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Problem statement

• consider the generation of NLO events involving heavy 
resonances, e.g.  p p > t t~ H  

• procedure to generate the decay of the heavy 
resonances, in an efficient, accurate and generic way ?
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Options for the decay

Simplest solution:  let the parton shower do the decay

             

Complex solution:  generate the process with only stable       
                             particles  (ex: p p > l+ l- vl vl~ b b~)

• include spin correlation effects, off-shell effects, non-
resonant contributions ...
• requires complex mass scheme (or something similar) to 

deal with the intermediate resonances
• very accurate, but computationally very expensive

• no use of the production matrix elements 
• spin correlation effects are lost
• very fast, but rather inaccurate in some cases

(needed for events away from the resonance region) 
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Is there an intermediate solution ?

• retain spin correlation effects & off-shell effects to a good 
   accuracy,  

• efficient generation of unweighted events

accuracy efficiency 

Options for the decay
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Intermediate solution

• generate NLO events keeping the resonances on-shell  
without the decay 

• read the event file before the shower

• generate the virtuality of each resonance and reshuffle the 
momenta

• generate the kinematics of the decay

• reweight the event by the ratio

   or do secondary unweighting: 

   keep generating decay configurations until 
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Frixione, Laenen, Motylinski, Webber
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Solution

• use tree-level matrix elements to calculate the weight of a 
decay configuration

    for H events:  use the “real emission” matrix elements

    for S events:   use the born matrix elements

• generation + evaluation of the matrix elements are fast 

 

Matrix elements:

➜ efficient, spin correlation effects included to a 
     very good accuracy (as we will see later)
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Solution

• the maximum weight is independent of the production 
event and kinematics Frixione, Laenen, Motylinski, Webber

• estimated numerically by probing the phase space for the 
decay associated with the first few production events

• this estimate of the maximum weight is then used for the 
unweighting of the decay configurations for all production 
events 

  

Maximum weight for |M
prod+decay

|2/|M
prod

|2
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Generic implementation

• the code has been implemented in madgraph 5, and the 
corresponding module is called MADSPIN

• it takes advantage of the user-friendly interface inherent 
to mg5 

• it can be used to generate the decay of any processes of 
which matrix elements are available in mg5

• it can take as an input any LHE event file, e.g. it can also 
decay hard events generated by POWHEG (up to a 
straightforward modification of the banner) 

PA, Frederix, Mattelaer, Rietkerk
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Validation

• the Narrow Width Approximation (NWA) is used in the 
first place so that the generation of the production 
kinematics is factorized from the decay 

• finite width effects are partly restored in the unweighting 
procedure for the decay

(1) Finite width effects: 

valid approximation ? ➜ comparisons at 
Leading order (finite width effects/non-resonant 
contributions are easy to calculate)
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Validation

example: 

(1) p p >  [w- > e- ve~][z > mu+ mu-] 

with mg5 + MadSpin  

versus

(2) p p >  e- ve~ mu+ mu- 

with mg5 (no NWA, include 
non-resonant contributions)

(1) Finite width effects: 
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(1) Finite width effects: 

Validation
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Figure 2: Distribution of events with respect to the invariant mass of the muon pair (left pane)
and with respect to

√
ŝ (right pane) in pp → µ+µ−e+νe events. The two histograms result from two

distinct procedures to generate the events: either MadGraph5 is used to generate pp → ZW+ (LO
accuracy) which are subsequently decayed using MadSpin (solid histogram) or MadGraph5 is
used to the generate pp → µ+µ−e+νe in one shot, so that all finite-width effects are systematically
included (dashed histogram).

To illustrate the largest observed deviations, let us consider the specific example of

diboson production at the LHC in the channel pp → ZW+ → µ+µ−e+νe. Figure 2

shows the distribution of events with respect to the invariant mass of the muon pair (left

pane) and with respect to
√
ŝ = the invariant mass of the colliding partons (right pane)

resulting from the previously-mentioned procedures to generate events: (a)MadGraph5 is

used to generate pp → ZW+ events (at leading order accuracy) which are subsequently

decayed using MadSpin (solid histogram), (b) MadGraph5 is used to the generate pp →
µ+µ−e+νe events in one shot (including also the non-resonant diagrams with the photon

splitting γ∗ → µ+µ−), so that all finite-width effects are systematically included (dashed

histogram). In this last case, we impose the cut m(µ+, µ−) > 40 GeV.

