(↵2

S
↵
4) with the aim to investigate possible contributions520

beyond the dominant top-pair production process in the on-shell regime, where two top-quarks and521

two W-bosons are on or near their mass shells. In doing so we can further restrict ourselves to the522

partonic process523

pp ! `
±
⌫`qq̄

0
bb̄ (+jets) , (4.2)

where qq̄
0 are a quark–anti-quark pair consistent with an intermediate W-boson, i.e. qq̄

0 = {ud̄, cs̄}524

or qq̄
0 = {dū, sc̄}. In fact, top-quark pair production and subsequent semi-leptonic decay only525
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LO

Full NLO QCD computation for 
<latexit sha1_base64="WobNyp7/xaHxRbbW8zUAbxRo3GI=">AAACGHicbZDLTgIxFIY7eEO8oS7dNBKjK5wx3pZENy4xkUvCIOmUDjS0ndJ2TMhkHsONr+LGhca4ZefbWGAWCv5Jk6//OSft+QPJqDau++3klpZXVtfy64WNza3tneLuXl1HscKkhiMWqWaANGFUkJqhhpGmVATxgJFGMLid1BtPRGkaiQczkqTNUU/QkGJkrNUpnkoJfRNBnzD2mPiSp9AXcSeZ3FM4hH6AFBwew2BGQadYcsvuVHARvAxKIFO1Uxz73QjHnAiDGdK65bnStBOkDMWMpAU/1kQiPEA90rIoECe6nUwXS+GRdbowjJQ9wsCp+3siQVzrEQ9sJ0emr+drE/O/Wis24XU7oULGhgg8eyiMGbRJTFKCXaoINmxkAWFF7V8h7iOFsLFZFmwI3vzKi1A/K3uX5Yv781LlJosjDw7AITgBHrgCFXAHqqAGMHgGr+AdfDgvzpvz6XzNWnNONrMP/sgZ/wDwXZ8Q</latexit>

pp ! `±⌫`qq̄
0bb̄ : [Denner, Pellen; ’17]
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4 Semi-leptonic top-quark pair production and decay492

In this section we present the new bb4l-sl version of the bb4l generator, which is applicable to493

o�-shell tt̄ and tW production with semi-leponic decays, i.e.494

pp ! `
±
⌫`jjbb̄ . (4.1)

At Born level this process receives five di�erent perturbative contributions that range fromO(↵4
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↵
2)495

toO(↵6), as illustrated in Fig. 1. These di�erent contributions originate from the interplay of matrix496

elements of order g
4

S
e
2, g

2

S
e
4 and e

6, as detailed in the following.497

(i) The terms of O(↵4

S
↵
2) represent the leading QCD contributions and originate form squared498

matrix elements of order g
4

S
e
2. They are dominated by W -boson plus heavy-flavour produc-499

tion (W+HF) in association with two additional light jets, i.e. pp ! W
±
bb̄jj where the W500

boson decays leptonically.501

(ii) The terms of O(↵2

S
↵
4) arise from squared matrix elements of order g

4

S
e
2 as well as from the502

interference between matrix elements of order g
2

S
e
4 and e

6. Such interferences are strongly503

colour-suppressed and are seven orders of magnitude smaller wrt the full O(↵2

S
↵
4) cross504

section. The latter is dominated by tt̄ and tW production, i.e. pp ! WWbb̄, with one505

leptonic and one hadronic W -boson decay.506

(iii) The terms of O(↵6) arise from squared matrix elements of order e
6 and represent the507

lowest order in ↵S. They are dominated by the vector-boson scattering (VBS) processs508

pp ! W
±
Zjj and the tri-boson production processes pp ! W

±
ZV , with Z ! bb̄ and509

a leptonically decaying W boson, while V = Z, W
± decays into two jets in the tri-boson510

process.511

(iv) The contributions ofO(↵5

S
↵
3) andO(↵3

S
↵
5) correspond to pure interferences between matrix512

elements of di�erent order and are strongly suppressed, due also to colour-interference e�ects.513

