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Top-pair production and decay
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                   Hollik, Pagani; ’07, Pagani, Tsinikos, Zaro,; ’16] [Bernreuther, Si; ‘10] [Denner, Pellen ’16] 
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Phenomenological relevance: precision top-quark mass measurements

via template fit of lepton-b-jet invariant mass  

[1606.02179]

mtop = 172.99 ± 0.41 (stat) ± 0.74 (syst) GeVmtop = 172.82 ± 0.19 (stat) ± 1.22 (syst) GeV

via reconstruction using analytical distributions  
derived from simulated samples

[1509.04044]

• these kinematic measurements strongly rely on MC modelling!
• NLO+PS generator for off-shell top-pair production and decay employs  

well defined (on-shell) top-quark mass input parameter!
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Illustration of the resonance matching problem

• In a traditional off-shell NLO+PS calculation:  
subtraction, matching and PS do not see/preserve intermediate resonances

• any (necessary) reshuffling/recoil might distort kinematic shapes!

NLO
incl. off-shell/non-resonant/

interference
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‣ 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! 

Problem in POWHEG languagearise 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
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+
X

↵

Z

kT>p
(min)
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) d�(↵)
rad
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where k
T

⌘ k
T

(�
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
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. (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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from FKS mappings

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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Resonance aware POWHEG
Rigorous solution to all these issues within POWHEG 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)
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Resonance histories

This follows from the fact that all (and only) the ↵r associated with particles i, j becoming

collinear dominate in this limit, and, being all equal, they simplify out in the numerator

and denominator of eq. (2.9). We emphasize, however, that the dij terms are not frame

independent in the soft limit. This is quite clear from eq. (2.12), that in the Ei ! 0 limit

becomes

dij ⇡

Ei

Ej
ki · kj

�b
, (2.14)

that is clearly frame dependent.

As in the Born case, the scheme discussed here is not the only alternative for the

partition of the singular regions and of the resonance structure. Using weights equal to

the square of individual sub-amplitudes is still a valid alternative, as long as one computes

the amplitudes in a physical gauge, in such a way that squared amplitudes also retain the

full collinear singularity structure. In this case one does not need to introduce the dij
factors, since the squared amplitudes already have the appropriate singular behaviour in

the collinear limit. In order to further pursue this alternative, issues related to the lack of

gauge invariance of the individual amplitudes squared should be addressed. In the present

work we did not investigate this alternative any further, since we prefer to assume that in

general the individual amplitude for the process may not be available.

2.3 Example: electroweak uū ! ud̄ūd

We illustrate the separation of the resonance structures in the process uū ! ud̄ūd, consider-

ing only electroweak interactions. In order to simplify the discussion, we will (wrongfully!)

assume that only the diagrams illustrated in fig. 2 contribute to it. We remark that this

process is chosen only for illustration purposes. We are aware of the fact that it has no

physical relevance and that we are omitting other relevant resonance histories. There is

Figure 2. Feynman diagrams for uū ! ud̄ūd.

only one Fb, corresponding to the bare flavour structure uū ! ud̄ūd. We have two fb,

represented in fig. 3, corresponding respectively to uū ! (W+ ! ud̄)(W� ! ūd) and

uū ! (Z ! uū)(Z ! dd̄).

The P factors for the two configurations are
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b =
M4
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.
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Figure 3. Trees for uū ! ud̄ūd.

Notice that we have assigned the values 1 and 2 to the fb index of the two flavour configu-

rations depicted in the figure. Particles are labeled by an integer, starting from the lower

incoming line, and going through all other particles clockwise. Summarizing, we have two

(full) flavour structures for the given bare flavour structure uū ! ud̄ūd. The corresponding

Born contributions will be given by

B
1

=
P 1

b B

Db
, B

2

=
P 2

b B

Db
,

with

Db = P 1

b + P 2

b .

Notice that B is the full Born contribution, given by the square of the sum of the graphs

in fig. 2. However, B
1

will be dominated by the square of the first graph, and B
2

by the

second.

The number of real graphs is already quite large, and we do not show the corresponding

figures. They are obtained by adding one final state gluon to the Born flavour configuration,

and by replacing one of the initial lines with a gluon, adding a corresponding quark of

opposite flavour to the final state. Here we focus upon the bare flavour configuration

uū ! ud̄ūdg. The corresponding full flavour configuration trees are depicted in fig. 4.

We will now label the gluon as 7, and keep the same labels used in the Born case for

all other particles. The P factors are now
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Figure 4. Trees for uū ! ud̄ūdg.

