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to Next-to-Leading Order (NLOPS)
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with Multijet Matrix Elements (MEPS)
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Outline 2
• Merging PSMC with Multijet Matrix Elements (MEPS)

✤ CKKW-L

✤ MLM

• Combining MEPS with NLOPS (MENLOPS)

2



Matching Fixed Order and Parton Showers MC Tools for LHC, YITP, Kyoto, Sept 2011

MEPS
• Objective:  merge n-jet MEs with PSMC 

such that

✤ Multijet rates for kt-resolution > Qcut are 
correct to LO

✤ PSMC generates jet structure below Qcut

✤ Qcut dependence cancels to NLL accuracy
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CKKW: Catani et al., JHEP 11(2001)

MLM: Mangano et al., NP B632(2002)343
-L: Lonnblad, JHEP 05(2002)063
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Example: e+e    hadrons
• 2 & 3-jet rates at scale Qcut=Q1
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CKKW reweighting

• Choose n according to                 (LO)

✤ use 

• Use exact LO ME to generate n partons

• Construct “equivalent shower history”

✤ preferably using kT-type algorithm

• Weight vertex at scale q by 

• Weight parton of type i from Qj to Qk by

Rn(Q,Q1)

∆i(Qj , Q1)/∆i(Qk, Q1)

[αS(Q1)]n

αS(q)/αS(Q1) < 1
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CKKW shower veto
• Shower n partons from “creation scales”

✤ includes coherent soft emission

• Veto emissions at scales above Q1

✤ cancels leading (LL&NLL) Q1 dependence

Q

q

Q1

shower from Q

shower from q

shower from Q, not q
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Colour Structure

• But colour flow must obey angular ordering [(a) not (b)]
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Z0+jets MEPS at Tevatron
• CDF run II data

• Jet pt and Njets

• Insensitive to Qcut

• Insensitive to Nmax>1 
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Hoeche, Krauss, Schumann, 
Siegert, JHEP05(2009)053
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Figure 8: Jet pT in Njet ≥ 1 and Njet ≥ 2 events compared to data from CDF [66].
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Figure 9: Jet multiplicity and jet pT in Njet ≥ 2 events compared to data from CDF [66].

portance of correctly describing additional hard jet production by the respective matrix elements can be
estimated.

7 Conclusions

In this publication we have presented a general formal framework to discuss algorithms for the merging of
multi-jet matrix elements and parton showers. We have constructed a merging algorithm that maintains
the logarithmic accuracy provided by the parton shower in both initial and final state radiation. In this
construction, special emphasis is put on an invariant formulation of the respective phase-space separation
criterion. Because this criterion is not identical with the parton-shower evolution parameter, the logarithmic
accuracy can only be maintained by running a truncated shower.

Hard matrix elements must be interpreted in the large-NC limit to provide an input for shower Monte Carlos.
Since the respective strategy is not unambiguous, the influence of different methods to assign colours was
studied. We find no significant difference between the proposed algorithms, which range from heuristic
assignment to the choice of a configuration with probability proportional to the respective colour ordered
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Figure 8: Jet pT in Njet ≥ 1 and Njet ≥ 2 events compared to data from CDF [66].
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Figure 9: Jet multiplicity and jet pT in Njet ≥ 2 events compared to data from CDF [66].

portance of correctly describing additional hard jet production by the respective matrix elements can be
estimated.

7 Conclusions

In this publication we have presented a general formal framework to discuss algorithms for the merging of
multi-jet matrix elements and parton showers. We have constructed a merging algorithm that maintains
the logarithmic accuracy provided by the parton shower in both initial and final state radiation. In this
construction, special emphasis is put on an invariant formulation of the respective phase-space separation
criterion. Because this criterion is not identical with the parton-shower evolution parameter, the logarithmic
accuracy can only be maintained by running a truncated shower.

Hard matrix elements must be interpreted in the large-NC limit to provide an input for shower Monte Carlos.
Since the respective strategy is not unambiguous, the influence of different methods to assign colours was
studied. We find no significant difference between the proposed algorithms, which range from heuristic
assignment to the choice of a configuration with probability proportional to the respective colour ordered
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Z0+jets MEPS at Tevatron

• Differential jet rates 
(kt-algorithm)
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Hoeche, Krauss, Schumann, 
Siegert, JHEP05(2009)053
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Figure 7: Differential jet rates dn n+1 for three different merging cuts.

