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Abstract New sets of CMS underlying-event parameters
(ÒtunesÓ) are presented for thepythia 8 event generator.
These tunes use the NNPDF3.1 parton distribution functions
(PDFs) at leading (LO), next-to-leading (NLO), or next-
to-next-to-leading (NNLO) orders in perturbative quantum
chromodynamics, and the strong coupling evolution at LO
or NLO. Measurements of charged-particle multiplicity and
transverse momentum densities at various hadron collision
energies are Þt simultaneously to determine the parameters
of the tunes. Comparisons of the predictions of the new tunes
are provided for observables sensitive to the event shapes at
LEP, global underlying event, soft multiparton interactions,
and double-parton scattering contributions. In addition, com-
parisons are made for observables measured in various spe-
ciÞc processes, such as multijet, DrellÐYan, and top quark-
antiquark pair production including jet substructure observ-
ables. The simulation of the underlying event provided by
the new tunes is interfaced to a higher-order matrix-element
calculation. For the Þrst time, predictions frompythia 8
obtained with tunes based on NLO or NNLO PDFs are shown
to reliably describe minimum-bias and underlying-event data
with a similar level of agreement to predictions from tunes
using LO PDF sets.

1 Introduction

Monte Carlo (MC) simulation codes describe hadron-hadron
collisions with models based on several components. The
hard scattering component of the event consists of particles
from the hadronization of partons whose kinematics are pre-
dicted using perturbative matrix elements (MEs), along with
partons from initial-state radiation (ISR) and Þnal-state radi-
ation (FSR) that are simulated using a showering algorithm.
The underlying event (UE) consists of the beam-beam rem-
nants (BBR) and the particles that arise from multiple-parton
interactions (MPI). The BBR are what remains after a par-
ton is scattered out of each of the two initial beam hadrons.
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The MPI are additional soft or semi-hard partonÐparton scat-
terings that occur within the same hadronÐhadron collision.
Generally, observables sensitive to the UE also receive con-
tributions from the hard-scattering components. Accurately
describing observables that are sensitive to the UE not only
requires a good description of BBR and MPI, but also a
good modeling of hadronization, ISR, and FSR. Standard
MC event generators, such aspythia 8 [1], herwig [2,3],
and sherpa [4] have adjustable parameters to control the
behavior of their event modeling. A set of these parameters,
which has been adjusted to better Þt some aspects of the data,
is referred to as a tune.

In a previous study [5], we presented severalpythia 8
and herwig++ UE tunes constructed for a center-of-mass
energy

�
s lower than 13 TeV. The CMSpythia 8 tune

CUETP8M1 is based on the Monash tune [6], both using
the NNPDF2.3LO parton distribution function (PDF) set
[7]. The CMSpythia 8 tune CUETP8S1-CTEQ6L1 is based
instead on the tune 4C [8]. Both tunes CUETP8M1 and
CUETP8S1-CTEQ6L1 were constructed by Þtting the CDF
UE data at

�
s = 900 GeV and 1.96 TeV [9] together with

CMS UE data at
�

s = 7 TeV [10]. A similar procedure was
used for the determination of theherwig++ tune (CUETH-
ppS1) with the CTEQ6L1 PDF set [11]. A collection of pre-
viously published tunes is documented in [6,8,12,12Ð15].

In this paper, a new set of tunes for the UE simulation in
thepythia 8 (version 8.226) event generator is obtained by
Þtting various measurements sensitive to soft and semi-hard
MPI at different hadron collision energies [9,10], including
data from

�
s = 13 TeV [16]. These tunes are constructed

with the leading order (LO), next-to-leading order (NLO),
and next-to-next-to-leading order (NNLO) versions of the
NNPDF3.1 PDF set [17] for the simulation of all UE com-
ponents. Typically, the values of strong coupling used for the
simulation of the hard scattering are chosen consistent with
the order of the PDF set used.

The new tunes are obtained by Þtting CDF UE data at�
s = 1.96 TeV [9], together with CMS UE data at

�
s =

7 TeV [10] and at 13 TeV [16,18]. For the Þrst time, we show

123

http://crossmark.crossref.org/dialog/?doi=10.1140/epjc/s10052-019-7499-4&domain=pdf
cms-publication-committee-chair@cern.ch


4 Page 2 of 47 Eur. Phys. J. C (2020) 80 :4

that predictions obtained with tunes based on higher-order
PDF sets are able to give a reliable description of minimum-
bias (MB) and UE measurements with a similar level of
agreement to predictions from tunes using LO PDF sets. We
also compare the predictions for multijet, DrellÐYan, and
top-antiquark (tt) processes frompythia 8 with new tunes in
ME-parton shower (PS) merged conÞgurations.

