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Two  ingredients necessary:

1. Parton distribution functions
(from experiment, but evolution from theory)

2. Parton-level cross section: short distance coefficients 
as an expansion in αS

(from theory)
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Perturbative 
expansion

The parton-level, fixed order cross section can be computed as a series in 
perturbation theory, using the coupling constant as an expansion 
parameter

Including higher corrections improves predictions and reduces 
theoretical uncertainties
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Predictions for a given process give results for that process + anything else 
(inclusive)

E.g. for Drell-Yan production, LO parton-level, all extra radiation is 
included in the PDF (“DGLAP evolution resums the leading logarithms”). 
The predictions are fully inclusive in this extra radiation below the 
factorization scale

Including higher order corrections in the perturbative series systematically 
improve this picture. However, this depends crucially on the observable 
one is considering
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At NLO the dependence on the renormalization and factorization scales is 
reduced

First order where scale dependence in the running coupling and the
PDFs is compensated for via the
loop corrections:

Rates are better predicted

Meaningful way to estimate
uncertainties from higher order
corrections through scale
dependence

shapes are better described

Correct estimate for PDF uncertainties

First reliable estimate of the cross section (and inclusive distributions)

Going NLO
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Events at hadron 
colliders

We can only compute a couple of final state particles at fixed order

How to describe all the O(100 to 1000) final state particles in an 
actual LHC collision?
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As discussed, all the radiation is included in a leading order calculation in an 
inclusive way via the PDF (and the parton-jet duality)

By passing generated events through a parton shower we are making all the 
radiation exclusive:

“undo” the DGLAP resummation in the PDF and give one possible event 
configuration

use the proper splitting probabilities and take recoil kinematics into 
account: resummation of radiation in soft and collinear regions (Sudakov 
suppression)

have a model for hadronization and hadron decays

do all this in a unitary procedure

have a fast algorithm to do this: it should be possible to generate O(1000) 
particles per event
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X-sect = 1.000E+04(pb)   AVG = 8.276E+00   RMS = 4.991E+00
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Parton shower is non-trivial to combine with NLO



Rikkert Frederix, CERN

This is an output file created in Illustrator CS3

Colour reproduction
The badge version must only be reproduced on a 
plain white background using the correct blue:
 Pantone: 286
 CMYK: 100  75  0  0 
 RGB: 56  97  170
 Web: #3861AA

Where colour reproduction is not faithful, or the 
background is not plain white, the logo should be 
reproduced in black or white – whichever provides 
the greatest contrast. The outline version of the 
logo may be reproduced in another colour in 
instances of single-colour print.

Clear space
A clear space must be respected around the logo: 
other graphical or text elements must be no closer 
than 25% of the logo’s width.

Placement on a document
Use of the logo at top-left or top-centre of a 
document is reserved for official use.

Minimum size
Print: 10mm
Web: 60px

 
CERN Graphic Charter: use of the outline version of the CERN logo

QCD cannot be 
avoided

When smashing protons against each other, any hard scattering involves 
QCD

In lowest order predictions (in fixed order perturbation theory), often 
all the knowledge about QCD radiation is approximated by parton 
distribution functions (PDFs)

When incorporating NLO corrections in QCD, one emission is made 
explicit and virtual corrections reduce scale dependence

When using a parton shower, the DGLAP evolution that is used to 
resum radiation in the PDF can be “unfolded” and made explicit in the 
form of real partons that hadronize into hadrons. This gives the correct 
(N)LL Sudakov shape at small transverse momenta of the Born system
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NLO+PS
        (MC@NLO, POWHEG)

Parton shower 
to generate all 

QCD radiation
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POWHEG procedure
Parton shower

...

...Born+Virtual:

Real emission:

Remove double counting by modifying the first emission of 
the parton shower (to radiate according to the real-
emission diagrams) accompanied by an inclusive NLO 
corrections to each given event

Nason (2004)
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Open the madgraph python shell:
  $ ./bin/mg5

From the shell generate the requested process:
  > generate p p > e+ e- mu+ mu- [QCD]
(the tag “[QCD]” means: do NLO QCD corrections). This generates 
the process internally in the code

Output the process and write it to disk:
  > output my_NLO_eemumu_process

And launch the event generation:
  > launch

And the code will generate the events at NLO
accuracy

17

s~ s > e+ e- mu+ mu- [ tree= QCD ] WEIGHTED=18 page 4/7

Diagrams made by MadGraph5
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4-lepton invariant mass is almost insensitive to parton shower effects. 
4-lepton transverse momentum is extremely sensitive

Including scale uncertainties
18

Figure 1: Four-lepton invariant mass (left panel) and transverse momentum (right panel), as pre-
dicted by aMC@NLO(solid black), aMC@LO(solid blue), and at the (parton-level) NLO (dashed
red) and LO (dashed magenta). The middle insets show the aMC@NLO scale (dashed red) and
PDF (black solid) fractional uncertainties, and the lower insets the ratio of the two leptonic channels,
eq. (3.5). See the text for details.

