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Abstract

We present an analysis based on models of the intrinsic transverse momentum of par-
tons in nucleons by studying the dilepton transverse momentum in Drell–Yan events.
Using parameter tuning in event generators and existing data from fixed-target ex-
periments, from the Tevatron, and from the LHC, our investigation spans three or-
ders of magnitude in center-of-mass energy and two orders of magnitude in dilepton
invariant mass. The results show an energy-scaling behavior of the intrinsic trans-
verse momentum parameters, independent of the dilepton invariant mass at a given
center-of-mass energy.
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The description of high-energy hadron-hadron collisions relies on the modeling of the non-
perturbative regime of quantum chromodynamics (QCD). In particular, the modeling of the
intrinsic transverse momenta of partons inside the colliding protons (intrinsic kT) represents
a challenge both experimentally and theoretically. Several approaches exist to describe the
intrinsic kT, including those with transverse-momentum-dependent parton distribution func-
tions (PDFs) [1–3], and those based on first-principle approaches such as lattice QCD [4–6]. The
most widely used frameworks for the description of collision events at the LHC are general-
purpose Monte Carlo (MC) event generators that include parton shower descriptions, such as
PYTHIA 8 [7, 8], HERWIG 7 [9], and SHERPA [10]. They are based on collinear PDFs and usually
model the intrinsic kT as a random variable with a Gaussian distribution, whose width is a
tunable parameter. However, the extracted intrinsic kT parameter does not necessarily corre-
spond to a simple model of nonperturbative physics, but also compensates for deficiencies in
the parton shower model. These considerations motivate the study presented in this Letter.

The region of Drell–Yan (DY) production where the lepton-pair system is produced with low
transverse momentum around a few GeV is especially suited for the study of the intrinsic
kT models as it provides a clean, high-resolution final state, and has been studied widely in
collider experiments [11–23]. Previous studies illustrate the sensitivity of this region to high-
order QCD contributions [24] and include their own treatments of nonperturbative physics
effects [25, 26].

For the results presented in this Letter, we use DY data measured from various types of hadron
collisions at different center-of-mass energies and the corresponding simulations to extract
nonperturbative-QCD information, and to study the interplay between the intrinsic kT param-
eter and the perturbative evolution including the initial-state radiation (ISR). The analysis is
performed with the PYTHIA 8 and HERWIG 7 event generators, which provide different op-
tions of ordering variables and energy thresholds for partonic emissions, and the results are
compared with those of the previous studies with CASCADE [2, 3, 27]. Their models of the un-
derlying event (UE), which consist of multiple-parton interactions (MPI) and beam remnants
(BR), as well as hadronization, ISR and final-state radiation (FSR), have been extensively stud-
ied [28–30]. The measurements of the differential cross section of DY processes as a function of
the dilepton transverse momentum (pT(ℓ

+
ℓ
−)) are summarized in Table 1, in which the proton-

lead (pPb) measurement data were converted for comparison with pp collisions by correcting
for the number of nucleons, and corresponding simulations are used to tune the intrinsic kT

parameter. Tabulated results are provided in the HEPData record for this analysis [31].

Predictions of the DY cross section are produced at next-to-leading order (NLO) using MAD-
GRAPH5 aMC@NLO v3.4.1 [32] and the matrix-element computation is matched to the PYTHIA 8
or HERWIG 7 generator for parton shower and UE activity modeling. The intrinsic kT parame-
ter is tuned without changing any other parameters. We observe that the UE parameters have
a small impact on the DY pT(ℓ

+
ℓ
−) distribution, and that the intrinsic kT parameter has little

effect on the UE observables, as shown in Appendix A. The UE tunes used in this analysis are
based on various PDFs, partonic emission orderings, and settings in MPI and BR modeling, as
listed below:

• PYTHIA 8 tunes: The PYTHIA 8.243 generator is used for the pT-ordered parton
shower and hadronization, and the UE model is parameterized by the CP3, CP4,
or CP5 tune [29]. The three tunes have the strong coupling αS(mZ) set to 0.118, use
NLO strong-coupling evolution, and employ NLO or next-to-NLO (NNLO) PDFs in
the hard scattering, parton showering, ISR, FSR, MPI, and BR modelings.