The singular regions ↵r are displayed in tab. 1. Notice that the final state radiation d

↵r fr emitter d�1(↵r)

1 1 0 d�1

7

2 2 3 d�1

37,2

3 2 4 d�1

47,2

4 3 5 d�1

57,3

5 3 6 d�1

67,3

6 4 0 d�1

7

7 5 3 d�1

37,5

8 5 4 d�1

57,5

9 6 5 d�1

47,6

10 6 6 d�1

67,6

Table 1.

factors carry in the subscript the position of the two partons that become collinear, and,

after a comma, an index specifying the resonance history. We are in fact assuming that

the d factors are computed in the frame of the resonance that owns the two collinear

partons. Notice also that the standard (non resonance aware) POWHEG implementation

would have found 5 regions, one for the initial state radiation, and 4 for final state radiation,

corresponding to a gluon being emitted by each final state parton.

It is interesting to see how the singular part of the cross section is shared among the

various resonance histories. We consider as an example the gluon emission from particle 3,

carrying the d�1

37

singularity. In the standard POWHEG formulation this region corresponds
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This approach is rigorous up to the point that assignment of resonance histories requires a 
prescription. 

uū ! ud̄ūd @ O(↵4)

resonance tree for fb (excluding the root). We then define

⇧fb =
P fb

P
f 0
b2T (Fb(fb))

P f 0
b
, (2.5)

where we have introduced the notation Fb(fb) to denote the bare flavour structure asso-

ciated to a given full flavour structure fb. This definition clearly satisfies the property

(2.2). Thus Bfb exhibits resonance peaks only in correspondence with resonances in its

own resonance history. In fact the P f 0
b factors for all alternative resonance histories in the

denominator of ⇧fb cancel the resonance peaks due to alternative resonance histories in

BFb . Only the peaks compatible with the fb resonance structure, that have a corresponding

enhancement factor in the numerator, will remain.

It is worth pointing out that our definition of the ⇧ factor is certainly not unique. In

particular, there is an alternative possibility that is easily implemented if one has access

to the individual sub-amplitudes contributing to the total amplitude characterized by Fb:

BFb =
���
X

i

Ai

���
2

. (2.6)

The structure of each sub-amplitude represents in this case a resonance history, so that we

can create a correspondence i $ fb, and define

P fb = |Afb |2. (2.7)

This possibility may prove convenient with current numerical matrix elements programs,

where the numerical calculation of the individual amplitude is a necessary step for the

computation of the full matrix element. Since this procedure is gauge dependent, care

should be taken in the choice of an appropriate gauge.

2.1.1 Implementation of the Born resonance histories in the POWHEG BOX

The internal implementation of the Born flavour structure can be inherited from the present

Born level structure in the POWHEG-BOX-V2, starting with the extension of ref. [14] for the

inclusion of narrow width resonances. In this implementation, the full flavour structure of a

Born term is represented by two arrays, flst born(j,iborn) and flst bornres(j,iborn),

where the index iborn labels the particular Born full flavour structure fb. The j index

labels the external leg and the internal resonances, with 1 and 2 representing the in-

coming legs, and the (integer) value of the flst born array represents the corresponding

flavour code (that coincides with the PDG code, except for gluons, that are labeled 0).

The flst bornres(j,iborn) integer array represents the resonance pointers, so that the

whole resonance structure can be reconstructed. For example, for the case of the full flavour

structure corresponding to the process gg ! (t ! (W+ ! e+⌫e)b)(t̄ ! (W� ! µ�⌫̄µ)b̄),

we have

flst born(1:12,iborn) = [ 0, 0, 6, -6, 24, -24, -11, 12, 13, -14, 5, -5]

flst bornres(1:12,iborn) = [ 0, 0, 0, 0, 3, 4, 5, 5, 6, 6, 3, 4].
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The root of the tree does not correspond necessarily to any real resonance. For uni-

formity of treatment, we will however associate to the root a fictitious resonance, and we

will refer to it as the “production resonance”.

For each given initial and final flavour configurations, we have several possible reso-

nance histories. We will denote with Fb the initial and final flavour structure of the Born

process, irrespective of the internal nodes of the resonance history. We will instead denote

with fb the flavour structure including the resonances decay cascade. We will also refer

to it as the resonance history. Summarizing, we will refer to Fb as the bare flavour

structure of the process, and to fb as the full flavour structure, or simply as the flavour

structure.

