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Herwig: The Evolution of a Monte Carlo Event Generator
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Peter Richardson Herwig: The Evolution of a Monte Carlo Event GeneratorPicture from P. Richardson

Key features:  
  — Angular Ordering 
  — Cluster Model 

HERWIG — Fortran   
  63940 lines ~400 Routines —> 1 file 

Herwig++  (2000 — 2015)  
 — new development in C++  

Herwig7 (+ ThePEG) (~1200 header) 
  — 7.0 : overcome HERWIG with automatized NLO Matching  
               and many documented features  
  — 7.1 : merging, soft model, impr. jet evolution and impr.  mass effects
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— Two Showers (Angular Ordered and Dipole shower) 

— Two matching schemes to both parton showers 

— NLO merging 

— Spin correlations  

— QED radiation in shower 

— Parton shower reweighting for uncertainties 

— Developments at the soft front 

— Vastly improved documentation and usability 

— many more…
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Fig. 20. Jet multiplicities as measured by ATLAS [65] com-
pared to our simulation. The LO+PS Z(0) as well as the not
included Z(0, 1) fail to describe higher jet multiplicities. Inclu-
sion of merged samples with at least two additional jets con-
struct back-to-back configurations and open the phase space
for emissions of multiple hard jets. The inclusion of MEs with
three additional hard jets describe the higher multiplicities
more appropriate, although the scale uncertainties are rather
large here.

the ATLAS collaboration [67]. Once again, we find the
best simulation for W (0⇤, 1⇤, 2) with inclusion of all non-
perturbative e↵ects.

7.5 Higgs boson production in the LHC environment

Higgs production is delicate due to the enormous NLO
corrections to the production process as well as for higher
jet multiplicities. The production is simulated via an e↵ec-
tive ggH-vertex and has, due to the gluon initial state and
the color factor, a rather large emission probability. The
Sudakov peak is around 10 GeV. In spite of the need for
resummation at the Sudakov peak we choose the merging
scale to be of the same order as for the other processes at
the LHC, ⇢ = 15GeV. In Fig. 23 the contributions for the
transverse momentum of the Higgs boson are shown for
LO and NLO merging with up to two additional legs and
loop corrections for two di↵erent schemes.

For LO we show four distributions. The pure parton
shower in black which is apart from statistical fluctuation
identical to the merging with an additional jet multiplicity
if the ME are replaced with the dipole content H(0, 1) in
gray, see Sec. 6.3. The inclusion of the correct ME contri-
butions for the first H(0, 1) or second emission H(0, 1, 2),
red and green respectively slightly change the behaviour
in the ME region, and due to unitarization also the region
below the merging scale.
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Fig. 21. d0 is a measure for the hardness of the first emission
which was measured at the ATLAS experiment [66]. While the
MEs are needed to fill the phase space of hard emissions, the
MPI model and hadronization are needed to model the lower
scales of the spectrum.

The inclusion of NLO corrections to the production
process, H(0⇤, 1), enhances the contribution without in-
troducing a kink at the merging scale ⇢. Further NLO cor-
rections to the process with one additional jet H(0⇤, 1⇤, 2)
are then scheme dependent, see Sec. 6.6. The preferred
scheme 2 (in blue) for dijet production at LEP introduces
a enhancement below the merging scale, which becomes
visible only for low merging scales as it was chosen here.
By using the alternative scheme 1, where the Sudakov
expansion is treated as the expansion of the ↵S ratios,
a smoother transition at the Sudakov peak is produced.
Note, that the choice of scheme is above the claimed accu-
racy and needs to be treated as an uncertainty estimation.
Further more we want to point out that the corrections to
the production process, are allowed to emit into the full
shower phase space for H(0⇤, 1), but are vetoed for the
H(0⇤, 1⇤, 2) process. In the case of H(0⇤, 1⇤, 2) the O(↵S)
contributions to the process with an additional emission
are unitarized to the H(0) phase space. The rather smooth
transition at the merging scale is therefore due to a com-
pensation of corrections of the production and the one-
additional emission process.