• HERWIG 7 tunes: The HERWIG 7.1.4 generator is used for the angular-ordered parton
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Table 1: Measurements of the Drell–Yan differential cross section as a function of pT(ℓ
+
ℓ
−) at

various center-of-mass energies
√

s from different hadron-collision processes used as inputs for
the intrinsic kT tunes. The

√
s in pPb collisions represents the nucleon-nucleon center-of-mass

energy. The variable Q represents the energy scale of the hard scattering, approximated by the
dilepton invariant mass. The Z boson mass is denoted as m(Z).

Experiment Collision type
√

s [GeV] Q [GeV]

E866/NuSea [11, 12] pp/pd, fixed target 38.8 4–12.85
R209 [13] pp 62 5–8
PHENIX [14] pp 200 4.8–8.2
D0/CDF [15, 16] pp 1800 m(Z)
D0/CDF [17, 18] pp 1960 m(Z)
CMS [19] pp 2760 m(Z)
ATLAS [20] pp 8000 46–150
CMS [21] pPb 8160 15–120
CMS [22] pp 13000 50–1000
LHCb [23] pp 13000 m(Z)

shower and hadronization, and the CH2 and CH3 tunes [30] are used for the UE
modeling. Both tunes use αS(mZ) = 0.118 with NNLO strong-coupling evolution
and the NNLO NNPDF3.1 PDFs for the parton shower, but different αS and PDF
sets in the MPI and BR modelings.

These UE tunes used measurements at
√

s from 0.9 to 13 TeV by the CDF and CMS experi-
ments, modelling the behavior of UE-sensitive variables across all these energies, as well as the
kinematics of high pT jet, tt and DY production at the CMS.

The intrinsic kT is modeled similarly in PYTHIA and HERWIG by a Gaussian distribution with
tunable parameters. In PYTHIA, the width qs of the Gaussian distribution is related to the
parameter BEAMREMNANTS:PRIMORDIALKTHARD ≃ qs/

√
2, whereas in HERWIG, it is given

by the parameter SHOWERHANDLER:INTRINSICPTGAUSSIAN = qs. Either of these parameters
is referred to as tunable intrinsic kT parameter q in the following.

In each scenario of
√

s given in Table 1, we assume that the DY differential cross section versus
pT(ℓ

+
ℓ
−) depends on q. Simulated samples of events are generated with different choices

of the parameter q sampled from the tuning range, resulting in varied predictions of the DY
differential cross section. The dependence of the cross section on q predicted for each bin in
pT(ℓ

+
ℓ
−) is extracted by interpolating the simulated values, as well as their uncertainty, with

polynomial functions fi(q) and u fi(q)
, respectively, in each bin i of pT(ℓ

+
ℓ
−). The PROFESSOR 2

software [34] is employed to perform the interpolation and compute a goodness of fit (GOF),
based on the χ2 distribution, for quantifying the agreement between the interpolated simulated
values and those measured in the data. The GOF is defined as

χ2(q) = ∑
i

( fi(q)− di)
2

u2
di
+ u2

fi(q)

, (1)

where di and udi
are the cross section and its uncertainty measured in data in bin i, respectively.

For measurements performed at
√

s > 1 TeV, the value of χ2 is obtained by summing over the
bins i that correspond to the low-pT(ℓ

+
ℓ
−) range 0–10 GeV because of its high sensitivity to the

intrinsic kT model. For measurements at
√

s < 1 TeV, the whole range of pT(ℓ
+
ℓ
−) available

in the data, which is below 10 GeV, is considered for computing the value of χ2. For each
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measurement at a given
√

s, the final tuned parameter q is taken to be the one that minimizes
the respective GOF.

The uncertainties in the tuned parameter originate from the variations of the GOF. The uncer-
tainty due to the choice of pT(ℓ

+
ℓ
−) range is estimated as the difference between the resulting

tuned parameter when considering the pT(ℓ
+
ℓ
−) ranges [0, 10] and [0, 15] GeV for

√
s > 1 TeV,

because the transition from the nonperturbative to perturbative contributions takes place ap-
proximately between 10–20 GeV. With regard to the

√
s < 1 TeV cases, this uncertainty is esti-

mated as the difference between the parameter tuned using the range [0 GeV, max(pT)] and [0,
2] GeV (for

