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Tune (i.e. calibrate) the MC tools on the data: this will give a 
control sample

Apply the calibrated data to regions on interest, i.e. where we 
want to make the measurement/discovery/set limits

When the control region and the region of interest do not 
overlap, we need to trust the MC tool outside the region 
where we tuned it. A leap of faith is needed
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A prediction can be wrong... Accept the risk associated 
with it

Or better: not only the central value needs to be predicted
      ---> a reliable estimate of uncertainties is as important

Namely, predict and compare to data

If there is a discrepancy (larger than the uncertainties) 
---> discovery

else  ---> another SM success
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Can we still make 
discoveries?

Prime example: single top 
production at the Tevatron

Theory uncertainty is much 
larger than the single-top signal 
process. Still, this is the data 
that was used to get 5 std.dev. 
significance for the single top 
process

Indeed, by measuring the data 
in control regions, 
uncertainties on backgrounds 
can be reduced
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In practice, there is always a mixture of postdictions and 
predictions

There is no way out. There are (e.g. non-perturbative) effects 
that have to be tuned to data and/or cannot be computed

hadronization effects, underlying event etc.

The question is only to know when to stop: what can be 
tuned and what shouldn’t be tuned. This depends on how 
accurate the theory is
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The soft-collinear approximation of Parton Shower MCs used outside 
of the range of validity; parameters can be used to tune the result
      ⇒ Ideal for postdictions
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CERN Graphic Charter: use of the outline version of the CERN logoMore accurate theory

Tuning this just loses predictive power and is not needed at all. We 
do have a much more accurate theory description

Instead of generating the extra radiation by the parton shower, 
it should be described by higher multiplicity matrix elements.

However, we do want to keep the parton shower to be able to 
get fully exclusive events

Need to merge parton shower with matrix element descriptions, 
making sure to prevent double counting: radiation can either be 
described by the matrix elements, or by the parton shower. 
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The soft-collinear approximation of Parton Shower MCs used outside 
of the range of validity; parameters can be used to tune the result
      ⇒ Ideal for postdictions
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In a matched sample these differences are irrelevant since the behavior 
at high pt is dominated by the matrix element. 
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ATLAS compared to
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(Alpgen (MLM) & Sherpa 
(CKKW))

NLO (BlackHat+Sherpa)

Only NLO shows uncertainties
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FIG. 18. W+jets cross section results as a function of cor-
rected jet multiplicity. The following remarks apply to this
and subsequent figures unless specific comments are provided.
The cross sections are quoted in the kinematic region de-
scribed in Section VF. For the data, the statistical uncer-
tainties are shown with a tick on the vertical bars, and the
combined statistical and systematic uncertainties are shown
with the full error bar. Also shown are predictions from Alp-

gen, Sherpa, Pythia and BlackHat-Sherpa, and the ra-
tio of theoretical predictions to data (Pythia is not shown
in the ratio). The distributions from Sherpa, Pythia, and
Alpgen were normalized to the NNLO total W -boson pro-
duction cross section.

given as a function of corrected jet multiplicity. As
Pythia features LO matrix element accuracy for events
with up to one jet, it does not provide a good description
of the data for jet multiplicities greater than one. The
Alpgen, Pythia, and Sherpa predictions were normal-
ized to the NNLO inclusive W -boson production cross
section. The version of BlackHat-Sherpa used here
provides NLO predictions at parton level for W -boson
production with Njet ≤ 4. No additional normalization
was applied to the BlackHat-Sherpa predictions.

The measured W+jets cross sections and the cross sec-
tion ratios are shown as a function of the corrected jet
multiplicity in Figs. 18 and 19. The cross section is shown
as a function of the pT of the first jet for Njet ≥ 1 to
Njet ≥ 4 events separately in Fig. 20, the second jet for
Njet ≥ 2 to Njet ≥ 4 events separately in Fig. 21, the
third jet for Njet ≥ 3 and Njet ≥ 4 events separately in
Fig. 22, the fourth jet for Njet ≥ 4 events in Fig. 23. The
jets are ordered from the highest to lowest pT. The dif-
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FIG. 19. W+jets cross section ratio results as a function of
corrected jet multiplicity.

ferential cross section as a function of HT is shown for
Njet ≥ 1 to Njet ≥ 4 in Fig. 24. Here HT is defined as a
scalar sum over pT of the lepton, neutrino (Emiss

