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Outline of lectures

• Background:
➡ New Physics at hadron colliders
➡ Monte Carlo integration and generation
➡ Simulation of collider events

• Simulations with MadGraph 5:
➡ Computing the Matrix Element in MadGraph
➡ Features of MadGraph 5

• Jet Matching:
➡ Parton Showers
➡ MLM Matching with MadGraph and Pythia
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Aims for these lectures

• Get you acquainted with the concepts and tools used in 
event simulation at hadron colliders

• Answer as many of your questions as I can 
(so please ask questions!)
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New Physics at hadron colliders

• The LHC has taken over from the Tevatron!

• Significant luminocities
➡ Tevatron collected >10 fb-1 in the last 10 years 
➡ Fantastic legacy, including several interesting excesses!
➡ LHC has collected 23 fb-1 in its 8 TeV run!
➡ Ever-more stringent tests of the SM!
➡ Found (what looks like) the Higgs boson in July 2012!

• How interpret excesses? How determine Standard Model 
backgrounds?
➡ Monte Carlo simulation! (combined with data-driven methods)
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Example: top-antitop asymmetry at Tevatron
CDF collaboration, arXiv:1211.1003, 1101.0034

DØ collaboration, arXiv: 1107.4995
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FIG. 2. The discriminant for events with (a) ∆y < 0 and
(b) ∆y > 0.
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FIG. 3. The reconstructed ∆y. Bin widths correspond to
about half of the detector resolution in ∆y.

events. To reduce this effect, we use bins of variable size,
increasing towards large |∆y|. We bin the ∆y distribu-
tion in 50 bins at the reconstruction level and in 26 bins
at the production level.
In general, unfolding histograms where the bin width is

smaller than the experimental resolution is unstable with
respect to statistical fluctuations in the data. Regular-
ization techniques are employed to suppress such fluctu-
ations by smoothing the unfolded results [32].
We find the generated ∆y distribution using a regular-

ized unfolding, and then summarize this distribution into
the AFB observable according to Eq. 2. The unfolding is
implemented using the tunfold software [33], which we
modified to account for variable bin widths.
In References [8, 9] the need for an explicit regulariza-

tion is avoided by using wide bins in ∆y with boundaries
at ∆y = −3, −1, 0, 1, and 3. The unfolding then reduces
to inverting a 4-by-4 matrix. This implicit regularization
averages out migrations (and acceptance) in the wide ∆y

range of each bin, with the disadvantage that the migra-
tion across the ∆y = 0 boundary is under-estimated for
events near ∆y = 0 while it is over-estimated for events
near the outer edges of the central bins.
Since the regularization suppresses the badly-measured

components of the data, it can also suppress part of the
tt̄ production asymmetry. We calibrate the unfolding
using ensembles of pseudo-datasets (PDSs). Each PDS
is generated including signal and background contribu-
tions and is unfolded using the same procedure as for D0
data. We use the ∆y distribution of tt̄ events predicted
by mc@nlo and a wide variety of distributions inspired
by the scenarios beyond the SM, which were listed in the
introduction. We choose a regularization strength that
balances the statistical strength of the measurement and
its model dependence. We find that the unfolded asym-
metries are smaller than the input values by a multiplica-
tive factor of 0.93±0.05, where the uncertainty covers the
various scenarios with AFB > 5% and the SM scenario.
All values and uncertainties given for the unfolded AFB

are corrected for this bias, and the uncertainty in this
factor is propagated to the result.
We estimate the statistical uncertainty on the unfolded

asymmetry from its RMS in an ensemble based on the
mc@nlo prediction. The regularized fine-bin unfolding
results in a statistical uncertainty on AFB of 6.0%, while
the coarse-bin matrix inversion technique [8, 9] results in
a statistical uncertainty of 7.7%. The results of the fine-
bin unfolding are given in Table IV. For comparison, the
4-bin unfolding procedure yields AFB = (16.9± 8.1)%,
with the statistical and systematic uncertainties com-
bined.

TABLE IV. ∆y-based asymmetries.

AFB (%)
Reconstruction level Production level

Data 9.2± 3.7 19.6± 6.5
mc@nlo 2.4± 0.7 5.0± 0.1

The difference between measured and predicted asym-
metries at the production level has a statistical signifi-
cance that corresponds to 2.4 SD, while it is 1.9 SD at
the reconstruction level. Given the SM hypothesis, the
probability to have this or a larger difference in signifi-
cance between the reconstruction and production levels
is 43%.

VII. MEASURING THE LEPTON-BASED
ASYMMETRY

An alternative to measuring and unfolding AFB is to
measure the asymmetry Al

FB, defined in Eq. 3. The pro-
cedure to measureAl

FB at the reconstruction level is iden-
tical to that for AFB. Figure 4 shows the distribution of
qlyl. In simulated tt̄ events, the correlation between qlyl
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TABLE X: The asymmetry observed in the reconstructed data, compared to the SM tt̄ plus background expectation, as a
function of Mtt̄.

Data SM tt̄ + Bkg.
Mtt̄ (GeV/c2) AFB ± stat AFB

< 400 −0.005 ± 0.030 0.002 ± 0.006
400 - 450 0.053 ± 0.039 0.017 ± 0.010
450 - 500 0.118 ± 0.050 0.028 ± 0.012
500 - 550 0.152 ± 0.067 0.040 ± 0.018
550 - 600 0.128 ± 0.086 0.067 ± 0.025
600 - 700 0.275 ± 0.101 0.054 ± 0.024
≥ 700 0.294 ± 0.134 0.101 ± 0.042

TABLE XI: The asymmetry at the background-subtracted level as measured in the data, compared to the SM tt̄ expectation,
as a function of Mtt̄.

Data SM tt̄
Mtt̄ (GeV/c2) AFB ± (stat+syst) AFB

< 400 0.003 ± 0.038 0.012 ± 0.006
400 - 450 0.076 ± 0.049 0.031 ± 0.011
450 - 500 0.149 ± 0.061 0.039 ± 0.015
500 - 550 0.198 ± 0.083 0.060 ± 0.022
550 - 600 0.156 ± 0.104 0.083 ± 0.030
600 - 700 0.361 ± 0.128 0.077 ± 0.028
≥ 700 0.369 ± 0.159 0.137 ± 0.049
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FIG. 17: The reconstruction-level forward-backward asym-
metry as a function of Mtt̄ with a best-fit line superimposed.
The last bin contains overflow events. The errors on the data
are statistical, and the shaded region represents the uncer-
tainty on the slope of the prediction.

CDF analysis [2]. The ∆y distributions at high and
low mass are shown in Fig. 19, yielding asymmetries of
0.030± 0.031 for Mtt̄ < 450 GeV/c2 and 0.197± 0.043
for Mtt̄ ≥ 450 GeV/c2, where the uncertainties include
statistical and background-related systematic contribu-
tions. These are in good agreement with the values

from the 5.3 fb−1 analysis, which found background-
subtracted asymmetries of −0.022 ± 0.043 for Mtt̄ <
450 GeV/c2 and 0.266±0.62 for Mtt̄ ≥ 450 GeV/c2 [2].
To check against potential systematic effects, the be-
havior of the background-subtracted asymmetry at high
and low Mtt̄ in various subsets of the data is summa-
rized in Table XII. The Mtt̄ dependence is consistent
across lepton charge and lepton type. It is consistent
(within relatively large statistical uncertainties) across
single- and double-b-tagged events. The asymmetry is
larger in events with exactly four jets than it is in events
with at least five jets, an effect that is discussed further
in Sec. IX.

We determine the parton-level mass dependence of
AFB by correcting the ∆y and Mtt̄ distributions simul-
taneously. To do so, we apply the unfolding procedure
to a two-dimensional distribution consisting of two bins
in ∆y (for forward and backward events) and four bins
in Mtt̄. Since regularization makes use of the second-
derivative matrix, which is not well-defined for a two-
bin distribution, the regularization constraint is applied
only along the Mtt̄ dimension. The resulting Mtt̄ dis-
tributions for forward and backward events are shown
in Fig. 20(a). These distributions are combined to de-
termine the differential asymmetry as a function of Mtt̄

shown in Fig. 20(b) and summarized in Table XIII. The
best-fit line to the measured data asymmetries at parton



   2nd Taipei MG/FR School, Sept 4-8, 2013             Event Generation with MadGraph 5                                      Johan Alwall

Example: top-antitop asymmetry at Tevatron

• First: Look for Standard Model explanations
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TABLE XIV: The measured inclusive forward-backward asymmetry and the best-fit slopes for AFB(|∆y|) and AFB(Mtt̄)

at the different levels of correction. The uncertainties include the statistical uncertainties and the appropriate systematic

uncertainties for each correction level as discussed in the text.

Inclusive Slope Slope

Correction level AFB α∆y αMtt̄

Reconstruction 0.063 ± 0.019 (11.4± 2.5)× 10
−2

(8.9± 2.3)× 10
−4

(GeV/c2)−1

Background-subtracted 0.087 ± 0.026 (15.5± 3.3)× 10
−2

(10.9± 2.8)× 10
−4

(GeV/c2)−1

Parton 0.164 ± 0.047 (25.3± 6.2)× 10
−2

(15.5± 4.8)× 10
−4

(GeV/c2)−1
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FIG. 20: (a) The parton-level Mtt̄ distributions for events

with positive and negative ∆y and (b) the parton-level

forward-backward asymmetry as a function of Mtt̄ with a

best-fit line superimposed. The last bin contains overflow

events. Uncertainties are correlated and include both sta-

tistical and systematic contributions. The shaded region in

(b) represents the theoretical uncertainty on the slope of the

prediction.

FIG. 21: Interfering qq̄ → tt̄ (top) and qq̄ → tt̄j (bottom)

diagrams.
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FIG. 22: Expected AFB as a function of the ptt̄T of the tt̄ sys-
tem at the parton level from mcfm, powheg, and pythia,
as well as a NLO prediction for events where the top-quark

pair is produced in association with an extra energetic jet.

events with only four jets. The smaller asymmetry in
events with extra jets is seen to be consistent with the
observed AFB(ptt̄T ) behavior.
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TABLE XIV: The measured inclusive forward-backward asymmetry and the best-fit slopes for AFB(|∆y|) and AFB(Mtt̄)
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events. Uncertainties are correlated and include both sta-

tistical and systematic contributions. The shaded region in
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FIG. 21: Interfering qq̄ → tt̄ (top) and qq̄ → tt̄j (bottom)

diagrams.
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FIG. 22: Expected AFB as a function of the ptt̄T of the tt̄ sys-
tem at the parton level from mcfm, powheg, and pythia,
as well as a NLO prediction for events where the top-quark

pair is produced in association with an extra energetic jet.

events with only four jets. The smaller asymmetry in
events with extra jets is seen to be consistent with the
observed AFB(ptt̄T ) behavior.
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FIG. 20: (a) The parton-level Mtt̄ distributions for events

with positive and negative ∆y and (b) the parton-level

forward-backward asymmetry as a function of Mtt̄ with a

best-fit line superimposed. The last bin contains overflow

events. Uncertainties are correlated and include both sta-
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FIG. 21: Interfering qq̄ → tt̄ (top) and qq̄ → tt̄j (bottom)

diagrams.
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FIG. 22: Expected AFB as a function of the ptt̄T of the tt̄ sys-
tem at the parton level from mcfm, powheg, and pythia,
as well as a NLO prediction for events where the top-quark

pair is produced in association with an extra energetic jet.

events with only four jets. The smaller asymmetry in
events with extra jets is seen to be consistent with the
observed AFB(ptt̄T ) behavior.

➡ Need NLO and EW contributions
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FIG. 20: (a) The parton-level Mtt̄ distributions for events
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FIG. 21: Interfering qq̄ → tt̄ (top) and qq̄ → tt̄j (bottom)

diagrams.
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FIG. 22: Expected AFB as a function of the ptt̄T of the tt̄ sys-
tem at the parton level from mcfm, powheg, and pythia,
as well as a NLO prediction for events where the top-quark

pair is produced in association with an extra energetic jet.

events with only four jets. The smaller asymmetry in
events with extra jets is seen to be consistent with the
observed AFB(ptt̄T ) behavior.

➡ Need NLO and EW contributions
➡ Reduces discrepancy with SM
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• Second: Look for possible New Physics contributions
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Example: top-antitop asymmetry at Tevatron
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FIG. 20: (a) The parton-level Mtt̄ distributions for events
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forward-backward asymmetry as a function of Mtt̄ with a
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tistical and systematic contributions. The shaded region in

(b) represents the theoretical uncertainty on the slope of the

prediction.

FIG. 21: Interfering qq̄ → tt̄ (top) and qq̄ → tt̄j (bottom)

diagrams.
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FIG. 21: Interfering qq̄ → tt̄ (top) and qq̄ → tt̄j (bottom)

diagrams.
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FIG. 21: Interfering qq̄ → tt̄ (top) and qq̄ → tt̄j (bottom)

diagrams.
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FIG. 21: Interfering qq̄ → tt̄ (top) and qq̄ → tt̄j (bottom)

diagrams.

 (GeV/c)
T

Top Pair p
0 10 20 30 40 50 60 70 80 90 100

FB
A

-0.5
-0.4
-0.3
-0.2
-0.1

0
0.1
0.2
0.3
0.4
0.5

Powheg + Pythia
Pythia
MCFM

 + Jettt

FIG. 22: Expected AFB as a function of the ptt̄T of the tt̄ sys-
tem at the parton level from mcfm, powheg, and pythia,
as well as a NLO prediction for events where the top-quark

pair is produced in association with an extra energetic jet.
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events with extra jets is seen to be consistent with the
observed AFB(ptt̄T ) behavior.
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couplings and mass
above the collider limit
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flavor-changing u-t 
coupling
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FIG. 21: Interfering qq̄ → tt̄ (top) and qq̄ → tt̄j (bottom)

diagrams.
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FIG. 22: Expected AFB as a function of the ptt̄T of the tt̄ sys-
tem at the parton level from mcfm, powheg, and pythia,
as well as a NLO prediction for events where the top-quark

pair is produced in association with an extra energetic jet.

events with only four jets. The smaller asymmetry in
events with extra jets is seen to be consistent with the
observed AFB(ptt̄T ) behavior.

