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Abstract This paper presents new sets of parameters
(ÒtunesÓ) for the underlying-event model of theherwig 7
event generator. These parameters control the description of
multiple-parton interactions (MPI) and colour reconnection
in herwig 7, and are obtained from a Þt to minimum-bias
data collected by the CMS experiment at

�
s = 0.9, 7, and

13 TeV. The tunes are based on the NNPDF3.1 next-to-next-
to-leading-order parton distribution function (PDF) set for
the parton shower, and either a leading-order or next-to-next-
to-leading-order PDF set for the simulation of MPI and the
beam remnants. Predictions utilizing the tunes are produced
for event shape observables in electron-positron collisions,
and for minimum-bias, inclusive jet, top quark pair, and Zand
Wboson events in proton-proton collisions, and are com-
pared with data. Each of the new tunes describes the data at
a reasonable level, and the tunes using a leading-order PDF
for the simulation of MPI provide the best description of the
data.

1 Introduction

In hadron-hadron collisions, the hard scattering of partons
is accompanied by additional activity from multiple-parton
interactions (MPI) that take place within the same collision,
and by interactions between the remnants of the hadrons. To
describe the underlying-event (UE) activity in a hard scatter-
ing process, and minimum-bias (MB) events, Monte Carlo
(MC) event generators such asherwig 7 [1Ð3] andpythia 8
[4] include a model of these additional interactions. Because
these processes are soft in nature, perturbative quantum chro-
modynamics (QCD) cannot be used to predict them, so they
must be described by a phenomenological model. The param-
eters of the models must be optimized to provide a reasonable
description of measured observables that are sensitive to the
UE and MB events. An accurate description of the UE by
MC event generators, along with an understanding of the
uncertainties in the description, is of particular importance
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for precision measurements at hadron colliders, such as the
extraction of the top quark mass. This paper presents new sets
of parameters (ÒtunesÓ) for the UE model of theherwig 7
event generator.

The herwig 7 event generator is a multipurpose event
generator, which can perform matrix-element (ME) calcu-
lations beyond leading order (LO) in QCD, via thematch-
box module [5], matched with parton shower (PS) calcula-
tions. Both an angular-ordered and a dipole-based PS sim-
ulation are available inherwig 7, and the former is used
in this paper. The ME calculations can also be provided by
an external ME generator, such aspowheg [6Ð8] or Mad-
Graph5_amc@nlo [9]. The herwig 7 generator is built
upon the development of the precedingherwig [10] and
herwig++ [1] event generators. In addition to the simulation
of hard scattering of partons in hadron-hadron collisions, a
simulation of MPI, which is modelled by a combination of
soft and hard interactions and by colour reconnection (CR)
[1,11Ð13], is included inherwig 7. As shown in Ref. [13], a
model of CR is required inherwig 7 to describe the structure
of colour connections between different MPI, and to obtain
a good description of the mean charged-particle transverse
momentum (pT) as a function of the charged-particle multi-
plicity (Nch).

The model describing the soft interactions, and also
diffractive processes, was improved in version 7.1 of
herwig 7. This resulted in a new tune of the MPI param-
eters, called SoftTune, which improved the description of
MB data [3,12]. In particular, the description of Þnal-state
hadronic systems separated by a large rapidity gap [14,15]
is notably improved because a signiÞcant contribution is
expected from diffractive events. The tune SoftTune is based
on the MMHT2014 LO parton distribution function (PDF)
set [16], and was derived by Þtting MB data at

�
s = 0.9, 7,

and 13 TeV from the ATLAS experiment [17]. The MB data
used in the tuning include the pseudorapidity (� ) andpT dis-
tributions of charged particles for various lower bounds on
Nch, namelyNch � 1, 2, 6, and 20. The mean charged-
particlepT as a function ofNch was also included in the tun-
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ing procedure. Three models of CR are available inherwig 7,
and SoftTune was derived with the plain colour reconnection
(PCR) model implemented. The same PCR model is consid-
ered in our studies.

