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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 (MPl) and colour reconnection
in herwig 7, and are obtained from a fit {9 minimum-bias
data collected by the CMS experimentat s = 0.9, 7, and
13TeV. Thetunes are based on the NNPDF 3.1 next-to-next-
to-leading-order parton distribution function (PDF) set for
the parton shower, and either aleading-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, inclusivejet, top quark pair, and Z and
W boson events in proton-proton collisions, and are com-
pared with data. Each of the new tunes describes the data at
areasonable 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 ahard scatter-
ing process, and minimum-bias (MB) events, Monte Carlo
(MC) event generators such as herwig 7 [1-3] and pythia 8
[4] include amodel 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 aphenomenol ogical model. The param-
etersof themodelsmust be optimized to provide areasonable
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 thetop quark mass. Thispaper presentsnew 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, viathe 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-
Graph5_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 ssmulation
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], isincluded in herwig 7. Asshown in Ref. [13], a
model of CRisrequiredinherwig 7 to describethe structure
of colour connections between different MPI, and to obtain
a good description of the mean charged-particle transverse
momentum (pT) as afunction of the charged-particle multi-
plicity (Nen).

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 SoftTuneis based
on the MMHT 2014 LO parton distribution fuoction (PDF)
set [16], and was derived by fitting MB dataat s = 0.9, 7,
and 13 TeV from the ATLAS experiment [17]. The MB data
used in the tuning include the pseudorapidity (n) and pr dis-
tributions of charged particles for various lower bounds on
Nch, namely Nepn = 1, 2, 6, and 20. The mean charged-
particle pt asafunction of N¢n was aso included in the tun-
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ing procedure. Threemodelsof CR areavailableinherwig 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 NNPDF 3.1 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 setsis similar to that used to obtain tunes for
thepythia 8 event generator in Ref. [19], whereit was shown
that predictions from pythia 8 using LO, next-to-leading-
order (NLO), and NNLO PDFs with their associated tunes
can all give areliable 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 thesimulation of the PSin herwig 7
also provides areliable 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 \)aollision data collected by the CMS experi-
ment [20] a¢ 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 uncertaintiesin 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
aso 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 as in the description of final-state radiation. To
further validate the new tunes, predictions of differentia
tt, Zboson, and W boson cross sections are also obtained
from matching ME calculations from powheg and Mad-
Graph5_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 PSsimulation, intt, Z boson, and W boson events. The
modelling of the UE in Z boson events, and the substructure
of jetsin 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 usto test the new tunesin 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 thetuning. The choice of
PDF and the value of the strong coupling in the tunesis dis-
cussedin Sect. 3in addition to detailsof thefitting 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 tunesis 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 Z and W boson production
datain Sects. 7, 8, and 9, respectively. Finaly, we present a
summary in Sect. 10.

2 The UE model in HERWIG 7

TheUEinherwig 7ismodelled by acombination of soft and
hard interactions [1,11,12]. The parameter p™" defines the
transition between the soft and hard MPI. The interactions
withapair of outgoing partonswith pt above p™" aretreated
as hard interactions, which are constructed from QCD two-
to-two processes, The p™™ transition threshold depends on
the centre-of-mass energy of the hadron-hadron collision and
isgiven by:
V_p

mn — ,min
PP =P B )
where p™? is the value of p™" at a reference energy scale
Eo, which is set to 7TeV, s is the centre-of-mass energy
of the hadron-hadron collision, and the parameter b controls
the energy dependence of p™". Decreasing thevalue of p™"
increases the number of hard interactionswhilst 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)a(s), )

whereo (s) isthe production cross section of apair of partons
with pr > p™n 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:

_ 3
A(d) = @(ud) Ks, ©)

where P2 is the inverse proton radius squared, and K3 =
K3(pd) is the modified Bessel function of the third kind.
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Table 1 Parameters considered in the tuning, and their allowed rangesin the fit

