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Monte Carlo Event Generators

2

• Traditionally (imprecise) general-purpose tools

• Work in progress to make them more precise
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Outline
• Parton Shower Monte Carlo (PSMC)

• Matching PSMC to Next-to-Leading Order (NLOPS)

✤ MC@NLO

✤ POWHEG

• Merging PSMC with Multijet Matrix Elements (MEPS)

✤ CKKW-L

✤ MLM

• Combining MEPS with NLOPS (MENLOPS)

• Electroweak NLO + PSMC
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Parton Shower Monte Carlo

• Parton shower approximation

✤ Bad for hard, wide-angle emission

• Hard matrix element correction: Z0+parton

✤ Not exact NLO
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A Siodmok, S Gieseke & M Seymour,

S Berge, P Nadolsky & F Olness, in arXiv:0709.3251

• Slight broadening expected relative to Tevatron

        pp    Z0 X   e+e  X  ( S  = 14 TeV)

0

10

20

30

40

0 2.5 5 7.5 10 12.5 15 17.5 20 22.5 25
qT  [GeV]

d
/d

q T 
 [p

b/
G

eV
]  
!

| ye | "  2.5
pTe  #  25 GeV

(x) = 0
(x)  0,  c0 = 0.013,  x0 = 0.005

epiphany2009 printed on May 21, 2009 7

ingredient in the simulation, i.e. removing the non-perturbative constituent
parton masses that usually cut off the parton shower in Herwig++, gives
a somewhat better description of the data. This lays open the speculation
that perhaps, in some way, the two approaches could be combined. One
could for example use our model for the initial-state radiation, and the
usual model, tuned to describe the final states of e+e− annihilation, for
final-state radiation.

4. Predictions for LHC and comparison with other approaches

At the end of this note we would like to compare the results for a trans-
verse momentum distribution of the Z boson at the LHC energies using the
nonperturbative gluon emission model and two other approaches: ResBos
[19] and the Gaussian intrinsic k⊥ extrapolation. But first let us compare
our prediction of the parton level, marked as the filled histogram in Fig. 3,
and of the hadron level, dot–dashed blue line. Both histograms, as expected,
give a consistent extrapolation.
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Fig. 3. Vector boson p⊥ distribution at the LHC. Our model is compared to the
extrapolation of Gaussian intrinsic k⊥ to LHC energies and the result from ResBos.

The result from ResBos in Fig. 3 (solid, black) shows a slightly different
behaviour from our predictions. We predict a slightly more prominent peak

arXiv:0905.3455

A Kulesza & WJ Stirling, EPJC 20 (2001)349

Comparison with resummed Z0 pT at LHC
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“Intrinsic kt”

• IR shower extension: 
extrapolate            to        
non-perturbatively
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CDF Run I
kt = 0
kt = 1.9 GeV
kt = 3.8 GeV
with IR shower extension
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One might wonder whether the

 0

 0.5

 1

 1.5

 2

 2.5

 3

 3.5

 4

 0  2  4  6  8  10

!
S

p"

!(pert)(p") +!(NP)(p")
!(pert)(p")

Figure 4: The optimal choice: “quadratic” in-

terpolation with αS(0) = 3 and p⊥0 = 3GeV

αs parametrisation we have found is
in agreement with other approaches

to modelling non-perturbative correc-
tions to inclusive observables with a
modified coupling in the soft region

(see for example Refs. [32–34]). Our
best fit seems at odds with the re-

sults of these papers: Ref. [32] finds
an average value of the coupling over
the range from 0 to 2 GeV of about

0.5, while ours is over 2, and Ref. [33]
argues that the effective coupling should

vanish at p⊥ → 0, while ours remains
finite there. However, the two approaches are really not comparable in detail, even if

they share a common spirit, because the approach of Refs. [32–34] uses the modified
coupling in a pure perturbative calculation, with massless partons, right down to zero
scale, whereas our coupling is buried in a parton shower algorithm that has effective

masses on the external partons and the hadron remnant and a high-x infrared cutoff.
Our coupling is therefore ‘fighting against’ an emission distribution that is already

falling as p⊥ → 0 relative to the perturbative one, and it is not surprising that its
value comes out larger.

4. LHC result and comparison with other approaches

4.1 Z boson transverse momentum

In this section we would like to compare the result of extrapolating our model to

LHC energies with the results from two other approaches: ResBos [35] and Gaussian
intrinsic k⊥.

The result from ResBos in Fig. 5 (solid, black) clearly shows a different behaviour

from our prediction (filled histogram). We obviously predict a much more prominent
peak and a stronger suppression towards larger transverse momenta. The same trend

is already visible when comparing both approaches to Tevatron data although both
are compatible with the data within the given error band. Both computations match

the data well at large transverse momenta as they rely on the same hard matrix ele-
ment contribution for single hard gluon emission. We want to stress the remarkable
feature that we both predict the same peak position with these models.