In this paper, we present new UE tunes for theherwig 7
(version 7.1.4) generator. In contrast to SoftTune, the tunes
presented here are based on the NNPDF3.1 PDF sets [18],
and use the next-to-next-to-leading-order (NNLO) PDF set
for the simulation of the PS, and either an LO or NNLO PDF
set for the simulation of MPI and the beam remnants. This
choice of PDF sets is similar to that used to obtain tunes for
thepythia 8 event generator in Ref. [19], where it was shown
that predictions frompythia 8 using LO, next-to-leading-
order (NLO), and NNLO PDFs with their associated tunes
can all give a reliable description of the UE. Based on these
Þndings and the wide use by the CMS Collaboration of the
CP5pythia 8 tune, we concentrate on deriving tunes for the
herwig 7 generator that are also based on an NNLO PDF
set for the simulation of the parton shower. It is veriÞed that
using an NNLO PDF in the simulation of the PS inherwig 7
also provides a reliable description of MB data. A consistent
choice of PDF in theherwig 7 andpythia 8 generators, as
well as a similar method of the MPI model tuning, provides
a better comparison of predictions from these two genera-
tors.

The tunes are derived by Þtting measurements from
proton-proton collision data collected by the CMS experi-
ment [20] at

�
s = 0.9, 7, and 13 TeV. The measurements

used in the Þtting procedure are chosen because of their
sensitivity to the modelling of the UE inherwig 7. Uncer-
tainties in the parameters of one of the new tunes are also
derived. This quantiÞes the effect of the uncertainties in the
Þtted parameters for future analyses. To validate the perfor-
mance of the new tunes, the correspondingherwig 7 predic-
tions are compared with a range of MB data from proton-
proton and proton-antiproton collisions. Comparisons are
also made using event shape observables from electron-
positron collisions collected at the CERN LEP accelerator,
which are particularly sensitive to the choice of the strong
coupling � S in the description of Þnal-state radiation. To
further validate the new tunes, predictions of differential
tt̄ , Zboson, and Wboson cross sections are also obtained
from matching ME calculations frompowheg and Mad-
Graph5_amc@nlo with theherwig 7 PS description. The
kinematics of the t̄t system are studied, along with the multi-
plicity of additional jets, which are sensitive to the modelling
by the PS simulation, in tt̄ , Zboson, and Wboson events. The
modelling of the UE in Zboson events, and the substructure
of jets in t̄t and in inclusive jet events are also investigated.
Some of these comparisons are sensitive to the modelling by
the ME calculations, and the purpose of those is to validate
that the various predictions using the tunes do not differ from
each other by a signiÞcant amount. Other comparisons are

more sensitive to the modelling of the PS and MPI simula-
tion, allowing us to test the new tunes in data other than MB
data.

This paper is organized as follows. In Sect.2, we sum-
marize the UE model employed byherwig 7, and describe
the model parameters considered in the tuning. The choice of
PDF and the value of the strong coupling in the tunes is dis-
cussed in Sect.3 in addition to details of the Þtting procedure.
The new tunes are presented in Sect.4, and the correspond-
ing predictions fromherwig 7 are compared with MB data.
Uncertainties in one of the derived tunes are presented in
Sect.5. Further validation of the new tunes is performed in
the following sections: their predictions are compared with
event shape observables from the CERN LEP in Sect.6, and
with top quark, inclusive jet, and Zand Wboson production
data in Sects.7, 8, and9, respectively. Finally, we present a
summary in Sect.10.

2 The UE model in HERWIG 7

The UE inherwig 7 is modelled by a combination of soft and
hard interactions [1,11,12]. The parameterpmin

� deÞnes the
transition between the soft and hard MPI. The interactions
with a pair of outgoing partons withpT abovepmin

� are treated
as hard interactions, which are constructed from QCD two-
to-two processes. Thepmin

� transition threshold depends on
the centre-of-mass energy of the hadron-hadron collision and
is given by:

pmin
� = pmin

� ,0

� �
s

E0

� b

, (1)

wherepmin
� ,0 is the value ofpmin

� at a reference energy scale
E0, which is set to 7 TeV,

�
s is the centre-of-mass energy

of the hadron-hadron collision, and the parameterb controls
the energy dependence ofpmin

� . Decreasing the value ofpmin
�

increases the number of hard interactions whilst reducing the
number of soft interactions, which typically increases the
amount of activity in the UE.

