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Abstract This paper presents new sets of parameters
(“tunes”) for the underlying-event model of the HERWIG 7
event generator. These parameters control the description of
multiple-parton interactions (MPI) and colour reconnection
in HERWIG 7, and are obtained from a fit to minimum-bias
data collected by the CMS experiment at /s = 0.9, 7, and
13 TeV. The tunes are based on the NNPDF 3.1 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 Z and
Whboson 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 as HERWIG 7 [1-3] and PYTHIA 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 (“tunes”) for the UE model of the HERWIG 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 the MATCH-
BOX module [5], matched with parton shower (PS) calcula-
tions. Both an angular-ordered and a dipole-based PS sim-
ulation are available in HERWIG 7, and the former is used
in this paper. The ME calculations can also be provided by
an external ME generator, such as POWHEG [6—8] or MAD-
GRAPHS_aMC@NLO [9]. The HERWIG 7 generator is built
upon the development of the preceding HERWIG [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)
[1,11-13], is included in HERWIG 7. As shown in Ref. [13], a
model of CR is required in HERWIG 7 to describe the structure
of colour connections between different MPI, and to obtain
a good description of the mean charged-particle transverse
momentum (pr) 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 final-state
hadronic systems separated by a large rapidity gap [14,15]
is notably improved because a significant contribution is
expected from diffractive events. The tune SoftTune is based
on the MMHT 2014 LO parton distribution function (PDF)
set [16], and was derived by fitting 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 (1) and pr dis-
tributions of charged particles for various lower bounds on
Nch, namely Ngp > 1, 2, 6, and 20. The mean charged-
particle pr as a function of N was also included in the tun-

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1140/epjc/s10052-021-08949-5&domain=pdf
cms-publication-committee-chair@cern.ch

312 Page 2 of 47

Eur. Phys. J. C (2021) 81:312

ing procedure. Three models of CR are available in HERWIG 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 the HERWIG 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
the PYTHIA 8 event generator in Ref. [19], where it was shown
that predictions from PYTHIA 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
findings and the wide use by the CMS Collaboration of the
CP5 PYTHIA 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 verified that
using an NNLO PDF in the simulation of the PS in HERWIG 7
also provides a reliable description of MB data. A consistent
choice of PDF in the HERWIG 7 and PYTHIA 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 fitting 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 fitting procedure are chosen because of their
sensitivity to the modelling of the UE in HERWIG 7. Uncer-
tainties in the parameters of one of the new tunes are also
derived. This quantifies the effect of the uncertainties in the
fitted parameters for future analyses. To validate the perfor-
mance of the new tunes, the corresponding HERWIG 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 «g in the description of final-state radiation. To
further validate the new tunes, predictions of differential
tt, Zboson, and W boson cross sections are also obtained
from matching ME calculations from POWHEG and MAD-
GRAPHS_aMC@NLO with the HERWIG 7 PS description. The
kinematics of the tt system are studied, along with the multi-
plicity of additional jets, which are sensitive to the modelling
by the PS simulation, in tt, Z boson, and W boson events. The
modelling of the UE in Zboson events, and the substructure
of jets in ttand 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 significant amount. Other comparisons are
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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 by HERWIG 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 fitting procedure.
The new tunes are presented in Sect. 4, and the correspond-
ing predictions from HERWIG 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 W boson production
data in Sects. 7, 8, and 9, respectively. Finally, we present a
summary in Sect. 10.

2 The UE model in HERWIG 7

The UE in HERWIG 7 is modelled by a combination of soft and
hard interactions [1,11,12]. The parameter pTi“ defines the
transition between the soft and hard MPI. The interactions
with a pair of outgoing partons with pt above pTi“ are treated
as hard interactions, which are constructed from QCD two-
to-two processes. The pTin transition threshold depends on
the centre-of-mass energy of the hadron-hadron collision and

is given by:

b

. S5

pin = PTIS (E_ , (1)
0

where prg is the value of me at a reference energy scale
Ey, which is set to 7 TeV, /s is the centre-of-mass energy
of the hadron-hadron collision, and the parameter b controls
the energy dependence of pTi“. Decreasing the value of me
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)o (s), (2)

where o (s) is the production cross section of a pair of partons
with pt > p"" and A(d) describes the overlap between the
two protons at a given impact parameter d. The form of the

overlap function is given by:
Mz 3

A(d) = —(nd)” K3, 3)
967

where 12 is the inverse proton radius squared, and K3 =
K3(ud) is the modified Bessel function of the third kind.
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Table 1 Parameters considered in the tuning, and their allowed ranges in the fit

Parameter HERWIG 7 configuration parameter Range
p'j_‘fg (GeV) /Herwig/UnderlyingEvent/MPIHandler:pTmin0 1.0-5.0

b /Herwig/UnderlyingEvent/MPIHandler:Power 0.1-0.5
u? (GeV=2) /Herwig/UnderlyingEvent/MPIHandler:InvRadius 0.5-2.7
Preco /Herwig/Hadronization/ColourReconnector:ReconnectionProbability 0.05-0.90

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 given d is described by a Poissonian probability distribu-
tion with a mean given by Eq. (2), which is then integrated
over the impact parameter space. Increasing p” 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 below pTi", 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 above pfi“. Inasoftinter-
action between the two hadron remnants, the mean number
of particles produced is given by:

S
Ny =N
W) 0<1TeV2

P 2
) In (pr1 + pr2) 7 )

