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Motivations

I Interesting phenomenology and experimental analyses deal with decay products
rather than stable heavy resonances as primary objects.

I Need to include decays, off-shell effects, and non-resonant contributions as much
as possible at the matrix-element level.

I Showers may give special treatment to emissions from decay products: need to
formulate MC@NLO accordingly.
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Preamble: the problem at fixed NLO (fNLO)

I s-channel resonance β: propagator
[(k2 −m2)2 +m2Γ2]−1 enhances
weight of configurations with
k2 ∼ m2, especially for small Γ.
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Figure 1. Left panel: the FKS pair (i, j) is not connected to the resonance β. Right panel: the
FKS pair is connected to the resonance.

2.1.1 Treatment of resonances in FKS

We assume that the reader is familiar with the basics of FKS subtraction; if not, all of

the relevant information can be found in the original papers [50, 51] and in ref. [52]. The

latter work deals specifically with the issues relevant to automation, and hence to the

MadGraph5 aMC@NLO implementation. There are two possible situations, depicted

in figure 1: the case where the FKS pair — identified in what follows by the indices i (the

FKS parton) and j (its sister) — is not directly connected to the tree1 that stems from

the resonance β (left panel); and the case where the FKS pair is part of the tree whose

root is β (right panel). We also have to keep in mind that, at variance with the simplified

treatment presented in section 2.1, in QCD there are both soft and collinear singularities.

However, one of the key properties of the phase-space parametrisations relevant to FKS

in MadGraph5 aMC@NLO is that for a given real-emission resolved configuration, the

reduced (i.e. Born-like) configurations associated with the soft and collinear limits are

identical to each other. We observe that this is a sufficient condition for a type-IIb approach

to work (since the re-mapping of eq. (2.8) requires that the r.h.s. of that equation be unique

for a given b). Conversely, type-IIa solutions might be implemented in any case, however

with possibly different re-mappings associated with soft and collinear configurations.

The situation depicted in the left panel of figure 1 can occur with either initial-state or

final-state singularities, and the phase-space parametrisation in MadGraph5 aMC@NLO

offers a type-I solution in this case. This is because for both types of singularities all of the

final-state momenta relevant to a given event (excluding i and j in the case of a final-state

singularities) are related to those of the associated counterevents by means of boosts. Since

neither i nor j contribute to the invariant mass of β, this implies that eq. (2.3) is fulfilled,

and therefore one can choose k2β as an integration variable.

Let us now turn to the situation depicted in the right panel of figure 1, which oc-

curs solely in the case of final-state singularities. Relevant cases are for example that

of a Z branching, with (β, µ, γ) = (Z, q, q̄) and (i, j) = (g, q), or that of a top-quark

branching, with (β, µ, γ) = (t, b,W ) and (i, j) = (g, b). In the current version of Mad-

Graph5 aMC@NLO, the phase-space parametrisation adopted is that of section 5.2 of

ref. [28], and its generalisation to the case of a massive FKS sister. Such a parametrisation

1Note that this is a sensible definition, because β is an s-channel, and hence it is the root of a tree that

can be separated from the rest of the diagram by a single cut.
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I At fNLO (β → γji suppose i = gluon): IR subtraction terms have different
virtuality k2 w.r.t. real matrix elements (b = Born variables, ξ → 0 in IR limits)

σR ∼
∫
db dξ

1

ξ

{
R[k2(b, ξ)]−R[k2(b, 0)]

}
.

Highly unbalanced weights when k2(b, ξ) ∼ m2 or k2(b, 0) ∼ m2, unless

k2(b, ξ) = k2(b, 0) ∀ξ.

I ‘Just’ an efficiency problem at fNLO (cancellation not spoiled for finite Γ).
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A possible solution at fNLO

σR ∼
∫
db dξ

1

ξ

{
R[k2(b, ξ)]−R[k2(b, 0)]

}
.

I Remap b→ Φ(b) in the real matrix elements so that

k2(Φ(b), ξ) = k2(b, 0) ∀ξ,

σR ∼
∫
db dξ

1

ξ

{
Φ′(b)R[k2(Φ(b), ξ)]−R[k2(b, 0)]

}
.

I Schematically
- generate Born configuration b,
- replace it with Φ(b),
- generate real configuration (Φ(b), ξ).

I Real and subtraction terms now have the same k2, efficient integration.
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The problem in MC@NLO

FH =

∫
dφn+1[R(φn+1)−KMC(φn+1)]FMC(φn+1),

I Real and MC counterterm in H events have the same resonance virtuality k2: no
weight unbalance, thus efficient integration.

I But MC counterterm must mimic the shower first emission: to be adapted if the
shower treats resonances in a special way.

I Efficiency problem at fNLO has turned to a potential double-counting problem
at NLOPS in MC@NLO.
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Shower and MC@NLO with resonances
Process with decay products at ME level (e.g. Wbj).