It is important to note that we are considering a charged boson, so that Z ′
µ is not the same

particle as its conjugate partner, Z ′†
µ . Under this condition, the production of same sign tops

is forbidden. Models in which these two particles are the same particle, i.e models with neutral

Z ′ bosons, allow the production of same sign top pairs and as a consequence, are excluded [31].

2.2 Phenomenology for Tevatron and LHC tt̄ asymmetries

The Feynman diagrams for pp, pp̄ → tt̄(u) involving a Z ′ boson in the model described pre-

viously are shown in Fig. 1. We denote by t1 the diagram where this particle is exchanged

through a t-channel and by s1 and s2 those diagrams where the Z ′ goes through an s-channel.

In the former case, the Z ′ contributes to a tt̄ final state, while in the later, to tt̄u production.

Since Z ′ "= Z ′†, s1 and s2 have different conjugate diagrams, s̄1 and s̄2, which at the Tevatron,

due to the symmetry in p ↔ p̄, have the same strength as s1 and s2. On the contrary, at the

LHC σ(s̄1, s̄2) $ σ(s1, s2).

u t

Z ′

u t

t1

t

t

u Z ′

u

t
s1

u

u

t

Z ′
u

t
s2

Figure 1: Feynman diagrams for pp, pp → tt(u) involving a Z ′: In t1 the Z ′ is exchanged through a t-channel

and in s1 and s2 the Z ′ goes through an s-channel. We show that s1 cancels the contribution to the charge

asymmetry of t1 at the LHC.

The cornerstone of our analysis is the observation that at the LHC there is a cancellation of

the charge asymmetry coming from the contributions of the t- and s-channel processes, explain-

ing the small and compatible with negative charge asymmetry measured by this experiment.

This cancellation is not present at the Tevatron where as a matter of fact a large AFB has been

measured. We see in the following paragraphs how the t-channel diagram contributes positively

to the asymmetries while at the LHC the s-channel ones have a negative contribution.

To understand this cancellation it is important to clarify two points. First, the reason why

the t-channel contributes positively to both the AC and the AFB asymmetries whereas the

4

Drobnak et al 1209.4354, Álvarez, Leskow 1209.4872



   2nd Taipei MG/FR School, Sept 4-8, 2013             Event Generation with MadGraph 5                                      Johan Alwall

Example: top-antitop asymmetry at Tevatron

• Check if the model can explain the data!

8



   2nd Taipei MG/FR School, Sept 4-8, 2013             Event Generation with MadGraph 5                                      Johan Alwall

Example: top-antitop asymmetry at Tevatron

• Check if the model can explain the data!

8

How?



   2nd Taipei MG/FR School, Sept 4-8, 2013             Event Generation with MadGraph 5                                      Johan Alwall

Example: top-antitop asymmetry at Tevatron

• Check if the model can explain the data!

8

How? Monte Carlo!



   2nd Taipei MG/FR School, Sept 4-8, 2013             Event Generation with MadGraph 5                                      Johan Alwall

Example: top-antitop asymmetry at Tevatron

• Check if the model can explain the data!

8

20

TABLE XIV: The measured inclusive forward-backward asymmetry and the best-fit slopes for AFB(|∆y|) and AFB(Mtt̄)

at the different levels of correction. The uncertainties include the statistical uncertainties and the appropriate systematic

uncertainties for each correction level as discussed in the text.

Inclusive Slope Slope

Correction level AFB α∆y αMtt̄

Reconstruction 0.063 ± 0.019 (11.4± 2.5)× 10
−2

(8.9± 2.3)× 10
−4

(GeV/c2)−1

Background-subtracted 0.087 ± 0.026 (15.5± 3.3)× 10
−2

(10.9± 2.8)× 10
−4

(GeV/c2)−1

Parton 0.164 ± 0.047 (25.3± 6.2)× 10
−2

(15.5± 4.8)× 10
−4

(GeV/c2)−1

)2 (GeV/cttParton-Level M
350 400 450 500 550 600 650 700 750

 (p
b)

y)
!

)d
(

tt
d(

M
"2 d

0

0.5

1

1.5

2

2.5 y > 0!, -1CDF Data, 9.4 fb

y < 0!, -1CDF Data, 9.4 fb

)2 (GeV/cttParton-Level M
350 400 450 500 550 600 650 700 750

 (p
b)

y)
!

)d
(

tt
d(

M
"2 d

0

0.5

1

1.5

2

2.5

(a)

)2 (GeV/cttParton-Level M
350 400 450 500 550 600 650 700 750

FB
A

0

0.2

0.4

0.6

)2 (GeV/cttParton-Level M
350 400 450 500 550 600 650 700 750

FB
A

0

0.2

0.4

0.6

-1CDF Data, 9.4 fb
-1)2 (GeV/c-410! 4.8)± = (15.5 

ttM"

 Predictiontt
-1)2 (GeV/c-410! 1.2)± = (3.4 

ttM"

(b)

FIG. 20: (a) The parton-level Mtt̄ distributions for events

with positive and negative ∆y and (b) the parton-level

forward-backward asymmetry as a function of Mtt̄ with a

best-fit line superimposed. The last bin contains overflow

events. Uncertainties are correlated and include both sta-

tistical and systematic contributions. The shaded region in

(b) represents the theoretical uncertainty on the slope of the

prediction.

FIG. 21: Interfering qq̄ → tt̄ (top) and qq̄ → tt̄j (bottom)

diagrams.
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observed AFB(ptt̄T ) behavior.

20

TABLE XIV: The measured inclusive forward-backward asymmetry and the best-fit slopes for AFB(|∆y|) and AFB(Mtt̄)

at the different levels of correction. The uncertainties include the statistical uncertainties and the appropriate systematic

uncertainties for each correction level as discussed in the text.

Inclusive Slope Slope

Correction level AFB α∆y αMtt̄

Reconstruction 0.063 ± 0.019 (11.4± 2.5)× 10
−2

(8.9± 2.3)× 10
−4

(GeV/c2)−1

Background-subtracted 0.087 ± 0.026 (15.5± 3.3)× 10
−2

(10.9± 2.8)× 10
−4

(GeV/c2)−1

Parton 0.164 ± 0.047 (25.3± 6.2)× 10
−2

(15.5± 4.8)× 10
−4

(GeV/c2)−1

)2 (GeV/cttParton-Level M
350 400 450 500 550 600 650 700 750

 (p
b)

y)
!

)d
(

tt
d(

M
"2 d

0

0.5

1

1.5

2

2.5 y > 0!, -1CDF Data, 9.4 fb

y < 0!, -1CDF Data, 9.4 fb

)2 (GeV/cttParton-Level M
350 400 450 500 550 600 650 700 750

 (p
b)

y)
!

)d
(

tt
d(

M
"2 d

0

0.5

1

1.5

2

2.5

(a)

)2 (GeV/cttParton-Level M
350 400 450 500 550 600 650 700 750

FBA

0

0.2

0.4

0.6

)2 (GeV/cttParton-Level M
350 400 450 500 550 600 650 700 750

FBA

0

0.2

0.4

0.6

-1CDF Data, 9.4 fb
-1)2 (GeV/c-410! 4.8)± = (15.5 

ttM"

 Predictiontt
-1)2 (GeV/c-410! 1.2)± = (3.4 

ttM"

(b)

FIG. 20: (a) The parton-level Mtt̄ distributions for events

with positive and negative ∆y and (b) the parton-level

forward-backward asymmetry as a function of Mtt̄ with a

best-fit line superimposed. The last bin contains overflow

events. Uncertainties are correlated and include both sta-

tistical and systematic contributions. The shaded region in

(b) represents the theoretical uncertainty on the slope of the

prediction.

FIG. 21: Interfering qq̄ → tt̄ (top) and qq̄ → tt̄j (bottom)

diagrams.
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TABLE XIV: The measured inclusive forward-backward asymmetry and the best-fit slopes for AFB(|∆y|) and AFB(Mtt̄)

at the different levels of correction. The uncertainties include the statistical uncertainties and the appropriate systematic

uncertainties for each correction level as discussed in the text.

Inclusive Slope Slope

Correction level AFB α∆y αMtt̄

Reconstruction 0.063 ± 0.019 (11.4± 2.5)× 10
−2

(8.9± 2.3)× 10
−4

(GeV/c2)−1

Background-subtracted 0.087 ± 0.026 (15.5± 3.3)× 10
−2

(10.9± 2.8)× 10
−4

(GeV/c2)−1

Parton 0.164 ± 0.047 (25.3± 6.2)× 10
−2

(15.5± 4.8)× 10
−4

(GeV/c2)−1
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FIG. 20: (a) The parton-level Mtt̄ distributions for events

with positive and negative ∆y and (b) the parton-level

forward-backward asymmetry as a function of Mtt̄ with a

best-fit line superimposed. The last bin contains overflow

events. Uncertainties are correlated and include both sta-

tistical and systematic contributions. The shaded region in

(b) represents the theoretical uncertainty on the slope of the

prediction.

FIG. 21: Interfering qq̄ → tt̄ (top) and qq̄ → tt̄j (bottom)

diagrams.
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FIG. 22: Expected AFB as a function of the ptt̄T of the tt̄ sys-
tem at the parton level from mcfm, powheg, and pythia,
as well as a NLO prediction for events where the top-quark

pair is produced in association with an extra energetic jet.

events with only four jets. The smaller asymmetry in
events with extra jets is seen to be consistent with the
observed AFB(ptt̄T ) behavior.
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TABLE XIV: The measured inclusive forward-backward asymmetry and the best-fit slopes for AFB(|∆y|) and AFB(Mtt̄)

at the different levels of correction. The uncertainties include the statistical uncertainties and the appropriate systematic

uncertainties for each correction level as discussed in the text.
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FIG. 20: (a) The parton-level Mtt̄ distributions for events

with positive and negative ∆y and (b) the parton-level

forward-backward asymmetry as a function of Mtt̄ with a
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FIG. 21: Interfering qq̄ → tt̄ (top) and qq̄ → tt̄j (bottom)

diagrams.
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FIG. 22: Expected AFB as a function of the ptt̄T of the tt̄ sys-
tem at the parton level from mcfm, powheg, and pythia,
as well as a NLO prediction for events where the top-quark

pair is produced in association with an extra energetic jet.

events with only four jets. The smaller asymmetry in
events with extra jets is seen to be consistent with the
observed AFB(ptt̄T ) behavior.
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last bin contains overflow events.

X. CONCLUSIONS

We study the forward-backward asymmetry AFB in

top-quark pair production using the full CDF Run II

data set. Using the reconstructed tt̄ rapidity difference
in the detector frame, after removal of backgrounds, we

observe an inclusive asymmetry of 0.063 ± 0.019(stat)
compared to 0.020±0.012 expected from the NLO stan-

dard model (with both QCD and electroweak contribu-

tions). Looking differentially, the asymmetry is found

to have approximately linear dependence on both |∆y|
andMtt̄, as expected for the NLO charge asymmetry, al-

though with larger slopes then the NLO prediction. The

probabilities to observe the measured values or larger
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FIG. 25: The background-subtracted forward-backward

asymmetry in the data as a function of the transverse mo-

mentum of the tt̄ system, compared to both powheg and

pythia. The model predictions have been normalized by

the addition of ∆ANLO to powheg and ∆ALO to pythia
as described in the text. Error bars include both statistical

and background-related systematic uncertainties. The last

bin contains overflow events.

for the detector-level dependencies are 2.8σ and 2.4σ
for |∆y| and Mtt̄ respectively.

The results are corrected to the parton level to find

the differential cross section dσ/d(∆y), where we mea-

sure an inclusive parton-level asymmetry of 0.164 ±
0.047(stat+syst).The asymmetries and their functional

dependencies at the three stages of the analysis proce-

dure are summarized in Fig. 26 and Table XIV.

We also study the dependence of AFB on the trans-

verse momentum of the tt̄ system. We find a significant

momentum dependence that is consistent with either

of the LO or NLO predictions, and evidence that the

excess asymmetry is independent of the momentum.

This new measurement of the top quark production

asymmetry serves as a means to better understand

higher-order corrections to the standard model or po-

tential effects from non-standard model processes.
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TABLE XIV: The measured inclusive forward-backward asymmetry and the best-fit slopes for AFB(|∆y|) and AFB(Mtt̄)

at the different levels of correction. The uncertainties include the statistical uncertainties and the appropriate systematic

uncertainties for each correction level as discussed in the text.

Inclusive Slope Slope

Correction level AFB α∆y αMtt̄

Reconstruction 0.063 ± 0.019 (11.4± 2.5)× 10
−2

(8.9± 2.3)× 10
−4

(GeV/c2)−1

Background-subtracted 0.087 ± 0.026 (15.5± 3.3)× 10
−2

(10.9± 2.8)× 10
−4

(GeV/c2)−1

Parton 0.164 ± 0.047 (25.3± 6.2)× 10
−2

(15.5± 4.8)× 10
−4

(GeV/c2)−1
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FIG. 20: (a) The parton-level Mtt̄ distributions for events

with positive and negative ∆y and (b) the parton-level

forward-backward asymmetry as a function of Mtt̄ with a

best-fit line superimposed. The last bin contains overflow

events. Uncertainties are correlated and include both sta-

tistical and systematic contributions. The shaded region in

(b) represents the theoretical uncertainty on the slope of the

prediction.

FIG. 21: Interfering qq̄ → tt̄ (top) and qq̄ → tt̄j (bottom)

diagrams.
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FIG. 22: Expected AFB as a function of the ptt̄T of the tt̄ sys-
tem at the parton level from mcfm, powheg, and pythia,
as well as a NLO prediction for events where the top-quark

pair is produced in association with an extra energetic jet.

events with only four jets. The smaller asymmetry in
events with extra jets is seen to be consistent with the
observed AFB(ptt̄T ) behavior.

It is important to note that we are considering a charged boson, so that Z ′
µ is not the same

particle as its conjugate partner, Z ′†
µ . Under this condition, the production of same sign tops

is forbidden. Models in which these two particles are the same particle, i.e models with neutral

Z ′ bosons, allow the production of same sign top pairs and as a consequence, are excluded [31].

2.2 Phenomenology for Tevatron and LHC tt̄ asymmetries

The Feynman diagrams for pp, pp̄ → tt̄(u) involving a Z ′ boson in the model described pre-

viously are shown in Fig. 1. We denote by t1 the diagram where this particle is exchanged

through a t-channel and by s1 and s2 those diagrams where the Z ′ goes through an s-channel.