The Born contributions will be labeled as BFb . Thus, BFb is the square of the amplitude

for the production of the final state Fb, including all possible resonance histories allowed

for the process. We separate the Born contribution in the following way:

BFb =
X

fb2T (Fb)

Bfb , Bfb = ⇧fbBFb , (2.1)

where T (F ) is the set of all trees having the same bare flavour structure F . The factors

⇧fb have the property X

fb2T (Fb)

⇧fb = 1. (2.2)

Furthermore, they must be such that ⇧fbBFb must have resonance peaks compatible with

the resonance history of fb. One possible definition for the ⇧fb is the following. With each

resonance i in the resonance history, we associate the factor

M4

i

(si �M2

i )
2 + �2

iM
2

i

, (2.3)

and define

P fb =
Y

i2Nd(fb)

M4

i

(si �M2

i )
2 + �2

iM
2

i

, (2.4)

where si, Mi and �i are respectively the invariant mass of the decay product system, the

mass of the resonance and its width. By Nd(fb) we denote the set of all nodes of the
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Projection onto resonance histories fb and fr based on kinematic proximity: 

Example:

(similar for R: separation into resonance structures and compatible FKS singular regions)
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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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Interplay between top-pair and Wt single-top production
5FS

4FS

• NLO corrections to Wt swamped by LO tt+decay 
• requires ad-hoc subtraction prescription: DRI, DRII, DSI, DSII 
• NLO+PS for Wt available in MC@NLO [Frixione, et. al.; ’08],  

POWHEG [Re; ’11] and Madgraph_aMC@NLO [Demartin et. al.; ‘16]

• 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

same finale state!

LO

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

�
n̄

µ

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

�
n̄

µ

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

�
n̄

µ

bb̄ produc-
tion without applying any approximation. In particular non-
resonant Z/g ! nee+µ

�
n̄

µ

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].

NLO
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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.
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bb̄ produc-
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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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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-
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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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ting is related to the b-quark parton distribution in 5F PDFs.
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malised in the on-shell scheme, and their contributions are
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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
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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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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
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‣ We consider the full process                                   with massive b’s (4F scheme)
‣ Implemented in the POWHEG-BOX-RES framework
‣ All matrix elements from OpenLoops (B, Bij, Bμν, V, R, color-flow) 

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
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Tomáš Ježo,a Jonas M. Lindert,c Paolo Nason,b Carlo Olearia and Stefano Pozzorinic
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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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Efficiency study

⟹ factor of ~7 improvement in convergence/efficiency/speed!

(*) NLO POWHEG setup 
• stage 1: ncalls=80k,   itmx=2
• stage 2: ncalls=100k, itmx=4
• nrun = 64

(typical setup for small cluster/blade)

resonance 
aware

resonance 
unaware

NLO cross section rel. accuracy (*) 0,11% 0,79%

efficiency of generation of 
radiation vetos per event 750 15000

speed of event generation events per hour 1500 200
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Results: top-resonance
‣ default: resonance aware matching & multiple-radiation scheme
‣ off: resonance unaware matching
‣ guess: resonance unaware matching but kinematic guess off resonance structure before PS 

(based on kinematic proximity)

  ⟹ resonance unaware matching yields distortions of important kinematic shapes
  ⟹ control of these shapes crucial for precise top-mass measurements!

  ⟹ resonance assignment based on kinematic proximity with standard matching not sufficient 
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Impact of PS momentum reshuffling
‣ res-singlerad: resonance aware matching & single-radiation scheme
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⟹ res-strip in-between res-singlerad and res-off

⟹ both effects important:  
          1) first emission governed by resonance preserving R/B  
          II) PS reshuffling preserves the resonance masses
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Compare different treatment of top off-shellness

In our analysis, we make all B hadrons stable, performing the corresponding Pythia8

setup calls. Aside from these, all remaining settings are left to the default of Pythia8.1.

In this paper we compare di↵erent generators, which are based on di↵erent approxi-

mations for the o↵-shellness of the produced top quarks:

1. our new generator, that we dub bb4l, and which we consider as our best prediction;

2. the ttb NLO dec generator [51];

3. the hvq generator [20].

label tt̄ NLOPS tt̄+decay NLOPS bb̄4` NLOPS-RES

NLO matrix elements tt̄ t(! e+⌫
e

b)t̄(! µ�⌫̄µb̄) bb̄e+⌫
e

µ�⌫̄µ
decay accuracy LO+PS NLO+PS NLO+PS

NLO radiation single multiple multiple

spin correlations approx. exact exact

o↵-shell tt̄ e↵ects BW smearing LO bb̄4` reweighting exact

Wt & non-resonant e↵ects no LO bb̄4` reweighting exact

Table 1. Labels and characteristic features of the three generators considered in this paper.

