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Herwig: The Evolution of a Monte Carlo Event Generator

Introduction

A Monte Carlo Event

t

t̄ b̄

W−

b
W+

! ℓ"+

Hadrons

H
ad

ron
s

Hadrons

Hadrons

H
ad

ron
s

Hadron Decays
p, p̄

p, p̄

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…



Development — Break down to topics
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Development — Break down to topics
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Shower 
Spin Correlations 

Mass Effects 
Colour Effects 

Hard Process 
Matching 
Merging 

Interface to OLP 
Loop induced 

Underlying Event 
New Soft Model

Hadronization 
Baryon Production  

Decays 
Tuning

Phenomenology  
Uncertainties  

Data Comparisons 
FO Comparisons 
Res. Comparisons 

Observable 
construction/testing BSM Models 

Decays in Shower 
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Matching and Merging Pheno Shower
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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 Þnd 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, ! = 15 GeV. 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 ßuctuation
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 Þrst H (0, 1) or second emissionH (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 jetH (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 forH (0! , 1), but are vetoed for the
H (0! , 1! , 2) process. In the case ofH (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 momentaHT 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
!

s = 13TeV at the LHC for
pp " e! ! eµ+ µ! jj at LO matched with parton shower with fixed scaled µ = M W : 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. 

The aim is obviously to understand and  
describe nature but also estimate the  
uncertainties introduced.  

Stress testing the 
simulations and  
data comparisons are  
mandatory.    
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Shower

Questions:  
Where is the VBS approximation valid? 
How large can PS effects get for NLO matched results? 

While inclusive observables show  
similar behavior the third jet still  
shows large deviations between simulations.  

zj3 =
yj3 ! yj 1 + yj 2

2

|! yjj |
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Fig. V.16: The scale variations at LO, NLO, and NNLO from NNLO JET 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 inclusiveK incl

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 thatM H is not the large scale in the process. The dots for each scale choice have
been Þt to a functional form motivated by the expected behavior for jet-vetoed cross sections.
We assume the leading functional form:

f (R) = a + blog(R) + clog2(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 Þtted 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 ofR, 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 Þgure, 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 ofR = 0 .7. At this value we observe the best agreement
between Þxed-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 Þxed-order and the multi-jet merged predictions away fromR = 0 .7
increases roughly proportional tolog(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 (atR > 0.7) or reduce (at R < 0.7) the cross section. The
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LH 17 — FO vs. PS Pheno Hard
Les Houches 2017

Shower

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 



Simplified question:  Can PS variations be ‘tuned’? 

For some observables it seems like the  
uncertainties shrink dramatically. 

Strongly depends on which observables are tuned to.  

More questions produced than answered.  
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Tuning vs. Variations

Data
H7, ! = 2, central
H7, ! = 2, retune

10! 5

10! 4

10! 3

10! 2

10! 1

Durham jet resolution 5 " 4 (ECMS = 91.2 GeV)

1/
"
d

"
/
d
ln

(y
45

)

4 5 6 7 8 9 10 11 12

0.6

0.8

1

1.2

1.4

! ln(y45)

M
C
/
D
at
a

Data
P8, x = 2, central
P8, x = 2, retune

10�6

10�5

10�4

10�3

10�2

10�1

Durham jet resolution 5 ! 4 (ECMS = 91.2 GeV)

1/
s
d

s
/
d
ln

(y
45

)

4 5 6 7 8 9 10 11 12

0.6

0.8

1

1.2

1.4

� ln(y45)

M
C
/
D
at
a

Fig. VI.6: The distribution of the Durham jet resolution scale 5 æ 4 at LEP for HERWIG (left)
and PYTHIA (right).
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Fig. VI.7: Average charged multiplicity as a function of energy. Only two energies (91 and
200 GeV) are shown for HERWIG (left) and PYTHIA (middle). The right plot shows an alternative
tuning of PYTHIA which includes the charged jet multiplicity at 91 GeV from L3 [1015].

2.2.3 Discussion

We think it is safe to say that using retuned scale variations gives a better estimate of the
uncertainties in the predictions of shower/hadronisation models. This does however not mean
that it gives a better estimate of the uncertainties in general. It is, in any case, an interesting
exercise to make, as it can increase our understanding of how the models behave and how the
tunings work in more detail. From our results it is e.g. clear that not using leading order
matrix element matching in HERWIG can be compensated also in the hard regions by non-
perturbative parameters in the hadronisation. Similarly, in PYTHIA it is possible to compensate
some shortcomings in the description of several event shapes at the expense of an accurate
description of the total multiplicity.