2
Miem

where pr1 and py are the four-momenta of the two remnants,
and Myen 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 parameters Ny and P control the energy
dependence of the mean number of soft particles produced.
They were tuned to MB data, which resulted in the values
P = —0.08 and Ny = 0.95 [3]. In deriving the tune SoftTune
the values of Ny and P were kept fixed 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 configuration of
the clusters. With the PCR model, the quarks from two clus-
ters can be reconfigured to form two alternative clusters. The
change of the cluster configuration takes place only if the sum
of the masses of the new clusters is smaller than before. If this
condition is satisfied, 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 NNPDF 3.1 PDF sets [18].
A different PDF set is chosen for each aspect of the HERWIG 7
simulation: hard scattering, parton showering, MPI, and
beam remnant handling. The value of «g at a scale equal to
the Zboson mass my in each tune is set to ag(mz) = 0.118
for all parts of the HERWIG 7 simulation, with a two-loop
running of os.

The first tune, CH1 (“CMS HERWIG”), uses an NNLO
PDF set in all aspects of simulation in HERWIG 7, where the
PDF was derived with a value of as(mz) = 0.118. This is
equivalent to the choice of PDF and «g(m7) used in the CP5
PYTHIA 8 tune [19]. In the second tune, CH2, an LO PDF
set that was also derived with ag(mz) = 0.118, is used in
the simulation of MPI and beam remnant handling, whereas
an NNLO PDF set is used elsewhere. The final tune, CH3,
is similar to CH2, but uses an LO PDF set that was derived
with ag(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

Leading object
direction

Fig. 1 Tllustration 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, and CH3 tunes

SoftTune CHI CH2 CH3
as(mz) 0.1262 0.118 0.118 0.118
PS PDF set MMHT 2014 LO NNPDF 3.1 NNLO NNPDF3.1 NNLO NNPDF3.1 NNLO
afP¥ (mz) 0.135 0.118 0.118 0.118
MPI & PDF set MMHT 2014 LO NNPDF 3.1 NNLO NNPDF3.1 LO NNPDF3.1 LO
remnants afP (mz) 0.135 0.118 0.118 0.130
P (GeV) 3.502 2.322 3.138 3.040
b 0.416 0.157 0.120 0.136
u? (GeV=2) 1.402 1.532 1.174 1.284
Preco 0.5 0.400 0.479 0.471
%%/ Ngot 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 from PYTHIA 8 using LO and
higher-order PDFs can both give a reliable description of MB
data. The configurations 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 the HERWIG 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 the HERWIG 7
configuration, and their allowed ranges in the fit, are shown
in Table 1. The values of Ny = 0.95 and P = —0.08 are
fixed 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 fitting unfolded MB data that are
available in the RIVET [22] toolkit. The proton-proton colli-
sion data used in the fit were collected by the CMS experi-
ment at 4/s = 0.9, 7, and 13 TeV. In measurements probing
the UE, charged particles in a particular event are typically
categorized into different n-¢ regions with respect to a lead-
ing object in that event, such as the highest pt track or jet, as
illustrated in Fig. 1. The difference in azimuthal ¢ between
each charged particle and the leading object (A¢) is used to
assign each charged particle to a region, namely the toward
(|A¢| < 60°), away (|A¢| > 120°), and transverse regions
(60 < |A¢| < 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,
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Charged-hadron multiplicity, B=0T, /s = 13 TeV
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Fig. 2 The normalized dN./dn of charged hadrons as a function of
n [27]. CMS MB data are compared with SoftTune and the CH 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, the N, and transverse momen-
tum sum (p§'™), with respect to the beam axis, as func-
tions of the pr of the leading track (py™®*) in the trans-
Min and transMax regions are used in the fit [23,24]. At

/s = 0.9TeV, the observables used are the Nc, and p'™ in
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TransMin charged pT™ density /s = 13 TeV
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Fig. 3 The normalized p'™ (upper) and N¢p, (lower) density distribu-
tions in the transMin (left) and transMax (right) regions, as a function
of the pr of the leading track, p7®* [24]. CMS MB data are compared
with the predictions from HERWIG 7, with the SoftTune and CH tunes.

the transverse region, as a function of the pr of the leading
jet( pJet) [25]. The track jets are clustered using the SISCONE
algorithm [26] with a distance parameter of 0.5. The regions
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T < 3GeV and pJe[ < 3GeV are not included in the fit
because the parameters of diffractive processes, which domi-
nate this region, are not considered. The charged-hadron mul-
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TransMin charged pt density /s = 7TeV
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Fig. 4 The p™ (upper) and N, (lower) density distributions in the
transMin (left) and transMax (right) regions, as a function of the pr of
the leading track, p7'®* [23]. CMS MB data are compared with the pre-
dictions from HERWIG 7, with the SoftTune and CH tunes. The coloured

tiplicity as a function of 1, dN¢/dn, as measured by CMS
at /s = 13 TeV with zero magnetic field strength (B = 0T)
[27] is also used in the fitting procedure. The charged-particle
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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

pt and n as measured by CMS in Ref. [28] are not consid-
ered here, since they are biased by predictions obtained with
PYTHIA 6 [29], as discussed in Ref. [12].