(SP:Add reference to discussion in the Appendix and main messages: region with two resonant514

W bosons strongly dominated by top-production processes. Moreover the other processes can be515

described and simulated as separate processes with nbegligible interference with top-productoin.516

Thus we will focus on O(↵2

S
↵
4). )517

Clarify role of single-top processes518

4.1 WWbb signature and bb4l-sl approximation519

In the following we focus on the order O(↵2

S
↵
4) with the aim to investigate possible contributions520

beyond the dominant top-pair production process in the on-shell regime, where two top-quarks and521

two W-bosons are on or near their mass shells. In doing so we can further restrict ourselves to the522

partonic process523

pp ! `
±
⌫`qq̄

0
bb̄ (+jets) , (4.2)

where qq̄
0 are a quark–anti-quark pair consistent with an intermediate W-boson, i.e. qq̄

0 = {ud̄, cs̄}524

or qq̄
0 = {dū, sc̄}. In fact, top-quark pair production and subsequent semi-leptonic decay only525
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Figure 13. Dijet invariant mass distribution for pp ! `
±

⌫jjbb̄ (left) and pp ! `
±

⌫qq̄
0
jbb̄ (right) with

Nb � 2 at LO comparing a description based on o�-shell matrix elements (blue) against the bb4l-sl
approximation (black), single-top (t-channel and s-channel) contributions with leptonic top decays (purple
and green respectively), and VBF-W contributions with leptonic W boson decays (yellow). The main panels
show absolute predictions, while the ratio plots show relative contributions with respect to the o�-shell
matrix element description. The lower ratio plot shows the corresponding ratio of the sum of the bb4l-sl
approximation, single-top and VBF contributions.

C.1 Approximation at LO1353

In Fig. 13 we plot the invariant mass of the two light jets considering the process (4.1) as baseline on1354

the left and the process (4.2) as baseline on the right. Here we require at least two b-tagged jets. In1355

Fig. 13 (left) we compare the fully o�-shell LO description of the process pp ! `
�
⌫̄`jjbb̄ against the1356

bb4l-sl approximation, and also against the individual contributions of the t-channel and s-channel1357

single-top production and decay processes pp ! t̄(! `
�
⌫̄`b̄)jjb, as well as against contributions1358

due to VBF W-boson production and decay in association with a bb̄-pair, pp ! W
�(! `

�
⌫̄`)jjbb̄.1359

Numerical results are qualitative identical with the corresponding charge-conjugated processes. In1360

Fig. 13 (right) we present the same comparisons restricted to the `
�
⌫̄`qq̄

0
bb̄ signature, requiring1361

a qq̄
0-pair consistent with the charge of a W

+, i.e. qq̄
0 = {ud̄, cs̄}. In both plots the first1362

panels show absolute predictions, while the first ratio plots indicates the relative contribution with1363

respect to the fully o�-shell processes, and the second ratio plot compares the sum of the bb4l-sl1364

– 53 –

LO
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4 Semi-leptonic top-quark pair production and decay492

In this section we present the new bb4l-sl version of the bb4l generator, which is applicable to493

o�-shell tt̄ and tW production with semi-leponic decays, i.e.494

pp ! `
±
⌫`jjbb̄ . (4.1)

At Born level this process receives five di�erent perturbative contributions that range fromO(↵4

S
↵
2)495

toO(↵6), as illustrated in Fig. 1. These di�erent contributions originate from the interplay of matrix496

elements of order g
4

S
e
2, g

2

S
e
4 and e

6, as detailed in the following.497

(i) The terms of O(↵4

S
↵
2) represent the leading QCD contributions and originate form squared498

matrix elements of order g
4

S
e
2. They are dominated by W -boson plus heavy-flavour produc-499

tion (W+HF) in association with two additional light jets, i.e. pp ! W
±
bb̄jj where the W500