2.3 PDF fits and parton-shower variations
In this section, to complement the previous section, we will investigate the cross-talk between
(collinear) non-perturbative initial-state parton distributions and changes of ! s in the (perturba-
tive, initial-state) parton shower evolution. We expect correlations due to the presence of PDF
ratios in the evolution kernels used in backward parton-shower evolution [1016]. We can illus-
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Fig. VI.6: The distribution of the Durham jet resolution scale 5 æ 4 at LEP for HERWIG (left)
and PYTHIA (right).
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Fig. VI.7: Average charged multiplicity as a function of energy. Only two energies (91 and
200 GeV) are shown for HERWIG (left) and PYTHIA (middle). The right plot shows an alternative
tuning of PYTHIA which includes the charged jet multiplicity at 91 GeV from L3 [1015].

2.2.3 Discussion
We think it is safe to say that using retuned scale variations gives a better estimate of the
uncertainties in the predictions of shower/hadronisation models. This does however not mean
that it gives a better estimate of the uncertainties in general. It is, in any case, an interesting
exercise to make, as it can increase our understanding of how the models behave and how the
tunings work in more detail. From our results it is e.g. clear that not using leading order
matrix element matching in HERWIG can be compensated also in the hard regions by non-
perturbative parameters in the hadronisation. Similarly, in PYTHIA it is possible to compensate
some shortcomings in the description of several event shapes at the expense of an accurate
description of the total multiplicity.

2.3 PDF fits and parton-shower variations
In this section, to complement the previous section, we will investigate the cross-talk between
(collinear) non-perturbative initial-state parton distributions and changes of –s in the (perturba-
tive, initial-state) parton shower evolution. We expect correlations due to the presence of PDF
ratios in the evolution kernels used in backward parton-shower evolution [1016]. We can illus-
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Fig. VI.6: The distribution of the Durham jet resolution scale 5 ! 4 at LEP for H ERWIG (left)
and PYTHIA (right).
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Fig. VI.7: Average charged multiplicity as a function of energy. Only two energies (91 and
200 GeV) are shown for HERWIG (left) and P YTHIA (middle). The right plot shows an alternative
tuning of PYTHIA which includes the charged jet multiplicity at 91 GeV from L3 [1015].

2.2.3 Discussion
We think it is safe to say that using retuned scale variations gives a better estimate of the
uncertainties in the predictions of shower/hadronisation models. This does however not mean
that it gives a better estimate of the uncertainties in general. It is, in any case, an interesting
exercise to make, as it can increase our understanding of how the models behave and how the
tunings work in more detail. From our results it is e.g. clear that not using leading order
matrix element matching in HERWIG can be compensated also in the hard regions by non-
perturbative parameters in the hadronisation. Similarly, in P YTHIA it is possible to compensate
some shortcomings in the description of several event shapes at the expense of an accurate
description of the total multiplicity.

2.3 PDF fits and parton-shower variations
In this section, to complement the previous section, we will investigate the cross-talk between
(collinear) non-perturbative initial-state parton distributions and changes of –s in the (perturba-
tive, initial-state) parton shower evolution. We expect correlations due to the presence of PDF
ratios in the evolution kernels used in backward parton-shower evolution [1016]. We can illus-
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Fig. VI.9: Variation according to Table VI.1 for the bosons transverse momentum in Z boson
(top) and Higgs (bottom) production at 14 (left) and 100 TeV(right). While the upper ratio
plot shows the ratio to the baseline for di�erential cross section, the lower ratio plot illustrates
the ratio w.r.t. normalized distributions. In the first ratio plot we add the lines for pure scale
variations in the shower –S to display the similarity to value variations. See Sec. 2.3.4 for
discussion.

when performing the fit. Such sets using a predetermined –s have recently become supplied by
several PDF fitting groups. With these prerequisites, we compare the results with the settings
given in Table VI.1.

As discussed above, we will focus the discussion on transverse momentum spectra. To
investigate the e�ects of correlating –s and PDF further, we will check if changes in the p‹

distribution also translate to the average number of jets ÈNjetsÍ. The number of jets Njets

produced through parton showering is, by virtue of Eq. (VI.16), only sensitive to the value of
the PDF at the parton-shower cut-o�. ÈNjetsÍ will thus only have a mild PDF dependence, but
showcase the cross-talk between PDFs and –s.
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a complementary observable that is both very sensitive to the parton-shower evolution and to
multiple parton interactions (MPI), while at the same time insensitive to the overall normaliza-
tion.