– 8 –

Gieseke, Seymour & Siodmok, JHEP 06(2008)001

αS(p⊥) p⊥ = 0

Z0 @ Tevatron Z0 @ LHC
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Parton Shower Monte Carlo

• MC Sudakov form factor:

• Unitarity:

• Expanded to NLO:
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∆MC (pT ) = exp

�
−
�

dΦR
RMC (ΦB ,ΦR)

B (ΦB)
θ (kT (ΦB ,ΦR)− pT )

�

dσMC = B (ΦB) dΦB

�
∆MC (0) +

RMC (ΦB ,ΦR)

B (ΦB)
∆MC (kT (ΦB ,ΦR)) dΦR

��
LO (Born) No (resolvable) emission One emission

�
dσMC =

�
B (ΦB) dΦB

dσMC =

�
B (ΦB)−

�
RMC (ΦB ,ΦR) dΦR

�
dΦB +RMC (ΦB ,ΦR) dΦB dΦR
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MC@NLO

• Expanding gives NLO result 
9

finite virtual divergent

dσMC = B (ΦB) dΦB

�
∆MC (0) +

RMC (ΦB ,ΦR)

B (ΦB)
∆MC (kT (ΦB ,ΦR)) dΦR

�

≡ B dΦB [∆MC (0) + (RMC/B) ∆MC (kT ) dΦR]

dσNLO =

�
B (ΦB) + V (ΦB)−

� �

i

Ci (ΦB ,ΦR) dΦR

�
dΦB +R (ΦB ,ΦR) dΦB dΦR

≡
�
B + V −

�
C dΦR

�
dΦB +R dΦB dΦR

dσMC@NLO =

�
B + V +

�
(RMC − C) dΦR

�
dΦB [∆MC (0) + (RMC/B) ∆MC (kT ) dΦR]

+ (R−RMC) ∆MC (kT ) dΦB dΦR

>finite   0<
MC starting from no emission

MC starting from one emission

S Frixione & BW, JHEP 06(2002)029
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MC@NLO

• MC@NLO is MC-specific

10

Pythia (no MEC) Pythia (no MEC)

MC@NLO/PythiaMC@NLO/Pythia

MC@NLO/Herwig MC@NLO/Herwig

pp @14 TeV W pt Hardest jet pt
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MC@NLO

11

Pythia (no MEC)

Pythia (no MEC)

MC@NLO/PythiaMC@NLO/Pythia
MC@NLO/

Herwig MC@NLO/
Herwig

pp @14 TeV

• NLO is only LO at high pt

S Frixione & P Torrielli, JHEP 04(2010)110
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POWHEG

• NLO with no negative weights

• High pt enhanced by
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∆R (pT ) = exp

�
−
�

dΦR
R (ΦB ,ΦR)

B (ΦB)
θ (kT (ΦB ,ΦR)− pT )

�

B (ΦB) = B (ΦB) + V (ΦB) +

� �
R (ΦB ,ΦR)−

�

i

Ci (ΦB ,ΦR)

�
dΦR

dσPH = B (ΦB) dΦB

�
∆R (0) +

R (ΦB ,ΦR)

B (ΦB)
∆R (kT (ΦB ,ΦR)) dΦR

�

P Nason, JHEP 11(2004)040

K = B/B = 1 +O(αS)

arbitrary NNLO
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Z0 @ Tevatron

• NLO is only LO at high pt

13

Hamilton, Richardson, Tully JHEP10(2008)015 
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W @ Tevatron

• All agree (tuned) at Tevatron

14

W

pT

D0 Run I
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Truncated shower

• Highest pt emission not always first

✤ must add ‘truncated’ shower at wider angles
15

D0 Run I CDF Run I
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 W & Z0 @ LHC  (14 TeV)

• Still in fair agreement at 14 TeV

16
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Z0 + jet POWHEG

• Cut now needed on ‘underlying Born’ pt of Z0

• Good agreement with CDF (not so good with D0)

• First jet is now NLO, second is LO (times B/B ...)

17

Alioli, Nason, Oleari, Re, 1009.5594

v. The finite part of the virtual corrections computed in dimensional regularization or in

dimensional reduction.

vi. The Born squared amplitudes B, the colour correlated ones Bij and spin correlated

ones Bµν .

vii. The Born colour structures in the limit of a large number of colours.

For the case at hand, the list of processes is generated going through all possible

massless quarks and gluons that are compatible with the production of the vector boson

plus an extra parton.

The Born phase space for this process poses no challenges: we generate the momen-

tum of the vector boson distributed according to a Breit-Wigner function, plus one extra

light particle. The vector boson momentum is then further decayed into two momenta,

describing the final-state leptons. At this stage, the momentum fractions x1 and x2 are

also generated and the momenta of the incoming partons are computed.
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Figure 1: Sample graphs for the Born, virtual and real contributions to the Z/γ + 1j production
process.

A sample of Feynman diagrams that contribute to the Z+1j process at the Born level

(B) is depicted in panels (a) and (b) of fig. 1. Together with the Born diagrams, we have to

consider the one-loop corrections to the tree level graphs, and the diagrams with an extra

radiated parton. A sample of virtual and real contributions is depicted in panels (c)–(f) of

fig. 1.