√
s = 38.8 GeV) or [0, 4] GeV (for

√
s = 62 and 200 GeV). The uncertainty due to the

choice of the functional form used for the interpolation is taken to be the difference between the
parameter tuned using order-5 polynomials as the central value and that using order-3 polyno-
mials as the systematic deviation. The uncertainty from the limited statistical precision in the
simulation is estimated by substituting the denominator of Eq. (1) with u2

fi(q)
and determining

the parameter values that result in a value of χ2 increased by 1 compared to the minimum. The
contribution from the uncertainty of the measured data is estimated by repeating the tuning
for varied values of the differential DY cross section. These varied values are obtained by sam-
pling from Gaussian distributions centered at the nominal values of measured cross sections
and with standard deviations equal to their uncertainties. The covariance between the un-
certainties contributed by the measured data for different generator setups is estimated from
the covariance between the corresponding tunes obtained from the varied measurements. The
other uncertainty sources are approximately uncorrelated among the tunes. The uncertainty
from the measurement is dominant in most of the tunes, ranging from 2 to 20%, depending on
the measurement precision.

The impact of the center-of-mass energy on the intrinsic kT parameter is investigated by tuning
the generators to the pT(ℓ

+
ℓ
−) measurements for each experimental setup in Table 1. The

results show an energy-scaling behavior of the intrinsic kT parameter for both generators and
all setups, as indicated in Fig. 1. The function q(

√
s) = b

√
s

a
is fitted to the points, with fit

parameters a and log10(b) describing the slope and intercept of the function, respectively. The
same slope a is assumed for all generator setups based on observation, which is supported by
the combined value of χ2

lin. of all linear fits divided by the total number of degrees of freedom
(NDF), χ2

lin./NDF = 1.27, under this assumption and the corresponding p-value [35] of 0.11.
The slope of the fitted function is a = 0.162 ± 0.005. When fitted with free-floating slopes, the
resulting slopes are 0.163 ± 0.006, 0.164 ± 0.006, 0.170 ± 0.008, 0.160 ± 0.008 and 0.155 ± 0.007
for the CP3, CP4, CP5, CH2 and CH3 tunes, respectively, which are compatible with each
other. The generators can be improved by implementing the energy scaling of the intrinsic
kT parameters provided by this analysis.

Besides the intrinsic kT model, the DY pT(ℓ
+
ℓ
−) distribution also receives contributions from

ISR. Therefore, the intrinsic kT parameters in the generators practically compensate the ISR
contribution below the cutoff scale in the tunes to DY measured data. To investigate the ef-
fect of the ISR cutoff scale on the intrinsic kT parameter, we perform an energy-dependent
intrinsic kT tune with a different ISR cutoff scale, controlled by the regularization parameter
SPACESHOWER:PT0REF in PYTHIA and SUDAKOVCOMMON:PTMIN in HERWIG. The tuning
process and determination of the uncertainty follows the same strategy used in the results
shown in Fig. 1 in the PYTHIA CP5 or HERWIG CH3 setups. The SPACESHOWER:PT0REF param-
eter is changed to 1 GeV from the default value of 2 GeV for PYTHIA and the SUDAKOVCOM-
MON:PTMIN parameter is changed to 0.7 GeV from the default value of 1.22 GeV for HERWIG,
such that the simulation can still reasonably describe the observed DY pT(ℓ

+
ℓ
−) distribution

after the intrinsic kT tunes. Lowering the cutoff scale induces more low-energy ISR contribu-
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tions to the low-pT(ℓ
+
ℓ
−) DY distribution.

Figure 2 shows the results of the combined fit for the tuned parameter in the PYTHIA CP5
setup with SPACESHOWER:PT0REF set to 1 GeV and the default case, and those for the tuned
parameter in the HERWIG CH3 setup with SUDAKOVCOMMON:PTMIN set to 0.7 GeV and the
default case. For each generator setting, the function b

√
s

a
is fitted to the points and shown as

a line, allowing various slopes a and offsets log10(b). The χ2
lin./NDF and p-value of the fit are

1.71 and 0.04 for PYTHIA (1.15 and 0.30 for HERWIG), respectively. The reported p-values are the
significance of the χ2 test with 16 degrees of freedom from 20 tuned results and four parameters
to fit, including two slope parameters and two offset parameters. The slope parameters for the
PYTHIA setups are 0.172± 0.009 (default) and 0.170± 0.009 (lower ISR cutoff), and the slopes for
the HERWIG setups are 0.153 ± 0.007 (default) and 0.130 ± 0.009 (lower ISR cutoff). This result
shows that the variation of the ISR threshold in the simulation does not change the energy-
scaling behavior of intrinsic kT tunes, and causes a mild change of the slope only for very low
values of the threshold.