7.6 Dijet production at LHC

The last process we consider in this paper is the produc-
tion of di-jets at a hadron collider. In contrast to the pro-
duction of a single vector boson the scale of the produc-
tion process is more ambiguous in this case. Scale choices
like the invariant dijet mass mjj , the scalar sum of the
transverse momenta HT and the transverse momentum of
the hardest jet are reasonable for the production process.
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Fig. 13. Including NLO corrections for the production process
and one additional emission process, ee(0⇤, 1⇤, 2), reduces the
scale variation of the thrust distribution. Here we compare to
data from ALEPH [59]. The uncertainty bands do not cover
the variations produced by changing the schemes described in
Sec. 6.6. Observables more sensitive to multiple emissions are
still showing large error bands.

merging scale as described in Sec. 5.3 with � = 0.1 to get
a 10 % variation of the merging scale.

7.2 LEP

When comparing to data, we first consider data taken
from hadron production processes in e

+
e
� annihilation

at LEP. Here, we find the cleanest environment regard-
ing the development of QCD cascades. When comparing
results from our new simulations to the results at LEP
but also relative to the LO only simulation we have to
be aware of some caveats. As all other event generators, a
large part of the simulation in herwig has been developed
with LEP results as the first benchmark. Hence, a large
part of the modeling, particularly of hadronic final states,
has been adjusted with LEP data as the most important
benchmark. Therefore, when we encounter a worsening of
our description at the first sight we must not necessar-
ily be surprised. We would expect an improvement of the
description of many observables with our improved ap-
proach, particularly in regions where they should be dom-
inated by perturbative physics. If this is not the case it
might well be that the non-perturbative components of
the program had previously been adjusted to compensate
for shortcomings in the perturbative description of observ-
ables.

In this paper we will focus on the relative improvement
of results when more and more perturbative information
has been added to the simulation and leave the discussion
regarding non-perturbative parameters to a re-tuning in
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Fig. 14. Comparison to OPAL data from [57]. The scale uncer-
tainties of the LO+PS ee(0) are not reduced by merging with
higher multiplicities. Inserting NLO corrections to the first and
second emission reduces the bands from scale variations signif-
icantly. The observable measures the transition from a three to
a four jet configuration and is therefore sensitive to the second
emission. The NLO corrections to the second emission included
in ee(0⇤, 1⇤, 2⇤, 3) reduce the uncertainty band even more.

conjunction with a new release of the program. In order
to achieve a comparison of the di↵erent components of
the program we leave the hadronization model as it is and
stick to an ↵S(MZ) close to the world average [64], see
Sec. 7.1.

Fig. 14 shows the di↵erential three-jet rate with the
Durham jet algorithm as it was measured by the OPAL
experiment at LEP. This observable measures the hard-
ness of the second emission from a dijet system. We show
the pure LO result ee(0) as well as a result with two ex-
tra emissions ee(0, 1, 2). Additional loop corrections are
shown in the results ee(0⇤, 1⇤, 2) and ee(0⇤, 1⇤, 2⇤, 3), where
the latter is expected to describe even observables related
to the fourth jet in the system at NLO accuracy. We vary
the renormalization scale used to calculate the ME and
the scale of the shower emissions only synchronized by
factors of 2 up and down. Because the LO merging does
not reduce the scale uncertainties the bands are overlap-
ping at this level. Inclusion of NLO corrections to up to
the second additional jet, so up to the 2 ! 4 process, suc-
cessively improves the scaling behaviour of the simulation
and hence reduces the di↵erential uncertainty band from
roughly 40 % down to a 10 % level. In this observable the
two simulations with NLO merging give relatively simi-
lar results with slight improvements from ee(0⇤, 1⇤, 2⇤, 3)
concerning the scale variations.

Using an enhanced (”tuned”) ↵S and correcting the
additional emissions in the M̄S scheme would lead to an
over shooting in the data description and tuning would
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Fig. V.10: Di�erential distributions at a centre-of-mass energy
Ô

s = 13TeV at the LHC for
pp æ e≠‹eµ+µ≠jj at LO matched with parton shower with fixed scaled µ = MW: Zeppenfeld
variable for the three leptons (top left), Zeppenfeld variable for the third jet (top right), and
number of jets (bottom). In the lower plot, the normalisation is with respect to the VBFNLO
+PYTHIA8 predictions. The error band represents the statistical error of the Monte Carlo
integrations.
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The Herwig Matchbox builds the  
foundation for Matching and Merging  
higher orders. 

Stress testing the 
simulations and  
data comparisons are  
mandatory.    
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Matching
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Matching

Shower “Virtual“ 

Shower “Real“ Real 
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 Factory:BornContributions

 Factory:VirtualContributions

 Factory:RealContributions

Based on CS-Subtraction 

Shower Subtraction for both showers. 