These have very di!erent behaviours w.r.t. the extra radiation provided by the parton

shower, with the former being (almost) completely insensitive to it, and the latter (almost)

maximally sensitive to it. In fact, the predictions for the invariant mass are basically

independent of the shower, with NLO (LO) being equal to aMC@NLO (aMC@LO) over

the whole range considered. The NLO corrections amount largely to an overall rescaling,

with a very minimal tendency to harden the spectrum. The four-lepton pT , on the other

hand, is a well known example of an observable whose distribution at the parton-level LO

is a delta function (in this case, at pT = 0). Radiation, be it through either showering or

hard emission provided by real matrix elements in the NLO computation, fills the phase

space with radically di!erent characteristics, aMC@LO being meaningful at small pT and

NLO parton level at large pT – aMC@NLO correctly interpolates between the two. The

di!erent behaviours under extra radiation of the two observables shown in fig. 1 is reflected

in the scale uncertainty: while in the case of the invariant mass the band becomes very

marginally wider towards large M(e+e!µ+µ!) values, the corresponding e!ect is dramatic

in the case of the transverse momentum. This is easy to understand from the purely

perturbative point of view, and is due to the fact that, in spite of being O(!S) for any

pT > 0, the transverse momentum in this range is e!ectively an LO observable (the NLO

e!ects being confined to pT = 0). The matching with shower blurs this picture, and in

particular it gives rise to the counterintuitive result where the scale dependence increases,

rather than decreasing, when moving towards large pT [18]. Finally, the lower insets of

fig. 1 display the ratio defined in eq. (3.5) which, in agreement with the results of table 2,

is equal to one half in the whole kinematic ranges considered. The only exception is the

small invariant mass region, where o!-resonance e!ects become relevant.

– 13 –

RF, Frixione, Hirschi, maltoni, Pittau & Torrielli (2011)
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Differences between Herwig (black) and Pythia (blue) showers large in 
the Sudakov suppressed region (much larger than the scale uncertainties)

Contributions from gg initial state (formally NNLO) are of 5-10%
19

Figure 4: Same observables as in fig. 1, for aMC@NLO+gg HERWIG (solid black) and Pythia

(dashed blue) results. The rescaled gg contributions withHERWIG (open black boxes) and Pythia

(open blue circles) are shown separately. Middle insets: scale (dashed red) and PDF (solid black)
fractional uncertainties. Lower insets: aMC@LO/(aMC@NLO+gg) with HERWIG (solid black)
and Pythia (dashed blue).

O(!S), the predictions are quite independent of whether a shower is generated or not.

Slight di!erences can be seen in the case of the "" distribution, which is indeed known to

be more sensitive than pseudorapidity to extra radiation. The small-pT dominance ensures

that scale and PDF uncertainties are flat over the whole kinematic ranges, and of the order

of those relevant to total cross section.

We now discuss the impact of the O(!2
S) gg channel on our predictions. The argument

for considering such a channel, despite its being of the same perturbative order as all other

NNLO contributions which cannot be included, is the dominance of its parton luminosity

over those of the qq̄ and qg channels. This dominance grows stronger with decreasing

final-state invariant masses, and hence the O(!2
S) versus NLO comparison is significantly

influenced by the cut in eq. (3.3) – by lowering such a cut, the relative importance of the

gg contribution will grow bigger than the 5%-ish reported in table 2. We also discuss in the

following the di!erences that arise when matching our calculation to Pythia6 rather than

toHERWIG. We remind the reader that, depending on input parameters, Pythia is rather

e!ective in producing radiation in the whole kinematically-accessible phase space. This is

not particularly useful in the context of a matched computation, where hard radiation

is provided (in a way fully consistent with perturbation theory) by the underlying real-

emission matrix elements. Therefore, we have set the maximum virtuality in Pythia

equal to the four-lepton invariant mass. For consistency, this setting has been used also

when showering the gg-initiated contribution.