Parameter herwig 7 configuration parameter Range
pmfg (GeV) /Herwig/UnderlyingEvent/M PIHandler:pTminO 1.0-5.0

b /Herwig/UnderlyingEvent/M PlIHandler: Power 0.1-05
p2 (Gev—2) /Herwig/UnderlyingEvent/M PlHandler:InvRadius 0527
Preco /Herwig/Hadronization/Col ourReconnector: 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
agiven 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 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 below p™n, 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 tothehardinteractionsabove p™". Inasoftinter-
action between the two hadron remnants, the mean number
of particles produced is given by:

P 2
+
N = No S In (pr1 . Pr2)
Mfem

1Tev? ' @)

where py1 and pr2 arethefour-momentaof thetwo remnants,
and Myem isthe mass of a proton remnant, i.e. the remaining
valence quarks of aproton treated asadiquark system, andis
sett0 0.95GeV. The parameters Ng 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 = —0.08and Np = 0.95[3]. Inderiving thetune SoftTune
the values of Ng 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 acluster isformed from
each colour connected pair of quarks. Before hadronsarepro-
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 aternative clusters. The
change of thecluster configuration takesplaceonly if thesum
of themasses of the new clustersissmaller 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 typicaly 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

Wederivethreetunesbased onthe NNPDF 3.1 PDF sets[18].
A different PDF set ischosen for each aspect of theherwig 7
simulation: hard scattering, parton showering, MPI, and
beam remnant handling. The value of as at a scale equa to
the Zboson mass mz in each tuneis set to as(mz) = 0.118
for all parts of the herwig 7 simulation, with a two-loop
running of as.

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 avalue of as(mz) = 0.118. Thisis
equivalent to the choice of PDF and as(mz) used in the CP5
pythia 8 tune [19]. In the second tune, CH2, an LO PDF
set that was also derived with as(mz) = 0.118, isused in
the simulation of MPI and beam remnant handling, whereas
an NNLO PDF set is used elsawhere. The final tune, CH3,
issimilar to CH2, but uses an LO PDF set that was derived
withas(mz) = 0.130for 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 Illustration of thedifferent ¢ regions, with respect to theleading
object in an event, used to probe the properties of the UE in measure-
ments

1=
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Table 2 Value of the parameters for the SoftTune [3,12], CH1, CH2, and CH3 tunes
SoftTune CH1 CH2 CH3
as(mz) 0.1262 0.118 0.118 0.118
PS PDF set MMHT 2014 LO NNPDF3.1 NNLO NNPDF3.1 NNLO NNPDF3.1 NNLO
aEPF(mz) 0.135 0.118 0.118 0.118
MPI & PDF set MMHT 2014 LO NNPDF3.1 NNLO NNPDF3.1LO NNPDF3.1LO
remnants afPF(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
p2 (Gev—2) 1.402 1.532 1174 1.284
Preco 05 0.400 0.479 0.471
X 2/ Ngof 12.8 6.75 154 171

of PDF used in the PS and ME calculation, is motivated
by ensuring that the gluon PDF is positive at the low energy
scalesinvolved, whichisnot necessarily the casewith higher-
order PDF sets. However, aswasshowninRef.[19], thegluon
PDF in the NNLO NNPDF3.1 set remains positive at low
energy scales, and predictions from pythia 8 using LO and
higher-order PDFscan both give areliabledescription of MB
data. The configurations of PDF setsin the CH1, CH2, and
CHS3 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
areliable 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 Ng = 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 val ues.

Thetunes are derived by fitting unfolded M B datathat are
available in the rivet [22] toolkit. The proton-proton colli-
sion datg\a/Jsed in the fit were collected by the CM S experi-
mentat s = 0.9, 7, and 13TeV. In measurements probing
the UE, charged particles in a particular event are typically
categorized into different n-¢ regions with respect to alead-
ing object in that event, such asthe 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
(I1Ag| = 60°), away (|A@| > 1207), and transverse regions
(60 < |Ag| = 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,

1=

Charged-hadron multiplicity, B=0T, /s = 13 TeV
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Fig. 2 The normalized dN¢n/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 thisway are
referre\(}to as UE datain this paper.