In Sect.2 we describe observables that are sensitive to
MB and UE: diffractive processes [19], where one or both
protons remain intact after the collision; and double-parton
scattering (DPS), where two hard scatterings occur within
the same collision. In Sect.3, we compare the tunes that
were constructed before the data at

�
s = 13 TeV were avail-

able (ÒPre-13 TeVÓ tunes) with UE data measured at 13 TeV.
Section4 is dedicated to a general discussion of the choice
of PDF sets and strong coupling values for the UE simula-
tion. In Sect.5 we describe the new tunes. Section6 shows
the validation of the new CMSpythia 8 tunes for multijet,
DrellÐYan, tt, and DPS processes. Section7 is the summary
and conclusions.

2 Observables for characterizing minimum bias,
underlying event, and double-parton scattering

Minimum bias is a generic term that refers to inelastic events
that are collected with a loose event selection that has the
smallest bias possible. The MB observables are constructed
from data with little or no additional selection requirements.
The majority of MB collisions are soft, with a typical trans-
verse momentum scalepT � 2 GeV. The UE is deÞned as the
activity that is not associated with the particles originating
from the hard scattering of two partons and is generally stud-
ied in events that contain a hard scattering withpT � 2 GeV.
The main contribution to the UE comes from color exchanges
between the beam partons and is modeled in terms of MPI,
BBR, and color reconnection (CR). The MB and UE observ-
ables have quite different kinematic properties because they
are affected by different mixtures of hard and soft scattering
processes.

As illustrated in Fig.1, one can use the topological struc-
ture of a typical hard hadron-hadron collision to study the
UE experimentally. On an event-by-event basis, a leading
object is used to deÞne regions of� -� space that are sen-
sitive to the modeling of the UE, where� is the pseudora-
pidity and� is the azimuthal scattering angle deÞned in the
xy plane. The azimuthal separation between charged parti-
cles and the leading object,�� = � Š � max, is used to
deÞne the UE-sensitive regions. Here� max is the azimuth of
the leading object and� is the azimuth angle of an outgo-
ing charged particle. The regions are labelled as ÔtowardÕ
(|�� | � 60� ), ÔawayÕ (|�� | > 120� ), and ÔtransverseÕ
(60� < |�� | � 120� ). The transverse region can further

TransverseTransverse

Away

Toward

Leading object 
direction

Fig. 1 Illustration of several� regions relative to the leading object
that are sensitive to the underlying event. See the text for the details on
the deÞnitions of the regions

be separated into transMAX and transMIN. On an event-by-
event basis, transMAX (transMIN) is deÞned as the trans-
verse region having the maximum (minimum) of either the
number of charged particles, or scalarpT sum of charged
particles (psum

T ), depending on the quantity under study.
Published UE studies used the charged-particle jet with

the largestpT [16], the dilepton system in DY [20,21], or
tt [22] events as the leading (i.e., the highestpT) objects.
The tunes from CDF and CMS data [9,10] made use of the
charged particle with the largestpT (pmax

T ) as the Òleading
objectÓ, and use only charged particles withpT > 0.5 GeV
and|� | < 0.8 to characterize the UE. The toward region con-
tains the leading object, and the away region is expected to
include the object recoiling against the leading one. Most of
the UE contributions, i.e., PS and MPI, are contained in the
two transverse regions. For events with multiple ISR or FSR
emissions, transMAX often contains a third hard jet, while
both transMAX and transMIN receive contributions from the
MPI and BBR components. Typically, the transMIN observ-
ables are more sensitive to the MPI and BBR components of
the UE.

Observables sensitive to UE contributions are the charged-
particle multiplicity and the charged-particle scalar-pT sum
densities in the� -� space, measured in transMIN and trans-
MAX. The tunes that are constructed by Þtting such UE-
sensitive observables are referred to as ÒUE tunesÓ.

The pythia 8 MC event generator also simulates single-
diffractive (SD) dissociation, double-diffractive (DD) dis-
sociation, central-diffractive (CD), and nondiffractive (ND)
processes [23], which contribute to the inelastic cross section

123



Eur. Phys. J. C (2020) 80 :4 Page 3 of 47 4

in hadron-hadron collisions. In SD, CD, and DD events, one
or both of the beam particles are excited into color singlet
states, which then decay. The SD and DD processes corre-
spond to color singlet exchanges between the beam hadrons,
while CD corresponds to double color singlet exchange with
a diffractive system produced centrally. For ND processes,
color exchanges occur, the outgoing remnants are no longer
color singlets, and a multitude of particles is produced. All
processes except SD are deÞned as nonSD (NSD) processes.
An NSD-enhanced sample is required to have an energy
deposit in both the backward (Š5 < � < Š3) and the for-
ward (3 < � < 5) regions of the detector. The details of
the selection for different types of diffractive events can be
found in Ref. [24].