boson decays leptonically.501

(ii) The terms of O(↵2

S
↵
4) arise from squared matrix elements of order g

4

S
e
2 as well as from the502

interference between matrix elements of order g
2

S
e
4 and e

6. Such interferences are strongly503

colour-suppressed and are seven orders of magnitude smaller wrt the full O(↵2

S
↵
4) cross504

section. The latter is dominated by tt̄ and tW production, i.e. pp ! WWbb̄, with one505

leptonic and one hadronic W -boson decay.506

(iii) The terms of O(↵6) arise from squared matrix elements of order e
6 and represent the507

lowest order in ↵S. They are dominated by the vector-boson scattering (VBS) processs508

pp ! W
±
Zjj and the tri-boson production processes pp ! W

±
ZV , with Z ! bb̄ and509

a leptonically decaying W boson, while V = Z, W
± decays into two jets in the tri-boson510

process.511

(iv) The contributions ofO(↵5

S
↵
3) andO(↵3

S
↵
5) correspond to pure interferences between matrix512

elements of di�erent order and are strongly suppressed, due also to colour-interference e�ects.513

(SP:Add reference to discussion in the Appendix and main messages: region with two resonant514

W bosons strongly dominated by top-production processes. Moreover the other processes can be515

described and simulated as separate processes with nbegligible interference with top-productoin.516

Thus we will focus on O(↵2

S
↵
4). )517

Clarify role of single-top processes518

4.1 WWbb signature and bb4l-sl approximation519

In the following we focus on the order O(↵2

S
↵
4) with the aim to investigate possible contributions520

beyond the dominant top-pair production process in the on-shell regime, where two top-quarks and521

two W-bosons are on or near their mass shells. In doing so we can further restrict ourselves to the522

partonic process523

pp ! `
±
⌫`qq̄

0
bb̄ (+jets) , (4.2)

where qq̄
0 are a quark–anti-quark pair consistent with an intermediate W-boson, i.e. qq̄

0 = {ud̄, cs̄}524

or qq̄
0 = {dū, sc̄}. In fact, top-quark pair production and subsequent semi-leptonic decay only525
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Figure 13. Dijet invariant mass distribution for pp ! `
±

⌫jjbb̄ (left) and pp ! `
±

⌫qq̄
0
jbb̄ (right) with

Nb � 2 at LO comparing a description based on o�-shell matrix elements (blue) against the bb4l-sl
approximation (black), single-top (t-channel and s-channel) contributions with leptonic top decays (purple
and green respectively), and VBF-W contributions with leptonic W boson decays (yellow). The main panels
show absolute predictions, while the ratio plots show relative contributions with respect to the o�-shell
matrix element description. The lower ratio plot shows the corresponding ratio of the sum of the bb4l-sl
approximation, single-top and VBF contributions.

C.1 Approximation at LO1353

In Fig. 13 we plot the invariant mass of the two light jets considering the process (4.1) as baseline on1354

the left and the process (4.2) as baseline on the right. Here we require at least two b-tagged jets. In1355

Fig. 13 (left) we compare the fully o�-shell LO description of the process pp ! `
�
⌫̄`jjbb̄ against the1356

bb4l-sl approximation, and also against the individual contributions of the t-channel and s-channel1357

single-top production and decay processes pp ! t̄(! `
�
⌫̄`b̄)jjb, as well as against contributions1358

due to VBF W-boson production and decay in association with a bb̄-pair, pp ! W
�(! `

�
⌫̄`)jjbb̄.1359

Numerical results are qualitative identical with the corresponding charge-conjugated processes. In1360

Fig. 13 (right) we present the same comparisons restricted to the `
�
⌫̄`qq̄

0
bb̄ signature, requiring1361

a qq̄
0-pair consistent with the charge of a W

+, i.e. qq̄
0 = {ud̄, cs̄}. In both plots the first1362

panels show absolute predictions, while the first ratio plots indicates the relative contribution with1363

respect to the fully o�-shell processes, and the second ratio plot compares the sum of the bb4l-sl1364
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LO

•In this approximation we drop some off-shell/interference effects

•But: tt, wt and tt-wt interference is retained!