In the former case, the Z ′ contributes to a tt̄ final state, while in the later, to tt̄u production.

Since Z ′ "= Z ′†, s1 and s2 have different conjugate diagrams, s̄1 and s̄2, which at the Tevatron,

due to the symmetry in p ↔ p̄, have the same strength as s1 and s2. On the contrary, at the

LHC σ(s̄1, s̄2) $ σ(s1, s2).

u t
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u Z ′
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t
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Figure 1: Feynman diagrams for pp, pp → tt(u) involving a Z ′: In t1 the Z ′ is exchanged through a t-channel

and in s1 and s2 the Z ′ goes through an s-channel. We show that s1 cancels the contribution to the charge

asymmetry of t1 at the LHC.

The cornerstone of our analysis is the observation that at the LHC there is a cancellation of

the charge asymmetry coming from the contributions of the t- and s-channel processes, explain-

ing the small and compatible with negative charge asymmetry measured by this experiment.

This cancellation is not present at the Tevatron where as a matter of fact a large AFB has been

measured. We see in the following paragraphs how the t-channel diagram contributes positively

to the asymmetries while at the LHC the s-channel ones have a negative contribution.

To understand this cancellation it is important to clarify two points. First, the reason why

the t-channel contributes positively to both the AC and the AFB asymmetries whereas the

4
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It is important to note that we are considering a charged boson, so that Z ′
µ is not the same

particle as its conjugate partner, Z ′†
µ . Under this condition, the production of same sign tops

is forbidden. Models in which these two particles are the same particle, i.e models with neutral

Z ′ bosons, allow the production of same sign top pairs and as a consequence, are excluded [31].

2.2 Phenomenology for Tevatron and LHC tt̄ asymmetries

The Feynman diagrams for pp, pp̄ → tt̄(u) involving a Z ′ boson in the model described pre-

viously are shown in Fig. 1. We denote by t1 the diagram where this particle is exchanged

through a t-channel and by s1 and s2 those diagrams where the Z ′ goes through an s-channel.

In the former case, the Z ′ contributes to a tt̄ final state, while in the later, to tt̄u production.

Since Z ′ "= Z ′†, s1 and s2 have different conjugate diagrams, s̄1 and s̄2, which at the Tevatron,

due to the symmetry in p ↔ p̄, have the same strength as s1 and s2. On the contrary, at the

LHC σ(s̄1, s̄2) $ σ(s1, s2).
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Figure 1: Feynman diagrams for pp, pp → tt(u) involving a Z ′: In t1 the Z ′ is exchanged through a t-channel

and in s1 and s2 the Z ′ goes through an s-channel. We show that s1 cancels the contribution to the charge

asymmetry of t1 at the LHC.

The cornerstone of our analysis is the observation that at the LHC there is a cancellation of

the charge asymmetry coming from the contributions of the t- and s-channel processes, explain-

ing the small and compatible with negative charge asymmetry measured by this experiment.

This cancellation is not present at the Tevatron where as a matter of fact a large AFB has been

measured. We see in the following paragraphs how the t-channel diagram contributes positively

to the asymmetries while at the LHC the s-channel ones have a negative contribution.

To understand this cancellation it is important to clarify two points. First, the reason why

the t-channel contributes positively to both the AC and the AFB asymmetries whereas the
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TABLE XIV: The measured inclusive forward-backward asymmetry and the best-fit slopes for AFB(|∆y|) and AFB(Mtt̄)

at the different levels of correction. The uncertainties include the statistical uncertainties and the appropriate systematic

uncertainties for each correction level as discussed in the text.

Inclusive Slope Slope

Correction level AFB α∆y αMtt̄

Reconstruction 0.063 ± 0.019 (11.4± 2.5)× 10
−2

(8.9± 2.3)× 10
−4

(GeV/c2)−1

Background-subtracted 0.087 ± 0.026 (15.5± 3.3)× 10
−2

(10.9± 2.8)× 10
−4

(GeV/c2)−1

Parton 0.164 ± 0.047 (25.3± 6.2)× 10
−2

(15.5± 4.8)× 10
−4

(GeV/c2)−1
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FIG. 20: (a) The parton-level Mtt̄ distributions for events

with positive and negative ∆y and (b) the parton-level

forward-backward asymmetry as a function of Mtt̄ with a

best-fit line superimposed. The last bin contains overflow

events. Uncertainties are correlated and include both sta-

tistical and systematic contributions. The shaded region in

(b) represents the theoretical uncertainty on the slope of the

prediction.

FIG. 21: Interfering qq̄ → tt̄ (top) and qq̄ → tt̄j (bottom)

diagrams.
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FIG. 22: Expected AFB as a function of the ptt̄T of the tt̄ sys-
tem at the parton level from mcfm, powheg, and pythia,
as well as a NLO prediction for events where the top-quark

pair is produced in association with an extra energetic jet.

events with only four jets. The smaller asymmetry in
events with extra jets is seen to be consistent with the
observed AFB(ptt̄T ) behavior.

It is important to note that we are considering a charged boson, so that Z ′
µ is not the same

particle as its conjugate partner, Z ′†
µ . Under this condition, the production of same sign tops

is forbidden. Models in which these two particles are the same particle, i.e models with neutral

Z ′ bosons, allow the production of same sign top pairs and as a consequence, are excluded [31].

2.2 Phenomenology for Tevatron and LHC tt̄ asymmetries

The Feynman diagrams for pp, pp̄ → tt̄(u) involving a Z ′ boson in the model described pre-

viously are shown in Fig. 1. We denote by t1 the diagram where this particle is exchanged

through a t-channel and by s1 and s2 those diagrams where the Z ′ goes through an s-channel.

In the former case, the Z ′ contributes to a tt̄ final state, while in the later, to tt̄u production.

Since Z ′ "= Z ′†, s1 and s2 have different conjugate diagrams, s̄1 and s̄2, which at the Tevatron,

due to the symmetry in p ↔ p̄, have the same strength as s1 and s2. On the contrary, at the

LHC σ(s̄1, s̄2) $ σ(s1, s2).
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Figure 1: Feynman diagrams for pp, pp → tt(u) involving a Z ′: In t1 the Z ′ is exchanged through a t-channel

and in s1 and s2 the Z ′ goes through an s-channel. We show that s1 cancels the contribution to the charge

asymmetry of t1 at the LHC.

The cornerstone of our analysis is the observation that at the LHC there is a cancellation of

the charge asymmetry coming from the contributions of the t- and s-channel processes, explain-

ing the small and compatible with negative charge asymmetry measured by this experiment.

This cancellation is not present at the Tevatron where as a matter of fact a large AFB has been

measured. We see in the following paragraphs how the t-channel diagram contributes positively

to the asymmetries while at the LHC the s-channel ones have a negative contribution.

To understand this cancellation it is important to clarify two points. First, the reason why

the t-channel contributes positively to both the AC and the AFB asymmetries whereas the
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Figure 2: [Color online] t-channel contribution to the charge asymmetry. The background colours indicate the

sign of the contribution for every point in the parameter space; red (blue) represents positive (negative) sign.

The tone of the colours stands for the absolute value of the contribution; the more intense the tone, the larger

the absolute value. The numbers in every point are the difference of ACt
+ ASM@NLO/2 to half the measured

value of the charge asymmetry, in units of the experimental error. The green dashed lines define the region

consistent with Tevatron limits at 95% C.L.

allowed region defined by the yellow triangle in Fig. 4, (also shown in Fig. 5), gets excluded

when larger values of the Z ′ width are considered.

When the Z ′ width is increased, the allowed areas of the parameter space appear displaced

downward in Fig. 5, to smaller values of MZ′ and fR, relative to the yellow triangle. This can be

understood by looking at Fig. 4. The numbers in the cells inside the triangle that correspond
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Figure 3: [Color online] The same as the previous figure but for the s-channel contribution to the charge

asymmetry.

to the larger values of MZ′ and fR are those where the difference of AC to the measured value

in units of the experimental error is closer to 2 compared to any other point in the triangle.

These points are thus sensitive to getting excluded by any change in the model that could cause

an increment in AC . In fact, this is the case: when the Z ′ width becomes larger, the proportion

of processes in the s-channel decreases and, therefore, the negative contribution from ACs
to

AC becomes smaller in absolute value. This translates into an increment of AC that causes a

deviation from the measured value in more than 2 units of the experimental error in the upper

region of the triangle. As a result, those points get excluded when the Z ′ width is increased.
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11

asymmetry in charge (AC) can be measured and it is defined by

AC =
N(∆|y| > 0)−N(∆|y| < 0)

N(∆|y| > 0) +N(∆|y| < 0)
. (2)

The current experimental values for AC are AC = 0.029 ± 0.018 ± 0.014 at ATLAS [12]

and AC = 0.004 ± 0.010 ± 0.011 at CMS [13], both consistent with the SM prediction of

0.0115± 0.0006 [14]. Almost all the models that tried to explain the large AFB also predicted

a large value for AC and as a result most of them were excluded.

According to the nature of the new particle exchange, these models fall mainly into two

sets: those with new s-channel processes and those with a new t-channel exchange mediator.

Many of these models have already been discarded not only due to AFB and AC , but also

to other precision LHC measurements. For instance, dijet observables [15, 16] have excluded

many s-channel models, while t-channel ones such as flavour changing neutral current (FCNC)

Z ′ models [17, 18, 19, 20] have been discarded by same-sign top pair production [21, 22]. In

order to avoid this last constraint, models with a charged Z ′ and/or a W ′ 1 arose [23, 24, 25].

An example of this kind of models is an specific one [26] where a horizontal gauge symmetry

yields a flavour-changing and a flavour-conserving neutral boson which has been discarded by

atomic parity violation (APV) observables [25].

In this work [27] we study a phenomenological charged Z ′ model with flavour violating

couplings to u and t quarks. We stress that the new boson is electrically neutral. This Z ′ has

a mass larger than the top mass and no other partner coming from gauge invariance [25, 26].

The reasons for this phenomenological model come out to be two-folded: (i) constraints as

FCNC top decays and same-sign top production are avoided, whereas APV constraints are

largely relaxed; and (ii) it appears a cancellation in AC which is not present in AFB, yielding

a possible explanation for the apparent disagreement between these observables.

This model could solve the apparent disagreement between AFB and AC in an innovative

way. In most of the models that try to account for the large AFB measured at the Tevatron,

the excess in this asymmetry also implies an excess in AC , and the agreement is sought as an

intermediate balance in which AC is not too large while AFB is not too small. In the model

presented in this work, on the other hand, the agreement in some part of the parameter space

has to be sought as making AFB large without making AC too negative.

We study the Tevatron and LHC phenomenology of this model and verify that the cancel-

1Along this work Z ′ refers to an electrically neutral boson and W ′ to an electrically charged one.

2
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considered candidates for the light-quark jet in the tj or
t̄j resonance. These remaining jets each are paired with
the reconstructed top quark and anti-top quark, and the
largest invariant mass of all such pairings is chosen as
the resonance-mass reconstruction, mtj . Backgrounds,
in which there is no resonance, give a broad and low dis-
tribution of mtj , while a signal would be reconstructed
near the resonance mass.
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(a) W boson + jet control region: at
least 5 jets, exactly zero b-tags.
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(b) tt̄ plus additional radiated jet
control region: at least 5 jets, at least

one b-tag, HT < 225 GeV.

FIG. 1: Distribution of events versus reconstructed tj
or t̄j invariant mass (mtj) for observed data and

expected backgrounds in two control regions. The lower
panes give the relative difference between the observed
and expected distributions; the hatched areas show the
combined statistical and systematic uncertainties of the

expected background.

We consider several sources of systematic uncertainty
on the predicted background rates and distributions, as
well as on the expectations for a signal. Each system-
atic uncertainty affects the expected sensitivity to new
physics, expressed as an expected cross-section upper
limit in the no-signal assumption. The dominant sys-
tematic uncertainty is the jet energy scale (JES) [16],
followed by theoretical uncertainties on the cross sections
of the background processes. To probe the description of
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FIG. 2: Distribution of events versus reconstructed tj
or t̄j invariant mass, mtj , for observed data and

expected backgrounds in the signal region. Three signal
hypotheses are shown, assuming a total cross section of
0.1 pb. The lower pane gives the relative difference
between the observed and expected distributions; the

hatched area shows the combined statistical and
systematic uncertainties of the expected background.

the additional jet, we compare our nominal tt̄ model to
one generated by mc@nlo and take the full difference
as a systematic uncertainty. We also consider systematic
uncertainties associated with the description of initial-
and final-state radiation [27], uncertainties in the effi-
ciency of reconstructing leptons and identifying b-quark
jets, and uncertainties in the contribution from multiple
proton interactions. In addition, we consider a variation
of the Q2 scale of W boson+jet events in algpen. In
each case, we treat the unknown underlying quantity as
a nuisance parameter and measure the distortion of the
mtj spectrum for positive and negative fluctuations of
the underlying quantity. Uncertainties in the theoreti-
cal cross-section normalization are also included. Table I
lists the contributions of each of these sources of system-
atic uncertainty.

We validate our modeling of the SM backgrounds in
three background-dominated control regions. The tt̄
background is validated in events with exactly 4 jets and
at least one b tag. We validate W + jets backgrounds in
events with at least 5 jets and no b tags. Finally, model-
ing of SM tt̄ events with an additional jet is validated by
examining a signal-depleted region with at least 5 jets,
at least one b tag and HT , the scalar sum of lepton and
jet transverse momenta, less than 225 GeV. As shown in
Fig. 1, we find that the backgrounds are well modeled
within systematic uncertainties.

Figure 2 shows the observed distribution of events ver-
sus mtj compared to possible signals and estimated back-
ground. We fit the most likely value of the sum of the
Mt and Mt̄ → tt̄j cross sections by performing a binned

CDF collaboration, arXiv:1203.3894
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Figure 3: Invariant mass distributions for (left) W�− candidates and (right) W�+ candidates. The
figures show a comparison between the background prediction, with candidates reconstructed
from simulated signal events stacked on top, and data. Uncertainty bands represent statistical
and systematic uncertainties on the background prediction.
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Figure 4: Difference in yields for W�− and W�+ candidate invariant mass distributions. Data
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600 GeV/c2 and gL = 0 and gR = 2. The shaded blue band indicates the statistical uncertainty
of the signal and background combination.