Input file:  
# read Matchbox/MCatNLO-DefaultShower.in 
# read Matchbox/Powheg-DefaultShower.in 
## use for strict LO/NLO comparisons 
# read Matchbox/MCatLO-DefaultShower.in 
## use for improved LO showering 
# read Matchbox/LO-DefaultShower.in 

# read Matchbox/MCatNLO-DipoleShower.in 
# read Matchbox/Powheg-DipoleShower.in 
## use for strict LO/NLO comparisons 
# read Matchbox/MCatLO-DipoleShower.in 
## use for improved LO showering 
# read Matchbox/LO-DipoleShower.in 

# read Matchbox/NLO-NoShower.in 
# read Matchbox/LO-NoShower.in



LO Merging
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“Loops“
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Mismatch between emission and no-emission!
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“Loops“

Legs
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Unitariesed LO merging: 

Replace no-emission with (1 — emission) 
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NLO Merging
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NLO cross section

— Red and blue (…) parts cancel in inclusive cross section. 
— NLO cross section restored. 
— Subtraction not discussed here (makes it really messy).  
— Expansion of shower scale dependent quantities also suppressed.  
— Real emission corrects Shower below merging scale.  
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How to use it… 

Input card structure: 
Various examples in share folder.  
But also in src-folder (build our test-files):  

> cd Tests 
> make Rivet-input-files 

Process: 
cd /Herwig/MatrixElements/Matchbox 
set Factory:OrderInAlphaS 0 
set Factory:OrderInAlphaEW 2 
do Factory:Process p p -> e+ e-  
# Choose Tree/Loop provider (MadGraph/OpenLoops/GoSam/NJets/HJet/VBFNLO) 
read Matchbox/MadGraph-OpenLoops.in 

Merging: 
Replace Factory with MergingFactory  
add  [j , j]  for LO merged jets 
set MergingFactory:NLOProcesses 2   # for X and X+J at NLO

http://MadGraph-OpenLoops.in
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How to use it… 
Scale Choice: 

Various scale objects defined:  
FixedScale, HTPrimeScale, HTScale, LeptonPairMassScale, LeptonPairPtScale, LeptonQ2Scale, 
MaxJetPtScale, SHatScale, TopPairIndividualMTScale, TopPairLinearMTScale, TopPairMTScale, 
TopPairMassScale, TriVecScale 

If not enough (recipe):  

1. Take any scale e.g. MatchboxHtScale.cc  form MatrixElement/Matchbox/Scales . 
2. Rename class name.  :%s/MaxJetPtScale/MyScale/g 
3. Implement scale:   

renormalizationScale()   
factorizationScale()  
showerScale(). //-> shower starting scale (by default returns factorizationScale(), but can be modified) 

4. And put „.so“ name in describe, e.g.: 
DescribeClass<MyScale,MatchboxScaleChoice> 
describeHerwigMyScale("Herwig::MyScale", „MyScale.so“);  // So Herwig knows where to search  

5. g++ --shared -o MyScale.so -fPIC -I/home/jbellm/opt/include/  MyScale.cc  
6. Put path to .so in LD_LIBRARY_PATH or *.so local in run-folder.  
7. Put lins in in-file: 

cd /Herwig/MatrixElements/Matchbox 
create Herwig::MatchboxHtHatScaleShowerNoMZ Myscale MyScale.so 
set /Herwig/MatrixElements/Matchbox/Factory:ScaleChoice Myscale    # for matching 
set /Herwig/Merging/MergingFactory:ScaleChoice Myscale                    # for merging (first born state)
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How to use it… 
Cuts: 

Various cut objects defined:  
BottomQuarkCut, ChargedCurrentCut, ChargedLeptonCut , ChargedLeptonDeltaRCut, ChargedLeptonPairMassCut, 

FirstJet, FourthJet, HiggsBosonCut, IdentifiedParticleCut, InvariantMassCut, LeptonCut , LeptonDeltaRCut, 

LeptonPairMassCut, MassCut, MatchboxDeltaRCut, MatchboxJetMatcher, MinBiasCuts, MissingPtCut, NJetsCut, 

NeutralCurrentCut, PhotonCut, PhotonIsolationCut, SecondJet, ThirdJet, TopQuarkCut, WBosonCut, ZBosonCut 

If not enough:   
Similar recipe as for Scales.  
Difference:  

—  Cuts in Herwig are ThePEG classes. 
— different cuts for single vs. two-particle vs. multi particles  
    —> Start with cut definition that is close to what you want 

Warning: Treat rapidity as in: ThePEG/Cuts/JetRegion.cc   (for lab frame). 