The energy-scaling behavior of the intrinsic kT tunes can lead to deeper insights about the
nonperturbative-QCD contributions in the low-pT(ℓ

+
ℓ
−) region of the DY process after ex-

tracting and comparing the effects of perturbative QCD in the tunes. On the one hand, the
tunes are affected by perturbative-QCD models varying among the generator setups, because
both ISR and intrinsic kT play a role in describing the pT(ℓ

+
ℓ
−) in the DY process. These ef-

fects are demonstrated by the variations of the intercepts of the linear fit, as shown in the fits
in Figs. 1 and 2. Additionally, the PYTHIA and HERWIG generators use different showering
models, PYTHIA using pT-ordered showering and HERWIG using angular-ordered showering,
which leads to more low-energy ISR in the HERWIG generation of DY events and less com-
pensation from the nonperturbative part to model pT(ℓ

+
ℓ
−). Therefore, the intercepts in the

HERWIG fit are smaller than those for the PYTHIA fit in Fig. 1. On the other hand, the slopes
of the linear fits are similar for the various PYTHIA and HERWIG tunes in combination with the
DY matrix element computed at NLO, despite their differences in the PDF, the order in the
parton shower, and the cutoff scale of showering. Stable under variations of perturbative-QCD
modeling and hard-scattering scales, this energy-scaling behavior potentially originates from
nonperturbative-QCD effects, pointing to the need for further theoretical investigation. The ad-
justment of intrinsic kT under higher-order or resummed Drell–Yan matrix elements and their
corresponding energy-scaling behaviors presents a compelling avenue for future research, as
nonperturbative-QCD effects are increasingly incorporated into these matrix elements.

A different approach to modeling the intrinsic kT is implemented in the CASCADE genera-
tor [27] (“CAS3” in Fig. 1), which accounts for the effect of low-energy gluons with a nonper-
turbative Sudakov form-factor [26], using the parton branching method [1, 2]. The CASCADE

generator predicts an intrinsic kT [2, 3] that, compared with PYTHIA and HERWIG, is less depen-
dent on the collider energy as shown in Fig. 1. The energy scaling of the intrinsic kT parameters
in the PYTHIA and HERWIG models may be necessary to account for nonperturbative and low-
energy gluon emissions not included in the parton showers.

To explore the dependence of intrinsic kT parameters on the DY hard-scattering scale Q, tun-
ings are performed using the DY differential cross section versus pT(ℓ

+
ℓ
−) in exclusive ranges

of dilepton invariant mass m(ℓ+ℓ−) for
√

s = 38.8 GeV, and 8, 8.16, and 13 TeV, in which mea-
surements in multiple m(ℓ+ℓ−) ranges are available. As shown in Fig. 3, the intrinsic kT tunes
of either PYTHIA (CP5) or HERWIG (CH2) are similar for various m(ℓ+ℓ−) ranges at the same√

s, which leads to the hypothesis that the intrinsic kT parameter is identical for all the m(ℓ+ℓ−)
ranges at a fixed

√
s. Figure 3 shows the results of a constant fit to the tuned parameter val-
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at each
√

s. This indicates the independence of the intrinsic kT on the longitudinal momentum
fractions of the quarks in colliding hadrons in Drell–Yan processes.
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A Decoupling the underlying-event and Drell–Yan dilepton trans-

verse momentum descriptions

The analysis in this chapter shows the mutual influence of the intrinsic kT tune on the
underlying-event (UE) description, and vice versa. The results of approximate decoupling of
the two parts rationalize the studies in the main text of tuning the intrinsic kT using fixed UE
tunes. Our baseline is the PYTHIA CP5 UE tune [29], recently developed by the CMS Collabora-
tion, for which five parameters controlling multiple-parton interactions and color reconnection
were varied. This tune was obtained using UE data measured by CDF and CMS at center-of-
mass energies of 1.96, 7 and 13 TeV.

To assess the impact of the UE parameterization on the Drell–Yan (DY) dilepton transverse
momentum (pT(ℓ

+
ℓ
−)) spectrum, we generated DY samples and their pT(ℓ

+
ℓ
−) distributions

with the intrinsic kT parameter fixed to the tuned result and the UE parameters set to either
the CP5 tune-up or tune-down variation. The difference between the two predictions reflects
the effects of the UE-tune uncertainty on the DY pT(ℓ

+
ℓ
−) spectrum, shown as red bands in

Fig. A.1 (left), which are much smaller than the uncertainty from the intrinsic kT variations
shown as violet bands.