I If resonance written in the LH file, shower from production and from decay
factorised, motivated by NWA; shower from decay typically conserves
reconstructed resonance mass mrec.

I For this kind of emission MC@NLO counterterms KMC need same
mass-conserving map as the shower.

I Remapping of slide 4, applied both to real and to MC counterterms.

Further issues.

I Writing resonance in LH file may produce visible differences in the shower, even
for small width, but is ultimately arbitrary: no physical way to attribute an
event to a resonant diagram or not.

I Preserving the resonance structure reasonable sufficiently close to the pole mass,
where resonant contributions dominate, but need to asses this systematics.

I If resonance written, shower emissions from it. To be matched in MC@NLO by
(finite) MC counterterms, or disallowed.
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Strategy in MadGraph5 aMC@NLO

In MadGraph5 aMC@NLO integration channels correspond to Born-level Feynman
diagrams.

I If diagram/channel does not contain resonance, resonance not written in the
event file.

I If diagram/channel contains resonance and real emission from decay products,
resonance always written in the event file and remapping (if the shower
conserves resonance mass).

I In all other cases resonance written in event file if |mrec −m| < xcutΓ.
xcut free, parametrising sensitivity of shower to writing resonance in the LH file,
varied to asses systematics.
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t-channel single top, status

Fixed NNLO, stable top
Brucherseifer, Caola, Melnikov, [1404.7116]

Fixed NLO, off-shell top
Papanastasiou, Frederix, Frixione, Hirschi, Maltoni, [1305.7088]

NLOPS, stable top
MC@NLO, Frixione, Laenen, Motylinski, Webber, [0512250]

POWHEG, Alioli, Nason, Oleari, Re, [0907.4076]

MC@NLO and POWHEG 4FS, Frederix, Re, PT, [1207.5391]

NLOPS, off-shell top
POWHEG, Jezo, Nason, [1509.09071]

MC@NLO, Frederix, Frixione, Papanastasiou, Prestel, PT, [1603.01178]
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t-channel single top at NLOPS in MadGraph5 aMC@NLO

NNLO (amplitude-level) Decay & Offshellness NLO+PS Outlook

t-Channel with offshell and nonresonant effects
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• complex-mass scheme [Denner et al] to compute full set of diagrams at NLO

• t-channel topologies can be consistently identified

• cut on pT of jet containing b-quark, Jb, required for consistent definition
of process

• diagonal CKM matrix also required to ensure no further b-quarks present
at Born-level

• typical cuts are applied to Jb, Jlight, M(W +, Jb) for results presented next

A. Papanastasiou Single Top: theory progress TOP2015 | 15.09.2015 | 8/16

[ AP, Frederix, Frixione, Hirschi, Maltoni; mg5 aMC@NLO]

I Complex-mass scheme Denner, Dittmaier, et al., [9904472, 0505042], to include
finite-with effects in gauge-invariant way.

I Generation cut on pt(Jb) to avoid potential singularities from non-resonant
diagrams. Jb constructed using MC truth in showered results.

I Diagonal CKM: Vtb = 1 otherwise Jlight can contain a b and QED corrections to
O(αSα

2) terms have to be included.

I Typical analysis cuts to avoid artificial non-resonant enhancements: pt(Jx) > 25
GeV, |η(Jx)| < 4.5, (x = b, light) 140 GeV < M(W+Jb) < 200 GeV.

I MadGraph5 aMC@NLO matched to PY8 and HW6.
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t-channel single top at NLOPS in MadGraph5 aMC@NLO

I HW6 conserves top mass in showers from b, hence remapping used.

I PY8 with global recoil does not: no modifications w.r.t. normal MC@NLO.

I Checked that global vs local recoil (the latter preserves top mass) has negligible
impact on all observables considered: all HW6-PY8 differences presented later
are not due to recoil scheme.

I Radiation off intermediate top (when written in the event record) disallowed at
NLOPS, to avoid finite double counting in MC@NLO.
Checked that negligible impact.
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Results: pt(W
+, Jb)
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e.) The third inset reveals that pT (W+, Jb) is largely stable against the choice of xcut,

with only xcut = 0 displaying any visible effects. The latter are however smaller than

(Pythia8) or comparable to (Herwig6) the NLO scale uncertainty illustrated by

the band in the upper left inset.

3.2.2 Transverse momentum of primary b-jet, pT (Jb)

Figure 3 shows the transverse momentum of the primary b-jet, pT (Jb). This observable is

less inclusive than pT (W+, Jb) over the top decay products, and therefore NLO corrections

to the decay are expected to play a more important role. This is indeed the case since

the non-trivial shape at low pT of the differential K-factor at fixed order is driven by the

NLO corrections to the top decay (this has again been cross-checked with MCFM). These

corrections also result in a harder pT (Jb)-tail at NLO w.r.t. LO. The feature at small pT

in the fLO/fNLO ratio can be attributed to the kinematical fact that real radiation off

the b-quark carries energy away from the b-jet, thus softening the NLO spectrum; such

a leakage occurs less often when moving towards large pT ’s, where the jets tend to be

more collimated.
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I Reference = NLOPS Wbj with xcut = 35 (meaning ∼ ∞).