At s = 7 and 13TeV, the N¢, and transverse momen-
tum sum (pF™), with respect to the beam axis, as func-
tions of the pt of the leading track (pT'®) in the trans-

in and transMax regions are used in the fit [23,24]. At

s = 0.9TeV, the observables used are the Nc, and p3'™ in
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of the pr of the leading track, pf'™ [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 pt of the leading
jet (p ) [25]. Thetrack jetsare clustered using the SISCone
algorithm [26] with a distance parameter of 0.5. Theregions

TransMax charged pT™" density /s = 13 TeV
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pr™ < 3GeV and pjTEt < 3GeV are not included in the fit
because the parameters of diffractive processes, which domi-
natethisregion, arenot considered. The charged-hadron mul-
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Fig. 4 The p$"™ (upper) and Neh (lower) density distributions in the band in the ratio plot represents the total experimental uncertainty in
transMin (left) and transMax (right) regions, as a function of the prt of the data. The vertical bars on the points for the different predictions
theleading track, pT'® [23]. CMS MB dataare compared with the pre- represent the statistical uncertainties

dictionsfrom herwig 7, with the SoftTune and CH tunes. The coloured

tipli/:ity as afunction of n, dNgn/dn, as measured by CMS  pt and n as measured by CMS in Ref. [28] are not consid-
a s = 13TeV with zero magnetic field strength (B = 0T)  ered here, since they are biased by predictions obtained with
[27] isalso usedinthefitting procedure. Thecharged-particle  pythia 6 [29], as discussed in Ref. [12].
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verseregions, as afunction of the pt of the leading track jet, pjTe‘ [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 inthe prediction in any binistypically not larger
than the uncertainty in the data in the same bin.

The fit is performed by minimising the x 2 function:

(f'(p) — Ri)?

X*(p) = . Woi OA—iZ1 ©)

where R; is the measured content of bin i of the distribu-
tion of observable O, while fi(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 A?, and wo is a weight that increases or decreases the
importance of an observable O in thefit. The weight istypi-
cally set towp = 1. However, for the CH1 tune, where the
PDF set used in the simulation of MPI and beam remnants
isan NNLO set instead of an LO set, the weight is set to
wo = 3 for the dNgn/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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sentsthetotal experimental uncertainty in the data. The vertical barson
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 dNg,/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 thisinterpol ation between the 60 choices of parameters
has a negligible effect on the outcome of the fits.

The number of degrees of freedom (Ngof) in thefitis cal-
culated as:

( o ioWo)?

2
o ioWo

Ndot = — Nparam (6)
where Nparam i the number of parameters being optimized
in the fit.

4 Results from the new HERWIG 7 tunes

The tuned values of the parameters and the X 2 values from
the fit, i.e. the minimum values of Eq. (5), divided by the
Ngof Of thefit are shown in Table 2, along with the values of
the parameters for the default tune SoftTune. The Ngof inthe
fit is 118 for CH1, and 152 for CH2 and CH3. To provide
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Fig. 6 The p$"™ (upper) and Neh (lower) density distributions in the
transMin (left) and transMax (right) regions, as a function of the pt of
theleading track, p"™® [31]. CDF MB data are compared with the pre-
dictionsfrom 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 x%/Ngof corresponding to
the prediction of SoftTune and the data is aso shown with
Ngof 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 variationsin the
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tuned parameters for each tune can be distinguished. For
example, the value of p™g is lower for all three CH tunes
than for SoftTune, and significantly lower for CH1, which
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increases the amount of MPI in an event compared to that
with the tune SoftTune.
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Thelower value of b for all CH tunesfurther increasesthe
contribution of MPI in collisionsat s = 13TeV. Because
of the lower values of preco, the amount of CR in the CH
tunes is lower than in SoftTune. This aso has the effect of
increasing the overall amount of activity in the UE for the
CH tunes. The value of p? for CH2 and CH3 is lower than
the corresponding value for SoftTune. Even though a lower
value of p2 would lead to alower amount of MPI in agiven
event, the combined effect of the parameters of the CH tunes
resultsin alarger amount of MPI compared with SoftTune.