•POWHEG emission based on “allrad” approach:

•Note: can also be used for full hadronic decays!

Semi-leptonic tt: bb4l-sl
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4 Semi-leptonic top-quark pair production and decay492

In this section we present the new bb4l-sl version of the bb4l generator, which is applicable to493

o�-shell tt̄ and tW production with semi-leponic decays, i.e.494

pp ! `
±
⌫`jjbb̄ . (4.1)

At Born level this process receives five di�erent perturbative contributions that range fromO(↵4
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toO(↵6), as illustrated in Fig. 1. These di�erent contributions originate from the interplay of matrix496

elements of order g
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4 and e
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2) represent the leading QCD contributions and originate form squared498

matrix elements of order g
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e
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tion (W+HF) in association with two additional light jets, i.e. pp ! W
±
bb̄jj where the W500

boson decays leptonically.501

(ii) The terms of O(↵2

S
↵
4) arise from squared matrix elements of order g

4

S
e
2 as well as from the502
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colour-suppressed and are seven orders of magnitude smaller wrt the full O(↵2

S
↵
4) cross504

section. The latter is dominated by tt̄ and tW production, i.e. pp ! WWbb̄, with one505

leptonic and one hadronic W -boson decay.506

(iii) The terms of O(↵6) arise from squared matrix elements of order e
6 and represent the507

lowest order in ↵S. They are dominated by the vector-boson scattering (VBS) processs508
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Zjj and the tri-boson production processes pp ! W

±
ZV , with Z ! bb̄ and509

a leptonically decaying W boson, while V = Z, W
± decays into two jets in the tri-boson510

process.511

(iv) The contributions ofO(↵5
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3) andO(↵3
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5) correspond to pure interferences between matrix512

elements of di�erent order and are strongly suppressed, due also to colour-interference e�ects.513
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W bosons strongly dominated by top-production processes. Moreover the other processes can be515

described and simulated as separate processes with nbegligible interference with top-productoin.516

Thus we will focus on O(↵2
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4). )517

Clarify role of single-top processes518

4.1 WWbb signature and bb4l-sl approximation519

In the following we focus on the order O(↵2

S
↵
4) with the aim to investigate possible contributions520

beyond the dominant top-pair production process in the on-shell regime, where two top-quarks and521

two W-bosons are on or near their mass shells. In doing so we can further restrict ourselves to the522

partonic process523

pp ! `
±
⌫`qq̄

0
bb̄ (+jets) , (4.2)

where qq̄
0 are a quark–anti-quark pair consistent with an intermediate W-boson, i.e. qq̄

0 = {ud̄, cs̄}524

or qq̄
0 = {dū, sc̄}. In fact, top-quark pair production and subsequent semi-leptonic decay only525
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Figure 13. Dijet invariant mass distribution for pp ! `
±

⌫jjbb̄ (left) and pp ! `
±

⌫qq̄
0
jbb̄ (right) with

Nb � 2 at LO comparing a description based on o�-shell matrix elements (blue) against the bb4l-sl
approximation (black), single-top (t-channel and s-channel) contributions with leptonic top decays (purple
and green respectively), and VBF-W contributions with leptonic W boson decays (yellow). The main panels
show absolute predictions, while the ratio plots show relative contributions with respect to the o�-shell
matrix element description. The lower ratio plot shows the corresponding ratio of the sum of the bb4l-sl
approximation, single-top and VBF contributions.