Issue: 
FirstJet vs. SecondJet is ill defined for Dijet production:  ( clear  FirstJet:Accepts ) 
Same issue:  
When we did the comparison between (N)LO FO Herwig vs. Sherpa we needed to randomize the  
Jet-input in Rivet to get comparable results. Otherwise first-jet and second-jet are tilded.  
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How to use it… 
Bias event generation: 

Add: 

cd /Herwig/MatrixElements/Matchbox 

create Herwig::MergingReweight MyPreWeight HwDipoleShower.so 

insert Factory:Preweighters 0  MyPreWeight 

set MyPreWeight:MaxPTPower 3 

To in-file to bias event generation to higher pts.  
(pre-weighters can be written and used as the scale example.) 

Not fully unweighting: 

Add: 
set Sampler:Kappa 0.1 

To in-file to produce unweighted events to 1/10 of maxweight.  
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How to use it… 
Preparation: 

Small processes: 
Herwig read LHC-Matchbox.in 

Herwig run LHC-Matchbox.run 

More complicated processes: 
Herwig build LHC-Matchbox.in       helpful options:    
                                                              -z1  split up integration runs to contain 1 subprocess each 
                                                              -y4  split up integration runs into 4 sub integrations dividing the subprocesses 

     
Herwig integrate --jobid=$i LHC-Matchbox.run    can easily be pushed to farm 

wait for integration to finish:  

Herwig run LHC-Matchbox.run -j20 -N100000 
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Fig. V.16: The scale variations at LO, NLO, and NNLO from NNLOJET for 3 jets size, as a
function of leading jet transverse momentum, are shown. For comparison, the nominal NLO
MEPS predictions are also shown. The generator predictions are scaled with the inclusive Kincl

factor with Higgs pH
‹

> 150 GeV, see Fig. V.14.

requirement of 150 GeV has been placed on the leading jet. We assume this scale to be large
enough such that MH is not the large scale in the process. The dots for each scale choice have
been fit to a functional form motivated by the expected behavior for jet-vetoed cross sections.
We assume the leading functional form:

f(R) = a + b log(R) + c log2(R) (V.28)

as we expect a logarithmic behaviour for the scales induced by the e�ective veto on the cross
section by cutting with the jet cone R. The lines in Fig. V.17 are then interpolations with
Eq. (V.28) and the fitted values.

Again, the scale variation band is given by the upper and lower curves at each order. It is
notable that the scale uncertainty bands shrink as the jet size decreases, as mentioned earlier.
For very low values of R, this improvement in the uncertainty can be regarded at least partially
due to accidental cancellations that stem from the restrictions in phase space. Similar e�ects
were pointed out in the context of exclusive jet rate measurements [886]. It can also be observed
that for each particular scale, the slope is greater at NNLO than at NLO. The MEPS predictions
are also plotted in the figure, and can be observed to have a greater slope than even the NNLO
predictions. This can be seen as an e�ect of either including (at large R) or not excluding (at
small R) additional semi-hard real emissions, which have a leading-order scale dependence and
therefore induce a large change in the cross section.

Figure V.18 shows the cross sections for the Higgs transverse momentum (top) and leading
jet transverse momentum (bottom) for several di�erent jet sizes, at LO, NLO and NNLO (from
NNLOJET) and from the two MEPS predictions. All cross sections have been scaled to their
respective value for the reference jet size of R = 0.7. At this value we observe the best agreement
between fixed-order and multi-jet merged results, save for an overall normalization which can be
extracted from the Higgs transverse momentum spectrum, cf. Fig. V.14. The absolute value of
the di�erence between the fixed-order and the multi-jet merged predictions away from R = 0.7
increases roughly proportional to log(R/0.7) (cf. Fig. V.19), which is expected due to the higher-
multiplicity real-emission corrections included in the multi-jet merged calculation. Depending
on kinematics they either enhance (at R > 0.7) or reduce (at R < 0.7) the cross section. The
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LH 17 — FO vs. PS
Les Houches 2017

Questions: How does the PS jet size compare against FO jet size? 

Start of a broader study on jet sizes comparing NNLO to  
PS+NLO predictions. Observable: leading Jet in Higgs production 
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