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• Accurate and experimental friendly predictions for collider physics range from 
being very useful to strictly necessary.

• Confidence on possible excesses, evidences and eventually discoveries builds 
upon an intense (and often non-linear) process of description/prediction of 
data via MC’s. 

• Both measurements and exclusions rely on accurate predictions. 

• Predictions for both SM and BSM on the same ground.
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PREDICTIVE MC’S*

MC ≡ a code that can generate (unweighted) events 

Predictive ≡ “QCD>tuning” *
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Sherpa’s artist

High Q2
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MC (SIMPLIFIED) PROGRESS

Merging at NLO
Merging and 

matching:
ME+PS

NLOwPS

New Loop
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BSM framework  

Fully Automatic NLOwPS 

2002

2011
2008 2009

2012

4
4



Mini-Higgs meeting Louvain Fabio Maltoni

PREDICTIVE MC’S

• There are various ways to improve a Parton Shower 
Monte Carlo event generator with matrix elements:

• ME+PS merging: Include matrix elements with more 
final state partons to describe hard, well-separated 
radiation better.
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[M.L. Mangano, 2002]

[Catani, Krauss, Kuhn, Webber,2001]
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Merging fixed order with PS
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Merging fixed order with PS

Works amazingly well...!!! Mature. Available in Alpgen, MadGraph and Sherpa.
Studies/Improvements/developments for procs with b quarks on going.
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PREDICTIVE MC’S

• There are various ways to improve a Parton Shower 
Monte Carlo event generator with matrix elements:

• ME+PS merging: Include matrix elements with more 
final state partons to describe hard, well-separated 
radiation better.

• NLO+PS matching: Include full NLO corrections to the 
matrix elements to reduce theoretical uncertainties in 
the matrix elements. The real-emission matrix elements 
will describe the hard radiation.
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[M.L. Mangano, 2002]

[Catani, Krauss, Kuhn, Webber,2001]

[Frixione & Webber (2002)]
[Nason (2004)]
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NLOwPS in a nutshell

This formula is valid both for both MC@NLO and POWHEG

dσNLO+PS = dΦBB̄
s(ΦB)

�
∆s(pmin

⊥ ) + dΦR|B
Rs(ΦR)

B(ΦB)
∆s(pT (Φ))

�
+ dΦRR

f (ΦR)

B̄s = B(ΦB) +

�
V (ΦB) +

�
dΦR|BR

s(ΦR|B)

�with

R(ΦR) = Rs(ΦR) +Rf (ΦR)

Full cross section (if F=1) at fixed Born 
kinematics

integrates to 1 (unitarity)

MC@NLO:

POWHEG:

Rs(Φ) = P (ΦR|B)B(ΦB) Needs exact mapping  (ΦB,ΦR) →Φ

F=1 = Exponentiates the Real. 
It can be damped by hand.Rs(Φ) = FR(Φ) , Rf(Φ) = (1− F )R(Φ)
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In total rates we know that large-mtop approximation works extremely well up (differences of the 
order of 0.5 % for mh<300 GeV !) [Harlander et al. (2009,2010), Steinhauser et al. (2009)]. In 
differential rates corrections show up only for very hard kinematics.  

pp→H+Jets with finite mass corrections

MadGraph

9

H+jets MERGED in the HEFT available since a long time in Alpgen, Madgraph, Sherpa. 

[J. Alwall, Q. Li, FM, 2011]

Illustrative example of CONSISTENT event-by-event reweighting: single events  are generated in 
the HEFT, and then one by one reweigthed by |Mloop|2 / |MHEFT|2. (VERY DIFFERENT from 
reweighting based on one distribution!!)  
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[J. Alwall, Q. Li, FM]
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Application: Changes in the pT spectrum of a mh=120 GeV with respect to the HEFT.
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Possible to extend this study to a pseudo scalar. 

pp→H+Jets with finite mass corrections
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POWHEG

Higgs pT : HEFT vs full theory

Beware : significant differences at small pT for the Higgs!
This is due to the different treatment of the probability of the first emission within 
the two methods. Note that POWHEG has been now tuned to HqT at high pT.
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MC@NLO
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MC@NLO
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X=JP with MadGraph5

LA =
1

2
gAG

a
µνG̃

µν,aΦA

Lh = −1

4
ghG

a
µνG

µν,aΦ

LG = − 1

Λ
TµνT µν

LV = ψ̄(a+ bγ5)γ
µψ V µ + Int(Vµ,W

+
ν ,W−

ρ ) + Int(Vµ, Zν , Zρ)

0+

0-

1-/+

2+

Any other state/interaction comes from higher-dimensional operators and it is therefore 
suppressed. For all the above interactions production and decay, (possibly including interference 
with SM processes), can be inherited by FeynRules and then simulated in MadGraph5 as 
inclusive merged samples for any production channel (which works out of the box).