The average number�n� of these additional hard interac-
tions per hadron-hadron collision is given by:

�n� = A(d)� ( s), (2)

where� ( s) is the production cross section of a pair of partons
with pT > pmin

� andA(d) describes the overlap between the
two protons at a given impact parameterd. The form of the
overlap function is given by:

A(d) =
µ 2

96�
(µ d)3K3, (3)

whereµ 2 is the inverse proton radius squared, andK3 �
K3(µ d) is the modiÞed Bessel function of the third kind.
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Table 1 Parameters considered in the tuning, and their allowed ranges in the Þt

Parameter herwig 7 conÞguration parameter Range

pmin
� ,0 (GeV) /Herwig/UnderlyingEvent/MPIHandler:pTmin0 1.0Ð5.0

b /Herwig/UnderlyingEvent/MPIHandler:Power 0.1Ð0.5

µ 2 (GeVŠ2) /Herwig/UnderlyingEvent/MPIHandler:InvRadius 0.5Ð2.7

preco /Herwig/Hadronization/ColourReconnector:ReconnectionProbability 0.05Ð0.90

The overlap function is obtained by the convolution of the
electromagnetic form factors of two protons. The number of
additional hard interactions per hadron-hadron collision at
a givend is described by a Poissonian probability distribu-
tion with a mean given by Eq. (2), which is then integrated
over the impact parameter space. Increasingµ 2 increases
the density of the partons in the hadrons, and results in
a higher probability for additional hard scatterings to take
place.

Additional soft interactions, which produce pairs of par-
tons belowpmin

� , are based on a model of multiperipheral
particle production [12]. The number of additional soft inter-
actions between the two hadron remnants is described in a
similar way to the hard interactions abovepmin

� . In a soft inter-
action between the two hadron remnants, the mean number
of particles produced is given by:

� N� = N0

�
s

1 TeV2

� P

ln
( pr1 + pr2)2

m2
rem

, (4)

wherepr1 andpr2 are the four-momenta of the two remnants,
andmrem is the mass of a proton remnant, i.e. the remaining
valence quarks of a proton treated as a diquark system, and is
set to 0.95 GeV. The parametersN0 andP control the energy
dependence of the mean number of soft particles produced.
They were tuned to MB data, which resulted in the values
P = Š 0.08 andN0 = 0.95 [3]. In deriving the tune SoftTune
the values ofN0 andP were kept Þxed at these values.

The cluster model [21] is used to model the hadronization
of quarks into hadrons. After the PS calculation, gluons are
split into quark-antiquark pairs, and a cluster is formed from
each colour connected pair of quarks. Before hadrons are pro-
duced from the clusters, CR can modify the conÞguration of
the clusters. With the PCR model, the quarks from two clus-
ters can be reconÞgured to form two alternative clusters. The
change of the cluster conÞguration takes place only if the sum
of the masses of the new clusters is smaller than before. If this
condition is satisÞed, the CR is accepted with a probability
preco, which is the only parameter of the PCR model. The
PCR model typically leads to clusters with smaller invari-
ant mass compared with the clusters that would be obtained
without CR, and will typically reduce the overall activity in
the UE.

3 Tuning procedure

We derive three tunes based on the NNPDF3.1 PDF sets [18].
A different PDF set is chosen for each aspect of theherwig 7
simulation: hard scattering, parton showering, MPI, and
beam remnant handling. The value of� S at a scale equal to
the Zboson massmZ in each tune is set to� S(mZ ) = 0.118
for all parts of theherwig 7 simulation, with a two-loop
running of� S.

The Þrst tune,CH1 (ÒCMSherwig Ó), uses an NNLO
PDF set in all aspects of simulation inherwig 7, where the
PDF was derived with a value of� S(mZ) = 0.118. This is
equivalent to the choice of PDF and� S(mZ) used in the CP5
pythia 8 tune [19]. In the second tune,CH2, an LO PDF
set that was also derived with� S(mZ) = 0.118, is used in
the simulation of MPI and beam remnant handling, whereas
an NNLO PDF set is used elsewhere. The Þnal tune,CH3,
is similar toCH2, but uses an LO PDF set that was derived
with � S(mZ) = 0.130 for the simulation of MPI and remnant
handling. The choice of an LO PDF set for the simulation of
MPI and beam remnant handling, regardless of the choice

TransverseTransverse

Away

Toward

Leading object 
direction

Fig. 1 Illustration of the different� regions, with respect to the leading
object in an event, used to probe the properties of the UE in measure-
ments
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Table 2 Value of the parameters for the SoftTune [3,12], CH1, CH2, andCH3 tunes