The tuned parameters of CH2 and CH3 are fairly similar,
as are the values of X %/Ngof Of these two tunes, indicating
that the choice of as(mz) used when deriving the LO PDF
set inthe simulation of MPI does not have alarge effect. The
parameters for the tune CH1 differ from those for the tunes
CH2 and CH3, and the value of x2/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
obtai ned by generating eventswith 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 dNgn/dn of charged
hadrons as a function of n at 13TeV in MB events. Only
the predictions for SoftTune deviate significantly from the
data, and underestimate the dNgn/dn in data by 10-18%.
The CH tunes each provide a dlightly different prediction,
but all have a similar level of agreement with the data. The
CH tunes compared with SoftTune predict an increasein the
UE activity, which is observed.

Figure 3 shows the normalized p$™ and N¢, densities as
afunction of p™ with comparisons from SoftTune and the
CH tunes for both transMin and transMax. The predictions
of SoftTuneand the CH2, CH3 tunesare broadly similar, and
giveagood description the datain the plateau region (p7™
4GeV). In the rising part of the spectrum, the predictions
fromthetunesCH2, CH3, and SoftTune deviatefrom thedata
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 pf'™® > 3GeV was included in the tuning
procedure, because the region pI™® < 3GeV is dominated
by diffractive processeswhose model parametersarenot used
in the fit.

The effect of using an NNL O PDF, instead of an LO PDF,
in the simulation of MPI is seen from the predictions with
thetune CH1 inFig. 3. Thistune providesagood description
of the Ng, distributions in both the transMin and transMax
regions, and istypically within 10% of the data. However, the
tune CH1 doesnot simultaneously provideagood description
of the p'™ distributions in either the transMin or transMax
region, with a10% differenceto the datain the plateau region
of the corresponding transMax distribution.
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Fig. 8 Thenormalized dN¢,/dn of charged hadrons as afunction of n
[27]. CMS MB data are compared with the predictions from herwig 7,
withthe CH1 and CH3 tunes, and from pythia 8, with the CP1 and CP5
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

Table 3 Parameters of the central, “up”, and “down” variations of the
CH3 tune

CH3
Down Central Up
P (Gev) 2.349 3.040 3.382
b 0.298 0.136 0.328
p2 (Gev—2) 1.160 1.284 1.539
Preco 0.641 0471 0.191

Figure4 showsthenormalized Ncp and p3'™ densitiesasa
function of pT'® using UE dataat 7 TeV and compared with
various tunes. In the transMax region, the predictions from
the CH tunes describe the datawell, with at most a 15% dis-
crepancy at low pT®. InthetransMin region, the predictions
from all tunes deviate from the data at intermediate val ues of
pr™ = 3-8GeV. The deviation is up to =10% for the CH2
and CH3 tunes, whereas the difference between data and the
tunes SoftTune and CH1 islarger than this. The prediction of
CH1 deviates further from the data at lower values of_p'.

The predictions are compared with UE dataat s =
0.9TevV to normalized p™ 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

pjTa, with the tunes CH2 and CH3 providing abetter 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-
I\gcted by the CDF experiment at the Fermilab Tevatron at

s = 1.96 TeV [31]. The CH tunesdescribethedistributions
in both transMin and transMax well, however the CH3 tune
underestimates the p$*™ data somewhat at p'™ < 10GeV,
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 al 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 dNen/dn
shown in Fig. 2 and the one shown in Fig. 24 isthat the for-
mer includesall charged particles, whereasthelatter includes
only charged particles with pr > 500 MeV.