[De Aquino et al. for HC2012]
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[De Aquino et al. for HC2012]

You can now plot all you are interested in for production....

X=JP with MadGraph5

13
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X=JP with MadGraph5
[De Aquino et al. for HC2012]
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transfer function
extracted from 
MC simulation

MG5 tree-level 
matrix element 

MG5 automatic integration on the 
parton-level phase-space

(non trivial!) 

P (xi, α) =
1

σobs

1
N

�

jet perm.

�
dφy|M |2(y)W (xi,y)Acc(x)

Since a few years, MadGraph has the possibility to test hypotheses using an 
automatized implementation of the Matrix Element Method using 
MadWeight [Artoisenet, Lemaitre, FM, Mattelaer,1007.3300 ]

This can be applied to ANY process in the SM and BSM, including the effects of ISR.

Easy to apply the method to the spin and parity of pp→ X →VV + jets production.

[Artoisenet, De Aquino, FM, Mattelaer, in progress]

15

X=JP with MadGraph5 : MadWeight
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X=JP with MadGraph5 : MadWeight

```
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aMC@NLO 
[Alwall, Hirschi, Frederix, Frixione, FM, Mattelaer, Pittau, Torrielli, Zaro]

16
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MadGraph5

aMC@NLO 

Modular structure in the 
MadGraph5 framework:

[Alwall, Hirschi, Frederix, Frixione, FM, Mattelaer, Pittau, Torrielli, Zaro]

16
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MadGraph5

aMC@NLO 

Modular structure in the 
MadGraph5 framework:

• MadLoop (w/ Cuttools)

• MadFKS for subtractions

• MC@NLO counterterms for 
Pythia6Q2, Herwig, HW++.   
(Pythia8 validation on-going).

[Alwall, Hirschi, Frederix, Frixione, FM, Mattelaer, Pittau, Torrielli, Zaro]

16

MadFKS MadLoop

MC@NLO
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MadGraph5

aMC@NLO 

Modular structure in the 
MadGraph5 framework:

• MadLoop (w/ Cuttools)

• MadFKS for subtractions

• MC@NLO counterterms for 
Pythia6Q2, Herwig, HW++.   
(Pythia8 validation on-going).

[Alwall, Hirschi, Frederix, Frixione, FM, Mattelaer, Pittau, Torrielli, Zaro]
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MadFKS MadLoop

MC@NLO

aMC@NLO 
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aMC@NLO possibilities

17

The range of SM processes that can be generated aMC@NLO  (SM plus weak 
BSM)  is only limited by computing power. It basically encompasses (and goes 
beyond) the current  MCFM and POWHEG-Box libraries. 

17
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aMC@NLO possibilities

17

• Signal simulation in the SM: 

• Automatic : e.g., pp→VBF, WH(+j),ZH(+j),ttH,...

• Available : pp→H +0,1,2 extra jets + FxFx (NLO) merging.

• Bkg simulation: 

• Automatic : e.g., pp→tt, tj, V V,  V V V, Vbb, V, Vj, Vjj, ttV,....

• Available: QCD rich final states.

• Spin correlated decays can be obtained after event generation via MadSpin.

• Higgs characterization pp→X(JP)+jets: codes publicly available.

• Extended Higgs sectors straightforward (in progress).

The range of SM processes that can be generated aMC@NLO  (SM plus weak 
BSM)  is only limited by computing power. It basically encompasses (and goes 
beyond) the current  MCFM and POWHEG-Box libraries. 

17
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 the a of aMC@NLO 

18

LHC

EXP

18
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 the a of aMC@NLO 

./bin/mg5
> generate p p > H H j j [QCD]
> output HHvbf
> launch

18

or in studying spin-2 production in association with a vector boson:

Suppose now you are interested in studying  HH production in VBF:

LHC

EXP

18
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 the a of aMC@NLO 

./bin/mg5
> generate p p > H H j j [QCD]
> output HHvbf
> launch

18

or in studying spin-2 production in association with a vector boson:

Suppose now you are interested in studying  HH production in VBF:

> import model RS_NLO 
> generate p p > Gr Z, Gr > b b~ [QCD]
> output vbf_gr
> launch

LHC

EXP
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 the a of aMC@NLO 

./bin/mg5
> generate p p > H H j j [QCD]
> output HHvbf
> launch

18

or in studying spin-2 production in association with a vector boson:

The range of SM processes that can be generated aMC@NLO  (SM plus weak 
BSM)  is only limited by computing power so it improves with time.  It already 
encompasses and goes beyond the currently public tools based on libraries 
(MCFM, POWHEG-BOX,..)

Suppose now you are interested in studying  HH production in VBF:

> import model RS_NLO 
> generate p p > Gr Z, Gr > b b~ [QCD]
> output vbf_gr