All generators are run with the default settings and with the same scale choice of

eq. (4.6) and they are interfaced to Pythia8. In table 1 we list the labels we use for the

corresponding curves in the kinematic distributions we are presenting, together with their

main characteristic features and approximation levels.

In our forthcoming analysis, we also compare the outputs of our new bb4l genera-

tor with di↵erent settings. In particular, we want to investigate the e↵ects of the new

resonance-aware subtraction and matching prescription. To this end, we compare the de-

fault predictions against those obtained with our code where

- the resonance-aware formalism is switched o↵;

- the resonance information is stripped o↵ in the POWHEG Les Houches event file before

passing it to the showering program;

- for the events with no resonance information, the resonance assignment is guessed

based on the kinematic structure of the events themselves, according to the method

described in Appendix B.1;

- only one radiation is generated by POWHEG, i.e. without employing the multiple-

radiation scheme introduced in ref. [51].

The corresponding numerical results are labelled according to the scheme in table 2.
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. [Frixione, Nason, Ridolfi; ’07]. [Campbell, Ellis, Nason, Re; ’15] 
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Results: on-shell tt vs. bb4l
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• significant shape distortions around resonance with respect to on-shell calculation
• very relevant for top mass determination, see e.g. [Heinrich, Maier, Nisius, Schlenk, Winter; ’14]

• average           roughly 500 MeV smaller in on-shell    (in ±30 GeV around mtop)
• ~20-30% effects around the b-jet-lepton invariant mass edge 

ttmWjB
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• very good agreement mostly <5% level between the two predictions
• the two calculations support each other (natural factorization of radiation between 

production and decay in tt⊗decay)
• average           roughly 100 MeV smaller in tt⊗decay (in ±30 GeV around mtop)mWjB
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b-jet radiation properties
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• narrower b-jets and harder B-fragmentation in bb4l
• due to reduced radiation from b’s in bb4l
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• for small jet thresholds Wt single-top reaches 40-50% 
• tt⊗decay includes Wt only at LO and treats tops  

on-shell at NLO ⟹ overestimates radiation in Wt region
• 10-20% jet veto resummation effects
• important for any tt background with jet vetoes  

(e.g. H→W+W-)
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[Ježo, Nason; ’15]

• significant shape distortions in resonance unaware calculation and 
with respect to on-shell top calculation [Alioli, Nason, Oleari, Re; ’09]
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‣  Resonance-aware matching is pivotal for processes with intermediate resonances
‣  (quite) Rigorous solution within POWHEG by [Ježo, Nason; ’15] 

‣  New POWHEG framework: POWHEG-BOX-RES (http://powhegbox.mib.infn.it/)
•  resonance-aware subtraction and matching 
•  automated generation of resonance histories and phase-space
•  on-the-fly scale and PDF variations / weights
•  process independent POWHEG-BOX+OpenLoops interface  

‣  Phenomenology: 
• resonance-aware matching crucial for kinematic precision top-mass measurements
• unified treatment of tt & Wt important for precision single-top physics and for modelling 

of tt backgrounds subject to jet vetoes. 

‣  Outlook:
• Detailed investigation of effects on top mass measurements 
• Hadronic top decays

Conclusions

23

http://powhegbox.mib.infn.it/
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Summary of the results
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Setup

5 Phenomenological setup

In this section we document the input parameters, acceptance cuts and generator settings

that have been adopted for the numerical studies presented in Section 6. Moreover we

introduce a systematic labelling scheme for the various NLO+PS approximations that are

going to be compared.

5.1 Input parameters

Masses and widths are assigned the following values

mZ = 91.188 GeV , �Z = 2.441 GeV , (5.1)

mW = 80.419 GeV , �W = 2.048 GeV , (5.2)

mH = 125 GeV , �H = 4.03⇥ 10�3 GeV , (5.3)

mt = 172.5 GeV , �t = 1.329 GeV , (5.4)

mb = 4.75 GeV . (5.5)

The electroweak couplings are derived from the gauge-boson masses and the Fermi constant,

Gµ = 1.16585⇥ 10�5 GeV�2, in the Gµ-scheme, via

↵EM =
p
2
Gµ

⇡

����µ
2
W

✓
1� µ2

W

µ2
Z

◆���� =
1

132.50698
, (5.6)

where µW and µZ are complex masses given by Eq. (4.1).