CMS collaboration, arXiv:1206.3921
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Figure 4: [Color online] t- and s-channel contributions to the charge asymmetry. In each cell, the upper number

is the difference of ACt
+ACs

+ASM@NLO
C

to the measured value of the charge asymmetry. The number below

is the difference of σSM+NP

tt̄
to the inclusive measured value of σtt̄ at the LHC, as discussed in the text. The

area delimited by the triangle contains the points consistent with Tevatron limits in which these two observables

differ in less than 2 from their corresponding experimental values in units of the experimental error. Tevatron

limits are defined by the dashed lines; APV excludes the region above the thick line. The dot-dashed lines limit

the region excluded by tj/t̄j resonance searches by CDF while the region above the dotted line corresponds to

the same searches by ATLAS. These constraints are discussed in section 4.

With a similar argument, but this time concerning σtt̄, it can be explained why parts of the

excluded region in Fig. 4 become allowed in Fig. 5. In this case the sensitive observable is σtt̄,

which decreases as the Z ′ width increases. The points inside the orange, blue and magenta

triangles in Fig. 5 are those where the difference of σtt̄ to the measured value in units of the
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Explaining/modeling excesses

1. An excess is discovered in data

2. Exhaust SM explanations for the excess

3. Think of possible new physics explanations 
➡ Within or outside of conventional/high scale models

4. Find range of model parameters that can explain excess
➡ Typically, using Monte Carlo simulations

5. Find other observables (collider as well as flavor/EWP/
cosmology) where the explanation can be verified/falsified
➡ Note that indirect constraints (flavor/EWP/cosmology) 

typically modified by additional particles in the spectrum
13
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First: Understand our processes!

Cross sections at a collider depend on:

• Coupling strength

• Coupling to what? 
(light quarks, gluons, heavy quarks, 
EW gauge bosons?)
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• Single production/pair production
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• Parton density (or distribution) functions:
Process independent, determined by particle type

ŝ = x1x2s•                   (s = collision energy of the collider)
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Master formula

�
dx1dx2dΦFS

Phase space
integral

fa(x1)fb(x2)

Parton density
functions

• Parton density (or distribution) functions:
Process independent, determined by particle type

ŝ = x1x2s•                   (s = collision energy of the collider)

• Difference between colliders given by parton luminocities

σ̂ab→X(ŝ, . . .)

Parton level
cross section

• Parton level cross section from matrix element
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Tevatron vs. the LHC

• Tevatron: 2 TeV proton-antiproton collider
➡ Most important: q-q annihilation (85% of t t )

• LHC: 8-14 TeV proton-proton collider
➡ Most important: g-g annihilation (90% of t t )

—
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Parton densities

10!

Parton Kinematics 

!! Examples: 

!! Higgs: M~100 GeV/c2 

!! LHC: <xp>=100/14000!0.007 

!! TeV: <xp>=100/2000!0.05 

!! Gluino: M~1000 GeV/c2 

!! LHC: <xp>=1000/14000!0.07 

!! TeV: <xp>=1000/2000!0.5 

!! Parton densities rise dramatically towards low x 

!! Results in larger cross sections for LHC, e.g. 

!! factor ~1000 for gluinos 

!! factor ~40 for Higgs 

!! factor ~10 for W’s 

pdf’s measured in deep-inelastic scattering!

(at "s=14 TeV)!

Ratio of Luminosity: LHC at 7 TeV vs Tevatron 

!! Power of collider can be 

fully characterized by ratio 

of parton luminosities 

!! Ratio larger for gg than qq 

!! Due to steap rise of gluon 

towards low x 

!! MX=100 GeV 

!! gg: R!10, e.g. Higgs 

!! qq: R!3, e.g. W and Z 

!! MX=800 GeV  

!! gg: R!1000, e.g. SUSY 

!! qq: R!20, e.g. Z’ 
11!

At small x (small ŝ), gluon domination.
At large x valence quarks

LHC formidable at large mass –
For low mass, Tevatron backgrounds smaller

17
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Back to the processes
Ratio of Luminosity: LHC at 7 TeV vs Tevatron 

!! Power of collider can be 

fully characterized by ratio 

of parton luminosities 

!! Ratio larger for gg than qq 

!! Due to steap rise of gluon 

towards low x 

!! MX=100 GeV 

!! gg: R!10, e.g. Higgs 

!! qq: R!3, e.g. W and Z 

!! MX=800 GeV  

!! gg: R!1000, e.g. SUSY 

!! qq: R!20, e.g. Z’ 
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Monte Carlo Integration 
and Generation

19
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Monte Carlo Integration and Generation

Calculations of cross section or decay widths involve 
integrations over high-dimension phase space of very 
peaked functions:

20
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Monte Carlo Integration and Generation

σ =
1

2s

∫
|M|2dΦ(n)

Calculations of cross section or decay widths involve 
integrations over high-dimension phase space of very 
peaked functions:
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Monte Carlo Integration and Generation

σ =
1

2s

∫
|M|2dΦ(n)

Calculations of cross section or decay widths involve 
integrations over high-dimension phase space of very 
peaked functions:

Dim[Φ(n)] ∼ 3n
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Monte Carlo Integration and Generation

σ =
1

2s

∫
|M|2dΦ(n)

Calculations of cross section or decay widths involve 
integrations over high-dimension phase space of very 
peaked functions:

General and flexible method is needed

Dim[Φ(n)] ∼ 3n

20
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Integrals as averages

I =
∫

x2

x1
f(x)dx

V = (x2 − x1)

∫
x2

x1

[f(x)]2dx − I2 VN = (x2 − x1)
2

1

N

N∑

i=1

[f(x)]2 − I2

N

IN = (x2 − x1)
1

N

N∑

i=1

f(x)
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Integrals as averages

I = IN ±
√

VN/N
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∫
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Integrals as averages

I = IN ±
√

VN/N

I =
∫

x2

x1
f(x)dx

V = (x2 − x1)

∫
x2

x1

[f(x)]2dx − I2 VN = (x2 − x1)
2

1

N

N∑

i=1

[f(x)]2 − I2

N

IN = (x2 − x1)
1

N

N∑

i=1

f(x)

☞ Convergence is slow but it can be easily estimated
☞ Error does not depend on # of dimensions!
☞ Improvement by minimizing VN. 
☞ Optimal/Ideal case: f(x)=C ⇒VN=0

21
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Importance Sampling

I =

∫ 1

0

dx cos
π

2
x

IN = 0.637 ± 0.307/
√

N

22
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Importance Sampling

I =

∫ 1

0

dx cos
π

2
x

IN = 0.637 ± 0.307/
√

N

I =

∫ 1

0

dx(1 − x
2)

cos π

2
x

1 − x2

IN = 0.637 ± 0.031/
√

N

22
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Importance Sampling

=

∫ ξ2

ξ1
dξ

cos π

2
x[ξ]

1−x[ξ]2

I =

∫ 1

0

dx cos
π

2
x

IN = 0.637 ± 0.307/
√

N

I =

∫ 1

0

dx(1 − x
2)

cos π

2
x

1 − x2

IN = 0.637 ± 0.031/
√

N
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Importance Sampling

=

∫ ξ2

ξ1
dξ

cos π

2
x[ξ]

1−x[ξ]2
! 1

I =

∫ 1

0

dx cos
π

2
x

IN = 0.637 ± 0.307/
√

N

I =

∫ 1

0

dx(1 − x
2)

cos π

2
x

1 − x2

IN = 0.637 ± 0.031/
√

N
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but... you need to know a lot about f(x)!

Importance Sampling
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but... you need to know a lot about f(x)!

Alternative: learn during the run and build a step-function 
approximation p(x) of f(x)           VEGAS

Importance Sampling
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but... you need to know a lot about f(x)!

Alternative: learn during the run and build a step-function 
approximation p(x) of f(x)           VEGAS

many bins where f(x) is 
large

p(x) = 1

Nb∆xi
, xi − ∆xi < x < xi

Importance Sampling

23
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can be generalized to n dimensions:

p(x)= p(x)•p(y)•p(z)…→

Importance Sampling

24
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but the peaks of f(x) need to be  “aligned” to the axis!→
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can be generalized to n dimensions:

p(x)= p(x)•p(y)•p(z)…→

but the peaks of f(x) need to be  “aligned” to the axis!→

This is ok...

Importance Sampling
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can be generalized to n dimensions:

p(x)= p(x)•p(y)•p(z)…→

but the peaks of f(x) need to be  “aligned” to the axis!→

This is not ok...

Importance Sampling
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can be generalized to n dimensions:

p(x)= p(x)•p(y)•p(z)…→

but the peaks of f(x) need to be  “aligned” to the axis!→

but it is sufficient to make
a  change of variables!

Importance Sampling

26
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Multi-channel 

What do we do if there 
is no transformation that 
aligns all integrand peaks 
to the chosen axes?
Vegas is bound to fail!

27
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Multi-channel 

What do we do if there 
is no transformation that 
aligns all integrand peaks 
to the chosen axes?
Vegas is bound to fail!

Solution: use different transformations = channels

p(x) =
n∑

i=1

αipi(x)
n∑

i=1

αi = 1with

with each pi(x) taking care of one “peak” at the time

27
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p1(x) p2(x)

Multi-channel 

28

p(x) =
n∑

i=1

αipi(x)

n∑

i=1

αi = 1
with
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I =

∫
f(x)dx =

n∑
i=1

αi

∫
f(x)

p(x)
pi(x)dx

Multi-channel 

29

p(x) =
n∑

i=1

αipi(x)

n∑

i=1

αi = 1
with

Then,
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Example: QCD 2 → 2 production
u u~ > g g QED=0 page 1/1

Diagrams made by MadGraph5

u

1

u~

2

g

3

g

4

g

 diagram 1 QCD=2

u

1

g

3

u~

2

g

4

u

 diagram 2 QCD=2

u

1

g

4

u~

2

g

3

u

 diagram 3 QCD=2

u u~ > g g QED=0 page 1/1
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u u~ > g g QED=0 page 1/1

Diagrams made by MadGraph5

u

1

u~

2

g

3

g

4

g

 diagram 1 QCD=2

u

1

g

3

u~

2

g

4

u

 diagram 2 QCD=2

u

1

g

4

u~

2

g

3

u

 diagram 3 QCD=2

∝ 1

ŝ
=

1

(p1 + p2)2
∝ 1

t̂
=

1

(p1 − p3)2
∝ 1

û
=

1

(p1 − p4)2

Three very different pole structures contributing 
to the same matrix element.

30
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Consider the integration of an amplitude |M|^2 at tree level which many 
contributing diagrams. We would like to have a basis of functions,

2. they describe all possible peaks,    
1. we know how to integrate each one of them,
such that:

giving us the combined integral

I =

∫
d!Φf(!Φ) =

n∑
i=1

∫
d!Φ gi(!Φ)

fi(!Φ)

gi(!Φ)
=

n∑
i=1

Ii ,

f =

n∑

i=1

fi with fi ≥ 0 , ∀ i ,

Multi-channel based on single diagrams 

31
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Consider the integration of an amplitude |M|^2 at tree level which many 
contributing diagrams. We would like to have a basis of functions,

2. they describe all possible peaks,    
1. we know how to integrate each one of them,
such that:

giving us the combined integral

Does such a basis exist?  

I =

∫
d!Φf(!Φ) =

n∑
i=1

∫
d!Φ gi(!Φ)

fi(!Φ)

gi(!Φ)
=

n∑
i=1

Ii ,

f =

n∑

i=1

fi with fi ≥ 0 , ∀ i ,

Multi-channel based on single diagrams 
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Multi-channel based on single diagrams*

fi =

|Ai|2∑
i
|Ai|2

|Atot|
2YES!

32
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• Key Idea
– Any single diagram is “easy” to integrate (pole structures/

suitable integration variables known from the propagators)
– Divide integration into pieces, based on diagrams
– All other peaks taken care of by denominator sum

• Get N independent integrals
– Errors add in quadrature so no extra cost
– “Weight” functions already calculated during |M|2 calculation
– Parallel in nature

• What about interference?
– Never creates “new” peaks, so we’re OK!

Multi-channel based on single diagrams*

*Method used in MadGraph

fi =

|Ai|2∑
i
|Ai|2

|Atot|
2YES!

32
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 f(x)

Monte Carlo Event Generation

33
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1. pick x

 f(x)

Monte Carlo Event Generation
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1. pick x

 f(x)
2. calculate  f(x)

Monte Carlo Event Generation

33
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1. pick x

3. pick 0<y<fmax
 f(x)

2. calculate  f(x)

Monte Carlo Event Generation

33
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1. pick x

3. pick 0<y<fmax
 f(x)

2. calculate  f(x)

4. Compare:
if f(x)>y accept event,

Monte Carlo Event Generation

33



   2nd Taipei MG/FR School, Sept 4-8, 2013             Event Generation with MadGraph 5                                      Johan Alwall

1. pick x

3. pick 0<y<fmax
 f(x)

2. calculate  f(x)

4. Compare:
if f(x)>y accept event,

else reject it.

Monte Carlo Event Generation
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1. pick x

3. pick 0<y<fmax
 f(x)

2. calculate  f(x)

4. Compare:
if f(x)>y accept event,

else reject it.

I= 
total tries 

accepted
= efficiency

Monte Carlo Event Generation

33
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What’s the difference between
weighted and unweighted? 

Weighted:

Same # of events in areas of 
phase space with very 
different probabilities:
events must have different 
weights 

Event generation

34
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# events is proportional to 
the probability of areas of 
phase space:
events have all the same
weight (”unweighted”)

Events distributed as in nature

Event generation
What’s the difference between
weighted and unweighted? 

Unweighted:

35



   2nd Taipei MG/FR School, Sept 4-8, 2013             Event Generation with MadGraph 5                                      Johan Alwall

Improved by combining with importance sampling:

1. pick x  distributed as p(x)

2. calculate  f(x) and p(x)

3. pick 0<y<1 

 f(x)

4. Compare:
if f(x)>y p(x) accept event,

else reject it.

much better efficiency!!!  

Event generation
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MC integrator

Event generation
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MC integrator

O

dσ

dO

Event generation
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MC integrator

Acceptance-Rejection

O

dσ

dO

Event generation
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Event generator

MC integrator

Acceptance-Rejection

O

dσ

dO

Event generation
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Event generator

MC integrator

Acceptance-Rejection

O

dσ

dO

O

dσ

dO

Event generation
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Event generator

MC integrator

Acceptance-Rejection

☞ This is possible only if f(x)<∞ AND has definite sign!