Figures 4, 5 and 6 present the same observables as figs. 1, 2 and 3 respectively. In

the main frame, we show the aMC@NLO predictions plus the gg contribution (including

shower), as resulting from HERWIG (solid black) and Pythia (dashed blue) – we shall
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Sensitive to both NLO and 
shower effects in the tail

Theory uncertainty due to 
scale dependence grows in 
the tail of the distribution
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Figure 2: Same as in fig. 1, for the inclusive pT of the positively-charged leptons (left panel), and
the inclusive pT of the same-charge lepton pairs (right panel), both with Z-id cuts.

A gauge-invariant way to suppress o!-resonance e!ects, and to select doubly-resonant

contributions, is that of imposing:

!!M(!+!!)!mZ

!! " 10 GeV (3.6)

on all equal-flavour lepton pairs; we call the cut of eq. (3.6) the Z-id cut. Lepton pairs that

pass the Z-id cut are called Z-id matched, and can be roughly seen as coming from the

decay of a (generally o!-shell) Z boson. While in the case of the e+e!µ+µ! channel there

is only one way to choose two same-flavour lepton pairs, there are two di!erent pairings in

e+e!e+e! production. In the case both of these pairings result in lepton pairs that fulfill

eq. (3.6), we choose that with the smallest pair invariant mass, and assign the Z-id matched

pairs according to this choice; in practice, this is a rare event. By imposing the Z-id cuts

the M(!+!!!(")+!(")!) distribution falls steeply below threshold and gets no contributions

below 160 GeV.

In fig. 2 we present two transverse momentum distributions, relevant to the positively-

charged leptons (left panel), and to same-charge lepton pairs (right panel); hence, there are

two entries in each histogram for any given event. These results are obtained by applying

the Z-id cuts, but we have in fact verified that without such cuts we obtain exactly the

same patterns. In the case of the pT of the individual lepton, the aMC@NLO (aMC@LO)

prediction is fairly close to the NLO (LO) one, but tends to be slightly harder, owing to

the extra radiation generated by the shower. This e!ect is more pronounced at the LO

than at the NLO, which is the sign of a behaviour consistent with perturbation theory

expectations. In fact, at the LO all hadronic transverse momentum is provided by the

shower, while at the NLO this is not the case; therefore, at the NLO the shower will have

less necessity to “correct” the prediction obtained at the parton level, a tendency which is

naturally embedded in a matching prescription such as aMC@NLO. The scale dependence
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on all equal-flavour lepton pairs; we call the cut of eq. (3.6) the Z-id cut. Lepton pairs that

pass the Z-id cut are called Z-id matched, and can be roughly seen as coming from the

decay of a (generally o!-shell) Z boson. While in the case of the e+e!µ+µ! channel there

is only one way to choose two same-flavour lepton pairs, there are two di!erent pairings in

e+e!e+e! production. In the case both of these pairings result in lepton pairs that fulfill

eq. (3.6), we choose that with the smallest pair invariant mass, and assign the Z-id matched

pairs according to this choice; in practice, this is a rare event. By imposing the Z-id cuts

the M(!+!!!(")+!(")!) distribution falls steeply below threshold and gets no contributions

below 160 GeV.

In fig. 2 we present two transverse momentum distributions, relevant to the positively-

charged leptons (left panel), and to same-charge lepton pairs (right panel); hence, there are

two entries in each histogram for any given event. These results are obtained by applying

the Z-id cuts, but we have in fact verified that without such cuts we obtain exactly the

same patterns. In the case of the pT of the individual lepton, the aMC@NLO (aMC@LO)

prediction is fairly close to the NLO (LO) one, but tends to be slightly harder, owing to

the extra radiation generated by the shower. This e!ect is more pronounced at the LO

than at the NLO, which is the sign of a behaviour consistent with perturbation theory

expectations. In fact, at the LO all hadronic transverse momentum is provided by the

shower, while at the NLO this is not the case; therefore, at the NLO the shower will have

less necessity to “correct” the prediction obtained at the parton level, a tendency which is

naturally embedded in a matching prescription such as aMC@NLO. The scale dependence
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In the tail of the pT spectrum, 
there is a large scale dependence. 
This is no surprise! Here the 
NLO calculation is not really 
NLO accurate, because there 
there is a substantial 
contribution from 4-leptons+1 
hard jet, which is only included 
at tree-level

Figure 2: Same as in fig. 1, for the inclusive pT of the positively-charged leptons (left panel), and
the inclusive pT of the same-charge lepton pairs (right panel), both with Z-id cuts.