C.1 Approximation at LO1353

In Fig. 13 we plot the invariant mass of the two light jets considering the process (4.1) as baseline on1354

the left and the process (4.2) as baseline on the right. Here we require at least two b-tagged jets. In1355

Fig. 13 (left) we compare the fully o�-shell LO description of the process pp ! `
�
⌫̄`jjbb̄ against the1356

bb4l-sl approximation, and also against the individual contributions of the t-channel and s-channel1357

single-top production and decay processes pp ! t̄(! `
�
⌫̄`b̄)jjb, as well as against contributions1358

due to VBF W-boson production and decay in association with a bb̄-pair, pp ! W
�(! `

�
⌫̄`)jjbb̄.1359

Numerical results are qualitative identical with the corresponding charge-conjugated processes. In1360

Fig. 13 (right) we present the same comparisons restricted to the `
�
⌫̄`qq̄

0
bb̄ signature, requiring1361

a qq̄
0-pair consistent with the charge of a W

+, i.e. qq̄
0 = {ud̄, cs̄}. In both plots the first1362

panels show absolute predictions, while the first ratio plots indicates the relative contribution with1363

respect to the fully o�-shell processes, and the second ratio plot compares the sum of the bb4l-sl1364

– 53 –

LO
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bb4l-sl vs. on-shell top-pair plus single-top 

•Accidentally small shower effects in bb4l 

•Percent-level agreement between bb4l and hvq+ST!

•O(1%) difference: tt-Wt interference + genuine off-shell



bb4l-sl vs. on-shell top-pair plus single-top 
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•Large differences between ST-DR and ST-DS in the tail of pTl

•bb4l agrees at O(1%) with ST-DS



bb4l-sl vs. on-shell top-pair plus single-top 
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•Control of reconstructed top-mass crucial for top-mass measurements
•Significantly smaller shower effects (and MEC) in bb4l-sl compared to hvq+ST



‣ Precision NLOPS predictions for off-shell tt+Wt crucial for  
 top-mass measurements and backgrounds in searches.

‣ Resonance-aware matching mandatory

‣ Inverse-width expansion in off-shell fNLO and NLOPS computations ensures  
 narrow-width limit. Numerical impact can be significant.

‣ Matrix-element based projectors indicate small  
 remaining systematics in RES method.

‣ Semi-leptonic tt x decay available in bb4l-sl approximation (valid for                           )   

‣ percent-level agreement of bb4l-sl with hvq+ST in inclusive phase-space  

‣ Crucial shape-effects and reduced shower dependency with bb4l-sl                                                       

Conclusions



‣ Full process                                    with massive b’s (4FS scheme)
‣ Implemented in the POWHEG-BOX-RES framework
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Abstract: We present a Monte Carlo generator that implements significant theoretical

improvements in the simulation of top-quark pair production and decay at the LHC. Spin

correlations and o↵-shell e↵ects in top-decay chains are described in terms of exact matrix

elements for pp ! bb̄e+⌫eµ�⌫̄µ at NLO QCD. Thus the contributions from tt̄ andWt single-

top production as well as their quantum interference are fully included. The b-quark mass

dependence is included throughout. Matrix elements are matched to the Pythia8 parton

shower using a recently proposed method that allows for a consistent treatment of reso-

nances in the POWHEG framework. These theoretical improvements are especially important

for the interpretation of precision measurements of the top-quark mass, for single-top anal-

yses in the Wt channel, and for tt̄ and Wt backgrounds in the presence of jet vetoes or

cuts that enhance o↵-shell e↵ects. The new generator is based on a process-independent

interface of the OpenLoops amplitude generator with the POWHEG-BOX framework.
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The resonance-aware bb4l generator
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Physics features:
• exact non-resonant / off-shell / interference / 

spin-correlation effects at NLO
• unified treatment of top-pair and Wt production 

with interference at NLO
• access to phase-space regions with unresolved b-

quarks and/or jet vetoes
• consistent NLO+PS treatment of top 

resonances, including quantum corrections to top 
propagators and off-shell top-decay chains

[Jezo, JML, Nason, Oleari, Pozzorini, ’16] 

Standard POWHEG matching:
• Standard FKS/CS subtraction does not preserve 

virtuality of intermediate resonances → R and B 
(~S) with different virtualities.

• R/B enters POWHEG matching via generation of 
radiation and via Sudakov form-factor  
 → uncontrollable distortions

Resonance-aware POWHEG matching:
• Separate process in resonances histories

• Modified FKS mappings that retain virtualities

[Jezo, Nason, ’15] 
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