We have computed the Born and real contributions ourselves, using the helicity-

amplitude technique of refs. [10, 11]. The amplitudes are computed numerically in a

– 3 –

Sample graphs

Figure 9: pT distributions of the hardest and next-to-hardest jet and the inclusive rapidity distri-
butions for events with at least one and two jets.

where y and η represent the rapidity and pseudorapidity of the specified particles, and

where R is the distance in the azimuth-rapidity plane.

We notice the good agreement between the POWHEG prediction and the data. It parallels

the agreement between data and the NLO MCFM result displayed in refs. [1, 28], despite the

fact that, when more than two jets are considered, MCFM has NLO accuracy, while our

generator is limited to leading order. However, we emphasize that the POWHEG results are

directly compared to data, while the MCFM ones are first corrected by parton-to-hadron

correction factors, as detailed in [1]. Notice also the dependence of the results from the

chosen tune of PYTHIA. The Perugia 0 tune seems to give a slightly better agreement with

data. We point out that the differences between the POWHEG results and the data is of

the same order of the differences between the two tunes, thus suggesting that, by directly

tuning the POWHEG results to data, one may get an even better agreement.

Z/γ (→ µ+µ−) + jets

Similar studies for the Z/γ decaying in the µ+µ− channel were also performed by CDF.

In figs. 10 and 11 we display the total cross section for inclusive jet production and the

inclusive pT and rapidity distributions for events with at least one and two jets. In order to

perform an analysis as close as possible to the CDF experimental settings, we have applied

– 15 –
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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

18

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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Z0 MEPS @ Tevatron

• Differential jet rates 
(kt-algorithm)

19

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-

21
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Z0 MEPS @ Tevatron
• CDF run II data

• Jet pt and Njets

• Insensitive to Qcut

• Insensitive to Nmax>1 

20

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 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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>1 jets

>1 jets>0 jets
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MENLOPS

• Assume > 2 jets have K-factor

• To retain NLO accuracy we need

• Therefore

21

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

22

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 @ Tevatron

• All treatments agree (MEPS rescaled)

23
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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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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 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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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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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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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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• 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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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
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follows from the fact that the two types of simulation are in good agreement regarding the
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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
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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.
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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.
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Electroweak NLO

• Need photon-in-proton PDF
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Figure 2: Examples of Feynman diagramms corresponding to electroweak corrections for
neutral current Drell-Yan process.
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Figure 3: Examples of Feynman diagramms corresponding to electroweak corrections for
charged current Drell-Yan process.
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Figure 5: Feynman diagrams for inverse bremsstrahlung in the neutral current Drell–Yan
sub-process.

3 Parton Showers

In contrast to the fixed-order calculations described above, parton showers rely on an iterative
(Markov-chain) branching procedure to reach arbitrary orders in the perturbative expansion.
By keeping the total normalization unchanged, the shower explicitly conserves unitarity at
each order, generating equal-magnitude but opposite-sign real and virtual corrections. Each
branching step is based on universal splitting functions that capture the leading singularities
of the full higher-order matrix elements exactly. Subleading terms can usually only be taken
into account approximately, and hence different shower models (and “tunings”) can give
different answers outside the strict soft/collinear limits.

Still, in practice, parton showers are reasonably accurate even for finite emission energies
and angles, as long as the characteristic scale of each emission is hierarchically smaller than
that of the preceding process (strong ordering). As such, they are complementary to the
fixed-order truncations discussed above, which are accurate only in the absence of large
hierarchies.

Several different shower formulations have been developed. In Herwig++ and Pythia8,
which we shall be concerned with here, the shower approximation is cast in terms of evo-
lution equations using DGLAP splitting kernels, which nominally capture only the leading-
logarithmic (LL) behaviour of higher perturbative orders. To further improve the accu-
racy, parton showers universally incorporate a number of improvements relative to the naive
leading-log picture; 1) they use renormalization-group improved couplings by shifting the
argument of αs for shower emissions to αs(p⊥), thereby absorbing the β-function-dependent
terms in the one-loop splitting functions into the effective tree-level ones, 2) they approx-
imately incorporate the higher-order interference effect known as coherence by imposing
angular ordering either at the level of the evolution variable (Herwig++) or in the construc-
tion of the shower phase space (Pythia8), 3) they enforce exact momentum conservation to

7

Quark-induced Photon-induced

SANC: Andonov et al., CPC 181(2010)305

Sample graphs
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• SANC + LOPS only

• Significant differences 
between Herwig & Pythia

• Needs extension to 
SANC+ NLOPS
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Richardson, Sadykov, Sapronov, Seymour, Skands, 1011.5444
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Figure 8: Distributions of rapidity (left) and transverse momentum (right) of Z boson for
NC DY.
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Conclusions

• PSMC & NLO successfully combined

• V+jets reliable to LO

• V+jets NLO in progress

• QCD+EW NLO coming
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