A gauge-invariant way to suppress o!-resonance e!ects, and to select doubly-resonant

contributions, is that of imposing:

!!M(!+!!)!mZ

!! " 10 GeV (3.6)

on all equal-flavour lepton pairs; we call the cut of eq. (3.6) the Z-id cut. Lepton pairs that

pass the Z-id cut are called Z-id matched, and can be roughly seen as coming from the

decay of a (generally o!-shell) Z boson. While in the case of the e+e!µ+µ! channel there

is only one way to choose two same-flavour lepton pairs, there are two di!erent pairings in

e+e!e+e! production. In the case both of these pairings result in lepton pairs that fulfill

eq. (3.6), we choose that with the smallest pair invariant mass, and assign the Z-id matched

pairs according to this choice; in practice, this is a rare event. By imposing the Z-id cuts

the M(!+!!!(")+!(")!) distribution falls steeply below threshold and gets no contributions

below 160 GeV.

In fig. 2 we present two transverse momentum distributions, relevant to the positively-

charged leptons (left panel), and to same-charge lepton pairs (right panel); hence, there are

two entries in each histogram for any given event. These results are obtained by applying

the Z-id cuts, but we have in fact verified that without such cuts we obtain exactly the

same patterns. In the case of the pT of the individual lepton, the aMC@NLO (aMC@LO)

prediction is fairly close to the NLO (LO) one, but tends to be slightly harder, owing to

the extra radiation generated by the shower. This e!ect is more pronounced at the LO

than at the NLO, which is the sign of a behaviour consistent with perturbation theory

expectations. In fact, at the LO all hadronic transverse momentum is provided by the

shower, while at the NLO this is not the case; therefore, at the NLO the shower will have

less necessity to “correct” the prediction obtained at the parton level, a tendency which is

naturally embedded in a matching prescription such as aMC@NLO. The scale dependence
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In the tail of the pT spectrum, 
there is a large scale dependence. 
This is no surprise! Here the 
NLO calculation is not really 
NLO accurate, because there 
there is a substantial 
contribution from 4-leptons+1 
hard jet, which is only included 
at tree-level

Can we include the 
NLO corrections to

4 leptons + 1 (hard) jet 
here?Figure 2: Same as in fig. 1, for the inclusive pT of the positively-charged leptons (left panel), and

the inclusive pT of the same-charge lepton pairs (right panel), both with Z-id cuts.

A gauge-invariant way to suppress o!-resonance e!ects, and to select doubly-resonant

contributions, is that of imposing:

!!M(!+!!)!mZ

!! " 10 GeV (3.6)

on all equal-flavour lepton pairs; we call the cut of eq. (3.6) the Z-id cut. Lepton pairs that

pass the Z-id cut are called Z-id matched, and can be roughly seen as coming from the

decay of a (generally o!-shell) Z boson. While in the case of the e+e!µ+µ! channel there

is only one way to choose two same-flavour lepton pairs, there are two di!erent pairings in

e+e!e+e! production. In the case both of these pairings result in lepton pairs that fulfill

eq. (3.6), we choose that with the smallest pair invariant mass, and assign the Z-id matched

pairs according to this choice; in practice, this is a rare event. By imposing the Z-id cuts

the M(!+!!!(")+!(")!) distribution falls steeply below threshold and gets no contributions

below 160 GeV.

In fig. 2 we present two transverse momentum distributions, relevant to the positively-

charged leptons (left panel), and to same-charge lepton pairs (right panel); hence, there are

two entries in each histogram for any given event. These results are obtained by applying

the Z-id cuts, but we have in fact verified that without such cuts we obtain exactly the

same patterns. In the case of the pT of the individual lepton, the aMC@NLO (aMC@LO)

prediction is fairly close to the NLO (LO) one, but tends to be slightly harder, owing to

the extra radiation generated by the shower. This e!ect is more pronounced at the LO

than at the NLO, which is the sign of a behaviour consistent with perturbation theory

expectations. In fact, at the LO all hadronic transverse momentum is provided by the

shower, while at the NLO this is not the case; therefore, at the NLO the shower will have

less necessity to “correct” the prediction obtained at the parton level, a tendency which is

naturally embedded in a matching prescription such as aMC@NLO. The scale dependence
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There are more observables very sensitive to theory uncertainties -- all 
related to hard emissions in the real-emission matrix elements and even 
stronger if they are emitted by the shower.