Eur. Phys. J. C (2021) 81:312

Page 7 of 47 312

Transverse charged py " density v/s = 0.9 TeV
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Fig. 5 The p'™ (left) and Ny (right) density distributions in the trans-

verse regions, as a function of the pr of the leading track jet, pjTet [25].
CMS MB data are compared with the predictions from HERWIG 7, with
the SoftTune and CH tunes. The coloured band in the ratio plot repre-

The tuning is performed within the PROFESSOR (v1.4.0)
framework [30]. Around 60 random choices of the parame-
ters are made, and predictions for each of these choices are
obtained using RIVET. Approximately 10 million MB events
are generated for each choice of parameters, such that the
uncertainty in the prediction in any bin is typically not larger
than the uncertainty in the data in the same bin.

The fit is performed by minimising the x? function:

i N2
Z M, 5)

X*(p) =) wo e
O i

ieO

where R; is the measured content of bin i of the distribu-
tion of observable O, while f!(p) is the predicted content
in bin i, which is obtained by PROFESSOR from a parame-
terization of the dependence of the prediction on the tuning
parameters p. The total uncertainty in the data and the sim-
ulated prediction in bin i of a given observable is denoted
by Af, and we is a weight that increases or decreases the
importance of an observable O in the fit. The weight is typi-
cally set to wp = 1. However, for the CH1 tune, where the
PDF set used in the simulation of MPI and beam remnants
is an NNLO set instead of an LO set, the weight is set to
we = 3 for the dN¢/dn distribution. This is the smallest
weight that ensures the distribution is well described after
the tuning. Beyond this, the parameters for the three tunes
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sents the total experimental uncertainty in the data. The vertical bars on
the points for the different predictions represent the statistical uncer-
tainties

and their predictions are stable with respect to a change in
the weight assigned to the dN./dn distribution in the fit.
Correlations between the bins i are not taken into account
when minimising Eq. (5), because these were not available
for the used input distributions. A third-order polynomial is
used to parameterize the dependence of the prediction on the
tuning parameters. Using a fourth-order polynomial to per-
form this interpolation between the 60 choices of parameters
has a negligible effect on the outcome of the fits.

The number of degrees of freedom (Ngor) in the fit is cal-
culated as:

o Yico wo)?
Z(’) Zie@ w%’)

where Nparam is the number of parameters being optimized
in the fit.

Nyot = (6)

- Nparam,

4 Results from the new HERWIG 7 tunes

The tuned values of the parameters and the x? values from
the fit, i.e. the minimum values of Eq. (5), divided by the
Ngof of the fit are shown in Table 2, along with the values of
the parameters for the default tune SoftTune. The Nyor in the
fit is 118 for CH1, and 152 for CH2 and CH3. To provide

@ Springer
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Fig. 6 The p'™ (upper) and N, (lower) density distributions in the
transMin (left) and transMax (right) regions, as a function of the prt of
the leading track, p7®* [31]. CDF MB data are compared with the pre-
dictions from HERWIG 7, with the SoftTune and CH tunes. The coloured

a comparison between the compatibilities of the CH tunes
and SoftTune with the data, the x2/Ngof corresponding to
the prediction of SoftTune and the data is also shown with
Nyof set to 152.
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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 values of the parameters of the MPI model are inter-
twined with each other since they are tuned simultaneously
to reproduce the amount of UE activity observed in the data.
Nonetheless, a general interpretation of the variations in the
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tuned parameters for each tune can be distinguished. For
example, the value of p'"j is lower for all three CH tunes

than for SoftTune, and significantly lower for CHI, which
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increases the amount of MPI in an event compared to that
with the tune SoftTune.
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The lower value of b for all CH tunes further increases the
contribution of MPI in collisions at /s = 13 TeV. Because
of the lower values of preco, the amount of CR in the CH
tunes is lower than in SoftTune. This also has the effect of
increasing the overall amount of activity in the UE for the
CH tunes. The value of 2 for CH2 and CH3 is lower than
the corresponding value for SoftTune. Even though a lower
value of ;2> would lead to a lower amount of MPI in a given
event, the combined effect of the parameters of the CH tunes
results in a larger amount of MPI compared with SoftTune.

The tuned parameters of CH2 and CH3 are fairly similar,
as are the values of Xz/Ndof of these two tunes, indicating
that the choice of ag(mz) used when deriving the LO PDF
set in the simulation of MPI does not have a large effect. The
parameters for the tune CH1 differ from those for the tunes
CH2 and CH3, and the value of x?/Ngof is larger, imply-
ing that using an LO PDF set is somewhat preferred over an
NNLO PDF set for the simulation of MPI. In the following,
the predictions from the three CH tunes are compared with
the data used in the tuning procedure. These predictions are
obtained by generating events with the corresponding param-
eters shown in Table 2 rather than from the parameterization
of the tune parameters used in the fit.

Figure 2 shows the normalized dN.,/dn of charged
hadrons as a function of n at 13 TeV in MB events. Only
the predictions for SoftTune deviate significantly from the
data, and underestimate the dN.,/dn in data by 10-18%.
The CH tunes each provide a slightly different prediction,
but all have a similar level of agreement with the data. The
CH tunes compared with SoftTune predict an increase in the
UE activity, which is observed.

Figure 3 shows the normalized p3"™ and Ny, densities as
a function of p'** with comparisons from SoftTune and the
CH tunes for both transMin and transMax. The predictions
of SoftTune and the CH2, CH3 tunes are broadly similar, and
give a good description the data in the plateau region (p3®* 2
4 GeV). In the rising part of the spectrum, the predictions
from the tunes CH2, CH3, and SoftTune deviate from the data
in some bins by up to 40%. The CH3 tune provides the best
predictions in the rising region of the spectrum. However,
only the region p§'** > 3GeV was included in the tuning
procedure, because the region py** < 3GeV is dominated
by diffractive processes whose model parameters are not used
in the fit.