Similarly, we studied the impact of the intrinsic kT variation on observables that are sensitive to
the UE models and have been used to obtain the CP5 tune. With the UE parameters fixed to the
CP5 tune, we generated minimum-bias events with the tuned intrinsic kT parameter, shown
as violet markers in Fig. A.1 (right). The intrinsic kT tune uncertainty was estimated from the
difference between the tune-up and -down variations, represented as the violet band in Fig. A.1
(right). Compared with the UE tune uncertainty represented by the red band, the impact of the
intrinsic kT variations on UE-sensitive observables is small. The results shown in Fig. A.1 imply
that the parameter space for UE and intrinsic kT can be factorized.

Besides the intrinsic kT model, also the lower cutoff scale of initial state radiation (ISR)
(SPACESHOWER:PT0REF in PYTHIA) affects the DY pT(ℓ

+
ℓ
−) distribution, as indicated in the

main text and shown in Fig. 2. However, the UE observables are sensitive to the ISR cutoff
scale. The combined tune of the intrinsic kT parameter and the cutoff scale of ISR to the DY
pT(ℓ

+
ℓ
−) distribution alters the UE observable, which is shown as the blue markers in Fig. A.1

(right). For the purpose of decoupling the intrinsic kT study from the UE modeling when inves-
tigating its scaling behavior with the collision energy and hard-scattering scale, the parameter
for the ISR cutoff is fixed to its default value in the studies shown in Figs. 1 and 3.

In summary, the study assesses the mutual impacts of the variation of the intrinsic kT tune
on the UE, and that of the UE tune on the DY transverse momentum, and concludes that the
impacts are negligible, which supports our approach of tuning the intrinsic kT parameters with
fixed UE parameters.

B Tuning results

Table B.1 gives the tuning results shown in Fig. 1. Tables B.2 and B.3 give the tuning results
corresponding to the entries “CP5 SpaceShower:pT0Ref = 1 GeV” and “CH3 SudakovCom-
mon:pTmin = 0.7 GeV” in Fig. 2, respectively. Table B.4 gives the tuning results shown in Fig. 3.
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Table B.1: Tune results for the BEAMREMNANTS:PRIMORDIALKTHARD parameter in PYTHIA 8
and the SHOWERHANDLER:INTRINSICPTGAUSSIAN parameter in HERWIG 7, taking into ac-
count the uncertainty from tune ranges (range) and the functions for interpolation (int.).

√
s Generator setup Tune result ± MC stat. ± data unc. ± range ± int.

38.8 GeV PYTHIA 8 CP5 0.988 ± 0.0008 ± 0.029 ± 0.022 ± 0.015
PYTHIA 8 CP4 0.993 ± 0.0008 ± 0.029 ± 0.017 ± 0.009
PYTHIA 8 CP3 0.990 ± 0.004 ± 0.03 ± 0.017 ± 0.020

HERWIG 7 CH2 0.829 ± 0.0005 ± 0.017 ± 0.010 ± 0.06
HERWIG 7 CH3 0.830 ± 0.0005 ± 0.017 ± 0.010 ± 0.026

62 GeV PYTHIA 8 CP5 1.24 ± 0.0008 ± 0.07 ± 0.0015 ± 0.06
PYTHIA 8 CP4 1.24 ± 4 × 10−8 ± 0.06 ± 0.0012 ± 0.006
PYTHIA 8 CP3 1.23 ± 0.0009 ± 0.06 ± 0.0010 ± 0.012

HERWIG 7 CH2 0.94 ± 0.0006 ± 0.05 ± 0.0012 ± 0.024
HERWIG 7 CH3 0.93 ± 0.0006 ± 0.04 ± 0.0014 ± 0.019

200 GeV PYTHIA 8 CP5 1.47 ± 0.0022 ± 0.08 ± 0.005 ± 0.06
PYTHIA 8 CP4 1.54 ± 0.0024 ± 0.09 ± 0.003 ± 0.004
PYTHIA 8 CP3 1.54 ± 0.0024 ± 0.09 ± 0.003 ± 0.022

HERWIG 7 CH2 1.14 ± 0.0014 ± 0.06 ± 0.003 ± 0.018
HERWIG 7 CH3 1.15 ± 0.0015 ± 0.06 ± 0.005 ± 0.004

1.8 TeV PYTHIA 8 CP5 1.93 ± 0.012 ± 0.11 ± 0.02 ± 0.015
PYTHIA 8 CP4 1.94 ± 0.013 ± 0.12 ± 0.04 ± 0.0005
PYTHIA 8 CP3 2.09 ± 0.013 ± 0.12 ± 0.03 ± 0.007