> launch

LHC

EXP

18
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For H, NLO results known (but no public 
code available) for scalar Higgs since some 
time. No results for pseudoscalar A were 
known. 

First fully automatic results for both H 
and A.

Experimental grade distributions for decaying 
tops and Higgs can be plotted.
Spin correlated decays included via MadSpin.
Combinatorics very hard to manage, is 
improved in the boosted case.

ttH/ttA       (Z/W→ll/lv)bb      VV→4l                                    

19

aMC@NLO applications to Higgs physics

[aMC@NLO:1104.5613]

19
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Extremely interesting QCD laboratory and 
background to the Higgs searches. 
H i s to r i c a l l y source o f  TH/EXP 
discrepancies at Tevatron and now at the 
LHC.  Topological difference between Z 
and W. 

Very different mbb distributions. Full 
simulation for signal and background at 
NLOwPS!!

ttH/ttA       (Z/W→ll/lv)bb      VV→4l                                    

20

aMC@NLO applications to Higgs physics

[aMC@NLO: 1106.6019]

20
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Several NLO and NLO+PS results available 
(Herwig++ and POWHEG-BOX).

NLO calculation includes γ*/Z interference, 
full spin correlations and single resonant 
diagrams + one-loop gg channel. 

First fully automatic NLO+PS results 
including automatic theoretical  
uncertainty band 

aMC@NLO applications to Higgs physics

ttH/ttA       (Z/W→ll/lv)bb      VV→4l                                    

21

[aMC@NLO: 1110.4738].

21
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http://amcatnlo.cern.ch

aMC@NLO applications to X(JP) physics
[P. Artoisenet, P. de Aquino, R. Frederix, F. Maltoni, M.~K. Mandal, P. 
Mathews, V. Ravindran, S. Seth, P. Torrielli, M. Zaro,  for HC2012]

22

http://amcatnlo.cern.ch
http://amcatnlo.cern.ch
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Shapes for 0 and 2 very similar and different from 1. 

aMC@NLO applications to X(JP) physics

23
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Comparison between MLM-KT merged and aMC@NLO 

The pT shapes and jet rates are harder in the merged samples.

aMC@NLO applications to X(JP) physics

24
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Quite different spectra between spin 0 and spin 2 hypothesis. 
Very consistent pT shapes between kT-MLM and aMC@NLO.  

Comparison between MLM-KT merged and aMC@NLO 

aMC@NLO applications to X(JP) physics

25
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CONCLUSIONS

• The MadGraph5 framework offers a flexible platform for LO and NLO 
automatic simulations in the SM and BSM. 

• aMC@NLO is now public (8 Nov 2012).

• Many applications to Higgs physics available:

• At LO, any production channel for X(JP) is possible, including multi-jet merging.

• Signal simulation aMC@NLO:

• All SM procs: 
• pp→H +jets including b,t mass effects (at two loops) in MC@NLOv4.09 .

• pp→H +jets with FxFx (NLO) merging  available. 

• pp→VBF, VH,ttH,...

• Higgs characterization pp→X(JP)+jets: codes publicly available.

• Bkg simulation aMC@NLO: pp→V V, Vbb, Vjj, ...

26
26

mailto:MC@NLOv4.09
mailto:MC@NLOv4.09
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MERGING AT NLO

27
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PREDICTIVE MC’S

• There are various ways to improve a Parton Shower 
Monte Carlo event generator with matrix elements:

• ME+PS merging: Include matrix elements with more 
final state partons to describe hard, well-separated 
radiation better.

• NLO+PS matching: Include full NLO corrections to the 
matrix elements to reduce theoretical uncertainties in 
the matrix elements. The real-emission matrix elements 
will describe the hard radiation.

• NLO+PS matching+merging: Include full NLO for each 
jet multiplicity and merge the various multiplicities

28

[M.L. Mangano, 2002]

[Catani, Krauss, Kuhn, Webber,2001]

[Frixione & Webber (2002)]
[Nason (2004)]

[Hoche, Krauss, Schonherr, Sieger (2012)]

[Frixione, Frederix (2012)]

28
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• aMC@NLO samples for S+0j, S+1j, S+2j, S+...j consistently without 
double counting (where S can be a Higgs, a ttbar pair, a W-boson,  
etc.)

• Use techniques from CKKW/MLM and multi-scale improved fixed 
order NLO or “MINLO” (Hamilton, Nason & Zanderighi, 2012) to 
define exclusive event samples for S+0j, S+1j, etc.

• In such a way that the exclusive samples can simply be combined 
to one big event sample

• Special care needed for the highest multiplicity sample

 FxFx Multi-jet merging in aMC@NLO

[Frederix, Frixione, 1209.6215]

29