O

dσ

dO

O

dσ

dO

Event generation
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Simulation of collider events

38
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Sherpa artist
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1. High-Q  Scattering2 2. Parton Shower 

3. Hadronization 4. Underlying Event 
40



   2nd Taipei MG/FR School, Sept 4-8, 2013             Event Generation with MadGraph 5                                      Johan Alwall

1. High-Q  Scattering2 2. Parton Shower 

3. Hadronization 4. Underlying Event 

☞ where new physics lies 

40



   2nd Taipei MG/FR School, Sept 4-8, 2013             Event Generation with MadGraph 5                                      Johan Alwall

1. High-Q  Scattering2 2. Parton Shower 

3. Hadronization 4. Underlying Event 

☞ where new physics lies 

☞ process dependent

40



   2nd Taipei MG/FR School, Sept 4-8, 2013             Event Generation with MadGraph 5                                      Johan Alwall

1. High-Q  Scattering2 2. Parton Shower 

3. Hadronization 4. Underlying Event 

☞ where new physics lies 

☞ process dependent

☞ first principles description

40



   2nd Taipei MG/FR School, Sept 4-8, 2013             Event Generation with MadGraph 5                                      Johan Alwall

1. High-Q  Scattering2 2. Parton Shower 

3. Hadronization 4. Underlying Event 

☞ where new physics lies 

☞ process dependent

☞ first principles description

☞ it can be systematically improved

40
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1. High-Q  Scattering2 2. Parton Shower 

3. Hadronization 4. Underlying Event 
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1. High-Q  Scattering2 2. Parton Shower 

3. Hadronization 4. Underlying Event 

☞ QCD -”known physics”
☞ universal/ process independent
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1. High-Q  Scattering2 2. Parton Shower 

3. Hadronization 4. Underlying Event 

☞ QCD -”known physics”
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1. High-Q  Scattering2 2. Parton Shower 

3. Hadronization 4. Underlying Event 
45
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List of processes 
implemented 

in Pythia (by hand!)

46
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Automated Matrix Element Generators
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Automated Matrix Element Generators

• High-Q2 scattering processes: In principle infinite number 
of processes for innumerable number of models

• Implementation by hand time-consuming, labor intensive 
and error prone

• Instead: Automated matrix element generators

➡ Use Feynman rules to build diagrams

• Given files defining the model content: particles, 
parameters and interactions, allows to generate any 
process for a given model!

47
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• Automatic matrix element generators:
➡ CalcHep / CompHep
➡ MadGraph
➡ AMEGIC++ (Sherpa)
➡ Whizard

• Standard Model only, with fast matrix elements for high 
parton multiplicity final states:
➡ AlpGen
➡ HELAC
➡ COMIX (Sherpa)

Automated Matrix Element Generators

48
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1. High-Q  Scattering2 2. Parton Shower 

3. Hadronization 4. Underlying Event 
49
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soft and collinear

Matrix elements involving q →q g ( or g →  gg) are 
strongly enhanced when the final state particles are 
close in the phase space:

z

1-z

Mp a

b

c
z = Eb/Ea

θ

divergencies

|Mp+1|
2dΦp+1 ! |Mp|

2dΦp
dt

t

αS

2π
P (z)dzdφ

Collinear factorization:

1

(pb + pc)2
� 1

2EbEc(1− cos θ)
=

1

t

when θ is small.

Parton Shower basics

50
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More about this later!
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Parton showers
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Parton showers
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• Factorization allows us to simulate QCD multi-particle final 
states by performing many 2-particle splittings
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Parton showers

e-

e+

Matching of Matrix
Elements and

Parton Showers
Lecture 1: QCD

Johan Al-
wall

Plan of the lectures

Introduction: The
big picture

Infrared Behaviour
of QCD

Jet Definitions

Parton Showers

Parton branchings
Evolution
equations and
parton densities
Logarithmic
resummation
Sudakov form
factors
Angular ordering
NLL Sudakovs
Parton showers in
Monte Carlos

Due to these successive branchings, the parton cascade or parton shower
develops. Each outgoing line is a source of a new cascade, until all outgoing
lines have stopped branching. At this stage, which depends on the cutoff scale,
outgoing partons have to be converted into hadrons via a hadronization model.
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• Factorization allows us to simulate QCD multi-particle final 
states by performing many 2-particle splittings

• The result is a “cascade” or “shower” of partons with ever 
smaller virtualities. 
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• Factorization allows us to simulate QCD multi-particle final 
states by performing many 2-particle splittings

• The result is a “cascade” or “shower” of partons with ever 
smaller virtualities. 

• The procedure stops when the scale of the splitting is 
below some tcut , usually close to 1 GeV, 
the scale where non-perturbative 
effects start dominating over the 
perturbative parton shower. 
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Parton showers

e-

e+

t0

51

• Factorization allows us to simulate QCD multi-particle final 
states by performing many 2-particle splittings

• The result is a “cascade” or “shower” of partons with ever 
smaller virtualities. 

• The procedure stops when the scale of the splitting is 
below some tcut , usually close to 1 GeV, 
the scale where non-perturbative 
effects start dominating over the 
perturbative parton shower. 

• At this point, partons must turn 
into color-neutral hadrons.
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From Parton Showers to Hadronization
• The parton shower evolves the hard scattering down to the scale of 

O(1GeV). 

• At this scale, QCD is no longer perturbative. Some hadronization model 
is used to describe the transition from the perturbative PS region to the 
non-perturbative hadronization region.

• Main hadronization models:

➡ String hadronization (Pythia)

➡ Cluster hadronization (Herwig)

• Hadronization only acts locally, not sensitive to high-q2 scattering.

e-

e+

52

[Andersson,Gustafson,Ingelman,Sjöstrand (1983)]

[Webber (1984)]
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• General-purpose tools 

• Complete exclusive description of the events: hard scattering, 
showering, hadronization, underlying event

• Reliable and well tuned to experimental data.

most well-known: PYTHIA, HERWIG, SHERPA

• You will hear much more about Parton Showers in the next lecture

Parton Shower MC event generators

53
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Detector simulation

• Detector simulation
➡ Fast general-purpose detector simulators:

Delphes, PGS (“Pretty good simulations”), AcerDet
➡ Specify parameters to simulate different experiments

• Experiment-specific fast simulation
➡ Detector response parameterized
➡ Run time: ms-s/event

• Experiment-specific full simulation
➡ Full tracking of particles through detector using GEANT
➡ Run time: several minutes/event

54
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Summary of Background
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• Despite the apparent enormous complexity of simulation 
of complete collider events, nature has kindly allowed us 
to factorize the simulation into separate steps
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Summary of Background

• Despite the apparent enormous complexity of simulation 
of complete collider events, nature has kindly allowed us 
to factorize the simulation into separate steps

• The Monte Carlo method allows us to step-by-step 
simulate hard scattering, parton shower, particle decays, 
hadronization, and underlying event

• Hard-working MC program developers have provided a 
multitude of tools that can be used to simulate complete 
collider events with a few keystrokes and the click of a 
button 
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Simulation with MadGraph 5

Outline:

• Computing the matrix element
➡ HELAS / ALOHA

• Features of MG5

• Live demonstration

56
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The Matrix Element

57



   2nd Taipei MG/FR School, Sept 4-8, 2013             Event Generation with MadGraph 5                                      Johan Alwall 58



   2nd Taipei MG/FR School, Sept 4-8, 2013             Event Generation with MadGraph 5                                      Johan Alwall

Evaluating a square Matrix Element
e+ e- > mu+ mu- WEIGHTED=4 page 1/1
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gµν
q2
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ūu = �p+m

M = e2(ūγµv)
gµν
q2
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• Idea: Evaluate M for fixed helicity of external particles

➡ Multiply M with M* -> |M|^2
➡ Loop on Helicity and sum the results

60

M = ūγµvPµν ūγ
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M = ūγµvPµν ūγ
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Numbers for given helicity and momenta

CALL OXXXXX(P(0,1),ZERO,NHEL(1),-1*IC(1),W(1,1))
CALL IXXXXX(P(0,2),ZERO,NHEL(2),+1*IC(2),W(1,2))
CALL IXXXXX(P(0,3),ZERO,NHEL(3),-1*IC(3),W(1,3))
CALL OXXXXX(P(0,4),ZERO,NHEL(4),+1*IC(4),W(1,4))
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Numbers for given helicity and momenta

CALL OXXXXX(P(0,1),ZERO,NHEL(1),-1*IC(1),W(1,1))
CALL IXXXXX(P(0,2),ZERO,NHEL(2),+1*IC(2),W(1,2))
CALL IXXXXX(P(0,3),ZERO,NHEL(3),-1*IC(3),W(1,3))
CALL OXXXXX(P(0,4),ZERO,NHEL(4),+1*IC(4),W(1,4))
Input: momenta, mass, helicity

Ouput: Wavefunction (given by an 
analytical formula)
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Numbers for given helicity and momenta

CALL OXXXXX(P(0,1),ZERO,NHEL(1),-1*IC(1),W(1,1))
CALL IXXXXX(P(0,2),ZERO,NHEL(2),+1*IC(2),W(1,2))
CALL IXXXXX(P(0,3),ZERO,NHEL(3),-1*IC(3),W(1,3))
CALL OXXXXX(P(0,4),ZERO,NHEL(4),+1*IC(4),W(1,4))

Calculate propagator wavefunctions

CALL JIOXXX(W(1,2),W(1,1),GAL,ZERO,ZERO,W(1,5))
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• Idea: Evaluate M for fixed helicity of external particles

➡ Multiply M with M* -> |M|^2
➡ Loop on Helicity and sum the results

60

M = ūγµvPµν ūγ
νv

e+ e- > e+ e- WEIGHTED=4 page 1/1

Diagrams made by MadGraph5
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Numbers for given helicity and momenta

CALL OXXXXX(P(0,1),ZERO,NHEL(1),-1*IC(1),W(1,1))
CALL IXXXXX(P(0,2),ZERO,NHEL(2),+1*IC(2),W(1,2))
CALL IXXXXX(P(0,3),ZERO,NHEL(3),-1*IC(3),W(1,3))
CALL OXXXXX(P(0,4),ZERO,NHEL(4),+1*IC(4),W(1,4))

Calculate propagator wavefunctions

CALL JIOXXX(W(1,2),W(1,1),GAL,ZERO,ZERO,W(1,5))

Input: Wavefunctions, mass, width, coupling

Ouput: Wavefunction (given by an analytical 
formula)
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• Idea: Evaluate M for fixed helicity of external particles

➡ Multiply M with M* -> |M|^2
➡ Loop on Helicity and sum the results

60

M = ūγµvPµν ūγ
νv

e+ e- > e+ e- WEIGHTED=4 page 1/1

Diagrams made by MadGraph5
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Numbers for given helicity and momenta

CALL OXXXXX(P(0,1),ZERO,NHEL(1),-1*IC(1),W(1,1))
CALL IXXXXX(P(0,2),ZERO,NHEL(2),+1*IC(2),W(1,2))
CALL IXXXXX(P(0,3),ZERO,NHEL(3),-1*IC(3),W(1,3))
CALL OXXXXX(P(0,4),ZERO,NHEL(4),+1*IC(4),W(1,4))

Calculate propagator wavefunctions

CALL JIOXXX(W(1,2),W(1,1),GAL,ZERO,ZERO,W(1,5))
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• Idea: Evaluate M for fixed helicity of external particles

➡ Multiply M with M* -> |M|^2
➡ Loop on Helicity and sum the results

60

M = ūγµvPµν ūγ
νv

e+ e- > e+ e- WEIGHTED=4 page 1/1

Diagrams made by MadGraph5
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 diagram 4 QCD=0, QED=2

Numbers for given helicity and momenta

CALL OXXXXX(P(0,1),ZERO,NHEL(1),-1*IC(1),W(1,1))
CALL IXXXXX(P(0,2),ZERO,NHEL(2),+1*IC(2),W(1,2))
CALL IXXXXX(P(0,3),ZERO,NHEL(3),-1*IC(3),W(1,3))
CALL OXXXXX(P(0,4),ZERO,NHEL(4),+1*IC(4),W(1,4))

Calculate propagator wavefunctions

CALL JIOXXX(W(1,2),W(1,1),GAL,ZERO,ZERO,W(1,5))
CALL IOVXXX(W(1,3),W(1,4),W(1,5),GAL,AMP(1))

Finally evaluate amplitude (c-number)
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• Idea: Evaluate M for fixed helicity of external particles

➡ Multiply M with M* -> |M|^2
➡ Loop on Helicity and sum the results

60

M = ūγµvPµν ūγ
νv

e+ e- > e+ e- WEIGHTED=4 page 1/1

Diagrams made by MadGraph5
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 diagram 4 QCD=0, QED=2

Numbers for given helicity and momenta

CALL OXXXXX(P(0,1),ZERO,NHEL(1),-1*IC(1),W(1,1))
CALL IXXXXX(P(0,2),ZERO,NHEL(2),+1*IC(2),W(1,2))
CALL IXXXXX(P(0,3),ZERO,NHEL(3),-1*IC(3),W(1,3))
CALL OXXXXX(P(0,4),ZERO,NHEL(4),+1*IC(4),W(1,4))

Calculate propagator wavefunctions

CALL JIOXXX(W(1,2),W(1,1),GAL,ZERO,ZERO,W(1,5))
CALL IOVXXX(W(1,3),W(1,4),W(1,5),GAL,AMP(1))

Finally evaluate amplitude (c-number)

Input: Wavefunctions, coupling

Ouput:  Amplitude
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• Idea: Evaluate M for fixed helicity of external particles

➡ Multiply M with M* -> |M|^2
➡ Loop on Helicity and sum the results

60

M = ūγµvPµν ūγ
νv

e+ e- > e+ e- WEIGHTED=4 page 1/1

Diagrams made by MadGraph5
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 diagram 4 QCD=0, QED=2

Numbers for given helicity and momenta

CALL OXXXXX(P(0,1),ZERO,NHEL(1),-1*IC(1),W(1,1))
CALL IXXXXX(P(0,2),ZERO,NHEL(2),+1*IC(2),W(1,2))
CALL IXXXXX(P(0,3),ZERO,NHEL(3),-1*IC(3),W(1,3))
CALL OXXXXX(P(0,4),ZERO,NHEL(4),+1*IC(4),W(1,4))