SoftTune CH1 CH2 CH3

� S(mZ) 0.1262 0.118 0.118 0.118

PS PDF set MMHT2014 LO NNPDF3.1 NNLO NNPDF3.1 NNLO NNPDF3.1 NNLO

� PDF
S (mZ) 0.135 0.118 0.118 0.118

MPI & PDF set MMHT2014 LO NNPDF3.1 NNLO NNPDF3.1 LO NNPDF3.1 LO

remnants � PDF
S (mZ) 0.135 0.118 0.118 0.130

pmin
� ,0 (GeV) 3.502 2.322 3.138 3.040

b 0.416 0.157 0.120 0.136

µ 2 (GeVŠ2) 1.402 1.532 1.174 1.284

preco 0.5 0.400 0.479 0.471

� 2/Ndof 12.8 6.75 1.54 1.71

of PDF used in the PS and ME calculation, is motivated
by ensuring that the gluon PDF is positive at the low energy
scales involved, which is not necessarily the case with higher-
order PDF sets. However, as was shown in Ref. [19], the gluon
PDF in the NNLO NNPDF3.1 set remains positive at low
energy scales, and predictions frompythia 8 using LO and
higher-order PDFs can both give a reliable description of MB
data. The conÞgurations of PDF sets in the CH1, CH2, and
CH3 tunes allow us to study whether using an NNLO PDF
set consistently for all aspects of theherwig 7 simulation,
or an LO PDF set for the simulation of MPI, can both give
a reliable description of MB data. For both of these choices
the gluon PDF is positive at low energy scales.

The names of the parameters being tuned in theherwig 7
conÞguration, and their allowed ranges in the Þt, are shown
in Table1. The values ofN0 = 0.95 andP = Š 0.08 are
Þxed at the values that were used in the tune SoftTune. As
shown later, no further tuning of these parameters is neces-
sary, because of the good description of measured observ-
ables obtained with these values.

The tunes are derived by Þtting unfolded MB data that are
available in therivet [22] toolkit. The proton-proton colli-
sion data used in the Þt were collected by the CMS experi-
ment at

�
s = 0.9, 7, and 13 TeV. In measurements probing

the UE, charged particles in a particular event are typically
categorized into different� -� regions with respect to a lead-
ing object in that event, such as the highestpT track or jet, as
illustrated in Fig.1. The difference in azimuthal� between
each charged particle and the leading object (	� ) is used to
assign each charged particle to a region, namely the toward
(|	� | 	 60
 ), away (|	� | > 120
 ), and transverse regions
(60 < |	� | 	 120
 ). The properties of the charged particles
in the transverse regions are the most sensitive to the mod-
elling of the UE. The two transverse regions can be further
divided into the transMin and transMax regions, which are
the regions with the least and most charged-particle activity,

Fig. 2 The normalized dNch/ d� of charged hadrons as a function of
� [27]. CMS MB data are compared with SoftTune and theCH tunes.
The coloured band in the ratio plot represents the total experimental
uncertainty in the data. The vertical bars on the points for the different
predictions represent the statistical uncertainties

respectively. Data that have been categorized in this way are
referred to as UE data in this paper.

At
�

s = 7 and 13 TeV, theNch and transverse momen-
tum sum (psum

T ), with respect to the beam axis, as func-
tions of the pT of the leading track (pmax

T ) in the trans-
Min and transMax regions are used in the Þt [23,24]. At�

s = 0.9 TeV, the observables used are theNch andpsum
T in
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Fig. 3 The normalizedpsum
T (upper) andNch (lower) density distribu-

tions in the transMin (left) and transMax (right) regions, as a function
of the pT of the leading track,pmax

T [24]. CMS MB data are compared
with the predictions fromherwig 7, with the SoftTune andCH tunes.

The coloured band in the ratio plot represents the total experimental
uncertainty in the data. The vertical bars on the points for the different
predictions represent the statistical uncertainties

the transverse region, as a function of thepT of the leading
jet (pjet

T ) [25]. The track jets are clustered using theSISCone
algorithm [26] with a distance parameter of 0.5. The regions

pmax
T < 3 GeV andpjet

T < 3 GeV are not included in the Þt
because the parameters of diffractive processes, which domi-
nate this region, are not considered. The charged-hadron mul-
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