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• Transverse momentum of the Higgs and of the 1st jet. 

• Agreement with H+0j at MC@NLO and H+1j at MC@NLO in their respective 
regions of phase-space; Smooth matching in between; Small dependence on 
matching scale

Figure 3: As in fig. 1, with Sudakov reweighting.

the lower insets of fig. 2). On the one hand, this overestimates the systematics, since the

contributions due to scales close to the end-points of the merging range are less important

(in the effective average performed by the smooth D function) than those at its center. On

the other hand, this is not equivalent to assessing the effect of changing the position and

width of the merging range, which should probably also be done. In any case, these appear

to be pretty minor issues, given that the theoretical systematics associated with merging

cannot be given a precise statistical meaning, and some degree of arbitrariness is always

present.

We now study the effect of the Sudakov reweighting, following the procedure described

in sect. 2.2.3. We start by considering again the N = 1 case, which we generate with a

sharp D function, and the three values µQ = 30, 50, and 70 GeV already employed. In

fig. 3 we plot the same observables as in fig. 1 and 2; a few more jet-related observables are

– 21 –
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fig. 3 we plot the same observables as in fig. 1 and 2; a few more jet-related observables are
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• Differential jet rates for 1→0 and 2→1
Figure 4: As in fig. 3, for the pseudorapidity of the hardest jet (upper left), the pseudorapidity
(upper right) and pT (lower left) of the second-hardest jet, and d2 (lower right). In the case of
η(jk), we have imposed a pT (jk)>30 GeV cut.

displayed in figs. 4 and 5. In all these figures, the main frame presents the µQ = 50 GeV

results, our “central” predictions henceforth. The histograms in the lower insets are the

ratios of the Sudakov-reweighted µQ = 30 GeV and 70 GeV results over the central ones

(in other words, there are no merged predictions in these plots that do not include the

Sudakov reweighting). Also shown there are the ratios computed using Alpgen in the

numerator, over the central NLO-merged results.

The comparison of fig. 3 with figs. 1 and 2 shows that the Sudakov reweighting on top

of a sharp D function is as effective as the use of a smooth D function (without Sudakov

reweighting) in removing the kinks. There are quite small residual wiggles11, which may be

11These can be eliminated with a smooth D function (plus Sudakov reweighting). We did not test this
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Figure 3: As in fig. 1, with Sudakov reweighting.

the lower insets of fig. 2). On the one hand, this overestimates the systematics, since the

contributions due to scales close to the end-points of the merging range are less important

(in the effective average performed by the smooth D function) than those at its center. On

the other hand, this is not equivalent to assessing the effect of changing the position and

width of the merging range, which should probably also be done. In any case, these appear

to be pretty minor issues, given that the theoretical systematics associated with merging

cannot be given a precise statistical meaning, and some degree of arbitrariness is always

present.

We now study the effect of the Sudakov reweighting, following the procedure described

in sect. 2.2.3. We start by considering again the N = 1 case, which we generate with a

sharp D function, and the three values µQ = 30, 50, and 70 GeV already employed. In

fig. 3 we plot the same observables as in fig. 1 and 2; a few more jet-related observables are
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• Differential jet rates
• Matching up to 2 jets at NLO : consistent with up to 1 more jet.
• Method works for ttbar+jets and W+jets equally well.

Figure 6: As in fig. 3, with N = 2.

to disappear, and the merging-parameter dependence reduced, when pcut
T

becomes large.

We finally turn to discussing the case of the N = 2, sharp-D function, Sudakov-

reweighted merging; that is, we increase the largest multiplicity by one unit w.r.t. what

was done before. The settings are the same as in the N = 1 case, and figs. 6, 7, and 8 are

the analogues of figs. 3, 4, and 5 respectively (with the exception of one panel in fig. 8).

The numerators of the ratios that appear in the upper insets are the same as before for

the H + 0j and H + 1j cases; that for H + 2j is obviously specific to N = 2. In the lower