Based on the comparisons shown in this section, the tunes
CH2 and CH3 both provide asimilar 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 avalue of as(mz) = 0.130is
assumed for the PDF used with CH3. As stated in Sect. 3,
as(mz) = 0.118 isused in al parts of the herwig 7 sim-
ulation for the three CH tunes. From Table 2, the X2/Ngof
for the tune CH2 is dlightly lower than that for the tune
CH3. However, the use of the LO PDF in the tune CH3,
which was derived with asg(mz) = 0.130, is consistent with
the value of as(mz) 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 normalizgyi Nch and p$*™ density predic-
tions of the UE dataat 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 8
simulation, an as(mz) value of 0.130 in the simulation of
MPI and hard scattering, and an as(mz) value of 0.1365
for the smulation of initial- and final-state radiation. The
CP5 tune uses an NNLO PDF set with an ag(mz) value of
0.118 in all aspects of simulation. The choice of the PDF
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Fig. 10 Thenormalized dN¢»/dn of charged hadronsasafunction of n
[27]. CMS MB data are compared with the predictions from herwig 7,
with the CH tunes. The coloured band in the ratio plot represents the
total experimental uncertainty inthedata. Thevertical barson 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

set and as(mz) vaue 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
CHA1. This differs from the predictions of pythia 8, where
the use of an LO and NNLO PDF for simulating MPI give
asimilar description of the data in this region. Each predic-
tion exhibits different behaviour at low pT'®. None of the
herwig 7 or pythia 8 tunes provides a perfect description of
the data at low pT™®, since they exhibit at least a 10% dif-
ference between any one of the tunes and the data. Figure 8
shows asimilar comparison for the n 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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Fig. 11 Normalizeddifferential crosssectionsfor e~ e* [32] asafunc-
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and S (lowerright) for ALEPH dataat s = 91.2GeV.ALEPH dataare
compared with the predictions from herwig 7 using the SoftTune and

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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Fig. 12 The differentia cross sections are shown as functions of: the
pt (upper left) and rapidity (upper right) of the hadronically decaying
top quark; the invariant mass of thett system (lower |€ft); the additional
jet multiplicity (lower right) [38]. CMS tt data are compared with the

in the x2 (Ax?) equal to the optimal X2 of the fit. Because
achange Ax? in Eq. (5) does not result in a variation with
a meaningful statistical interpretation, the value of Ax? is

1=

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 empirica way. The change Ax? = x?2, which
issuggested by the professor Collaboration, resultsin 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
(Ieft) and pT"* (right) [41]. CMS ttdata are compared with the pre-
dictionsfrom powheg + herwig 7, with the SoftTune, CH1, CH2, and

the fitted data points and judged to provide a reasonable set
of variationsthat 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 uncorrel ated 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?/ax and pJTa, eg. pr® 10Gev
for the UE observablesat s = 13TeV, are dominated by
statistical uncertainties, whichareuncorrel ated 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 differencesin each bin
between each eigentune and the central prediction of the CH3
tune for the distributions used in the tuning procedure. The
differencefor each eigentuneis summed in quadrature. Sim-
ilarly, the “down” variation is obtained by considering the
negative differences between the eigentunes and the central
predictions. Thetwo variationsarethen fitted, using the same
procedure described in Sect. 3 to obtain a set of tune param-
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CH3 tunes. The coloured bandin theratio plot representsthetotal 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 aresult 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 al positive or negative differenceswith respect
tothe central prediction. By using these variations, the uncer-
taintiesinthetune CH3 areestimated by considering only two
variationsof thetune parameters, rather than eight variations.
However, 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 dN¢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
CH1 and CH2 predictions and those from CH3 are within
the uncertainty of CH3, except for a small deviation at low
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6 Comparison with LEP data

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

500 600 700 8oo 900

pr [GeV]