The effect of using an NNLO PDF, instead of an LO PDF,
in the simulation of MPI is seen from the predictions with
the tune CH1 in Fig. 3. This tune provides a good description
of the Ny distributions in both the transMin and transMax
regions, and is typically within 10% of the data. However, the
tune CH1 does not simultaneously provide a good description
of the p'™ distributions in either the transMin or transMax
region, with a 10% difference to the data in the plateau region
of the corresponding transMax distribution.
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Table 3 Parameters of the central, “up”, and “down” variations of the
CH3 tune

CH3

Down Central Up
p'l"fg (GeV) 2.349 3.040 3.382
b 0.298 0.136 0.328
w? (GeV~2) 1.160 1.284 1.539
Preco 0.641 0.471 0.191

Figure 4 shows the normalized N, and p7'™ densities as a
function of p7** using UE data at 7 TeV and compared with
various tunes. In the transMax region, the predictions from
the CH tunes describe the data well, with at most a 15% dis-
crepancy at low p'®*. In the transMin region, the predictions
from all tunes deviate from the data at intermediate values of
pr* ~ 3-8 GeV. The deviation is up to ~210% for the CH2
and CH3 tunes, whereas the difference between data and the
tunes SoftTune and CH1 is larger than this. The prediction of
CH1 deviates further from the data at lower values of pp®*.

The predictions are compared with UE data at \/s =

0.9TeV to normalized p3;"™ densities in the transverse
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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 grey-shaded band corresponds to the

envelope of the “up” and “down” variations of the

CH3 tune

pj; !, with the tunes CH2 and CH3 providing a better descrip-
tion of the data compared to the tunes CH1 and SoftTune.
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Figure 6 shows comparisons of the normalized p}'™

and N densities using tune predictions with UE data col-
lected by the CDF experiment at the Fermilab Tevatron at
/s = 1.96 TeV [31]. The CH tunes describe the distributions
in both transMin and transMax well, however the CH3 tune
underestimates the p}'™ data somewhat at pp™* < 10 GeV,
in both the transMin and transMax regions. Although these
data were not used in deriving any of the tunes considered
here, they validate that the energy dependence of the new
tunes is correctly modelled. The tune SoftTune overesti-
mates the data by &~5-15% in all distributions. Additional
comparisons of the predictions of HERWIG 7 with the various
tunes using MB data from the ATLAS experiment, which
were used in deriving SoftTune, are shown in Appendix A.
One notable difference between the distribution of dN¢,/dn
shown in Fig. 2 and the one shown in Fig. 24 is that the for-
mer includes all charged particles, whereas the latter includes
only charged particles with pt > 500 MeV.

Based on the comparisons shown in this section, the tunes
CH2 and CH3 both provide a similar description of the data,
indicating that the choice between the two LO PDFs used
for the simulation of MPI and remnant handling has lit-
tle effect on the predictions. These two PDFs are both LO
PDFs, but a value of ag(mz) = 0.118 is used in deriving
the PDF used with CH2, and a value of as(mz) = 0.130 is
assumed for the PDF used with CH3. As stated in Sect. 3,
as(mz) = 0.118 is used in all parts of the HERWIG 7 sim-
ulation for the three CH tunes. From Table 2, the XZ/NdOf
for the tune CH2 is slightly lower than that for the tune
CH3. However, the use of the LO PDF in the tune CH3,
which was derived with ag(mz) = 0.130, is consistent with
the value of ag(myz) typically associated with LO PDFs and
therefore is a preferred choice over the tune CH2. Both of
the tunes CH2 and CH3 provide a better description of the
data than the tune CH1, where the NNLO NNPDF3.1 PDF
was used for the simulation of MPI and remnant handling.
This suggests that the use of the LO NNPDF3.1 PDF is
preferred in this aspect of the HERWIG 7 simulation, even
though the gluon PDF in both the LO and NNLO PDF
sets are positive at low energy scales, as discussed ear-
lier.

In Fig. 7 the normalized N, and p3™ density predic-
tions of the UE data at /s = 13TeV show a compari-
son of the CH1 and CH3 tunes with those obtained from
the PYTHIA 8 (version 8.230) using the tunes CP1 and CP5
[19]. The tune CH2 is not displayed, because its prediction
is similar to the one of the tune CH3. The CP1 tune uses
an LO NNPDF3.1 PDF set in all aspects of the PYTHIA §
simulation, an ag(mz) value of 0.130 in the simulation of
MPI and hard scattering, and an as(mz) value of 0.1365
for the simulation of initial- and final-state radiation. The
CP5 tune uses an NNLO PDF set with an ag(myz) value of
0.118 in all aspects of simulation. The choice of the PDF
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Fig. 10 The normalized d ¢, /dn of charged hadrons as a function of n
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for the different predictions represent the statistical uncertainties. The
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variations of the CH3 tune

set and ag(myz) value in the CP5 tune is the same as the
CH1 HERWIG 7 tune. Although all the predictions show a
reasonable agreement with the data in the plateau region of
the UE distributions, the use of an LO PDF for MPI and rem-
nant handling in CH3 provides a slightly improved descrip-
tion of the p'™ data compared to using an NNLO PDF in
CHI1. This differs from the predictions of PYTHIA 8, where
the use of an LO and NNLO PDF for simulating MPI give
a similar description of the data in this region. Each predic-
tion exhibits different behaviour at low py'®*. None of the
HERWIG 7 or PYTHIA 8 tunes provides a perfect description of
the data at low pf'®*, since they exhibit at least a 10% dif-
ference between any one of the tunes and the data. Figure 8
shows a similar comparison for the 7 distribution of charged
hadrons at 13 TeV. The prediction from CP5 provides a bet-
ter description of the data compared with the other tunes
at larger values of |n|. The predictions from the HERWIG 7
tunes show a closer behaviour to the CP1 tune in this distri-
bution.
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5 Uncertainties in the HERWIG 7 tunes