The value of the top-quark width we use is consistently calculated at NLO from all

other input parameters by computing the three-body decay widths �(t ! ff̄ 0b) into any

pair of light fermions f and f̄ 0 and a massive b quark. To this end, we employ a numerical

routine of the MCFM implementation of Ref. [34].

As parton distributions we have adopted the five-flavour MSTW2008NLO PDFs [71], as

implemented in the Ref. [72], with the corresponding five-flavour strong coupling constant,

and for their consistent combination with four-flavour scheme parton-level cross sections

the scheme transformation of Section 4.3 was applied. In the evaluation of the matrix

elements, only the bottom and the top quarks are massive. All the other quarks are

treated as massless. In addition, the Cabibbo-Kobayashi-Maskawa matrix is assumed to

be diagonal.

When generating events we adopt the following scale choice:

• For resonance histories with a top pair we use

µR = µF =
h�
m2

t + p2T,t
� ⇣

m2
t̄ + p2T,t̄

⌘i 1
4
, (5.7)

where the (anti)top masses and transverse momenta are defined in the underlying

Born phase space in terms of final state (o↵-shell) decay products.

• For resonance histories with an intermediate Z we use

µR = µF =

q
p2Z

2
, (5.8)
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For    resonance histories: tt

For Z resonance histories: 

PDFs:  MSTW2008NLO 

their Breit-Wigner shape would well probe the region where an o↵-shell Z decays into two

on-shell W ’s, but not the regions where an on-shell Z decays into an on-shell W and an

o↵-shell one. It also guarantees that cases like the diagram in Fig. 2 are properly sampled.

The interested reader can find more technical details by inspecting the code itself.

4.2 The complex-mass scheme

In our calculation all intermediate massive particles are consistently treated in the complex-

mass scheme [66, 67], where the widths of unstable particles are absorbed into the imaginary

part of the corresponding mass parameters,

µ2
i = M2

i � i�iMi for i = W,Z, t,H. (4.1)

This choice implies a complex-valued weak mixing angle,

sin ✓2W = 1� cos ✓2W = 1� µ2
W

µ2
Z

, (4.2)

and guarantees gauge invariance at NLO [67].

4.3 The decoupling and MS schemes

When performing a fixed-order calculation with massive quarks, one can define two consis-

tent renormalization schemes that describe the same physics: the usual MS scheme, where

all flavours are treated on equal footing, and a mixed scheme [68], that we call decoupling

scheme, in which the nlf light flavours are subtracted in the MS scheme, while heavy-flavour

loops are subtracted at zero momentum. In this scheme, heavy flavours decouple at low

energies.

In the calculation of the `+⌫` l�⌫̄l b b̄ hard scattering cross section we treat the bottom

quark as massive and, correspondingly, nlf is equal to four. The renormalization of the

virtual contributions is performed in the decoupling scheme with a four-flavour running ↵S.

For consistency, the evolution of parton distribution functions (PDFs) should be performed

with four active flavours, so that, in particular, no bottom-quark density is present and no

bottom-quark initiated processes have to be considered. However, given that the process at

hand is characterised by typical scales far above the b-quark threshold, it is more convenient

to convert our results to the MS scheme in such a way that they can be expressed in terms

of the MS strong coupling constant, running with five active flavours, and also with five-

flavour PDFs.

The procedure for such a switch of schemes is well known, and was discussed in Ref. [69].

For `+⌫` l�⌫̄l b b̄ production, we need to transform the qq̄ and gg squared Born amplitudes

Bqq and Bgg, computed in the decoupling scheme, in the following way

Bqq !

1� 4

3
TF

↵S

2⇡
log

✓
µ2

R

m2
b

◆�
Bqq , (4.3)

Bgg !

1 +

4

3
TF

↵S

2⇡
log

✓
µ2

F

µ2
R

◆�
Bgg . (4.4)
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Complex-mass-scheme:
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The interested reader can find more technical details by inspecting the code itself.

4.2 The complex-mass scheme

In our calculation all intermediate massive particles are consistently treated in the complex-

mass scheme [66, 67], where the widths of unstable particles are absorbed into the imaginary

part of the corresponding mass parameters,

µ2
i = M2

i � i�iMi for i = W,Z, t,H. (4.1)

This choice implies a complex-valued weak mixing angle,

sin ✓2W = 1� cos ✓2W = 1� µ2
W

µ2
Z

, (4.2)

and guarantees gauge invariance at NLO [67].