This algorithm has a free parameter, D, which accounts for the missing information on beam partons. Hence,
in this setup, no firm relation can be established between the jet measure of the kT -algorithm and the jet
criterion, Eq. (24). Nevertheless, a certain correspondence between the two quantities exists, making these
distributions a good testing ground for variations around the merging cuts.

To produce Fig. 6 a merged sample of up to five jets from the matrix element has been generated with COMIX

and showered with the CSS. The merging cuts, which have been used, are Qcut = 20 GeV, Qcut = 30 GeV,
and Qcut = 45 GeV. As in the case of e+e− collisions, the deviations between the predictions of the various
samples are small.

Most observables are even less sensitive to the precise value of the merging cut. As an example, Figure 7
displays the transverse momentum of the two leading jets for the three merging cut values in comparison to
data from CDF [66].

It is also interesting to understand the influence of the maximal number of jets generated from the matrix
element, Nmax, on experimental observables. We observe that typically the predictions are fairly stable for
the Nmax leading jets. To put it another way, for a given analysis investigating the n’th jet, one should use
a Monte Carlo sample with Nmax ≥ n. Due to the increased phase space available for QCD radiation at the
LHC, the higher jet multiplicities will play an even more important role there.

Again, comparing to data from CDF [66] in Figure 8 and varying Nmax between zero and three, the im-
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MLM Matching
• Use cone algorithm for jet definition:

• Generate n-parton configurations with                                  
(no Sudakov weights)

• Generate showers (no vetos)

• Form jets using same jet definition

• Reject event if njets = npartons

ETi > ETmin, Rij > Rmin

R2
ij = (ηi − ηj)2 + (φi − φj)2

ETi > ETmin, Rij > Rmin

10

Mangano, Moretti, Piccinini, 
Treccani, JHEP01(2007)013

mimics Sudakov+veto
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 Z0+jets at LHC  (ATLAS)

11

N Makovec, Moriond 2011 

(MLM)

• Inclusive jet rates (anti-kt-algorithm)

• Good agreement with MEPS predictions

• PS alone starts to fail for Njet ≥ 2

(CKKW)
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MENLOPS

• Assume > 2 jets have K-factor

• To retain NLO accuracy we need

• Therefore

12

dσTOT = dσNLOPS(0 jets) +K1 dσNLOPS(1 jet) +K2 dσMEPS(≥ 2 jets)

K2 = σNLOPS(≥ 1 jets)/σMEPS(≥ 1 jets)

σTOT = σNLOPS(0 jets) + σNLOPS(≥ 1 jets)

K1 =
σMEPS(1 jet)

σMEPS(≥ 1 jets)

�
σNLOPS(1 jet)

σNLOPS(≥ 1 jets)

Hamilton & Nason, JHEP06(2010)039

Hoeche, Krauss, Schumann, Siegert, 1009.1127
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MENLOPS

• Choose Qcut such that

• Compute K1, K2 (in principle for each Born kinematics)

• Throw away MEPS 0- & 1-jet samples

• Replace them by NLOPS 0- & 1-jet samples

13

dσTOT = dσNLOPS(0 jets) +K1 dσNLOPS(1 jet) +K2 dσMEPS(≥ 2 jets)

K2 = σNLOPS(≥ 1 jets)/σMEPS(≥ 1 jets)

K1 =
σMEPS(1 jet)

σMEPS(≥ 1 jets)

�
σNLOPS(1 jet)

σNLOPS(≥ 1 jets)

σMEPS(≥ 2 jets) ≤ O(αS)
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Z MENLOPS at Tevatron

• All treatments agree (MEPS rescaled)

14
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Figure 9: The transverse momentum of the reconstructed Z boson in Drell-Yan lepton-pair production at
the Tevatron at

√
s = 1.96 TeV. Experimental data stem from the DØ experiment [34, 35] and

are described in the text.
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DØ data
MENLOPS (3-jet)
ME+PS (3-jet) × 1.2
POWHEG

10−4

10−3

10−2

10−1

Azimuthal distribution for pZ⊥ > 25 GeV

1/
σ Z

×
d

σ Z
+
je
t/
d

∆
φ

0 0.5 1 1.5 2 2.5 3

0.6

0.8

1

1.2

1.4

∆φ(Z, jet)

