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Monte Carlo Event Generators

2

• Traditionally (imprecise) general-purpose tools

• Much recent work to make them more precise
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LHC Event Simulation

Hard subprocess
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LHC Event Simulation

Parton showering
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LHC Event Simulation

Hadronization
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LHC Event Simulation

Hadronization
and decays
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LHC Event Simulation

Underlying event
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PYTHIA

HERWIG

SHERPA

Dipole-type parton shower, string hadronization

v6 Fortran; v8 C++

v6 Fortran; Herwig++

Angular-ordered parton shower, cluster hadronization

Dipole-type parton shower, cluster hadronization

C++
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MC Event Generators
http://projects.hepforge.org/herwig/

http://www.thep.lu.se/∼torbjorn/Pythia.html

http://projects.hepforge.org/sherpa/

“General-purpose event generators for LHC physics”, 
A Buckley et al., arXiv:1101.2599, to appear in Physics Reports

http://projects.hepforge.org/herwig/
http://projects.hepforge.org/herwig/
http://www.thep.lu.se
http://www.thep.lu.se
http://projects.hepforge.org/sherpa/
http://projects.hepforge.org/sherpa/
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Parton Shower Monte Carlo
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http://mcplots.cern.ch/

• Leading-order normalization

• Worse for high pT and/or extra jets

http://projects.hepforge.org/herwig/
http://projects.hepforge.org/herwig/
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LHC Event Simulation

Hard subprocess
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LHC Event Simulation

Hard subprocessNLO
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LHC Event Simulation

Hard subprocessNLO
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LHC Event Simulation

+Parton showering 
= Double counting??

Hard subprocessNLO
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LHC Event Simulation

Hard subprocessMultijet
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LHC Event Simulation

+Parton showering 
= Double counting??

Hard subprocessMultijet
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Matching & Merging
• Two rather different objectives:

• Matching parton showers to NLO matrix elements, without 
double counting

✤ MC@NLO

✤ POWHEG

• Merging parton showers with LO n-jet matrix elements, 
minimizing jet resolution dependence

✤ CKKW

✤ Dipole

✤ MLM merging

16

Frixione, BW

Nason

Catani, Krauss, Kühn, BW

Lönnblad

Mangano

(Also: matching NLO showers and matrix elements - see S Jadach et al., 1103.5015) 
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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)

• NLOPS case study: top production asymmetry

17
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Parton Shower Monte Carlo

• MC Sudakov form factor:

• Unitarity:

• Expanded to NLO:

18

∆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 matching

• Expanding gives NLO result 
19

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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• MEC=Matrix Element Correction (not NLO)

• MC@NLO is MC-specific, but integral is NLO

20

Pythia (no MEC) Pythia (no MEC)

MC@NLO/PythiaMC@NLO/Pythia

MC@NLO/Herwig MC@NLO/Herwig

W pt Hardest jet pt

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

MC@NLO matching
pp @14 TeV    WX
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Pythia (no MEC)

Pythia (no MEC)

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

Herwig MC@NLO/
Herwig

• NLO is only LO for high pt jet

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

MC@NLO matching
pp @14 TeV    WX
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LO

aMC@NLO

• bb distributions softer than NLO

Hirschi, Frederix, Frixione, Garzelli, Maltoni, Pittau, Stelzer, Torrielli

Automatic MC@NLO
pp @ 7 TeV    WbbX

NLO



Event Generation for LHC CERN Theory Seminar 30/03/1123

aMC@NLO: Htt

• Pseudoscalar distribution harder

Automatic MC@NLO

aMC@NLO: Att

pp @ 7 TeV    H/AttX
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• NLO with (almost) no negative weights

• High pt always enhanced by

24

∆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

POWHEG matching
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Drell-Yan vector boson production

Z boson pT spectrum compared to D0 run II data

Solid line: NLO Herwig++ POWHEG       Blue dashes: MC@NLO
Red dashes: Herwig++ with ME corrections 