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

V_
lisonsa s = 91.2GeV. The predictions are obtained
using NLO MEs implemented within herwig 7. Figure 11
shows the thrust (T), thrust major (Tmgjor), Oblateness (O),
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Fig. 16 The p$™ (left) and Nen (right) density distributions in the
transverse region, as a function of the pt of the two muons, pt(LL)
[45]. The transverse region is defined with respect to pt(Mp), where
the two muons are required to have an invariant mass close the the mass
of the Zboson. CMS Z boson data are compared with the predictions

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

Because these observablesare measured in collisionswith
alepton-lepton initial state, the difference in choice of PDF
and parameters of the MPl model in the three CH tunes has
no effect on the predictions. Similarly, the only difference
betweenthe CH tunesand SoftTuneisinthevalueof as(mz).
The value of as(mz) = 0.118 is used in the CH tunes, and
is consistent with the value used by the PDF set for the hard
processand the PSwhen 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) fromas(mz) = 0.118to ag(mz) = 0.1262,
which corresponds to the value of as(mz) used in SoftTune
[34].

The CH tunes underestimate the number of events with
0.80 < T < 0.95, whereas SoftTune predicts too many
isotropiceventswithlower valuesof T < 0.8andwith higher
values of S > 0.4. The CH tune provides a better overall
description of the Trgjor 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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from MadGraph5_amc@nlo + herwig 7, with the SoftTune and CH
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-
tionsin the hvg mode [35] at NLO accuracy in QCD. In the
powheg ME calculations, avalue of as(mz) = 0.118 witha
two-loop evolution of as isused, along with the NNPDF 3.1
NNLO PDF set, derived with a value of as(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 tomy = 172.5GeV, and the value of the hgamp parame-
ter, which controls the matching between the ME and PS, is
set t0 1.379 m¢. The value of hgamp in powheq)/vas derived
from afit to ttdata in the dilepton channel a s = 8TeV,
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 as(mz) value should be used in the PS. How-
ever, one can still choose an LO PDF set for the simulation
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Fig. 17 The p?™ (left) and Nen (right) density distributions in the
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with respect to pt(Mp), where the two muons are required to have an
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of the MPI and remnant handling in this case, such as the
choices in the tunes CH2 and CH3. This configuration of
PDF setsis not possiblein pythia.
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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

Firs}, kinematic properties of the tt system are compared

with

s = 13TeV CMS data in the single-lepton channel
[38]. Figure 12 presents normalized differential cross sec-

1=
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events, measured by CMS at s = 13TeV [46,47]. CMS Zboson

and Whoson 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 tt system and the number of additional
jets with pr > 30GeV in the event are also shown, where
thejetsare reconstructed using the anti-kt algorithm [39,40]
with a distance parameter of 0.4. Normalized cross sections
asafunction of global event variables, namely Hr, the scalar
pr sum of all jets, and p™'sS, 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 simulationswith herwig 7
CH tunes. The simulated events with the CH tunes describe
the CM S datawell 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 uncertaintiesin the ME calculation, as studied in
Ref. [36]. v
Next, jet substructure observables are comparedto s =
13Tev 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 shownin
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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. Thevariables 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 (ARg).

The choice of tune has little effect on most of the jet sub-
structure observables. All choices of herwig 7 tune overes-
timate A9, which was also observed in Ref. [42]. The predic-
tions for € and zq4 distributions agree closely with the data
in all cases. The ARy 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 ARg
observableisstrongly dependent on the amount of final-state
rediation [42], the difference comes mostly from the choice
of as(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 varioustunesfor 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 sectionsasafunction of pt(Z) (upper left),
pba (upper right), and JZB (lower) [46]. CMS Z boson data are com-
pared with the predictions from MadGraph5_amc@nlo + herwig 7,
with the SoftTune and CH tunes. The coloured band in the ratio plot

jetsin tt eventswas already presented in Sect. 7, the compar-
ison based on inclusive jet eventsis complementary because
it probes awider 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 differenti a\l/jet shape, p(r), as mea
sured by the CMS experiment at s = 7TeV [43] for two
bins of ranges of jet pr (p): 40 < p < 50Gev and