Calculate propagator wavefunctions

CALL JIOXXX(W(1,2),W(1,1),GAL,ZERO,ZERO,W(1,5))
CALL IOVXXX(W(1,3),W(1,4),W(1,5),GAL,AMP(1))

Finally evaluate amplitude (c-number)
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• Idea: Evaluate M for fixed helicity of external particles

➡ Multiply M with M* -> |M|^2
➡ Loop on Helicity and sum the results

60

M = ūγµvPµν ūγ
νv

e+ e- > e+ e- WEIGHTED=4 page 1/1

Diagrams made by MadGraph5
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 diagram 4 QCD=0, QED=2

Numbers for given helicity and momenta

CALL OXXXXX(P(0,1),ZERO,NHEL(1),-1*IC(1),W(1,1))
CALL IXXXXX(P(0,2),ZERO,NHEL(2),+1*IC(2),W(1,2))
CALL IXXXXX(P(0,3),ZERO,NHEL(3),-1*IC(3),W(1,3))
CALL OXXXXX(P(0,4),ZERO,NHEL(4),+1*IC(4),W(1,4))

Calculate propagator wavefunctions

CALL JIOXXX(W(1,2),W(1,1),GAL,ZERO,ZERO,W(1,5))
CALL IOVXXX(W(1,3),W(1,4),W(1,5),GAL,AMP(1))

Finally evaluate amplitude (c-number)

Helicity amplitude calls 
written by MadGraph{
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Number of routines: 0 Number of routines:0

Number of routines for both: 0
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Real case
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Number of routines:1 Number of routines:0

Number of routines for both: 1
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Number of routines:1 Number of routines:1

Number of routines for both: 1

Identical

Text
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Number of routines: 6 Number of routines: 6

Number of routines for both: 6
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Number of routines: 7 Number of routines: 7

Number of routines for both: 7
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Number of routines: 8 Number of routines: 8

Number of routines for both: 8
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Number of routines for both: 9
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Number of routines:10 Number of routines: 10

Number of routines for both: 12
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Basics: Helicity amplitudes

• Thanks to new diagram generation algorithm, wf 
recycling much more efficient in MG5 than MG4

Time for matrix element evaluation on a Sony Vaio TZ laptop

71

300,000

5500

no recycling
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HELAS

72
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HELAS
• Original HELicity Amplitude Subroutine library

72

[Murayama, Watanabe, Hagiwara]
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HELAS
• Original HELicity Amplitude Subroutine library

• One routine per Lorentz structure
➡ MSSM [cho, al] hep-ph/0601063 (2006)

➡ HEFT [Frederix] (2007)

➡ Spin 2 [Hagiwara, al] 0805.2554 (2008)

➡ Spin 3/2 [Mawatari, al] 1101.1289 (2011)

72

[Murayama, Watanabe, Hagiwara]
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HELAS
• Original HELicity Amplitude Subroutine library

• One routine per Lorentz structure
➡ MSSM [cho, al] hep-ph/0601063 (2006)

➡ HEFT [Frederix] (2007)

➡ Spin 2 [Hagiwara, al] 0805.2554 (2008)

➡ Spin 3/2 [Mawatari, al] 1101.1289 (2011)

Chromo-magnetic 
operator

Full HEFT

NMSSMEffective Field Theory

Black Holes 

BNV ModelChiral Perturbation

72

[Murayama, Watanabe, Hagiwara]
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FeynRules output

New Model Format

Gosam/ Herwig++/ MG5

Fully generic color/Lorentz/... 

[Degrande, Duhr, Fuks, Grellscheid, OM, Reiter:108.2040]
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MADGRAPH 5
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MadGraph
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1.4.0

Not possible to detail everything

MadGraph
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• Original MadGraph by Tim Stelzer was written in 
Fortran, first version from 1994

MadGraph

hep-ph/9401258

76
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1. High-Q  Scattering2 2. Parton Shower 

3. Hadronization 4. Underlying Event 

☞ where new physics lies 

☞ process dependent

☞ first principles description

77
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• Original MadGraph by Tim Stelzer was written in 
Fortran, first version from 1994

• Event generation by MadEvent using the single 
diagram enhanced multichannel integration technique 
in 2002 (Stelzer, Maltoni)

MadGraph

hep-ph/9401258

hep-ph/0208156
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Master formula

�
dx1dx2dΦFS

Phase space
integral

fa(x1)fb(x2)

Parton density
functions

• Parton density (or distribution) functions:
Process independent, determined by particle type

σ̂ab→X(ŝ, . . .)

Parton level
cross section

• Parton level cross section from matrix element

79
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MadGraph

80
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• Original MadGraph by Tim Stelzer was written in 
Fortran, first version from 1994

MadGraph

hep-ph/9401258
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• Original MadGraph by Tim Stelzer was written in 
Fortran, first version from 1994

• Event generation by MadEvent using the single 
diagram enhanced multichannel integration technique 
in 2002 (Stelzer, Maltoni)

MadGraph

hep-ph/9401258

hep-ph/0208156
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• Original MadGraph by Tim Stelzer was written in 
Fortran, first version from 1994

• Event generation by MadEvent using the single 
diagram enhanced multichannel integration technique 
in 2002 (Stelzer, Maltoni)

• Support for BSM (and many other improvements) in 
MG/ME 4 (2006)

MadGraph

arXiv:0706.2334,  arXiv:0809.2410

hep-ph/9401258

hep-ph/0208156
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• Original MadGraph by Tim Stelzer was written in 
Fortran, first version from 1994

• Event generation by MadEvent using the single 
diagram enhanced multichannel integration technique 
in 2002 (Stelzer, Maltoni)

• Support for BSM (and many other improvements) in 
MG/ME 4 (2006)

• Rewritten in Python in 2011: MG5
➡ Full automatic support for BSM

MadGraph

arXiv:1106.0522

arXiv:0706.2334,  arXiv:0809.2410

hep-ph/9401258

hep-ph/0208156
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• Original MadGraph by Tim Stelzer was written in 
Fortran, first version from 1994

• Event generation by MadEvent using the single 
diagram enhanced multichannel integration technique 
in 2002 (Stelzer, Maltoni)

• Support for BSM (and many other improvements) in 
MG/ME 4 (2006)

• Rewritten in Python in 2011: MG5
➡ Full automatic support for BSM

• First public version of aMC@NLO in 2013
(See more tomorrow!)

MadGraph

arXiv:1106.0522

arXiv:0706.2334,  arXiv:0809.2410

hep-ph/9401258

hep-ph/0208156

80
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Decay chains

• p p > t t~ w+, (t > w+ b, w+ > l+ vl), \
                     (t~ > w- b~, w- > j j), \
                     w+ > l+ vl

• Separately generate core process and each decay
- Decays generated with the decaying particle as 
resulting wavefunction

• Iteratively combine decays and core processes

• Difficulty: Multiple diagrams in decays

mardi 25 octobre 2011

81



   2nd Taipei MG/FR School, Sept 4-8, 2013             Event Generation with MadGraph 5                                      Johan Alwall

Decay chains

• If multiple diagrams in decays, need to multiply together core 
process and decay diagrams:

x

u u~ > go go / ur WEIGHTED=2 page 1/1

Diagrams made by MadGraph5

u

1

u~

2

g

go

3

go

4

 diagram 1 QCD=2, QED=0

u

1

go

3

ul

u~
2

go
4

 diagram 2 QCD=2, QED=0

u

1

go

4

ul

u~
2

go
3

 diagram 3 QCD=2, QED=0

u u~ > go go / ur WEIGHTED=2 page 1/1

Diagrams made by MadGraph5

u

1

u~

2

g

go

3

go

4

 diagram 1 QCD=2, QED=0

u

1

go

3

ul

u~
2

go
4

 diagram 2 QCD=2, QED=0

u

1

go

4

ul

u~
2

go
3

 diagram 3 QCD=2, QED=0

u u~ > go go / ur WEIGHTED=2 page 1/1

Diagrams made by MadGraph5

u

1

u~

2

g

go

3

go

4

 diagram 1 QCD=2, QED=0

u

1

go

3

ul

u~
2

go
4

 diagram 2 QCD=2, QED=0

u

1

go

4

ul

u~
2

go
3

 diagram 3 QCD=2, QED=0

go > u u~ n1 / ur WEIGHTED=3 page 1/1

Diagrams made by MadGraph5

u

2

n1

4

ul

u~

3

go1

 diagram 1 QCD=1, QED=1

u~

3

n1

4

ul~

u

2

go1

 diagram 2 QCD=1, QED=1

go > u u~ n1 / ur WEIGHTED=3 page 1/1

Diagrams made by MadGraph5

u

2

n1

4

ul

u~

3

go1

 diagram 1 QCD=1, QED=1

u~

3

n1

4

ul~

u

2

go1

 diagram 2 QCD=1, QED=1

u u~ > go go / ur go > u u~ n1 / ur

(to the second power 
 since both gluinos decay)
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Decay chains

u u~ > go go / ur, go > u u~ n1 / ur
page 1/3

Diagrams made by MadGraph5
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• If multiple diagrams in decays, need to multiply together core 
process and decay diagrams:
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Decay chains

• Decay chains retain full matrix element for the 
diagrams compatible with the decay

• Full spin correlations (within and between decays)

• Full width effects

• However, no interference with non-resonant diagrams 

➡ Description only valid close to pole mass

➡ Cutoff at |m ± nΓ| where n is set in run_card.
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Decay chains

Thanks to developments in MadEvent, also (very) long 
decay chains possible to simulate directly in MadGraph!
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Output formats in MadGraph 5

• Thanks to UFO/ALOHA, we now have automatic 
helicity amplitude routines in any language

! So it makes sense to have also matrix element 
output in multiple languages!

• Presently implemented: Fortran, C++, Python

! Fortran - for MadEvent and Standalone

! C++ - for Pythia 8 and Standalone

! Python - for internal use in MG5 (checks of 
gauge, perturbation and Lorentz invariance)

mardi 25 octobre 2011
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Pythia 8 Matrix Element output

! Library of process .h and .cc 
files, sorted by model
+ all needed model and 
   helicity amplitude files
+ example main file 
   (for user convenience!)

! Run as standard internal 
Pythia processes

! Allows using Pythia for ANY 
(2!1,2,3) process in ANY 
model at the push of a key!

#include "SigmaProcess.h"
#include "Parameters_sm.h"

using namespace std;

namespace Pythia8
{
//===================================================
// A class for calculating the matrix elements for
// Process: u u~ > t t~
// Process: c c~ > t t~
// Process: d d~ > t t~
// Process: s s~ > t t~
//---------------------------------------------------
class Sigma_sm_qq_ttx : public Sigma2Process
{
  public:

    // Constructor.
    Sigma_sm_qq_ttx() {}

    // Initialize process.
    virtual void initProc();

    // Calculate flavour-independent parts of cross section.
    virtual void sigmaKin();

    // Evaluate sigmaHat(sHat).
    virtual double sigmaHat();

    // Select flavour, colour and anticolour.
    virtual void setIdColAcol();
 ...

Sigma_sm_qq_ttx.h

mardi 25 octobre 2011
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MADGRAPH 5
Life Demonstration

88
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Examples shown

• p p > t t~
This gives only (the dominant) QCD vertices, and 
ignores (the negligible) QED vertices.

• p p > t t~ QED=2
This gives both QED and QCD vertices.

• p p > w+ j j, w+ > l+ vl
More complicated example.

Monday, October 24, 2011
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More syntax examples

• p p > t t~ j QED=2: Generate all combinations of 
processes for particles defined in multiparticle labels 
p / j, including up to two QED vertices (and unlimited 
QCD vertices)

• p p > t t~, (t > b w+, w+ > l+ vl), t~ > b~ j j : 

• Only diagrams compatible with given decay

• Only t / t~ and W+ close to mass shell in event 
generation

• p p > w+ w- / h : Exclude any diagrams with h

• p p > w+ w- $ h : Exclude on-shell h in event 
generation (but retain interference effects)

Monday, October 24, 2011
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Summary: Simulations with MG5

• UFO + ALOHA + MG5:
➡ ANY BSM is available
➡ HELAS Routines ⇒ very fast

• MG5
➡ decay chains
➡ nice interface
➡ several output formats
➡ easy to use
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Jet Matching

Outline:

• Parton Showers

• MLM Matching with MadGraph and Pythia

• Validating the Matching
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1. High-Q  Scattering2 2. Parton Shower 

3. Hadronization 4. Underlying Event 
93
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Matrix elements involving q →q g or g →  gg are 
strongly enhanced when the final state particles are 
close in the phase space:

z

1-z

Mp a

b

c
z = Eb/Ea

θ
1

(pb + pc)2
� 1

2EbEc(1− cos θ)
=

1

t

Parton Shower basics
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soft 

Matrix elements involving q →q g or g →  gg are 
strongly enhanced when the final state particles are 
close in the phase space:

z

1-z

Mp a

b

c
z = Eb/Ea

θ

and collinear
divergencies

1

(pb + pc)2
� 1

2EbEc(1− cos θ)
=

1

t

|Mp+1|
2dΦp+1 ! |Mp|

2dΦp
dt

t

αS

2π
P (z)dzdφ

Collinear factorization:

when θ is small.

Parton Shower basics
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The spin averaged (unregulated) splitting functions for the various 
types of branching are: 

Parton Shower basics
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The spin averaged (unregulated) splitting functions for the various 
types of branching are: 

Comments: 
* Gluons radiate the most
* There are soft divergences in z=1 and z=0.
* Pqg  has no soft divergences.