Even though our NLO
computation is “inclusive in all extra
radiation” (which is made explicit by
the parton shower), the shower is
only correct in the collinear
approximation. It cannot generate
hard extra jets correctly (i.e. jets beyond
the first, which is included in the real
emission corrections of the NLO computation
and therefore already has a large uncertainty
associated with it)
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There are more observables very sensitive to theory uncertainties -- all 
related to hard emissions in the real-emission matrix elements and even 
stronger if they are emitted by the shower.

Even though our NLO
computation is “inclusive in all extra
radiation” (which is made explicit by
the parton shower), the shower is
only correct in the collinear
approximation. It cannot generate
hard extra jets correctly (i.e. jets beyond
the first, which is included in the real
emission corrections of the NLO computation
and therefore already has a large uncertainty
associated with it)
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Making NLO exclusive 
in jet multiplicity

When trying to combine various multiplicity NLO processes, 
there are two ways to look at a tree-level diagram. For example:

This can either contribute to the

Born contribution of V+2jets, or

the real-emission correction to V+1jet

Easiest way to combine V+1jet and V+2jets without this type of 
double counting is to consider a jet-cut:

use V+1j @NLO when 2nd jet pT < pTcut = µQ and

V+2j @NLO when 2nd jet pT > pTcut = µQ
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μQ in MC@NLO

In the context of the MC@NLO procedure, care has to be taken on how to 
apply the µQ cut: there must still be a cancelation between the contributions 
from the MC counter terms within a given multiplicity

The MC-term for the S events should also have the µQ veto cut on extra jets
(apart from highest multiplicity sample considered)

The MC-term in the H events should have the minimum pT cut using the 
corresponding Born kinematics
(apart from the lowest multiplicity sample considered)

The shower starting scales for the S and H events should reflect the µQ cut: 
shower should not generate radiation harder than the µQ veto
(apart from the highest multiplicity sample considered)
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We would like to include the NLO corrections to the higher-multiplicity 
matrix elements in the largest possible phase-space. However, we 
cannot chose µQ very small, because that introduces dominant 
logarithms of the form

which break perturbation theory

Due to the interplay of the MC subtraction terms the real emission and 
the cut, one can convince oneself that the leading logarithm cancels 
(most-likely)

Let us see how large the remaining dependence is in practice...

Choosing pTcut

26
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Higgs boson production  
as testing ground

Higgs boson production has large corrections and is very 
sensitive to extra radiation

Ideal testing ground for the merging method

Start by merging H+0j and H+1j both at NLO

There will be a dependence on the merging scale --> it should 
be mild. Compare also to Alpgen (up to H+2j at LO) to get a 
feeling what is happening at LO

Show that the merged results agree with the non-merged 
results in their respective regions of phase space

27
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Higgs transverse momentum shows some small wiggles due to dependence 
on µQ. At large transverse momentum, result agree with H+1j, while at low 
pT it agrees in shape with the H+0j. For larger merging scales also the 
normalization is right. Alpgen gives a slightly harder tail.

No large effects in the rapidity distribution apart from overall normalization. 
Slightly more central than Alpgen

28

Figure 1: Higgs production, with N = 1, sharp D function, and without Sudakov reweighting.
Higgs pT (upper left), Higgs rapidity (upper right), hardest-jet pT (lower left), and d1 (lower right)
are shown.

given by Alpgen is harder than that of MC@NLO; we point out, however, that to some

extent this di!erence might be due to the fact that we have run Alpgen with its default

scales, and with the LO version of the NLO PDFs we have used for MC@NLO.

In the bottom panels of fig. 1 we present two observables directly related to jet hardness,

namely the pT of the leading jet, and d1. They display similar features, the most striking

of which is a kink at pT (j1) ! d1 ! µQ. It is worth stressing that the same kink appears in

the Alpgen results. This emphasises the fact that such a kink is a more general feature

than being simply an artifact of the merging prescriptions adopted in these plots (which

are obviously very di!erent from each other9), since it is ultimately caused by a significant

9Just as obviously, it is not implied that kinks will appear regardless of the merging technique employed;

– 18 –
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CERN Graphic Charter: use of the outline version of the CERN logo