1=



312 Page 22 of 47

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

600 < p/™ < 1000GeV. The observable p(r) is defined as
the average fraction of the pt of the jet constituents con-
tained inside an annulus with inner radiusr — 0.1 and outer
radiusr—+0.1. The second moment of thejet transversewidth,
3R? , isaso shown. Thejets are clustered with the anti-k
agorithm 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 al dis-
tributions, and agree with the data. On the other hand, the
prediction from SoftTune differsfrom the CH tunes, and also
does not agree well with the 3R2 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

Inthissection, the performance of theherwig 7 tunesiscom-
pared with ~ s = 13 TeV dataon Z and W boson production.
Predictions for Zand W boson production are obtained with
MadGraph5_amc@nlo v2.6.7 [9] for ME calculations at
NLO, which areinterfaced with herwig 7 using the the FxFx
merging scheme [44], with the merging scale set to 30 GeV.
Up to two additional partonsin the final state areincludedin
the NLO ME calculations. The PDF in the ME calculations
is NNPDF3.1 NNLO, and the value of as(mz) in the ME
calculations is set to as(mz) = 0.118 in al the predictions
considered here.

First, the p?™ and N¢, distributions characterizing the
UE in Z boson production [45] are compared to simulationin
Figs. 16 and 17. Events are required to have two muonswith
an invariant mass between 81 and 101 GeV to select events
withintheZ boson masspeak. The p?*™ and N, 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 pt of the Zboson, calculated from the pt of
the two muons. The CH tunes describe the datawell, and are
typicaly similar to each other. However, the configuration
with SoftTune failsto give a simultaneous description of the
pF'™ and Nen distributionsin any region at low pr(HUpL).

Next, the exclusive jet multiplicity distributionsin Zand
W boson events are shown in Fig. 18 [46,47]. Eventsin the
Z boson sample contain at least two electrons or muons with
pt > 20GeV and|n| < 2.4, andtheinvariant massof thetwo
highest pt electrons or muons must have an invariant mass
within 20 GeV of the Z boson mass. In the W boson measure-
ment, only final stateswithamuonof pr > 25GeV and|n| <
2.4 are considered. The traggverse mass of the W boson can-
didate, defined asmy = 2pk pS[1 — cos(AQ,, priss)],

1=

where cos(A(pp’meiss) is the difference in azimuthal angle

between the direction of the muon momentum and pi'ss,
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 pt > 30GeV
and |y|,< 2.4. Jets must also be separated from any lep-
tonby (An)? + (A)2 > 0.4, where @ isin radians. The
jet multiplicity is well described by all tunes in both Zand
W boson events at both low multiplicities, wherethe ME cal-
culations dominate, and high multiplicities, where the PSis
important.

Finally, in Fig. 19, the pr(Z) and p2 distributions are
shown, both for final states containing at least one addi-
tional jet. The p2 variable is defined as p? = |pr(Z) +

jets pt()|. The so-caled jet-Zbaance (JZB) variable,
defined as JZB = | jets pt()| — |pT(2)], is adso shown
in Fig. 19. All distributions are measured for events with at
least one additional jet. The pt(2) predictions for al tunes
are similar for pt(Z) > 30GeV, where the predictions are
driven by the ME calculations. Atlower p7(Z), whereevents
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%¥ and JZB digtributions are also
sensitive to additional hadronic activity not clustered into
jets. For p, all tunes are compatiblewith each other, except
at p? < 10 GeV, wherethe prediction with SoftTunediffers
from the predictions with the CH tunes. The JZB distribu-
tions are well described by al 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) datacollected by the CM S
experiment. All of the CH (“CMS herwig”) tunes, CH1,
CH2, and CHS3, 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 ascale equal to the Z boson massisas(mz) = 0.118
with a two-loop evolution of as. The configuration of the
tunes differsin the PDF used for the simulation of MPI and
beam remnants. Thetune CH1 usesthe same NNLO PDF set
for these aspects of the herwig 7 simulation, whereas CH2
and CH3 useleading-order (LO) versionsof the PDF set. The
tune CH2 isbased on an L O PDF set that was derived assum-
ing as(mz) = 0.118, and CH3 on an LO PDF set assuming
Gs(mz) = 0.130.