4.3 The decoupling and MS schemes

When performing a fixed-order calculation with massive quarks, one can define two consis-

tent renormalization schemes that describe the same physics: the usual MS scheme, where

all flavours are treated on equal footing, and a mixed scheme [68], that we call decoupling

scheme, in which the nlf light flavours are subtracted in the MS scheme, while heavy-flavour

loops are subtracted at zero momentum. In this scheme, heavy flavours decouple at low

energies.

In the calculation of the `+⌫` l�⌫̄l b b̄ hard scattering cross section we treat the bottom

quark as massive and, correspondingly, nlf is equal to four. The renormalization of the

virtual contributions is performed in the decoupling scheme with a four-flavour running ↵S.

For consistency, the evolution of parton distribution functions (PDFs) should be performed

with four active flavours, so that, in particular, no bottom-quark density is present and no

bottom-quark initiated processes have to be considered. However, given that the process at

hand is characterised by typical scales far above the b-quark threshold, it is more convenient

to convert our results to the MS scheme in such a way that they can be expressed in terms

of the MS strong coupling constant, running with five active flavours, and also with five-

flavour PDFs.

The procedure for such a switch of schemes is well known, and was discussed in Ref. [69].

For `+⌫` l�⌫̄l b b̄ production, we need to transform the qq̄ and gg squared Born amplitudes

Bqq and Bgg, computed in the decoupling scheme, in the following way

Bqq !

1� 4

3
TF

↵S

2⇡
log

✓
µ2

R

m2
b

◆�
Bqq , (4.3)

Bgg !

1 +

4

3
TF

↵S

2⇡
log

✓
µ2

F

µ2
R

◆�
Bgg . (4.4)

– 11 –

    cuts:  at least one b- and one b-jet withtt

Unless stated otherwise, in kinematic distributions we always perform an average over the

t and t̄ case (thus also on lepton–antilepton, b–anti-b, etc.).

The top-pair observables in Sections 6.2–6.3 are computed by requiring the presence

of a b and a b̄ jet with

pjT > 30 GeV, |⌘j | < 2.5 , (5.9)

and applying the following leptonic cuts,

plT > 20 GeV, |⌘l| < 2.5 , pmiss
T > 20 GeV, (5.10)

where l = `+, l� and pmiss
T is obtained from the vector sum of the transverse momentum of

the neutrinos in the final state.

6 Top-pair dominated observables

Here we present numerical predictions for pp ! e+⌫eµ�⌫̄µb b̄+X at
p
s =8TeV. In partic-

ular, we study various observables that are sensitive to the shape of top resonances.

6.1 Comparison with traditional NLO+PS matching

In the following, we compare nominal bb4l predictions, generated with default settings,

with results obtained by switching o↵ the resonance-aware formalism (i.e. setting the flag

nores to 1). In this way we get results that are fully equivalent to a POWHEG-BOX-V2 (or

“traditional”) implementation. For this comparison we do not impose any cuts, i.e. we

perform a fully inclusive analysis that involves, besides tt̄ production, also significant con-

tributions from Wt single-top production.

Events generated with the traditional implementation do not contain any information

whatsoever about their resonance structures. We label the curves obtained by showering

these events as res-o↵. Because the resonance information is not available, the shower

generator will not preserve the virtualities of the resonances. In order to further explore

the usability of the res-o↵ results, we also consider the possibility of reconstructing the

resonance information of the Les Houches event on the basis of its kinematic proximity

to one of the possible resonant configurations. Specifically, we perform an educated guess

of the resonance structure of the event, assigning it to a tt̄ or to a Z resonance con-

figuration (see Section 4.1), and assigning the radiation either to the initial state or to

the outgoing b’s. The curves obtained this way are labelled as res-guess and the proce-

dure for reconstructing the resonance information from the event kinematics is detailed

in Appendix B.1.

We first consider, in Fig. 3, the invariant mass of the WjB and of the ljB systems. In

the res-o↵ case, we observe that the reconstructed mass peak has a wider shape. This is

expected, since neither the POWHEG-BOX nor the shower program preserve the virtuality of

the top resonances. In the res-guess case the width of the peak is diminished, although not

quite at the level of the resonance-aware prediction, labelled as res-default. We also observe

a mild shift in the peak in the res-guess case, which improves the agreement with the res-

default result. The distribution in the mass of the lepton-jB system also shows marked
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