Alternative tunes are derived in this section that provide an
approximation to the uncertainties in the parameters of the
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tune CH3. These are obtained from the eigentunes provided
by PROFESSOR. These eigentunes are variations of the tuned
parameters along the maximally independent directions in
the parameter space by an amount corresponding to a change
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Fig. 12 The differential cross sections are shown as functions of: the
p1 (upper left) and rapidity (upper right) of the hadronically decaying
top quark; the invariant mass of the tt system (lower left); the additional
jet multiplicity (lower right) [38]. CMS ttdata are compared with the

in the x2 (Ax?) equal to the optimal x?2 of the fit. Because
a change Ax? in Eq. (5) does not result in a variation with
a meaningful statistical interpretation, the value of A x2 is
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predictions from POWHEG + HERWIG 7, with the SoftTune, CH1, CH2,
and CH3 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

chosen in an empirical way. The change Ax? = x?2, which
is suggested by the PROFESSOR Collaboration, results in vari-
ations that are similar in magnitude to the uncertainties in
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Fig. 13 The differential cross sections are shown as functions of Hr
(left) and p7*** (right) [41]. CMS ttdata are compared with the pre-
dictions from POWHEG + HERWIG 7, with the SoftTune, CH1, CH2, and

the fitted data points and judged to provide a reasonable set
of variations that reflect the combined statistical and system-
atic uncertainty in the model parameters. A consequence of
this adopted procedure is that the uncertainty may not nec-
essarily cover the data in every bin. If the uncertainties in
the fitted data points were uncorrelated between themselves,
then the magnitude of the uncertainties in the data points
depends on their bin widths. For the data used in the fit, the
uncertainties are typically dominated by uncertainties that
are correlated between the bins. However, the uncertainties
in the data points at high p§'** and pJTe ‘e. g pi™ 2 10GeV
for the UE observables at /s = 13 TeV, are dominated by
statistical uncertainties, which are uncorrelated between bins.
This introduces some dependence of the eigentunes on the
bin widths of the data used in the fit.

The variations of the tunes provided by the eight eigen-
tunes are reduced to two variations, as explained below,
one “up” and one “down” variation. The “up” variation is
obtained by considering the positive differences in each bin
between each eigentune and the central prediction of the CH3
tune for the distributions used in the tuning procedure. The
difference for each eigentune is summed in quadrature. Sim-
ilarly, the “down” variation is obtained by considering the
negative differences between the eigentunes and the central
predictions. The two variations are then fitted, using the same
procedure described in Sect. 3 to obtain a set of tune param-
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CH3 tunes. The coloured band in the ratio plot represents the total exper-
imental uncertainty in the data. The vertical bars on the points for the
different predictions represent the statistical uncertainties

eters that describe these two variations. The parameters of
the two variations are shown in Table 3. The values of each
parameter of the variations do not necessarily encompass
the corresponding values of the CH3 tune, as a result of the
method of determining the variations from the differences
between several eigentunes. The two variations accurately
replicate the combination of all eigentunes, i.e. the sum in
quadrature of all positive or negative differences with respect
to the central prediction. By using these variations, the uncer-
tainties in the tune CH3 are estimated by considering only two
variations of the tune parameters, rather than eight variations.
Howeyver, the correlations between bins of an observable for
each of the eight individual variations are not known when
considering only the “up” and “down” variations.

Figures 9 (normalized p3™™ and N, densities) and 10
(normalized d N /dn) show predictions from the CH tunes.
The grey-shaded band corresponds to the envelope of the
“up” and “down” variations, for the UE and MB observables
used in the tuning procedure. The differences between the
CHI and CH2 predictions and those from CH3 are within

the uncertainty of CH3, except for a small deviation at low
max

Dt
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events: the charged-particle multiplicity (upper left); the eccentricity represents the total experimental uncertainty in the data. The vertical
(upper right); the groomed momentum fraction (lower left); and the bars on the points for the different predictions represent the statistical
angle between the groomed subjects (lower right) [42]. CMS ttdata uncertainties

are compared with the predictions from POWHEG + HERWIG 7, with the
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second moment of the jet transverse width (§ R?) in inclusive jet events
[43]. CMS inclusive jet data are compared with the predictions from
HERWIG 7, with the SoftTune and CH tunes. The coloured band in the

6 Comparison with LEP data

HERWIG 7 predictions are obtained in this section for event
shape observables measured in LEP electron-positron col-

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

lisions at /s = 91.2GeV. The predictions are obtained
using NLO MEs implemented within HERWIG 7. Figure 11
shows the thrust (7'), thrust major (Tingjor), oblateness (O),
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Fig. 16 The pi'™ (left) and Ny (right) density distributions in the
transverse region, as a function of the pr of the two muons, pt(up)
[45]. The transverse region is defined with respect to pr(up), where
the two muons are required to have an invariant mass close the the mass
of the Zboson. CMS Zboson data are compared with the predictions

and sphericity (§) observables as measured by the ALEPH
Collaboration [32].