The parameters of the M Pl 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 setsin
the tune CH3, where the LO PDF used for the simulation
of MPI, was derived with avalue of as(mz) typically asso-
ciated with LO PDF sets, is the preferred choice over CH2.
Two alternative tunes representing the uncertaintiesin thefit-
ted parameters of CH3 are a so derived, based on the tuning
procedure provided by professor.

Predictions using the three CH tunes are compared with a
range of databeyond MB events: event shape datafrom LEP,
proton-proton data enriched in top quark pairs, Z bosons and
W bosons; 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 observablesmeasured at L EP, 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 Z bosons, demonstrating the universality of the UE mod-
elling in herwig 7. The kinematics of top quark events, and
the modelling of jetsin tt, Z boson, 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
inthis paper provide abetter description of measured observ-
ablesthan those using SoftTune, the default tune availablein
herwig 7.
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Appendix A: Comparison with ATLAS MB data

Figures 20, 21, 22, 23, 24 and 25 show comparisons of
the tune predi c\t}ons with MB data collected by the ATLAS
s = 0.9, 7, and 13TeV, which were used
in deriving the parameters of SoftTune. Figures 20 and 21
ow the pseudorapidity distributions of charged particles at
s = 0.9and 7 TeV respectively, for various minimum Ngp.

experiment at

Nch. Thedistributions of mean charged-particle pt asafunc-

tion of the charged-particle multiplicity are also shown in

and 25.

res 22 and 23 show the charged-particle pr distributions
a s = 0.9and 7TeV respectively, for various minimum

Fig. 20 Normalized plots[17]
for the pseudorapidity of
charged particlesfor Ngn = 1
(upper left), and Ny = 6 (lower
|eft), for charged particles with
pt > 500MeV. Thefigureon
the upper right shows a similar
distribution for Ngh = 2, and the
lower right for Ngp = 20, where
the charged particles have

pt > 100MeV. ATLASMB
data are compared with the
predictions from 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
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Fig. 25 Normalized plots [48] for the pseudorapidity of charged par-
ticles (upper left), charged-particle pt distribution (upper left), and the
mean charged-particle pt distribution as a function of the charged-
particle multiplicity (lower), al for |n| < 0.8. ATLAS MB data are

compared with the predictions from herwig 7, with the SoftTune and
CH tunes. The coloured band in theratio plot representsthe 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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distributions[17]. ATLASinclusive jet data are compared with the pre-
dictionsfrom herwig 7, with the SoftTune and CH tunes. The coloured

Appendix B: Comparison with ATLAS inclusive jet
events

Figure 26 showsthe F(z) distribution as afunction of z, and
the f (p ) distribution as afunction of p , as measured by

1=

F(z) for 400 GeV < Prjet < 500 GeV, \/_ =7TeV
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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 ATLA Sexperiment, alongwiththeherwig 7 predictions.
The former distribution is a differential measurement of the
charged-particle multiplicity inside jets as a function of the
fraction of the jet longitudinal momentum carried by the jet
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constituents, z. Thelatter distributionisthe same databut asa
function of the transverse momentum of the jet constituents,
p'Td , With respect to the jet axis. The jets are clustered using
the anti-kt agorithm with a distance parameter of 0.6, and
the distributions are shown for two ranges of jet prt (p’Ta):
40 < pi < 60GeV and 400 < p* < 500GeV. 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 CH1 tune
deviates somewhat from the data both at low z and at low
f (prTe'). At high jet pT, only SoftTune shows significant dif-
ferences with respect to the data; however, these differences
are smaller than those observed at low jet pT.
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