Transverse momentum of hardest jet and the 1->0 diff. jet rate show a clear 
dependence on the merging scale. However, dependence is not much smaller 
in Alpgen, which includes αS reweighting and Sudakov suppression.
At low pT (or d1) results agree with the H+0j @NLO (in shape) and at large 
pT (or d1) with the H+1j @NLO

In practice, µQ is often chosen smaller than minimal jet pT used in the 
analysis

29

Figure 1: Higgs production, with N = 1, sharp D function, and without Sudakov reweighting.
Higgs pT (upper left), Higgs rapidity (upper right), hardest-jet pT (lower left), and d1 (lower right)
are shown.

given by Alpgen is harder than that of MC@NLO; we point out, however, that to some

extent this di!erence might be due to the fact that we have run Alpgen with its default

scales, and with the LO version of the NLO PDFs we have used for MC@NLO.

In the bottom panels of fig. 1 we present two observables directly related to jet hardness,

namely the pT of the leading jet, and d1. They display similar features, the most striking

of which is a kink at pT (j1) ! d1 ! µQ. It is worth stressing that the same kink appears in

the Alpgen results. This emphasises the fact that such a kink is a more general feature

than being simply an artifact of the merging prescriptions adopted in these plots (which

are obviously very di!erent from each other9), since it is ultimately caused by a significant

9Just as obviously, it is not implied that kinks will appear regardless of the merging technique employed;
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CERN Graphic Charter: use of the outline version of the CERN logo

Smooth merging 
scale

Kinks and steps can easily be smoothed out by introducing a smooth 
merging scale: instead of a hard cut, introduce a smooth transition between 
H+0j and H+1j samples

Kinks are gone, but more difficult to assess uncertainties
30

Figure 2: As in fig. 1, with a smooth D function.

considered), over those obtained with the smooth D of eq. (3.1). Perhaps not surprisingly,

the new results are in a very good overall agreement with those relevant to a sharp D

function with µQ = 50 GeV. The exception is the marked disagreement around the pT (j1) !
d1 ! µQ regions, where the results obtained with a smooth D function do not present

any kinks, and are fairly regular. We thus conclude that the merging procedure with a

smooth D function (and without Sudakov reweighting) leads to satisfactory results10. Its

drawback is that the assessment of the theoretical systematics is rendered more involved

because of the presence of two scales, that define the position and width of a merging

range. One possibility is that of taking the envelope of the predictions obtained with a

sharp D, for values of µQ that span the merging range (which is essentially what is done in

10This suggests that it could be useful to implement the CKKW or MLMmerging procedures by randomly

generating the matching scale in pre-assigned ranges.

– 20 –



Rikkert Frederix, CERN

This is an output file created in Illustrator CS3

Colour reproduction
The badge version must only be reproduced on a 
plain white background using the correct blue:
 Pantone: 286
 CMYK: 100  75  0  0 
 RGB: 56  97  170
 Web: #3861AA

Where colour reproduction is not faithful, or the 
background is not plain white, the logo should be 
reproduced in black or white – whichever provides 
the greatest contrast. The outline version of the 
logo may be reproduced in another colour in 
instances of single-colour print.

Clear space
A clear space must be respected around the logo: 
other graphical or text elements must be no closer 
than 25% of the logo’s width.

Placement on a document
Use of the logo at top-left or top-centre of a 
document is reserved for official use.

Minimum size
Print: 10mm
Web: 60px

 
CERN Graphic Charter: use of the outline version of the CERN logo

Improving naive 
merging

In the LO CKKW and MLM merging methods, which were used to obtain 
the Alpgen results, the dependence on the merging scale is reduced by 
extending the validity of the matrix element prescription of the H+1j and H+2j 
down to very low transverse momentum through

introducing an αS reweighting based on ‘most-likely parton-shower history’
Cluster the events using a kT jet algorithm, and use the scales at which the partons cluster as 
arguments of the strong coupling for reweighting

introducing a Sudakov suppression based on the ‘most-likely parton-
shower history’
either by explicitly multiplying the matrix elements by the Sudakov factors (CKKW) or by 
rejecting events for which the parton-shower jets do not match the matrix element jets (MLM)

It has been proved that this method cancels the LL and NLL dependence on 
the merging scale (at least for e+e- collisions) [Catani, Krauss, Kuhn & Webber 2001]
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Sudakov suppression 
at NLO

The CKKW (and MLM) method makes the LO prediction exclusive in 
the number of jets by multiplying it with a Sudakov damping factor:

Similarly we can make an NLO prediction exclusive (at leading logarithm)

We can improve here and use the real-emission matrix elements instead of 
just the Sudakov:

32
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CERN Graphic Charter: use of the outline version of the CERN logo

FxFx merging with 
(a)MC@NLO

Converting the NLO exclusive predictions in the number of jets to the MC@NLO 
event generation is straight-forward:

To apply the Sudakov damping in practice, we use a mixture of CKKW (using 
analytic Sudakov factors) and MLM (rejecting events)

To implement αS reweighting, use as an overall renormalization scale the geometric 
mean of the cluster scales ignoring the first cluster for the H events

Factorization scale set to the first (second) cluster scale for the S (H) events

This is very similar to the MINLO method [Hamilton, Nason, Zanderighi (2012)]
33
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CERN Graphic Charter: use of the outline version of the CERN logoHiggs boson

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
Alpgen (LO matching) shows larger kinks
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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 e!ective average performed by the smooth D function) than those at its center. On

the other hand, this is not equivalent to assessing the e!ect 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 e!ect 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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CERN Graphic Charter: use of the outline version of the CERN logoHiggs boson

Differential jet rates for 1->0 and 2->1
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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
!(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 e!ective 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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CERN Graphic Charter: use of the outline version of the CERN logoHiggs boson

Differential jet rates
Matching up to 2 jets at NLO
Results very much consistent with matching up to 1 jet at NLO
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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 di!erence

– 26 –

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

di!erent 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 e!ects on di!erential observables are also

– 27 –
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Rapidity difference 
y(H)-y(j1)

Some observables show large 
dependence on the merging 
scale

This is due to the fact that the 
parton shower approximation 
(in this case herwig) and the 
matrix elements give a 
completely different description 
of this observable
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Figure 8: As in fig. 5, with N = 2. The y(H)!y(j1) observable with pT (j1) > 10 GeV of the upper
left panel of fig. 5 has been replaced here by a plot presenting the ratios of the N = 1 results over
the N = 2 results for the azimuthal separation between the two hardest jets, with three di!erent
pT cuts on the second-hardest jet.

comparably small, growing to only a few percent in the tail of pT distributions. The excep-

tions are pT (j2) and pT (j3), which are significantly harder in Alpgen after the inclusion

of the H + 3 parton sample (a 20% and 30% e!ect respectively). However, this may be

related to the fact that such an inclusion also leads to larger kinks (of which we see no

trace in the NLO-merged results) at pT " µQ for these two observables; thus, the hardening

may be partly an artifact of the LO-merging procedure; in order to further this point, it

will be useful to study the merging systematics a!ecting pT (j2) and pT (j3) in Alpgen.

It is obvious that the relative stability of the NLO-merged results against the inclusion

of higher multiplicities is observable-dependent. !(j2) gives a counterexample, but more

– 28 –
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Transverse momentum of the W-boson and of the 1st jet. 
Agreement with W+0j at MC@NLO and W+1j at MC@NLO in their 
respective regions of phase-space; Smooth matching in between; Small 
dependence on matching scale
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Figure 9: e+!e production, with N = 1, sharp D function, and Sudakov reweighting. Pair pT

(upper left), hardest-jet pT (upper right), d1 (lower left), and d2 (lower right) are shown.

In fig. 11 we show the rapidity di!erence between the lepton pair and the hardest jet,

for four di!erent pT cuts on the latter. This is in fully analogy with the case of fig. 5, and

it is immediate to see that the general discussion given there applies to e+!e production as

well. In particular, the pattern of the presence or absence of the dip is exactly the same,

while the specific behaviour at a given pcut
T

is di!erent because of the di!erences between

the two processes (i.e., mW vsmH and qq̄ vs gg). We also point out that fig. 11 can be quite

directly compared with figs. 5 and 6 of ref. [81], where the same observable is computed

with standalone MC@NLO matched with Q2-ordered Pythia6; this underlines again the

MC-dependence of these distributions for small pcut
T

.
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(upper left), hardest-jet pT (upper right), d1 (lower left), and d2 (lower right) are shown.