Because these observables are measured in collisions with
a lepton-lepton initial state, the difference in choice of PDF
and parameters of the MPI model in the three CH tunes has
no effect on the predictions. Similarly, the only difference
between the CH tunes and SoftTune is in the value of ag (mz).
The value of as(myz) = 0.118 is used in the CH tunes, and
is consistent with the value used by the PDF set for the hard
process and the PS when simulating proton-proton collisions.
A set of next-to-leading corrections to soft gluon emissions
can be incorporated in the PS by using two-loop running of
as and including the Catani—-Marchesini—-Webber rescaling
[33] of as(mz) from as(mz) = 0.118 to as(mz) = 0.1262,
which corresponds to the value of ag(mz) used in SoftTune
[34].

The CH tunes underestimate the number of events with
0.80 < T < 0.95, whereas SoftTune predicts too many
isotropic events with lower values of 7 < 0.8 and with higher
values of § > 0.4. The CH tune provides a better overall
description of the Tiyjor Observable compared with SoftTune.
Both tunes predict too many planar events, as can be seen at
larger values of O; however, the CH tune provides a better
description of the data at smaller values of O.
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tunes. The coloured band in the ratio plot represents the total experi-
mental uncertainty in the data. The vertical bars on the points for the
different predictions represent the statistical uncertainties

7 Comparison with top quark pair production data

Predictions using the HERWIG 7 tunes are compared in this
section with observables measured in data containing top
quark pairs.

The POWHEG v2 generator is used to perform ME calcula-
tions in the hvq mode [35] at NLO accuracy in QCD. In the
POWHEG ME calculations, a value of ag(myz) = 0.118 with a
two-loop evolution of ag is used, along with the NNPDF 3.1
NNLO PDF set, derived with a value of ag(mz) = 0.118.
The ME calculations are interfaced with HERWIG 7 for the
simulation of the UE and PS. The mass of the top quark is
set to my = 172.5GeV, and the value of the hgamp parame-
ter, which controls the matching between the ME and PS, is
set to 1.379 m¢. The value of /1damp in POWHEG was derived
from a fit to ttdata in the dilepton channel at /s = 8 TeV,
where POWHEG was interfaced with PYTHIA 8 using the CP5
tune [19,36].

Samples are generated with the different HERWIG 7 tunes
that use the same parton-level events for each tune. For gen-
erating NLO matched samples such as these, an NLO (or
NNLO) PDF set may be desirable for the simulation of the
hard process. In Ref. [37], it is then advocated that the same
PDF set and «ag(myz) value should be used in the PS. How-
ever, one can still choose an LO PDF set for the simulation
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are compared with the predictions from MADGRAPH5_aMC@NLO +
HERWIG 7, with the SoftTune and CH 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

First, kinematic properties of the ttsystem are compared
with /s = 13 TeV CMS data in the single-lepton channel
[38]. Figure 12 presents normalized differential cross sec-
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Z+jets, exclusive jet multiplicity, v/s = 13 TeV
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Fig. 18 The exclusive jet multiplicity in Z (left) and W (right) boson
events, measured by CMS at /s = 13TeV [46,47]. CMS Zboson
and Wboson data are compared with the predictions from MAD-
GRAPH5_aMC@NLO + HERWIG 7, with the SoftTune and CH tunes.

tions as functions of the pt and rapidity y of the particle-
level hadronically decaying top quark. The invariant mass
of the reconstructed ttsystem and the number of additional
jets with pt > 30GeV in the event are also shown, where
the jets are reconstructed using the anti-kT algorithm [39,40]
with a distance parameter of 0.4. Normalized cross sections
as a function of global event variables, namely Hr, the scalar
pr sum of all jets, and p%liss, the magnitude of the missing
transverse momentum vector [41] are shown in Fig. 13.

The predictions from the different simulations are mostly
compatible with each other, indicating a small effect of the
tune on these observables. The only notable difference is
seen in the additional jet multiplicity, originating from the
smaller as (mz) value used in the simulations with HERWIG 7
CH tunes. The simulated events with the CH tunes describe
the CMS data well up to 4 additional jets, but slightly under-
estimate the multiplicity for a higher number of jets. The
differences between the predictions with the CH tunes and
the tune SoftTune are comparable with the typical size of the
theoretical uncertainties in the ME calculation, as studied in
Ref. [36].

Next, jet substructure observables are compared to /s =
13 TeV CMS data in the single-lepton channel [42]. Nor-
malized number of jets as a function of four variables with
relatively low correlations amongst themselves are shown in
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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

Fig. 14. The variables presented are the charged-particle mul-
tiplicity ()»8), the eccentricity (&) calculated from the charged
jet constituents, the groomed momentum fraction (zg), and
the angle between the groomed subjets (ARy).

The choice of tune has little effect on most of the jet sub-
structure observables. All choices of HERWIG 7 tune overes-
timate Ag, which was also observed in Ref. [42]. The predic-
tions for ¢ and zg distributions agree closely with the data
in all cases. The AR, spectrum at very low values is some-
what less well described by the simulation employing the
CH tunes, whereas for high values the description is better
for the CH tune samples than with SoftTune. Since the AR,
observable is strongly dependent on the amount of final-state
radiation [42], the difference comes mostly from the choice
of ag(mz), with the choice of ag(mz) in the CH tunes pre-
ferred to that in SoftTune.