M
C
/
d
at
a

Figure 10: Rapidity of the reconstructed Z boson [36] (left) and azimuthal separation of the boson and the
leading jet [37] (right) in Drell-Yan lepton-pair production at the Tevatron at

√
s = 1.96 TeV.
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Hoeche, Krauss, Schumann, Siegert, 1009.1127
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• MENLOPS best for 
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Figure 9: The transverse momentum of the reconstructed Z boson in Drell-Yan lepton-pair production at
the Tevatron at

√
s = 1.96 TeV. Experimental data stem from the DØ experiment [34, 35] and

are described in the text.
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Figure 10: Rapidity of the reconstructed Z boson [36] (left) and azimuthal separation of the boson and the
leading jet [37] (right) in Drell-Yan lepton-pair production at the Tevatron at

√
s = 1.96 TeV.
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Figure 9: The transverse momentum of the reconstructed Z boson in Drell-Yan lepton-pair production at
the Tevatron at

√
s = 1.96 TeV. Experimental data stem from the DØ experiment [34, 35] and

are described in the text.
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Figure 10: Rapidity of the reconstructed Z boson [36] (left) and azimuthal separation of the boson and the
leading jet [37] (right) in Drell-Yan lepton-pair production at the Tevatron at

√
s = 1.96 TeV.
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• MENLOPS good for Njet=1,2,3 (no ME for 4)

16
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Figure 11: Inclusive jet multiplicity [38] (left) and transverse momentum of the leading jet [40] (right) in
Z+jets events at the Tevatron at

√
s = 1.96 TeV.
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Figure 12: Transverse momentum of the second and third jet [40] in Z+jets events at the Tevatron at√
s = 1.96 TeV.
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• MENLOPS best for jets 2 & 3

17
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Figure 11: Inclusive jet multiplicity [38] (left) and transverse momentum of the leading jet [40] (right) in
Z+jets events at the Tevatron at

√
s = 1.96 TeV.
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Figure 12: Transverse momentum of the second and third jet [40] in Z+jets events at the Tevatron at√
s = 1.96 TeV.
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• POWHEG best for pt(W), lacks ME for Njet>1
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Figure 13: Transverse momentum of the W , compared to data taken by the DØ collaboration [41], and
the exclusive jet multiplicity in inclusive W production at the Tevatron at

√
S = 1.8 TeV.
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Figure 14: Pseudorapidity of the hardest jet and angular separation of the first two hardest jets in inclusive
W production at the Tevatron at

√
S = 1.8 TeV.
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• Again, POWHEG lacks ME for 2nd jet
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Figure 13: Transverse momentum of the W , compared to data taken by the DØ collaboration [41], and
the exclusive jet multiplicity in inclusive W production at the Tevatron at

√
S = 1.8 TeV.
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Figure 14: Pseudorapidity of the hardest jet and angular separation of the first two hardest jets in inclusive
W production at the Tevatron at

√
S = 1.8 TeV.
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W MENLOPS at LHC

• Dashes are NLOPS & MEPS shapes

• Crosses are contributions to MENLOPS
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still observe just one jet at y0. This argument is of course rather general and the structure

of the Menlops predictions for all of the pT spectra in these results can be understood in

these terms.

Figure 5: The transverse momentum spectrum of the W− using a 25 GeV (left) and 40 GeV (right)
jet resolution scale as the Menlops merging scale. As in Figure 4, the greater resolution scale used
in producing the Menlops sample (solid) on the right hand side results in the Meps component
(dotted) being greatly diminished. Nevertheless, the merged distribution very much assumes the
form of the pure Nlops prediction (dashed) to within O (1%), with deviations only beginning to
become noticeable in the high pT tail, where contributions from events containing more than one
jet become more important.

4.3.3 Jet activity

In Figure 6 we show the transverse momentum and rapidity distributions of the first and

second highest pT jets in pp → W(→ e−νe) + jets. The distributions for the leading jet

mirror the corresponding ones for the W− boson which it recoils against. The composition

of the Menlops pT spectrum result can be understood in much the same way as was

just discussed for the case of the W− boson pT , with one key difference being the degree of

exclusivity of the observable. Whereas the W− transverse momentum includes contributions

from all jet multiplicities, and is therefore predominantly based on 0-jet Nlops events, the

leading jet pT spectrum, obviously, includes no contributions from 0-jet events. Hence,

a greater fraction of events with at least two jets (Meps events) enter this prediction.