Z0 at Tevatron

• NLO is only LO at high pt

25

Hamilton, Richardson, Tully JHEP10(2008)015 

D0 Run II

(with MEC)
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Solid line: NLO Herwig++ POWHEG       Blue dashes: MC@NLO
Red dashes: Herwig++ with ME corrections 

Drell-Yan vector boson production

W boson pT spectrum compared to D0 run I dataW at Tevatron

26

Hamilton, Richardson, Tully JHEP10(2008)015 

D0 Run I

(with MEC)

• All agree (tuned) at Tevatron
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 W & Z0 at LHC  (14 TeV)

• Still in fair agreement at 14 TeV

27

pT W Z

Z
αS

0.5ŝ 2ŝ B 0.5(M2
B

+ p2
T
) 2(M2

B
+ p2

T
)
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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 ...)

28

Alioli, Nason, Oleari, Re, JHEP01(2011)095

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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Dijet POWHEG

• Again, cut needed on ‘underlying Born’ jet pt

• Good agreement with LHC at 7 TeV

29

Alioli, Hamilton, Nason, Oleari, Re, 1012.3380

Figure 21: Predictions and experimental results for the double-differential inclusive jet cross
section as a function of the transverse momentum of the jet pjetT , for different bins of jet rapidity, y, as
measured by the CDF Collaboration, using the kT jet algorithm. Black lines are the POWHEG+PYTHIA

results (error bars are drawn too, even if almost invisible on the plot scale), while coloured bars are
the experimental data (with errors represented as vertical bars) [41]. Data are shown from top to
bottom in order of increasing rapidity.

mass and of the rapidity intervals.

In the right plot, we show the azimuthal separation of the two hardest jets, ∆φjj.

We require the hardest and next-to-hardest jets to have pjetT > 75 GeV and pjetT > 40 GeV

respectively. In addition, jets must have central rapidities, i.e. |yjet| < 0.5, as in the analysis

of ref. [43]. Results are shown in bins of pmax
T , the transverse momentum of the leading jet.

Notice that the results are normalized to unity, so that the prediction power of POWHEG is

less evident in this plot. For this physical variable, the NLO results becomes negative as

∆φjj → π, i.e. as the third parton become soft or collinear to one of the other twos. Instead,

the POWHEG curves are finite, since the Sudakov form factor resums the leading-logarithmic

divergences as this limit is approached. On the other hand, hard jets contribute in the

region where ∆φjj gets smaller, so that we do not expect a perfect agreement with the

POWHEG curves, that at most produces 3 hard jets.

Colour coherence effects have been observed and studied at CDF, in ref. [44]. In that

paper, variables sensitive to interference effects have been identified and measured. The

data were collected in Run I at 1.8 TeV, on a sample of 4.2 pb−1. We have generated a

– 29 –

Figure 24: Predictions and experimental results for the double-differential inclusive jet cross
section, as a function of the jet transverse momentum, pjetT , in bins of jet rapidity y for the jets that
pass the cuts of eq. (4.3). Black horizontal lines are the POWHEG+PYTHIA theoretical results (with
errors, almost invisible at the scale of the plot). Coloured vertical bars describe the experimental
data from ATLAS (systematic and statistical errors added in quadrature) [1]. Jets recombined using
the anti-kT algorithm with R = 0.4. Data are shown from top to bottom in order of increasing
rapidity.

In the left plot, results for the anti-kT algorithm with R = 0.4 are shown, while on the

right the value R = 0.6 has been used. Good agreement is found over the entire dijet mass

and rapidity ranges.

In fig. 27, we plot the dijet double-differential cross section as a function of the dijet

angular variable χ, for different ranges of the dijet mass mjj of the two leading jets. The

χ angular variable is defined in terms of the rapidities of the two leading jets as

χ = exp(|y1 − y2|) . (4.5)

Jets must pass the cuts of eq. (4.4) and, in order to reject events in which both jets are

boosted in the forward or backward directions, they must satisfy

|yboost| < 1.1 , (4.6)

where yboost = (y1+y2)/2. In the left-hand plot, we show results using the anti-kT algorithm

with R = 0.4, while on the right-hand side we show the ones for R = 0.6. These data are

affected by quite large errors. The POWHEG results are in very good accord with data.