8 Comparisons with inclusive jet events

The predictions of HERWIG 7 with the various tunes for inclu-
sive jet production are investigated in this section. In partic-
ular, the substructure of the jets is considered. Events are
generated with the LO QCD two-to-two MEs implemented
in HERWIG 7. Although a comparison of the substructure of
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Fig. 19 Differential cross sections as a function of pt(Z) (upper left),
p%a' (upper right), and JZB (lower) [46]. CMS Zboson data are com-
pared with the predictions from MADGRAPHS5_aMC@NLO + HERWIG 7,
with the SoftTune and CH tunes. The coloured band in the ratio plot

jets in ttevents was already presented in Sect. 7, the compar-
ison based on inclusive jet events is complementary because
it probes a wider range of jet pr.

JZB, pr(Z) = 0 [GeV]

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

Figure 15 shows the differential jet shape, p(r), as mea-
sured by the CMS experiment at S = 7TeV [43] for two
bins of ranges of jet pr (pJTCt): 40 < p]T‘:t < 50GeV and
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600 < pJTet < 1000 GeV. The observable p(r) is defined as
the average fraction of the pr of the jet constituents con-
tained inside an annulus with inner radius r — 0.1 and outer
radius r4-0.1. The second moment of the jet transverse width,
(8R?), is also shown. The jets are clustered with the anti-kr
algorithm with a distance parameter of 0.7 for the jet shape
observables, and 0.5 for the (§R?) observable. The predic-
tions from the three CH tunes are very similar for all dis-
tributions, and agree with the data. On the other hand, the
prediction from SoftTune differs from the CH tunes, and also
does not agree well with the (§ R?) distribution in data.
Additional comparisons of the predictions for various
tunes of HERWIG 7 tunes with the substructure of jets col-
lected by the ATLAS experiment are shown in Appendix B.

9 Comparison with Z and W boson production data

In this section, the performance of the HERWIG 7 tunes is com-
pared with /s = 13 TeV data on Zand W boson production.
Predictions for Zand W boson production are obtained with
MADGRAPHS_aMC@NLO v2.6.7 [9] for ME calculations at
NLO, which are interfaced with HERWIG 7 using the the FxFx
merging scheme [44], with the merging scale set to 30 GeV.
Up to two additional partons in the final state are included in
the NLO ME calculations. The PDF in the ME calculations
is NNPDF 3.1 NNLO, and the value of ag(mz) in the ME
calculations is set to ag(mz) = 0.118 in all the predictions
considered here.
First, the p¥™ and Ny, distributions characterizing the
UE in Zboson production [45] are compared to simulation in
Figs. 16 and 17. Events are required to have two muons with
an invariant mass between 81 and 101 GeV to select events
within the Z boson mass peak. The p7'"™ and Ny, distributions
are measured in the transverse region as shown in Fig. 16,
and in the toward and away regions as shown in Fig. 17,
in analogy to the corresponding distributions measured in
MB data introduced in Sect. 3. The regions are defined with
respect to the pr of the Zboson, calculated from the pt of
the two muons. The CH tunes describe the data well, and are
typically similar to each other. However, the configuration
with SoftTune fails to give a simultaneous description of the
p1™ and Ny distributions in any region at low pr ().
Next, the exclusive jet multiplicity distributions in Zand
Whboson events are shown in Fig. 18 [46,47]. Events in the
Zboson sample contain at least two electrons or muons with
pt > 20GeV and |n| < 2.4, and the invariant mass of the two
highest pr electrons or muons must have an invariant mass
within 20 GeV of the Zboson mass. In the W boson measure-
ment, only final states withamuon of pt > 25GeV and || <
2.4 are considered. The transverse mass of the W boson can-
didate, defined as mt = \/Zp’T‘p?i“[l — COS(Ad)M’I;]r_niss)],

@ Springer

where cos(A¢M’ [;%mss) is the difference in azimuthal angle
between the direction of the muon momentum and prniSS,
must satisfy mt > 50 GeV. In both Zand W events jets are
reconstructed using the anti-kt algorithm with a distance
parameter of 0.4, and are required to satisfy pr > 30 GeV
and |y| < 2.4. Jets must also be separated from any lep-
ton by v (An)? + (A¢p)? > 0.4, where ¢ is in radians. The
jet multiplicity is well described by all tunes in both Zand
W boson events at both low multiplicities, where the ME cal-
culations dominate, and high multiplicities, where the PS is
important.

Finally, in Fig. 19, the pr(Z) and pb¥ distributions are
shown, both for final states containing at least one addi-
tional jet. The p%al variable is defined as p%al = |p1(Z) +
> iets PT()|. The so-called jet-Zbalance (JZB) variable,
defined as JZB = [} pr()| — |pr(2)], is also shown
in Fig. 19. All distributions are measured for events with at
least one additional jet. The pt(Z) predictions for all tunes
are similar for pr(Z) > 30 GeV, where the predictions are
driven by the ME calculations. At lower pt(Z), where events
contain additional hadronic activity that is not clustered into
jets, the predictions with the CH tunes are similar to each
other, and differ slightly from the prediction with SoftTune,
which provides a closer description of the data at very low
pr(Z) < 10GeV. The p%al and JZB distributions are also
sensitive to additional hadronic activity not clustered into
jets. For p%al, all tunes are compatible with each other, except
at p%al < 10 GeV, where the prediction with SoftTune differs
from the predictions with the CH tunes. The JZB distribu-
tions are well described by all the predictions.