T ), and
all jets in the event. HT is often used to set the renor-
malization and factorization scales in fixed-order calcula-
tions and is therefore an interesting variable to compare
between data and predictions.
The measured HT distribution for events with one

or more jets is not well described by the BlackHat-

Sherpa prediction. The prediction is calculated inclu-
sively, at NLO, for events with a W boson and one or
more jets: because of the limited order of the calcula-
tion, matrix elements with three or more real emissions
of final-state partons are not included in the calculation.
In contrast, Alpgen, where LO matrix-element terms
with up to five final-state partons are utilized, describes
the data well. The data themselves are, as stated above,
inclusive of all higher jet multiplicities. A modified treat-
ment of BlackHat-Sherpa prediction was introduced,
where higher-order NLO terms with two, three, and four
real emissions were also added to the Njet ≥ 1 distribu-
tion: this is shown in Fig. 25. The higher-order terms
were combined by matching them exclusively in jet mul-
tiplicity by counting parton jets with pT > 30 GeV. The
matching scheme is required to reduce double-counting of
cross sections. This case illustrates the challenges of com-
paring NLO calculations to complex inclusive jet vari-
ables like HT. In Fig. 26 the cross sections are shown as
a function of the invariant mass, m(jets), of the first two,
three, and four jets for events with Njet ≥ 2, Njet ≥ 3,
and Njet ≥ 4, respectively. The invariant mass of the
multijet system is also considered for the renormaliza-
tion and factorization scales in fixed-order pQCD calcu-
lations. Overall, these distributions constitute a set of
tests for factorization and renormalization scales used in
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Why is it needed?

Predictions are much more reliable

compensation in the scale dependences make for a reliable estimate of 
the uncertainties

PDF uncertainties can be trusted

It improves the theory accuracy: less need for tuning; more predictive 
power; better understanding of the data; less uncertainties in 
interpolation from calibration regions to interesting regions

Note that we should keep the fully exclusive event generation: 
matching with parton shower a requirement

However, does the advantage of NLO overcome the enormously steep 
increase in complexity one faces (in particular for higher multiplicities)? 
This is not obvious
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Remove the double counting by

explicitly subtracting it: “MC@NLO approach”
[Frixione & Webber]

modifying the first emission of the parton shower 
accompanied by an inclusive NLO corrections to each 
given event: “POWHEG approach”
[Nason]
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Why is it needed?

Predictions are much more reliable

compensation in the scale dependences make for a reliable estimate of 
the uncertainties due to scale variations

PDF uncertainties can be trusted

It improves the theory accuracy: less need for tuning; more predictive 
power; better understanding of the data; less uncertainties in 
interpolation from calibration regions to interesting regions

Note that we should keep the fully exclusive event generation: 
matching with parton shower a requirement

However, does the advantage of NLO overcome the enormously steep 
increase in complexity one faces (in particular for higher multiplicities)? 
This is not obvious
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The answer is obviously ‘yes’, if we let the 
computer do the hard work. The increased 
complexity just means longer CPU computing 
time 

Full automation also builds trust in the 
calculation. Separate pieces can be checked 
independently

This has now been achieved for NLO corrections 
in any SM process
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MadGraph 5

aMC@NLO

MadLoop (+CutTools)
for the one-loop virtual corrections

-- also possible to use external tools via 
Binoth-LHA

MC@NLO method
to match NLO to parton shower

(Herwig(++) & Pythia6/8)

MadFKS
to factor out IR divergences in 

phase-space integrals

Hirschi, Zaro, Alwall, RF, Mattelaer, Torrielli, Frixione, 
Maltoni, Pittau + Artoisenet, Rietkerk; + Collaborators

MadSpin
to keep spin-correlations in 

particle decays
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The code is publicly available since last November
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for the one-loop virtual corrections

-- also possible to use external tools via 
Binoth-LHA
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Open the madgraph python shell:
  $ ./bin/mg5

From the shell generate the requested process, e.g.:
  > 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

20

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

Diagrams made by MadGraph5
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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 different 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 different characteristics, aMC@LO being meaningful at small pT and

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

different 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 effect 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(αS) for any

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

effects 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 off-resonance effects become relevant.

– 13 –

RF, Frixione, Hirschi, maltoni, Pittau & Torrielli (2011)
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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.
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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.
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In the tail of the pT spectrum, 
there are large theoretical 
uncertainties. This is no surprise! 
Here the NLO calculation has 
actually only LO accuracy, 
because there must be a hard 
parton/jet recoiling against the 4-
lepton system.
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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.
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the whole range considered. The NLO corrections amount largely to an overall rescaling,
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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 different characteristics, aMC@LO being meaningful at small pT and

NLO parton level at large pT – aMC@NLO correctly interpolates between the two. The
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marginally wider towards large M(e+e−µ+µ−) values, the corresponding effect is dramatic
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perturbative point of view, and is due to the fact that, in spite of being O(αS) for any

pT > 0, the transverse momentum in this range is effectively an LO observable (the NLO
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particular it gives rise to the counterintuitive result where the scale dependence increases,
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In the tail of the pT spectrum, 
there are large theoretical 
uncertainties. This is no surprise! 
Here the NLO calculation has 
actually only LO accuracy, 
because there must be a hard 
parton/jet recoiling against the 4-
lepton system.

Can we include the NLO corrections to
4 leptons + 1 (hard) jet here?
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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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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 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

– 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

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

– 27 –
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In the last ~10 years we’ve come a long way

A lot of freedom in tuning has been replaced by accurate theory 
descriptions:

More predictive power

Better control on uncertainties

Greater trust in the measurements

The only public tool that can generate events at NLO accuracy 
(in QCD) for any process in the SM (or simple extensions) is 
the aMC@NLO project. It is only limited in CPU time available
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