This explains why, in the high pT region, the Menlops prediction for the W− transverse

momentum spectrum is equal to that of the Nlops sample, while for the leading jet it is

instead equal to the Meps one.

– 20 –

In all cases these inclusive Menlops predictions are shown to be insensitive to the

change in the merging scale. We draw attention to the fact that the high pT tail of the

electron transverse momentum spectrum, for the 25 GeV scale choice, is entirely due to

events from the Meps sample, i.e. events with at least two jets„ while for the 40 GeV

choice it is given by an even mixture of Meps and Nlops events. The stability of the result

follows from the fact that the two types of simulation are in good agreement regarding the

shapes of this distribution.

Figure 4: In the upper half of this figure we show the transverse momentum of the electron in
W− → e−ν̄e using a 25 GeV (left) and 40 GeV (right) jet resolution scale in performing the Menlops

merging. The lower pair of plots shows, analogously, the rapidity distribution of the W−. Despite
the relatively large difference in the merging scales the combined Menlops prediction is stable with
respect to the changing scale, showing deviations from the NLO result at the level of only 1 or 2%
in both cases.

The distribution for the rapidity of the W− is also interesting. Here again we see that

the distribution is stable with respect to changing the Menlops merging scale from 25 to

40 GeV, and in both cases only exhibits O (1%) level fluctuations with respect to the Nlops

– 18 –
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• NLOPS low for Njets>1

Figure 2: The fraction of 1-jet events of the Nlops, Meps and Menlops full samples, as a
function of the jet clustering scale y. The convention for the line types (and colours) are the same
as in the previous plots.

Figure 3: The jet multiplicity distributions for W− → e−ν̄e using two different choices of the
Menlops merging scale: 25 GeV (left) and 40 GeV (right).

Looking at the 0-jet fractions in Fig. 1 one sees that there is a tendency for the Meps

sample to contain fractionally more soft events than the other two. This may be understood

as being due to differing approaches to the soft resummation in the Powheg simulation,

with respect to the PYTHIA virtuality ordered shower. The description of the soft region

obtained from the transverse momentum ordered shower is theoretically much closer to that

in Powheg, producing results in much better agreement in that region. We hasten to add

that the choice of scales used in the evaluation of the PDFs in the transverse momentum

ordered shower is also theoretically more sound [5, 37]. However, from the point of view of

the Meps merging aspect, on the whole we have found better results with the virtuality

– 16 –
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merging. The lower pair of plots shows, analogously, the rapidity distribution of the W−. Despite
the relatively large difference in the merging scales the combined Menlops prediction is stable with
respect to the changing scale, showing deviations from the NLO result at the level of only 1 or 2%
in both cases.

The distribution for the rapidity of the W− is also interesting. Here again we see that

the distribution is stable with respect to changing the Menlops merging scale from 25 to

40 GeV, and in both cases only exhibits O (1%) level fluctuations with respect to the Nlops
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• Again MEPS dominates at small
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and Menlops predictions exhibit a much higher degree of correlation in the back-to-back

region. In the Nlops simulation the only correlations which may be present there are those

due to kinematics and momentum recoil effects, as opposed to genuine dynamics, since the

shower Monte Carlo produces secondary radiation that either follows the direction of the

leading jet (and thus has small azimuth), or is emitted by the incoming partons, and is thus

uniform in azimuth.

Figure 8: In this figure we show two distributions further illustrating how the description of
additional jet activity compares in the Nlops, Meps and Menlops event samples. On the left
we show the difference in azimuth between the leading jet and the W− boson, while on the right
we show the difference in azimuth between the two leading jets. These distributions show large
differences by virtue of the fact that the description of the second jet in the Nlops simulation is
given by the parton shower approximation. The parton shower approximation strictly only contains
information on the collinear limits of matrix elements and, furthermore, it does not propagate spin
correlation information along the shower.

Lastly we consider the differential jet rates displayed in Figure 9. Recall that these

distributions directly probe the behavior of the Meps and Menlops samples around the

phase space partitions in these two approaches. We recall that the merging scale used to

make the Meps combination was taken to be 20 GeV, while in making the default Menlops

sample we use a value of 25 GeV.