10 Summary

Three new tunes for the multiple-parton interaction (MPI)
model of the HERWIG 7 (version 7.1.4) generator have been
derived from minimum-bias (MB) data collected by the CMS
experiment. All of the CH (“CMS HERWIG”) tunes, CHI1,
CH2, and CH3, are based on the next-to-next-to-leading-
order (NNLO) NNPDF 3.1 PDF set for the simulation of the
parton shower (PS) in HERWIG 7; the value of the strong cou-
pling at a scale equal to the Zboson mass is ag(mz) = 0.118
with a two-loop evolution of as. The configuration of the
tunes differs in the PDF used for the simulation of MPI and
beam remnants. The tune CH1 uses the same NNLO PDF set
for these aspects of the HERWIG 7 simulation, whereas CH2
and CH3 use leading-order (LO) versions of the PDF set. The
tune CH2 is based on an LO PDF set that was derived assum-
ing as(mz) = 0.118, and CH3 on an LO PDF set assuming
as(mz) = 0.130.

The parameters of the MPI model were optimized for each
tune with the PROFESSOR framework to describe the under-
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lying event (UE) in MB data collected by CMS. The predic-
tions using the tune CH2 or CH3 provide a better descrip-
tion of the data than those using CH1 or SoftTune. Further-
more, the differences in the predictions of CH2 and CH3
are observed to be small. The configuration of PDF sets in
the tune CH3, where the LO PDF used for the simulation
of MPI, was derived with a value of as(mz) typically asso-
ciated with LO PDF sets, is the preferred choice over CH2.
Two alternative tunes representing the uncertainties in the fit-
ted parameters of CH3 are also derived, based on the tuning
procedure provided by PROFESSOR.

Predictions using the three CH tunes are compared with a
range of data beyond MB events: event shape data from LEP;
proton-proton data enriched in top quark pairs, Zbosons and
Whbosons; and inclusive jet data. This validated the perfor-
mance of HERWIG 7 using these tunes against a wide range
of data sets sensitive to various aspects of the modelling by
HERWIG 7, and in particular the modelling of the UE. The
event shape observables measured at LEP, which are sensitive
to the modelling of final-state radiation, are well described
by HERWIG 7 with the new tunes. Predictions using the new
tunes are also shown to describe the UE in events contain-
ing Zbosons, demonstrating the universality of the UE mod-
elling in HERWIG 7. The kinematics of top quark events, and
the modelling of jets in tt, Zboson, W boson, and inclusive
jet data are also well described by predictions using the new
tunes. In general, predictions with the new CH tunes derived
in this paper provide a better description of measured observ-
ables than those using SoftTune, the default tune available in
HERWIG 7.
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Appendix A: Comparison with ATLAS MB data Ncp. The distributions of mean charged-particle pr as a func-

tion of the charged-particle multiplicity are also shown in
Figures 20, 21, 22, 23, 24 and 25 show comparisons of  Figs. 22 and 23. Figures 24 and 25 show the pseudorapidity
the tune predictions with MB data collected by the ATLAS and charged-particle pr distributions at /s = 13 TeV, for
experiment at /s = 0.9, 7, and 13 TeV, which were used [n| < 2.5and |n| < 0.8 respectively. The corresponding dis-
in deriving the parameters of SoftTune. Figures 20 and 21 tributions of the mean charged-particle pt as a function of
show the pseudorapidity distributions of charged particles at ~ the charged-particle multiplicity are also shown in Figs. 24

/s = 0.9 and 7 TeV respectively, for various minimum N,  and 25.
Figures 22 and 23 show the charged-particle pr distributions
at /s = 0.9 and 7 TeV respectively, for various minimum
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Fig. 25 Normalized plots [48] for the pseudorapidity of charged par-

ticles (upper left),

charged-particle pr distribution (upper left), and the

mean charged-particle pr distribution as a function of the charged-
particle multiplicity (lower), all for |n| < 0.8. ATLAS MB data are

30 40 50
N, ch

compared with the predictions from HERWIG 7, with the SoftTune and

CH tunes. The coloured band in the ratio plot represents the total exper-

imental uncertainty in the data. The vertical bars on the points for the
different predictions represent the statistical uncertainties
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dictions from HERWIG 7, with the SoftTune and CH tunes. The coloured represent the statistical uncertainties

Appendix B: Comparison with ATLAS inclusive jet  the ATLAS experiment, along with the HERWIG 7 predictions.
events The former distribution is a differential measurement of the

charged-particle multiplicity inside jets as a function of the
Figure 26 shows the F (z) distribution as a function of z,and  fraction of the jet longitudinal momentum carried by the jet
the f( prel) distribution as a function of prel as measured by
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constituents, z. The latter distribution is the same data but as a

function of the transverse momentum of the jet constituents,

pﬁ?l, with respect to the jet axis. The jets are clustered using

the anti-kt algorithm with a distance parameter of 0.6, and
the distributions are shown for two ranges of jet pr ( pJTet):

40 < pk' < 60 GeV and 400 < pk' < 500 GeV. For all dis-
tributions, SoftTune provides the least consistent prediction
of the data. At low jet pr, the CH2 and CH3 tunes pro-
vide the best description of the data, whereas the CHI1 tune
deviates somewhat from the data both at low z and at low
f( prTel). At high jet pr, only SoftTune shows significant dif-
ferences with respect to the data; however, these differences
are smaller than those observed at low jet pr.
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