I Comparison with tj+Madspin NLOPS.
Madspin has production and decay spin correlations; off-shell effects through
simple BW smearing; no NLO corrections to decay, no non-resonant.

I Madspin results depend on BWcut = distance (in units of Γ) from pole mass,
below which Madspin is allowed to work. Reference 35 means ∼ ∞.
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I Up: hardening of NLO w.r.t. LO (mainly corrections to production).
Shower agreement improves at NLOPS.

I Middle: good NLOPS tj+Madspin description (up to 10%), independent of
BWcut (0.1 means ∼ 0). Insensitive to off-shell and non-resonant effects.

I Down: stability of NLOPS Wbj against xcut. Only xcut = 0 slightly departs.
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Results: M(W+, Jb)
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b.) The effect of parton showering with respect to fixed-order results is very significant

over the full range considered, and exceeds 50% in the bins near the peak. Radiation

by both showers smears and flattens the sharply-peaked fixed-order distribution. This

smearing results from the combined effect of ISR and FSR enhancing the high-mass

tail when clustered into the b-jet, and of b-quark FSR enhancing the low-mass tail

when leaking out of the b-jet.

c.) The dashed and solid brown curves in the first right-hand inset indicate that, both at

LO and NLO, the Pythia8 distributions are flatter overall than the corresponding

Herwig6 ones, with effects as large as 20% and 40% at NLO and LO, respectively.

Despite the remaining visible differences, there is a substantial improvement in the

consistency of the two showers at NLO, compatible with the increased formal ac-

curacy of the simulation. Differences between the two showers are to some extent

expected — the smearing cannot be attributed to one single factor, but rather is

a combination of various sources that vary between the showers: different αs(mZ)

or ΛQCD choices, different showering models (interleaved ISR/FSR in Pythia8 and

sequential ISR/FSR in Herwig6) and different hadronisation models.

– 19 –

I At fNLO, real corrections to production and decay important. Above the peak is
production or off-shell/non-resonant.

I Very significant effects of multiple emissions w.r.t. fixed order.
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I Up: consistency improvement at NLOPS, still differences up to 20% (observable
sensible to shower/hadronisation modelling).

I Middle: sensitivity to off-shell effects in tj+Madspin.

I Down: stable if xcut 6= 0. If xcut = 0, large dependence and different for PY8 and
HW6. ISR/FSR competition in PY8, absent in HW6.
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Results: M(l+, Jb)
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and handling of resonances. This has allowed us to deal in detail with a few resonance-

specific aspects of the matching. Among these were the definition of the MC counterterms

necessary in the MC@NLO formalism, the treatment of resolved MC emissions off inter-

mediate top quarks, and the writing of information on these tops in Les-Houches event

files. The latter item, to a large extent, pertains to MC modelling, and it is thus impor-

tant to keep in mind that the writing of an intermediate top in the hard-event file can

significantly affect how the events look after parton showering. Although we have argued

that including such information is certainly physically motivated, and is consistent with

results obtained in the Γt → 0 limit, we have studied its consequences by parametrising

it by means of an arbitrary dimensionless quantity xcut. It will be interesting to compare

theoretical predictions, and their dependence on xcut, with actual data.

We have obtained results based on a generic final-state analysis, chosen to be as similar

as possible to that of the fixed-order calculation presented in ref. [37], in order to allow

for a direct comparison to the latter paper. Overall, it is observed that for this typical

analysis the differential K-factors at the hadron level can be large and non-constant in
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I Sharp edge at
√
m2

t −m2
W at fLO in NWA: beyond is filled only by higher

orders, off-shell/non-resonant, showers.

I We neglected spin-correlations neglected in W decay (no problem to include
them).
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Beyond the edge:
I Up: encouraging shower agreement. Only at NLOPS does HW6 fill copiously.

I Large BWcut dependence in Madspin curves (off-shell effects).

I Down: large xcut dependence in PY8, not in HW6. In HW6, shower from
decays always factorised, in PY8 it may compete with ISR, depending on xcut.
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Outlook

I General framework to treat processes with intermediate resonances in MC@NLO.

I Adapt MC counterterms if the shower gives special treatment to the resonance:
mass-conserving phase-space remapping.

I Presented results for t-channel single top with off-shell/non-resonant effects.

I Writing or not the resonance in the shower has an impact on certain observables.
We parametrise this through xcut dependence.

I NLOPS generally stabilises shower agreement but in general non trivial pattern
of xcut dependence to be considered as systematics of the shower modelling.

Thank you for your attention
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