In the Meps case the merging between the parton shower and the matrix elements

involves a phase space partition for every different multiplicity. In the Menlops case all

events with 0 or 1 jet are described by the one Nlops simulation, with the Meps sample

alone describing the rest. It follows that the Menlops approach should not induce the

appearance of discontinuities in the differential jet rates, with the exception of the y12 jet

rate, where there is a complete transition at 25 GeV from the Meps description to the

Nlops one.

– 23 –

and Menlops predictions exhibit a much higher degree of correlation in the back-to-back

region. In the Nlops simulation the only correlations which may be present there are those

due to kinematics and momentum recoil effects, as opposed to genuine dynamics, since the

shower Monte Carlo produces secondary radiation that either follows the direction of the

leading jet (and thus has small azimuth), or is emitted by the incoming partons, and is thus

uniform in azimuth.

Figure 8: In this figure we show two distributions further illustrating how the description of
additional jet activity compares in the Nlops, Meps and Menlops event samples. On the left
we show the difference in azimuth between the leading jet and the W− boson, while on the right
we show the difference in azimuth between the two leading jets. These distributions show large
differences by virtue of the fact that the description of the second jet in the Nlops simulation is
given by the parton shower approximation. The parton shower approximation strictly only contains
information on the collinear limits of matrix elements and, furthermore, it does not propagate spin
correlation information along the shower.

Lastly we consider the differential jet rates displayed in Figure 9. Recall that these

distributions directly probe the behavior of the Meps and Menlops samples around the

phase space partitions in these two approaches. We recall that the merging scale used to

make the Meps combination was taken to be 20 GeV, while in making the default Menlops

sample we use a value of 25 GeV.

In the Meps case the merging between the parton shower and the matrix elements

involves a phase space partition for every different multiplicity. In the Menlops case all

events with 0 or 1 jet are described by the one Nlops simulation, with the Meps sample

alone describing the rest. It follows that the Menlops approach should not induce the

appearance of discontinuities in the differential jet rates, with the exception of the y12 jet

rate, where there is a complete transition at 25 GeV from the Meps description to the

Nlops one.

– 23 –

W MENLOPS at LHC

and Menlops predictions exhibit a much higher degree of correlation in the back-to-back

region. In the Nlops simulation the only correlations which may be present there are those

due to kinematics and momentum recoil effects, as opposed to genuine dynamics, since the

shower Monte Carlo produces secondary radiation that either follows the direction of the

leading jet (and thus has small azimuth), or is emitted by the incoming partons, and is thus

uniform in azimuth.

Figure 8: In this figure we show two distributions further illustrating how the description of
additional jet activity compares in the Nlops, Meps and Menlops event samples. On the left
we show the difference in azimuth between the leading jet and the W− boson, while on the right
we show the difference in azimuth between the two leading jets. These distributions show large
differences by virtue of the fact that the description of the second jet in the Nlops simulation is
given by the parton shower approximation. The parton shower approximation strictly only contains
information on the collinear limits of matrix elements and, furthermore, it does not propagate spin
correlation information along the shower.

Lastly we consider the differential jet rates displayed in Figure 9. Recall that these

distributions directly probe the behavior of the Meps and Menlops samples around the

phase space partitions in these two approaches. We recall that the merging scale used to

make the Meps combination was taken to be 20 GeV, while in making the default Menlops

sample we use a value of 25 GeV.

In the Meps case the merging between the parton shower and the matrix elements

involves a phase space partition for every different multiplicity. In the Menlops case all

events with 0 or 1 jet are described by the one Nlops simulation, with the Meps sample

alone describing the rest. It follows that the Menlops approach should not induce the

appearance of discontinuities in the differential jet rates, with the exception of the y12 jet

rate, where there is a complete transition at 25 GeV from the Meps description to the

Nlops one.

– 23 –



Matching Fixed Order and Parton Showers MC Tools for LHC, YITP, Kyoto, Sept 2011

• MENLOPS matched 
at pt=35 GeV
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Summary of Lecture 2
• MEPS gives exclusive multijet rates to LO

✤ Jet substructure generated with PS

✤ CKKW-L uses Sudakov + PS veto

✤ MLM uses jet matching

• Good agreement with multijet data

• MENLOPS also gives NLO cross section
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