Parton Shower basics
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t0
ti

t
\mathcal{P}_\mathrm{non-branching}(t_i)=1-\mathcal{P}_\mathrm{branching}(t_i)=1-\frac
{\delta t}{t_i}\frac{\alpha_s}{2\pi}\int^1_z dz\hat P(z)

{\color[rgb]{0.022524,0.016862,0.440217}\mathcal{P}_\mathrm{non-branching}
(t,t_0)\simeq \prod_{i=0}^N\left(1-\frac{\delta t}{t_i}\frac{\alpha_s}{2\pi}
\int^1_z dz\hat P(z)\right)}

{\color[rgb]{0.022524,0.016862,0.440217}=e^{\sum_{i=0}^N\left(-\frac
{\delta t}{t_i}\frac{\alpha_s}{2\pi}\int^1_z dz\hat P(z)\right)}}

{\color[rgb]{0.022524,0.016862,0.440217}\simeq e^{-\int_t^
{t_0}\frac{dt'}{t'}\frac{\alpha_s}{2\pi}\int^1_z dz\hat P(z)}=
\Delta(t,t_0)}
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t0
ti

t
\mathcal{P}_\mathrm{non-branching}(t_i)=1-\mathcal{P}_\mathrm{branching}(t_i)=1-\frac
{\delta t}{t_i}\frac{\alpha_s}{2\pi}\int^1_z dz\hat P(z)

{\color[rgb]{0.022524,0.016862,0.440217}\mathcal{P}_\mathrm{non-branching}
(t,t_0)\simeq \prod_{i=0}^N\left(1-\frac{\delta t}{t_i}\frac{\alpha_s}{2\pi}
\int^1_z dz\hat P(z)\right)}

{\color[rgb]{0.022524,0.016862,0.440217}=e^{\sum_{i=0}^N\left(-\frac
{\delta t}{t_i}\frac{\alpha_s}{2\pi}\int^1_z dz\hat P(z)\right)}}

{\color[rgb]{0.022524,0.016862,0.440217}\simeq e^{-\int_t^
{t_0}\frac{dt'}{t'}\frac{\alpha_s}{2\pi}\int^1_z dz\hat P(z)}=
\Delta(t,t_0)}
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Pnon−branching(ti) = 1− Pbranching(ti) = 1− δt

ti

αs

2π

� 1

z
dzP̂ (z)

• Now, consider the non-branching probability for a parton 
at a given virtuality ti:
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\mathcal{P}_\mathrm{non-branching}(t_i)=1-\mathcal{P}_\mathrm{branching}(t_i)=1-\frac
{\delta t}{t_i}\frac{\alpha_s}{2\pi}\int^1_z dz\hat P(z)

{\color[rgb]{0.022524,0.016862,0.440217}\mathcal{P}_\mathrm{non-branching}
(t,t_0)\simeq \prod_{i=0}^N\left(1-\frac{\delta t}{t_i}\frac{\alpha_s}{2\pi}
\int^1_z dz\hat P(z)\right)}

{\color[rgb]{0.022524,0.016862,0.440217}=e^{\sum_{i=0}^N\left(-\frac
{\delta t}{t_i}\frac{\alpha_s}{2\pi}\int^1_z dz\hat P(z)\right)}}
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{t_0}\frac{dt'}{t'}\frac{\alpha_s}{2\pi}\int^1_z dz\hat P(z)}=
\Delta(t,t_0)}
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• Now, consider the non-branching probability for a parton 
at a given virtuality ti:

• The total non-branching probability between virtualities 
t and t0:
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• Now, consider the non-branching probability for a parton 
at a given virtuality ti:

• The total non-branching probability between virtualities 
t and t0:

• This is the famous “Sudakov form factor”
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Final-state parton showers

With the Sudakov form factor, we can now implement a final-
state parton shower in a Monte Carlo event generator!
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With the Sudakov form factor, we can now implement a final-
state parton shower in a Monte Carlo event generator!

1. Start the evolution at the virtual mass scale t0 (e.g. the mass of the 
decaying particle) and momentum fraction z0 = 1
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Final-state parton showers

With the Sudakov form factor, we can now implement a final-
state parton shower in a Monte Carlo event generator!

1. Start the evolution at the virtual mass scale t0 (e.g. the mass of the 
decaying particle) and momentum fraction z0 = 1

2. Given a virtual mass scale ti and	
momentum	
fraction	
xi at some 
stage in the evolution, generate the scale of the next emission ti+1 
according to the Sudakov probability ∆(ti,ti+1) by solving
∆(ti+1,ti) = R
where R is a random number (uniform on [0, 1]).
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stage in the evolution, generate the scale of the next emission ti+1 
according to the Sudakov probability ∆(ti,ti+1) by solving
∆(ti+1,ti) = R
where R is a random number (uniform on [0, 1]).

3. If ti+1 < tcut it means that the shower has finished.
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With the Sudakov form factor, we can now implement a final-
state parton shower in a Monte Carlo event generator!

1. Start the evolution at the virtual mass scale t0 (e.g. the mass of the 
decaying particle) and momentum fraction z0 = 1

2. Given a virtual mass scale ti and	
momentum	
fraction	
xi at some 
stage in the evolution, generate the scale of the next emission ti+1 
according to the Sudakov probability ∆(ti,ti+1) by solving
∆(ti+1,ti) = R
where R is a random number (uniform on [0, 1]).

3. If ti+1 < tcut it means that the shower has finished.

4. Otherwise, generate z = zi/zi+1 with a distribution proportional to 
(αs/2π)P(z), where P(z) is the appropriate splitting function.
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Final-state parton showers

With the Sudakov form factor, we can now implement a final-
state parton shower in a Monte Carlo event generator!

1. Start the evolution at the virtual mass scale t0 (e.g. the mass of the 
decaying particle) and momentum fraction z0 = 1

2. Given a virtual mass scale ti and	
momentum	
fraction	
xi at some 
stage in the evolution, generate the scale of the next emission ti+1 
according to the Sudakov probability ∆(ti,ti+1) by solving
∆(ti+1,ti) = R
where R is a random number (uniform on [0, 1]).

3. If ti+1 < tcut it means that the shower has finished.

4. Otherwise, generate z = zi/zi+1 with a distribution proportional to 
(αs/2π)P(z), where P(z) is the appropriate splitting function.

5. For each emitted particle, iterate steps 2-4 until branching stops.
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Final-state parton showers
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Final-state parton showers

• The result is a “cascade” or “shower” of partons with ever 
smaller virtualities. 
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outgoing partons have to be converted into hadrons via a hadronization model.
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Final-state parton showers

• The result is a “cascade” or “shower” of partons with ever 
smaller virtualities. 

• The cutoff scale tcut is usually set close to 1 GeV, 
the scale where non-perturbative effects start dominating 
over the perturbative parton shower. 
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Final-state parton showers

• The result is a “cascade” or “shower” of partons with ever 
smaller virtualities. 

• The cutoff scale tcut is usually set close to 1 GeV, 
the scale where non-perturbative effects start dominating 
over the perturbative parton shower. 

• At this point, phenomenological
models are used to simulate
how the partons turn into
color-neutral hadrons.
Hadronization not sensitive to 
the physics at scale t0, but only tcut! 
(can be tuned once and for all!)
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Initial-state parton splittings

• So far, we have looked at final-state (time-like) splittings

• For initial state, the splitting functions are the same

• However, there is another ingredient - the parton density 
(or distribution) functions (PDFs)

➡ Probability to find a given parton in a hadron at a given 
momentum fraction x = pz/Pz and scale t

• How do the PDFs evolve with increasing t?

99



   2nd Taipei MG/FR School, Sept 4-8, 2013             Event Generation with MadGraph 5                                      Johan Alwall

Initial-state parton splittings
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Figure 3.5: The struck quark radiating several gluons at successive t and x, such that
t0 � t1 � . . .� tn−1 � tn � t = Q2 and x0 > x1 > . . . > xn−1 > xn = x.
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where the last step follows from the first, and the middle equality is only
inserted to show the appearance of the

�
αs
2π ln

�
t
t0

��2
-term.

Note that, in the last step, we evaluate the running coupling αs(t) (see
sec. 3.1.1) at the same scale as the quark distribution function. If we look
at more successive gluon radiations at ever decreasing t (see fig. 3.5), we
include higher powers of

�
αs
2π ln

�
t
t0

��
, and the last step in eq. (3.27) turns

into an identity. Differentiating with respect to t, we get the famous DGLAP
(Dokshitzer-Gribov-Lipatov-Altarelli-Parisi) equation [76] (which is often
just called the Altarelli-Parisi equation):
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Initial-state parton splittings

• Start with a quark PDF f0(x) at scale t0.  After a single 
parton emission, the probability to find the quark at 
virtuality t > t0 is

x0 t0

Q2

x1 t1
· · ·

xn−1 tn−1

xn tn

p

Figure 3.5: The struck quark radiating several gluons at successive t and x, such that
t0 � t1 � . . .� tn−1 � tn � t = Q2 and x0 > x1 > . . . > xn−1 > xn = x.

steps, we see that such a radiation would result in

q(x, t) = q0(x) +
� t

t0

dt�

t�
αs

2π

� 1

x

dz

z
P (z)

�
q0

�x

z

�
+

+
� t�

t0

dt��

t��
αs

2π

� 1

x/z

dz�

z�
P (z�) q0

� x

zz�

��
=

= q0(x) +
αs

2π
ln

�
t

t0

� � 1

x

dz

z
P (z) q0

�x

z

�
+

+
1
2!

�
αs

2π
ln

�
t

t0

��2 � 1

x

dz

z
P (z)

� 1

x/z

dz�

z�
P (z�) q0

� x

zz�

�
≈

≈ q0(x) +
� t

t0

dt�

t�
αs(t�)

2π

� 1

x

dz

z
P (z) q

�x

z
, t�

�

(3.27)

where the last step follows from the first, and the middle equality is only
inserted to show the appearance of the

�
αs
2π ln

�
t
t0

��2
-term.

Note that, in the last step, we evaluate the running coupling αs(t) (see
sec. 3.1.1) at the same scale as the quark distribution function. If we look
at more successive gluon radiations at ever decreasing t (see fig. 3.5), we
include higher powers of

�
αs
2π ln

�
t
t0

��
, and the last step in eq. (3.27) turns

into an identity. Differentiating with respect to t, we get the famous DGLAP
(Dokshitzer-Gribov-Lipatov-Altarelli-Parisi) equation [76] (which is often
just called the Altarelli-Parisi equation):

∂q(x, t)
∂ ln t

=
αs(t)
2π

� 1

x

dz

z
P (z) q

�x

z
, t

�
(3.28)

37

f(x, t) = f0(x) +

� t

t0

dt�

t�
αs

2π

� 1

x

dz

z
P̂ (z)f0

�x
z

�

100



   2nd Taipei MG/FR School, Sept 4-8, 2013             Event Generation with MadGraph 5                                      Johan Alwall

Initial-state parton splittings

• Start with a quark PDF f0(x) at scale t0.  After a single 
parton emission, the probability to find the quark at 
virtuality t > t0 is

• After a second emission, we have
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f(x/z, t’)

Initial-state parton splittings

• Start with a quark PDF f0(x) at scale t0.  After a single 
parton emission, the probability to find the quark at 
virtuality t > t0 is

• After a second emission, we have
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Figure 3.5: The struck quark radiating several gluons at successive t and x, such that
t0 � t1 � . . .� tn−1 � tn � t = Q2 and x0 > x1 > . . . > xn−1 > xn = x.
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where the last step follows from the first, and the middle equality is only
inserted to show the appearance of the
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-term.

Note that, in the last step, we evaluate the running coupling αs(t) (see
sec. 3.1.1) at the same scale as the quark distribution function. If we look
at more successive gluon radiations at ever decreasing t (see fig. 3.5), we
include higher powers of
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, and the last step in eq. (3.27) turns

into an identity. Differentiating with respect to t, we get the famous DGLAP
(Dokshitzer-Gribov-Lipatov-Altarelli-Parisi) equation [76] (which is often
just called the Altarelli-Parisi equation):
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The DGLAP equation
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Figure 3.5: The struck quark radiating several gluons at successive t and x, such that
t0 � t1 � . . .� tn−1 � tn � t = Q2 and x0 > x1 > . . . > xn−1 > xn = x.
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where the last step follows from the first, and the middle equality is only
inserted to show the appearance of the
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-term.

Note that, in the last step, we evaluate the running coupling αs(t) (see
sec. 3.1.1) at the same scale as the quark distribution function. If we look
at more successive gluon radiations at ever decreasing t (see fig. 3.5), we
include higher powers of
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, and the last step in eq. (3.27) turns

into an identity. Differentiating with respect to t, we get the famous DGLAP
(Dokshitzer-Gribov-Lipatov-Altarelli-Parisi) equation [76] (which is often
just called the Altarelli-Parisi equation):
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The DGLAP equation

• So for multiple parton splittings, we arrive at an integral 
equation:
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Note that, in the last step, we evaluate the running coupling αs(t) (see
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The DGLAP equation

• So for multiple parton splittings, we arrive at an integral 
equation:

• This is the famous DGLAP equation (where we have 
taken into account the multiple parton species i, j).  The 
boundary condition for the equation is the initial PDFs 
fi0(x) at a starting scale t0 (again around 1 GeV).
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Figure 3.5: The struck quark radiating several gluons at successive t and x, such that
t0 � t1 � . . .� tn−1 � tn � t = Q2 and x0 > x1 > . . . > xn−1 > xn = x.
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Note that, in the last step, we evaluate the running coupling αs(t) (see
sec. 3.1.1) at the same scale as the quark distribution function. If we look
at more successive gluon radiations at ever decreasing t (see fig. 3.5), we
include higher powers of
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The DGLAP equation

• So for multiple parton splittings, we arrive at an integral 
equation:

• This is the famous DGLAP equation (where we have 
taken into account the multiple parton species i, j).  The 
boundary condition for the equation is the initial PDFs 
fi0(x) at a starting scale t0 (again around 1 GeV).

• These starting PDFs are fitted to experimental data.
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Initial-state parton showers

• To simulate parton radiation from the initial state, we 
start with the hard scattering, and then “devolve” the 
DGLAP evolution to get back to the original hadron: 
Backwards evolution!

• In backwards evolution, the Sudakovs include also the 
PDFs - this follows from the DGLAP equation and 
ensures conservation of probability:

This represents the probability that parton i will stay at 
the same x (no splittings) when evolving from t1 to t2.

• The shower simulation is now done as in FS shower!

∆Ii(x, t1, t2) = exp
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• In both initial-state and final-state showers, the definition of t is 
not unique, as long as it has the dimension of scale: 

• Different parton shower generators have made different choices:
➡ Ariadne: “dipole pT”
➡ Herwig: E⋅θ
➡ Pythia (old): virtuality q2

➡ Pythia 6.4 and Pythia 8: pT

➡ Sherpa: v. 1.1 virtuality q2, v. 1.2 “dipole pT”

• Note that all of the above are complete MC event generators 
with matrix elements, parton showers, hadronization, decay, and 
underlying event simulation.

Parton Shower MC event generators
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1. High-Q  Scattering2 2. Parton Shower 

Back to our favorite piece of art!