In fig. 11 we show the rapidity di!erence between the lepton pair and the hardest jet,

for four di!erent pT cuts on the latter. This is in fully analogy with the case of fig. 5, and

it is immediate to see that the general discussion given there applies to e+!e production as

well. In particular, the pattern of the presence or absence of the dip is exactly the same,

while the specific behaviour at a given pcut
T

is di!erent because of the di!erences between

the two processes (i.e., mW vsmH and qq̄ vs gg). We also point out that fig. 11 can be quite

directly compared with figs. 5 and 6 of ref. [81], where the same observable is computed

with standalone MC@NLO matched with Q2-ordered Pythia6; this underlines again the

MC-dependence of these distributions for small pcut
T
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and top pair production

Only for very large scales tt+1j at MC@NLO is larger than 
than tt+0j at MC@NLO
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Figure 12: tt̄ production, with N = 1, sharp D function, and Sudakov reweighting. Pair pT (upper
left), hardest-jet pT (upper right), d1 (lower left), and d2 (lower right) are shown.

However, there are a few specific features that are worth stressing. Firstly, the merging

systematics is greater than previously observed. In part, this is due to the very large

range of matching scales adopted here, but it is also related to the dynamics of the present

process. Namely, up to quite large pT values (one can use the pair transverse momentum

to be definite) the standalone MC@NLO tt̄+ 0j result is larger in absolute normalization

than the tt̄+1j one; this is the combined e!ect of the fact that the shower easily produces

hard radiation (as a consequence of the top mass driving the setting of the shower scale to

relatively large values), and of the large K factor in the tt̄ + 0j NLO computation. This

feature is easily seen e.g. in the upper inset of the upper-left panel of fig. 12 – the relative

di!erence between the dashed blue and dotted red histograms is about 30% for pT (tt̄) !
100 GeV. Secondly, there is a good agreement between Alpgen, and the merged-NLO
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Figure 12: tt̄ production, with N = 1, sharp D function, and Sudakov reweighting. Pair pT (upper
left), hardest-jet pT (upper right), d1 (lower left), and d2 (lower right) are shown.

However, there are a few specific features that are worth stressing. Firstly, the merging

systematics is greater than previously observed. In part, this is due to the very large

range of matching scales adopted here, but it is also related to the dynamics of the present

process. Namely, up to quite large pT values (one can use the pair transverse momentum

to be definite) the standalone MC@NLO tt̄+ 0j result is larger in absolute normalization

than the tt̄+1j one; this is the combined e!ect of the fact that the shower easily produces

hard radiation (as a consequence of the top mass driving the setting of the shower scale to

relatively large values), and of the large K factor in the tt̄ + 0j NLO computation. This

feature is easily seen e.g. in the upper inset of the upper-left panel of fig. 12 – the relative

di!erence between the dashed blue and dotted red histograms is about 30% for pT (tt̄) !
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CERN Graphic Charter: use of the outline version of the CERN logoWork in progress...

Not easy to (analytically) proof what the accuracy of the NLO merged 
results actually is: how large is the left-over dependence on the merging scale 
formally?

From the plots it looks okay

What is a reasonable range to vary it?

Is there a need for PDF reweighting as is done in the LO MLM/CKKW 
methods?

Not obvious how to estimate the theory uncertainties (scale dependence). 
Should the scale dependence in the Sudakov damping factors also be varied?

Merging with b-jets (in the 4-flavor scheme) or processes that have already 
jets at the lowest-multiplicity Born level is probably non-trivial

Automate the whole procedure and make it available within aMC@NLO
--- event files to were used to make these plots are available upon request
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QCD and MC progress

2008 2009 2011

Merging & matching:
ME+PS 
        (CKKW, MLM)

NLO+PS
        (MC@NLO, POWHEG)

New techniques for 
computing loops

Automatic
NLO results

Automatic
NLO+PS 
matching

Parton shower 
to generate all 

QCD radiation

2012

Merging ME+PS 
at NLO

2013?

Merging ME+PS at NLO: 
Fully automated and as 

easy to use as the LO tools

~10 years ago
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CERN Graphic Charter: use of the outline version of the CERN logoConclusions

By offering NLO accuracy, improved by resummation of soft/
collinear radiation (by the parton shower), results for precision 
collider phenomenology can be obtained

aMC@NLO (http://amcatnlo.cern.ch), a flexible, completely 
automatic event generator at NLO accuracy is publicly available 
for analyses for any process within the SM (or simple extensions)

Merging NLO+PS samples of various jet multiplicities improves 
the predictions

However, systematics still need to be studied

Automated version of the FxFx merging method will become 
available soon
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On the aMC@NLO website you can find

Latest news on aMC@NLO

NLO event samples for some selected processes 
ready for showering and analysis

Download page for the code, FAQ and all that!
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