In Figs. VI.12 and VI.13 we show the average number of jets for Z- and Higgs-boson
production as a function of the boson rapidity. The Þrst ratio plots (green line) is the relative
cross section contribution in the rapidity intervals. The multiple ratios show the result when
using di! erent deÞnitions of anti-K T jets: RaK T ! [0.5, 0.7] and pj

T ! [5, 10, 20, 30] GeV. The last
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Related question:   
How does the fitting of PDFs with multiple  strong  
couplings influence observables? 

And are there compensation effects if we use  
correlated PDFs in the shower process? 

Construction of  
observables that 
might be  
sensitive,  
e.g. <N>. 
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Soft results
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Fig. 5: Comparison of the new model for soft interactions and di! raction with the old model from Herwig 7 to ATLAS
rapidity gap measurement at

!
s = 7 TeV with pt > 200 MeV. In the left panel we copare to ATLAS data in the range

|! | " 4.9 [15]. In the right panel we compare to data from CMS in the range|! | " 4.7 [31].

In Figs. 11 and 12 we show the#p! $ distributions as
a function of plead

! and Nchg . We see that in all three re-
gions, transverse, towards and away, the data is described
fairly well. In Fig. 13 we show more comparisons with UE
measurements from ATLAS. This time we compare the
number of charged particles and the sum of transverse
momenta in the three di! erent regions against data and
our old model. We Þnd that the description has improved
for all observables.

5.5 Extrapolation to 13 TeV

With the energy update of the LHC to 13 TeV in 2015
new sets of data are available. This data at the new en-
ergy frontier serves as an excellent cross check for our new
model. In order to test the energy extrapolation we com-
pare it to data provided by the ATLAS collaboration [35]
at

!
s = 13 TeV. We used the same set of parameters as

for
!

s = 7 TeV, and did not tune the model parameters
to any data taken at this energy, the new model improves
the description of the data compared to the old model
signiÞcantly as shown in Fig. 14.

As a cross check, we also retuned the model at 13 TeV.
As this resulted in almost identical values for the param-
eters as for 7 TeV, we have an excellent indication of a
stable overall energy scaling of our model.

6 Summary and Outlook

We have implemented a completely new model for soft
physics in Herwig, which will become available with the
next release of the program. A simple model for di! ractive

Þnal states, based on the cluster model is implemented in
combination with a new model for multiparticle produc-
tion in soft interactions, based on multiperipheral particle
production. We tuned the free parameters to data from
minimum-bias measurements at 900 MeV and 7 TeV and
obtained good results in all observables for charged par-
ticles. Particularly the rapidity gap observable, which has
revealed a peculiar bump structure in our previous model,
is now well described. The quality of other observables
not considered in the tuning procedure is signiÞcantly im-
proved as well. We note that with these new models, Her-
wig 7 is for the Þrst time able to describe the full range
of minimum bias analyses completely. A stable extrapola-
tion of our model to higher energies is implied by a good
description of 13 TeV data albeit we did not tune to data
taken at this energy.

Remaining shortcomings of our model include the fail-
ure to describe the average transverse momentum of all
charged particles versus the event multiplicity for very soft
particles. This hints at problematic particle correlations
via colour reconnections for very soft particles or a prob-
lematic assignment of colour connections in the Þrst place.
These shortcomings will be addressed in future work.

Despite these remaining problems we regard this work
as an important Þrst step forward in order to be able to
describe collider phenomena involving very soft particles
for the Þrst time.
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Soft particle production model in Herwig
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Single soft ladder with MinBias initiating process.
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Idea:    

— Allow recombination of mesonic to 

   baryonic clusters. 

— Based on proximity in 

   momentum space 

— Allow gluon to  

   strange-pairs 
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Rapididy based colour reconnection

[S. Gieseke, P. Kirchgaeßer, S. Plätzer, EPJC78 (2018) 99]

Colour singlets not only from qq̄ but also from qqq states

But, baryonic clusters would typically be much heavier

Mijk +Mlmn > Mil +Mjm +Mkn

would always/often be reconnected into mesonic clusters.
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Outlook

Perspective: 
— Many questions raised.  
— We are in a position to technically tackle these questions.  
— Further developments in all parts of the event generator needed.  
    — subleading N 
    — colour reconnection/rearrangement 
    — EW + QCD combination  
    — further BSM studies  
    — improving MPI and Hadronisation 
— Studies on the crosstalk between perturbative  
   and non-perturbative modeling needed

J. Bellm (Lund U.),  17th MCnet Meeting, 11.4.2018
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