How do we define the limit between parton shower 
and matrix element?
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Matrix Elements vs. Parton Showers
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Matrix Elements vs. Parton Showers

ME

1. Fixed order calculation
2. Computationally expensive
3. Limited number of particles
4. Valid when partons are hard and 

well separated
5. Quantum interference correct
6. Needed for multi-jet description
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Approaches are complementary: merge them!
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3. No limit on particle multiplicity
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Difficulty: avoid double counting, ensure smooth distributions

Approaches are complementary: merge them!
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4. Valid when partons are collinear 

and/or soft
5. Partial interference through 

angular ordering
6. Needed for hadronization

105



   2nd Taipei MG/FR School, Sept 4-8, 2013             Event Generation with MadGraph 5                                      Johan Alwall

PS alone vs matched samples
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 (a la Pythia)tt

In the soft-collinear approximation of Parton Shower MCs, parameters are 
used to tune the result ⇒ Large variation in results (small prediction power)

(Pythia only)
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+0,1,2,3 partons + Pythia (MMLM)tt

[MadGraph]

PS alone vs ME matching

In a matched sample these differences are irrelevant since the behavior 
at high pt is dominated by the matrix element. 
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Goal for ME-PS merging/matching

Matrix element

Parton shower 2nd QCD radiation jet in 
top pair production at 

the LHC, using
MadGraph + Pythia
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Goal for ME-PS merging/matching

• Regularization of matrix element divergence

Matrix element

Parton shower 2nd QCD radiation jet in 
top pair production at 

the LHC, using
MadGraph + Pythia
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Goal for ME-PS merging/matching

• Regularization of matrix element divergence

• Correction of the parton shower for large momenta

• Smooth jet distributions
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Goal for ME-PS merging/matching

• Regularization of matrix element divergence

• Correction of the parton shower for large momenta

• Smooth jet distributions

Matrix element

Parton shower

Desired curve

2nd QCD radiation jet in 
top pair production at 

the LHC, using
MadGraph + Pythia
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...

...

PS →

ME 
↓

[Mangano]
[Catani, Krauss, Kuhn, Webber]
[Lönnblad]

Merging ME with PS
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...

...

PS →

ME 
↓

[Mangano]
[Catani, Krauss, Kuhn, Webber]
[Lönnblad]

DC DC

DC

Merging ME with PS
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...

...

PS →

ME 
↓

[Mangano]
[Catani, Krauss, Kuhn, Webber]
[Lönnblad]

kT < Qc

kT > Qc
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kT < Qc

Merging ME with PS
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...

...

PS →

ME 
↓

Double counting between ME and PS easily avoided using phase space 
cut between the two: PS below cutoff, ME above cutoff. 

[Mangano]
[Catani, Krauss, Kuhn, Webber]
[Lönnblad]

kT < Qc

kT > Qc

kT > Qc

kT > Qc

kT < Qc

kT < Qc

kT > Qc

kT < Qc

Merging ME with PS
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Merging ME with PS

• So double counting problem easily solved, but 
what about getting smooth distributions that are 
independent of the precise value of Qc?

• Below cutoff, distribution is given by PS
 - need to make ME look like PS near cutoff

• Let’s take another look at the PS!
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Merging ME with PS
Matching of Matrix

Elements and
Parton Showers

Lecture 2:
Matching in e+e−

collisions

Johan Al-
wall

Why Matching?

Present matching
approaches

CKKW matching in
e+e− collisions

Overview of the
CKKW procedure
Clustering the
n-jet event
Sudakov
reweighting
Vetoed parton
showers
Highest
multiplicity
treatment
Results of CKKW
matching (Sherpa)
Difficulties with
practical
implementations

The MLM
procedure

Clustering the n-jet event

1 Find the two partons with smallest jet separation yij
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ud̄ →Wdd̄ event

We pick momenta according to the pdf-weighted matrix element

|Mud̄→Wdd̄ (x1, x2, αs(dini))|2 fu(x1, dini)fd̄ (x2, dini)

We cluster the event using the
boost-invariant kT clustering
scheme, to get nodes d1, d2, d3 as
shown

We apply the αs and Sudakov
weight

(∆q(d3, dini))
2 ∆g (d2, dini)

∆g (d1, dini)
(∆q(d1, dini))

2 αs(d2)

αs(dini)

αs(d1)

αs(dini)

We apply initial-state radiation for the incoming u and d̄ starting at
d3 = MW , and final-state radiation for the outgoing d and d̄ starting at d2,
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history
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• Again, use a clustering scheme to get a parton shower 
history

• Now, reweight both due to αs and PDF

• Remember to use first clustering scale on each side for PDF 
scale:

|M|2 → |M|2αs(t1)

αs(t0)

αs(t2)

αs(t0)

fq(x�
1, t0)

fq(x�
1, t1)

Pevent = σ̂(x1, x2, p3, p4, . . . )fq(x1, t1)fq̄(x2, t0)
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KT clustering schemes

The default clustering scheme used (in MG/Sherpa/AlpGen)
to determine the parton shower history is the Durham kT 
scheme. For e+e-:

and for hadron collisions, the minimum of:

and

with 

Find the smallest kTij (or kTibeam), combine partons 
i and j (or i and the beam), and continue until 
you reach a 2 → 2 (or 2 → 1) scattering.

k2Tij = 2min(E2
i , E

2
j )(1− cos θij)

Rij = 2[cosh(yi − yj)− cos(φi − φj)] � (∆y)2 + (∆φ)2

k2Tij = max(m2
i ,m

2
2) + min(p2Ti, p

2
Tj)Rij

k2Tibeam = m2
i + p2Ti = (Ei + pzi)(Ei − pzi)
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Matching schemes

• We still haven’t specified how to apply the Sudakov 
reweighting to the matrix element

• Three general schemes available in the literature:
➡ CKKW scheme [Catani,Krauss,Kuhn,Webber 2001; Krauss 2002]

➡ Lönnblad scheme (or CKKW-L) [Lönnblad 2002]

➡ MLM scheme [Mangano unpublished 2002; Mangano et al. 2007]
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CKKW matching
[Catani, Krauss, Kuhn, Webber 2001]

[Krauss 2002]
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CKKW matching

• Apply the required Sudakov suppression 

analytically, using the best available (NLL) Sudakovs.

(∆Iq(tcut, t0))
2∆g(t2, t1)(∆q(tcut, t2))

2

[Catani, Krauss, Kuhn, Webber 2001]
[Krauss 2002]
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• Perform “truncated showering”:  Run the parton shower 
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kT3

kT1

kT2

x

x

✓ Best theoretical treatment of matrix element

- Requires dedicated PS implementation

- Mismatch between analytical Sudakov and (non-NLL) shower

• Implemented in Sherpa (v. 1.1)
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t0

CKKW-L matching
[Lönnblad 2002]

[Hoeche et al. 2009]
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• Cluster back to “parton shower history”

• Perform showering step-by-step for each step in the parton 
shower history, starting from the clustering scale for that step

• Veto the event if any shower is harder than the clustering scale 
for the next step (or tcut, if last step)

• Keep any shower emissions that are softer than the clustering 
scale for the next step

✓ Automatic agreement between Sudakov and shower

- Requires dedicated PS implementation
➡ Need multiple implementations to compare between showers

• Implemented in Ariadne, Sherpa (v. 1.2), and Pythia 8
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• The simplest way to do the Sudakov suppression is to run the 
shower on the event, starting from t0!

• Perform jet clustering after PS - if hardest jet kT1 > tcut or 
there are jets not matched to partons, reject the event

• The resulting Sudakov suppression from the procedure is

which turns out to be a good enough approximation of the 
correct expression 

✓ Simplest available scheme

✓ Allows matching with any shower, without modification

➡ Sudakov suppression not exact, minor mismatch with shower

• Implemented in AlpGen, HELAC, MadGraph+Pythia 6
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• For MLM matching, we run the shower and then veto events if 
the hardest shower emission scale kT1 > tcut
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• For MLM matching, we run the shower and then veto events if 
the hardest shower emission scale kT1 > tcut

• The resulting Sudakov suppression from the procedure is

which is a good enough approximation of the correct 
expression
(since the main suppression is from ΔIq)
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Highest multiplicity sample

• In the previous, assumed we can simulate all parton 
multiplicities by the ME

• In practice, we can only do limited number of final-state 
partons with matrix element (up to 4-5 or so)

• For the highest jet multiplicity that we generate with the 
matrix element, we need to allow additional jets above 
the matching scale tcut, since we will otherwise not get a 
jet-inclusive description – but still can’t allow PS radiation 
harder than the ME partons

➡ Need to replace tcut by the clustering scale for the softest 
ME parton for the highest multiplicity
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Summary of Matching Procedure

1. Generate ME events (with different parton multiplicities) 
using parton-level cuts (pTME/ΔR or kTME)

2. Cluster each event and reweight αs and PDFs based on the 
scales in the clustering vertices

3. Apply Sudakov factors to account for the required non-
radiation above clustering cutoff scale and generate parton 
shower emissions below clustering cutoff:

a. (CKKW) Analytical Sudakovs + truncated showers

b. (CKKW-L) Sudakovs from truncated showers

c. (MLM) Sudakovs from reclustered shower emissions
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How to do matching in MadGraph+Pythia

mg5> generate p p > w+, w+ > l+ vl @0

mg5> add process p p > w+ j, w+ > l+ vl @1

mg5> add process p p > w+ j j, w+ > l+ vl @2

mg5> output

In run_card.dat:

…

  1 = ickkw

…

  0 = ptj

…

 15 = xqcut
kT matching scale 

Matching on

Matching automatically done when run through 
MadEvent and Pythia!

No cone matching

Example: Simulation of pp→W with 0, 1, 2 jets
(comfortable on a laptop)
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How to do matching in MadGraph+Pythia

In pythia_card.dat:

…

! This sets the matching scale, needs to be > xqcut

QCUT = 30

! This switches from kT-MLM to shower-kT matching

! Note that MSTP(81)>=20 needed (pT-ordered shower)

SHOWERKT = T

• By default, kT-MLM matching is run if xqcut > 0, with the 
matching scale QCUT = max(xqcut*1.4, xqcut+10)

• For shower-kT, by default QCUT = xqcut

• If you want to change the Pythia setting for matching 
scale or switch to shower-kT matching:
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How to do validate the matching

• The matching scale (QCUT) should typically be chosen 
around 1/6-1/2 x hard scale (so xqcut correspondingly 
lower)

• The matched cross section (for X+0,1,... jets) should be 
close to the unmatched cross section for the 0-jet sample
(found on the process HTML page)

• The differential jet rate plots should be smooth

• When QCUT is varied (within the region of validity), the 
matched cross section or differential jet rates should not 
vary significantly
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Matching validation

log(Differential jet rate for 1 → 2 radiated jets ~ pT(2nd jet))

W+jets production at the Tevatron for MadGraph+Pythia 
(kT-jet MLM scheme, q2-ordered Pythia showers)

Qmatch = 10 GeV Qmatch = 30 GeV

Jet distributions smooth, and stable when we vary the matching scale!
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Summary
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Summary

• Despite the apparent enormous complexity of simulation 
of complete collider events, nature has kindly allowed us 
to factorize the simulation into separate steps
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Summary

• Despite the apparent enormous complexity of simulation 
of complete collider events, nature has kindly allowed us 
to factorize the simulation into separate steps

• The Monte Carlo method allows us to step-by-step 
simulate hard scattering, parton shower, particle decays, 
hadronization, and underlying event

• Jet matching between matrix elements and parton 
showers gives crucial improvement of simulation of 
background as well as signal processes

• Running matching with MadGraph + Pythia is very easy, 
but the results should always be checked for consistency
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MLM matching schemes in MadGraph
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In MadGraph, there are 3 different MLM-type matching 
schemes differing in how to divide ME vs. PS regions:
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In MadGraph, there are 3 different MLM-type matching 
schemes differing in how to divide ME vs. PS regions:

a. Cone jet MLM scheme:
- Use cuts in pT (pTME)and ΔR between partons in ME
- Cluster events after parton shower using a cone jet 
algorithm with the same ΔR and pTmatch > pTME

- Keep event if all jets are matched to ME partons (i.e., all 
ME partons are within ΔR of a jet)

MLM matching schemes in MadGraph
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schemes differing in how to divide ME vs. PS regions:

a. Cone jet MLM scheme:
- Use cuts in pT (pTME)and ΔR between partons in ME
- Cluster events after parton shower using a cone jet 
algorithm with the same ΔR and pTmatch > pTME

- Keep event if all jets are matched to ME partons (i.e., all 
ME partons are within ΔR of a jet)

b. kT-jet MLM scheme:
- Use cut in the Durham kT in ME
- Cluster events after parton shower using the same kT 
clustering algorithm into kT jets with kTmatch > kTME

- Keep event if all jets are matched to ME partons
(i.e., all partons are within kTmatch to a jet)

MLM matching schemes in MadGraph
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c. Shower-kT scheme:
- Use cut in the Durham kT in ME
- After parton shower, get information from the PS 
generator about the kTPS of the hardest shower 
emission
- Keep event if kT

PS < kTmatch  

MLM matching schemes in MadGraph
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Double counting of decays

• Special difficulty in e.g. SUSY matching:
Double counting of decays to jets!
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Double counting of decays

• Special difficulty in e.g. SUSY matching:
Double counting of decays to jets!

Decays double-counted
with on-shell gluino 
production and subsequent
decay
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Double counting of decays

• This has been solved in recent versions of MadGraph 5 by the 
new “$” syntax
mg5> import model_v4 mssm
mg5> generate p p > dr dr~ j j $ go

• This removes any on-shell gluinos from the event generation 
(where on-shell is defined as
m ± n⋅Γ with n set by bwcutoff in the run_card.dat)

• The corresponding region is exactly filled if you run gluino 
production with gluinos decaying to dr j (using the same 
bwcutoff).
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Double counting of decays

p p > dr dr~ d $ go

p p > dr go, go > dr~ d

Invariant mass distributions 
of dr squark and d quark
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Double counting of decays

p p > dr dr~ d $ go

p p > dr go, go > dr~ d

Invariant mass distributions 
of dr squark and d quark

+
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Double counting of decays

p p > dr dr~ d $ go

p p > dr go, go > dr~ d

Invariant mass distributions 
of dr squark and d quark

+

Double counting between samples completely removed!
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