As expected, procedure (a) fails to reproduce the correct distribution of events far away

from the resonance region m(µ+, µ−) ≈ mZ , as the distribution of events in these regions is

sensitive to the non-resonant contributions involving the photon splitting γ∗ → µ+µ−. We

observed though that the distribution of events with respect to the invariant mass of the

muon pair is accurately reproduced in a rather extended region around the pole mass mZ :

although the Z boson is generated on its mass shell in undecayed events, off-shell effects

are recovered to a very good accuracy when decaying the events. We also observe a good

agreement for the distribution of events with respect to the invariant mass of the colliding

partons (
√
ŝ), except below the threshold region

√
ŝ ≈ mZ+mW where the effects from the

finite widths of the Z and W bosons are of primary importance and cannot be reproduced

in the narrow width approximation. An ad-hoc approach to improve the description below

the mZ + mW threshold would be to allow for a (small) change in
√
ŝ when the ratio

(mZ +mW )/
√
ŝ is close to one. We leave this for future work.

– 10 –
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• no information from the one-loop amplitude is used to 
calculate the weight of a decay configuration

•NLO correction in the decay itself is also neglected

• this is the price to pay to preserve the efficiency          

(2) Spin correlation effects: 

valid approximation ? ➜ compare distributions of events 
against the results from a “predictor” which include spin 
correlation effects at a higher accuracy 

Validation
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example:   pp > tt~ @NLO 

(1) aMC@NLO+MadSpin+Herwig (2) MCFM

generation of unweighted 
events, shower included ➜ 
very convenient for pheno 
analysis 

 spin correlations included at 
tree-level acc. only

fixed-order resu l t s , no 
unweighted events

virtual corrections in the 
production and in the decay 
are included to weight the 
decay configurations 

complementary tools: use predictions from (2) to validate some 
approximations made in (1)

(2) Spin correlation effects: 

Validation
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� :  angle between the direction of the muon in the t rest frame
   and the direction of the anti-muon in the anti-t rest frame

example of a validation plot

pp > tt~ @NLO 

(2) Spin correlation effects: 

Validation

spin correlation 
effects reproduced 
to a very good 
accuracy
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Figure 3: Next-to-leading-order cross sections differential in cosφ, cos(θ+) and pT (l+) for pp → tt̄
events in the dileptonic channel. The angles are defined in the text.

5.2 Spin correlation effects in NLO events

For the decay of Les Houches Events generated at next-to-leading-order accuracy, the

procedure in MadSpin retains spin correlation effects at tree-level accuracy, i.e. no in-

formation from the virtual amplitude is used in calculating the weight of a specific decay

configuration. The validity of this second approximation can be assessed in some specific

cases by comparing distributions of events against predictions including spin correlation

effects at a higher level of accuracy. One possibility is to generate these predictions with

MCFM (provided that it includes the process at work) which includes all QCD corrections

– 11 –
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Application

process :   p p > t t~ H @ NLO 

• use aMC@NLO to generate the events without the 
decay

• decay the events before the shower

• shower the events
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Application

./madspin
 ...
MadSpin>import event_file.lhe.gz
 ...
INFO: process: p p > t t~ H 
 ...
MadSpin>decay t > b w+ , w+ > mu+ vm
MadSpin>decay t~ > b~ w- , w- > mu- vm~ 
MadSpin>decay h > b b~
MadSpin>launch

standalone mode of madpsin: 

• you can also use multiparticle tags, e.g. w+ > j j 

• in case of identical resonances you can specify 
distinct decay channels
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Application

INFO: decay channels for w+ : 
INFO:        BR                 d1  d2 
INFO:    1.111202e-01           vm  mu+  
INFO:    1.110388e-01           vt  ta+  
INFO:    1.111202e-01           ve  e+  
INFO:    3.333605e-01           u   d~  
INFO:    3.333605e-01           c   s~  
INFO:    
INFO: decay channels for t : 
INFO:        BR                 d1  d2 
INFO:    1.000000e+00           w+  b 

• branching fractions are automatically calculated at LO 
(analytic formulae or numerical estimates) 

• if several decay channels (multi-particle tags), each channel 
is weighted by the proper (LO) branching fraction
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Application

INFO: Total number of events: 1000 
INFO: Average number of trial points 
per production event: 5.607 
INFO: Number of subprocesses 8 
INFO: Decayed events have been written in 
event_file_decayed.lhe.gz 
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Application

•              distribution, H = scalarcos�
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Figure 5: Next-to-leading-order cross sections differential in pT (l+) (left pane) and in and cosφ
(right pane) for tt̄H events with or without spin correlation effects. For comparison, also the leading-
order results without spin correlation effects are shown. Events were generated with aMC@NLO,
then decayed with MadSpin, and finally passed to Herwig for shower and hadronisation.
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Figure 6: Next-to-leading-order cross sections differential in pT (l+) (left pane) and in and cosφ
(right pane) for tt̄A events with or without spin correlation effects. Events were generated with
aMC@NLO, then decayed with MadSpin, and finally passed to Herwig for shower and hadroni-
sation.

can therefore conclude that preserving spin correlations is more important than including

NLO corrections for these observables. Naturally, the inclusion of both, as is done here,

is preferred: it retains the good features of a NLO calculation, i.e. reduced uncertainties

due to scale dependence (not shown), while keeping the correlations between the top decay

products.