– 32 –

CDF ATLAS
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MEPS merging

• Objective:  merge LO n-jet MEs with PSMC 
such that

✤ Multijet rates for resolution > Qcut are 
correct to LO (up to Nmax)

✤ PSMC generates jet structure below Qcut

✤ Qcut dependence cancels to NLL accuracy

30

CKKW: Catani et al., JHEP 11(2001)063

MLM: Mangano et al., NP B632(2002)343
-L: Lonnblad, JHEP 05(2002)063

*

* ALPGEN or MadGraph, n<Nmax
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Z0+jets at Tevatron
• CDF run II data

• Jet pt and Njets

• Insensitive to Qcut

• Insensitive to Nmax>1 

31

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].

Nmax = 0
Nmax = 1
Nmax = 2
Nmax = 3
data

10 1

10 2

10 3

10 4

σ
(N

je
t
)

(s
ca

le
d

to
fi
rs

t
b
in

)

1 2 3

0.6

0.8

1

1.2

1.4

Njet

M
C

/d
at

a

Nmax = 0
Nmax = 1
Nmax = 2
Nmax = 3
data

10−1

1

10 1

10 2

d
σ
/d

p
⊥
(j

et
)

fo
r

N
je

t
≥

2

50 100 150 200 250 300

0.6

0.8

1

1.2

1.4

p⊥(jet) [GeV]

M
C

/d
at

a

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

22

>1 jets

>1 jets>0 jets

SHERPA 
MEPS {
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Z0+jets at LHC (CMS)

• Inclusive jet rates (anti-kt-algorithm)

• “Very good agreement with predictions from ME+PS simulation, 
while PS alone starts to fail for njet ≥ 2”

32

Results for Z, ETjet>30 GeV

Also for Z+jets results are in agreement with expectations from 
ME+PS, but statistical uncertainty is larger and PS alone is also 
compatible with data
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W+jets at LHC (CMS)

• Same conclusion as for Z0

33

Results for W, ETjet>30 GeV

Very good agreement with predictions from ME+PS 
simulation, while PS alone starts to fail for njet ≥ 2
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 Z0+jets at LHC  (ATLAS)

• Same conclusion as CMS ...

34

N Makovec, Moriond, 24/03/11 

{MEPS
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Matching & Merging: MENLOPS

• Assume > 2 jets have K-factor

• To retain NLO accuracy we need

• Therefore

35

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, Schonherr, 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

36

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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Z0 at Tevatron

• All treatments agree (MEPS rescaled)

37

Hoeche, Krauss, Schonherr, Siegert, 1009.1127
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• MENLOPS good for Njet=1,2,3 (no ME for 4)

38
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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

39
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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

40
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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(+jets) at Tevatron
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W at LHC (14 TeV)

• Dashes are NLOPS & MEPS shapes

• Crosses are contributions to MENLOPS

41

Hamilton & Nason, JHEP06(2010)039
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• NLOPS low for Njets>1

42

W+jets at LHC (14 TeV)
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• MEPS dominates at small

43

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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Top at LHC (14 TeV)

• See later for importance of  Ytt

44
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Top at LHC (14 TeV)

• Surprisingly, NLOPS is harder here

45
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Forward-backward asymmetry 
in top quark production

46

Att̄ =
N(∆y > 0)−N(∆y < 0)

N(∆y > 0) +N(∆y < 0)

∆y = yt − yt̄ , Ytt̄ =
1

2
(yt + yt̄)

{ Cuts
No cuts

• CDF reports a large effect, increasing with tt invariant mass

• SM predicts a smaller NLO effect

• MC@NLO and MCFM in good agreement 

CDF, 1101.0034
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Top quark asymmetry at LHC

• LHC is a pp collider        no effect?? 