insets, together with the ratios that allow one to assess the merging systematics, we have

plotted (as histograms overlaid with open circles) the ratios of the N = 1 results over the

N = 2 ones, both for µQ = 50 GeV. We have also recomputed the Alpgen predictions, by

adding the H + 3 parton sample, for consistency with N = 2. The corresponding results

will not be shown in the plots, since these are already quite busy, and there is no difference
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Figure 7: As in fig. 4, with N = 2.

at all in the patterns discussed above, except in a very few cases which we shall comment

upon when appropriate.

The common feature of all but one of the observables presented in figs. 6–8 is that

they are extremely close, in both shape and normalization, to their N = 1 counterparts

of figs. 3–5. This is highly non-trivial, since the individual i-parton contributions are

different in the two cases. The exception is the pseudorapidity of the second-hardest jet

(upper right panel of fig. 7), which the inclusion of the 2-parton sample turns into a more

central distribution, as anticipated in the discussion relevant to fig. 4, and brings it very

close to the Alpgen result obtained with the same µQ.

The small impact of the increase of the largest multiplicity is also generally in agree-

ment with what is found in Alpgen, where the inclusion of the H +3 parton contribution

changes the fully-inclusive rate by +0.3%. The effects on differential observables are also
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• QCD corrections only 

• SM processes (+ weak BSM) only

• Pythia6Q2, Herwig,HW++

• Rather simple final state with up to 
1or max 2 extra jets 

• Loop induced procs not automatic yet

• FxFx merging not automatic yet

aMC@NLO LIMITATIONS AND PLANS (STATUS)

➡NLO EW (development)

➡SUSY (on-going)

➡Pythia8 (validation)

➡Multiparton optimizations 
(development)

➡Automation (on-going)

➡Automation (to do)

33
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HEAVY HIGGS
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[Hirschi, Frixione, Laureys, Maltoni]

(a)MC@NLO APPLICATIONS TO HIGGS PHYSICS

35
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[Hirschi, Frixione, Laureys, Maltoni]

Events for the signal at NLO accuracy can be generated via the latest 
MC@NLOv4.09 i.e . with the FULL TOP AND BOTTOM MASS 
DEPENDENCE UP TO TWO LOOPS (in the virtuals) and ONE LOOP in 
the real contributions. 

One can combine Signal and Interference+Background ADDITIVELY, 
schematically:

A MadLoop based code generates:

(a)MC@NLO APPLICATIONS TO HIGGS PHYSICS

σNLO

S + σLO

i+B = σNLO

S + 2Re(MSM∗
B) + |MB|2

σLO

S+i+B = |MS|2 + 2Re(MSM∗
B) + |MB|2

36
36
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gg (→H )→ WW →  l l v v

gg (→H )→ ZZ → 4 l

gg (→H )→ ZZ → l l vv

Available :

On going :

gg →H H (SM)

gg →H H’ (BSM)

gg (→H )→ WW/ZZ →  l l v v

any loop induced proc in SM and BSM

[Hirschi, Frixione, Laureys, Maltoni]

(a)MC@NLO APPLICATIONS TO HIGGS PHYSICS
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MADSPIN
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THE MADSPIN DECAY PACKAGE
[Artoisenet, Frederix, Mattelaer, Rietkerk. ready to go, to appear] 

39
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• How to deal with unstable final state particles (e.g. top) @NLO?
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• How to deal with unstable final state particles (e.g. top) @NLO?

• Let the shower do the decay

• Spin correlations lost

• Generate full process with only stable particles (p p > l+l- v v~ b b~)

• Includes spin correlations, off-shell effects, non resonant contributions, ...

• Needs special treatment of intermediate resonances (e.g. cpx mass)

• Computationally very expensive

• Only needed when background is enhanced or when aiming at very high precision

Anything in between?

THE MADSPIN DECAY PACKAGE
[Artoisenet, Frederix, Mattelaer, Rietkerk. ready to go, to appear] 
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• Keep spin correlations
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• Wish-list:

• For a given event sample (LO or MC@NLO), include the decay of any final state particle

• Keep spin correlations

• Generate decayed unweighted events

• Solution:

• Read event

• Generate decay kinematics

• Reweight the event with ratio

• Or do secondary unweighting

• Generate many decay configurations until

• Validated with for t t~ and singletop 

|MP+D|2 / |MP |2

|MP+D|2 / |MP |2 > Rand() max
�
|MP+D|2 / |MP|2

�

THE MADSPIN DECAY PACKAGE
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