The results for the pseudo-scalar Higgs boson are shown in Figure 6. The effects of the

spin correlations on the transverse momentum of the charged lepton are similar as in the

case of a scalar Higgs boson: about 10% at small pT , increasing to about 40% at pT = 200

GeV. On the other hand, the cos(φ) does not show any significant effect from the spin-

correlations. Therefore this observable could possibly help in determining the CP nature of

the Higgs boson, underlining the importance of the inclusion of the spin correlation effects.

– 14 –
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Application

•              distribution, H = pseudo scalarcos�
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Figure 5: Next-to-leading-order cross sections differential in pT (l+) (left pane) and in and cosφ
(right pane) for tt̄H events with or without spin correlation effects. For comparison, also the leading-
order results without spin correlation effects are shown. Events were generated with aMC@NLO,
then decayed with MadSpin, and finally passed to Herwig for shower and hadronisation.
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(right pane) for tt̄A events with or without spin correlation effects. Events were generated with
aMC@NLO, then decayed with MadSpin, and finally passed to Herwig for shower and hadroni-
sation.

can therefore conclude that preserving spin correlations is more important than including

NLO corrections for these observables. Naturally, the inclusion of both, as is done here,

is preferred: it retains the good features of a NLO calculation, i.e. reduced uncertainties

due to scale dependence (not shown), while keeping the correlations between the top decay

products.

The results for the pseudo-scalar Higgs boson are shown in Figure 6. The effects of the

spin correlations on the transverse momentum of the charged lepton are similar as in the

case of a scalar Higgs boson: about 10% at small pT , increasing to about 40% at pT = 200

GeV. On the other hand, the cos(φ) does not show any significant effect from the spin-

correlations. Therefore this observable could possibly help in determining the CP nature of

the Higgs boson, underlining the importance of the inclusion of the spin correlation effects.
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Application
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then decayed with MadSpin, and finally passed to Herwig for shower and hadronisation.
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(right pane) for tt̄A events with or without spin correlation effects. Events were generated with
aMC@NLO, then decayed with MadSpin, and finally passed to Herwig for shower and hadroni-
sation.

can therefore conclude that preserving spin correlations is more important than including

NLO corrections for these observables. Naturally, the inclusion of both, as is done here,

is preferred: it retains the good features of a NLO calculation, i.e. reduced uncertainties

due to scale dependence (not shown), while keeping the correlations between the top decay

products.

The results for the pseudo-scalar Higgs boson are shown in Figure 6. The effects of the

spin correlations on the transverse momentum of the charged lepton are similar as in the

case of a scalar Higgs boson: about 10% at small pT , increasing to about 40% at pT = 200

GeV. On the other hand, the cos(φ) does not show any significant effect from the spin-

correlations. Therefore this observable could possibly help in determining the CP nature of

the Higgs boson, underlining the importance of the inclusion of the spin correlation effects.

– 14 –

•   pT distribution of the positively-charged lepton
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possible improvements

• grouping of matrix elements into subprocesses 

already optimized in the decay, but not yet optimized      
for the production

ex: p p > w+ j j 

INFO: Total number of events: 1000 
INFO: Average number of trial points per 
production event: 6.803 
INFO: Number of subprocesses 54 
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possible improvements

• improving the integration techniques 

currently: simple Monte Carlo integration, not adaptive 
(no grid)

ex: p p > h , h > ZZ > 4 leptons    [mh = 125 GeV] 
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possible improvements

• accounting for the PDF weight

  may be important for 2 > 1 processes, e.g. p p > w 
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Conclusion

•MadSpin is a new tool to handle the decay  of heavy 
resonances 

• it is implemented in the madgraph5 framework, and hence 
takes advantage of the mg5 user-friendly interface and 
flexibility 

• efficient way to generate unweighted events, also shows a 
good accuracy (validated for top pair and single top 
production)

• the paper is out, and the code is now integrated the in 
aMCatNLO code
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