Generally, MC models such aspythia 8 regularize the
contributions of the primary hard-scattering processes and
MPI to the differential cross section by using a threshold
parameterp0

T. The primary hard-scattering processes and the
MPI are regularized in the same way with this parameter. This
threshold is expected to have a dependence on the center-of-
mass energy of the hadron-hadron collision,

�
s. The thresh-

old at a reference center-of-mass energy
�

s = 7 TeV is
calledpT0Ref . Inpythia 8 the energy dependence is param-
eterized using a power law function with a reference energy
parameters0 and an exponent� . At a given center-of-mass
energy, the amount of MPI depends on the thresholdp0

T,
the PDF, and the overlap of the matter distributions of the
two colliding hadrons. Smaller values ofp0

T result in larger
MPI contributions because of a higher MPI cross section.
Each MPI adds colored partons to the Þnal state, creating a
dense net of color lines that spatially overlap with the Þelds
produced by the partons of the hard scattering and with each
other. All the generated color lines may connect to each other
according to the CR model.

Sincepythia 8 regularizes both the cross section for MPI
and the cross section of collisions with low-pT exchange
using the p0

T parameter, one can model the overall ND
cross section by letting thepT of the primary hard scat-
tering become small. In this simple approach, the UE in a
hard-scattering process is related to MB collisions. At the
same center-of-mass energy, the activity in the UE of a hard-
scattering process is greater than that of an average MB col-
lision. In pythia 8, this is caused by the higher MPI activ-
ity in hard-scattering processes compared to a typical MB
collision. By demanding a hard scattering, one forces the
collision to be more central, i.e., with a small impact param-
eter between the protons, and this increases the probability
of MPI. For MB collisions, peripheral collisions, where the
impact parameter between the two colliding protons is large,
are most common.

Typically MPI interactions contain particles with substan-
tially lower pT (ÒsofterÓ). However, occasionally two hard
2-to-2 parton scatterings can occur within the same hadron-

hadron collision. This is referred to as DPS. Tunes that are
constructed by Þtting DPS-sensitive observables are referred
to as ÒDPS tunesÓ. Ultimately, one universal tune that simul-
taneously accurately describes observables in hard scattering
events, as well as MB collisions, is desirable.

The goals of this paper are to produce improved 13 TeV
pythia 8 tunes with well-motivated parameters, and to pro-
vide an investigation of the possible choices that can be made
in pythia 8 which simultaneously describe a wide range of
UE and MB measurements and are suitable for merged con-
Þgurations, where a ME calculation is interfaced to the sim-
ulation of UE contributions.

3 Comparisons of predictions for UE observables from
previous tunes to measurements at 13 TeV

In this section, comparisons are presented between data col-
lected at

�
s = 13 TeV and predictions from tunes obtained

using Þts to measurements performed at lower center-of-
mass energies. Figure2 displays comparisons of CMS data
at 13 TeV [16] for the transMIN and transMAX charged-
particle psum

T densities, as functions of the leading charged-
particle pmax

T . The data are compared with predictions from
thepythia 8 tunes CUETP8S1-CTEQ6L1 [5], CUETP8M1
[5], and Monash [6].

The CMS Monash-based tune CUETP8M1 does not
describe the central values of the data at

�
s = 13 TeV well,

nor does the original Monash tune. For example, CUETP8M1
and Monash tunes do not predict enough UE activity in the
region with pmax

T > 5 GeV (the ÒplateauÓ region) of trans-
MIN at 13 TeV, with a disagreement of� 10% and� 5%,
respectively. The transMIN observables are very sensitive to
MPI, which suggests that tune CUETP8M1 does not produce
enough charged particles at 13 TeV. In addition, CUETP8M1
does not provide a good Þt to the jet multiplicity in tt produc-
tion either at 8 TeV or at 13 TeV [25,26]. High jet multiplic-
ity tt events are sensitive to the modeling of the ISR. Hence,
CUETP8M1 may not have the proper mixture of MPI and
ISR. The ATLAS collaboration has also observed some dis-
crepancies between the predictions of the A14 tune [12], used
as standard tune for analyses of 7 and 8 TeV data, and the data
at 13 TeV [27].

The CMS UE tunes were constructed by Þtting CDF UE
data at

�
s = 900 GeV and 1.96 TeV, together with CMS UE

data at
�

s = 7 TeV. In Fig.2 the CMS UE tunes provide a
fairly good description of the 13 TeV UE data. Because the
CMS UE tunes were obtained by Þtting UE observables at
various collision energies (

�
s = 900, 1960, and 7000 GeV),

they underestimate the data at
�

s = 13 TeV. This might be
an indication of the need to improve the energy extrapolation
function implemented inpythia 8 [28]. Predictions obtained
with the Monash tune, which is the defaultpythia 8 tune,
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