• No! Effect should increase with Ytt  (q vs q)

• SM effect is small (plots show MC truth for 2 fb-1) 

47

Att̄ =
N(∆y > 0)−N(∆y < 0)

N(∆y > 0) +N(∆y < 0)

∆y = yt − yt̄ , Ytt̄ =
1

2
(yt + yt̄)

LHC 7 TeV
Cuts
No cuts
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Top quark asymmetry at LHC

• LHC is a pp collider        no effect?? 

• No! Effect should increase with Ytt  (q vs q)

• Rapidity correlation should be as shown below 

48

Att̄ =
N(∆y > 0)−N(∆y < 0)

N(∆y > 0) +N(∆y < 0)

∆y = yt − yt̄ , Ytt̄ =
1

2
(yt + yt̄)

yt

yt̄ + +
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Top quark asymmetry at LHC
• LHC cuts assumed:

✤ 1 charged lepton and at least 4 jets (inc. 2 b’s) 
with

✤ Missing 

• 4 jet cut reduces gg contribution 

49

LHC 7 TeV

pT > 20GeV/c , |η| < 2.5

ET > 20GeV

Cuts
No cuts
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Top quark asymmetry at LHC

• LHC is a pp collider        no effect?? 

• No! Effect should increase with Ytt  (q vs q)

• SM effect is small (plots show MC truth for 2 fb-1) 

50

Att̄ =
N(∆y > 0)−N(∆y < 0)

N(∆y > 0) +N(∆y < 0)

∆y = yt − yt̄ , Ytt̄ =
1

2
(yt + yt̄)
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Top quark asymmetry at LHC

• LHC is a pp collider        no effect?? 

• No! Effect should increase with Ytt  (q vs q)

• SM effect enhanced by cut on tt invariant mass  

51

LHC 7 TeV

∆y = yt − yt̄ , Ytt̄ =
1

2
(yt + yt̄)

Att̄ =
N(∆y > 0)−N(∆y < 0)

N(∆y > 0) +N(∆y < 0)

{ Cuts
No cuts



Event Generation for LHC CERN Theory Seminar 30/03/11

Forward-backward asymmetry 
in top quark production (2)

• CDF reports a large effect, increasing with tt invariant mass

• Suppose this is new physics

• Model it by reweighting qq contribution 

52

∆y = yt − yt̄ , Ytt̄ =
1

2
(yt + yt̄)

Att̄ =
N(∆y > 0)−N(∆y < 0)

N(∆y > 0) +N(∆y < 0)
{ Cuts

No cuts
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Forward-backward asymmetry 
in top quark production (2)

• CDF reports a large effect, increasing with tt invariant mass

• Suppose this is new physics

• Model it by reweighting qq contribution by: 

53

1 + f(Mtt̄) tanh(∆y/2)

� 1 + f(Mtt̄)β
∗
t cos θ

∗
t

f(Mtt̄) = Mtt̄/200− 2

{ Cuts
No cuts
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Top quark asymmetry at LHC

• LHC is a pp collider        no effect?? 

• No! Effect should increase with Ytt  (q vs q)

• SM effect enhanced by cut on tt invariant mass  

54

LHC 7 TeV

∆y = yt − yt̄ , Ytt̄ =
1

2
(yt + yt̄)

Att̄ =
N(∆y > 0)−N(∆y < 0)

N(∆y > 0) +N(∆y < 0)

{ Cuts
No cuts
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CDF top asymmetry at LHC?

• LHC is a pp collider        no effect?? 

• No! Effect should increase with Ytt  (q vs q)

• Model CDF effect by reweighting SM by:

55

1 + f(Mtt̄) tanh(∆y/2)

� 1 + f(Mtt̄)β
∗
t cos θ

∗
t

f(Mtt̄) = Mtt̄/200− 2LHC 7 TeV

∼ 3σ difference
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Conclusions
• Event generators continue to improve

• Many processes now reliable to NLO

• Multijets included to LO

• Multijets to NLO in progress

• Look for tt asymmetry at LHC!

56