HERWIG 7 CH2 1.52 ± 0.014 ± 0.12 ± 0.03 ± 0.0024
HERWIG 7 CH3 1.52 ± 0.014 ± 0.13 ± 0.03 ± 0.010

1.96 TeV PYTHIA 8 CP5 1.88 ± 0.017 ± 0.08 ± 0.10 ± 0.009
PYTHIA 8 CP4 1.93 ± 0.018 ± 0.08 ± 0.03 ± 0.009
PYTHIA 8 CP3 2.03 ± 0.019 ± 0.08 ± 0.03 ± 0.008

HERWIG 7 CH2 1.41 ± 0.023 ± 0.10 ± 0.08 ± 0.0019
HERWIG 7 CH3 1.42 ± 0.021 ± 0.09 ± 0.024 ± 0.021

2.76 TeV PYTHIA 8 CP5 2.36 ± 0.022 ± 0.3 ± 0.005 ± 0.005
PYTHIA 8 CP4 2.39 ± 0.020 ± 0.3 ± 0.024 ± 0.013
PYTHIA 8 CP3 2.35 ± 0.023 ± 0.3 ± 0.004 ± 0.007

HERWIG 7 CH2 1.87 ± 0.03 ± 0.5 ± 0.06 ± 0.003
HERWIG 7 CH3 1.9 ± 0.03 ± 0.4 ± 0.18 ± 0.018

8 TeV PYTHIA 8 CP5 2.64 ± 0.006 ± 0.0251 ± 0.06 ± 0.0016
PYTHIA 8 CP4 2.62 ± 0.008 ± 0.022 ± 0.04 ± 0.006
PYTHIA 8 CP3 2.50 ± 0.008 ± 0.012 ± 0.03 ± 0.026

HERWIG 7 CH2 1.89 ± 0.008 ± 0.015 ± 0.05 ± 0.007
HERWIG 7 CH3 1.89 ± 0.007 ± 0.009 ± 0.05 ± 0.007

8.16 TeV PYTHIA 8 CP5 2.66 ± 0.029 ± 0.14 ± 0.02 ± 0.015
PYTHIA 8 CP4 2.63 ± 0.029 ± 0.16 ± 0.023 ± 0.013
PYTHIA 8 CP3 2.62 ± 0.029 ± 0.13 ± 0.015 ± 0.007

HERWIG 7 CH2 1.96 ± 0.03 ± 0.19 ± 0.06 ± 0.027
HERWIG 7 CH3 1.96 ± 0.03 ± 0.17 ± 0.09 ± 0.02

13 TeV PYTHIA 8 CP5 2.648 ± 0.006 ± 0.027 ± 0.028 ± 0.04
(CMS) PYTHIA 8 CP4 2.654 ± 0.006 ± 0.027 ± 0.08 ± 0.004

PYTHIA 8 CP3 2.619 ± 0.006 ± 0.028 ± 0.05 ± 0.009
HERWIG 7 CH2 2.05 ± 0.03 ± 0.04 ± 0.03 ± 0.035
HERWIG 7 CH3 2.03 ± 0.03 ± 0.04 ± 0.021 ± 0.010

13 TeV PYTHIA 8 CP5 2.66 ± 0.009 ± 0.06 ± 0.13 ± 0.0007
(LHCb) PYTHIA 8 CP4 2.67 ± 0.009 ± 0.06 ± 0.10 ± 0.003

PYTHIA 8 CP3 2.62 ± 0.009 ± 0.06 ± 0.11 ± 0.00007
HERWIG 7 CH2 1.99 ± 0.04 ± 0.06 ± 0.05 ± 0.04
HERWIG 7 CH3 1.99 ± 0.06 ± 0.14 ± 0.16 ± 0.06
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Table B.2: Tune results for the BEAMREMNANTS:PRIMORDIALKTHARD parameter in PYTHIA 8
with the CP5 tune setup. The parameter SPACESHOWER:PT0REF was set to 1 GeV.

√
s Tune result ± MC stat. ± data unc. ± range ± int.

38.8 GeV 0.929 ± 0.001 ± 0.03 ± 0.015 ± 0.0005
62 GeV 1.16 ± 1.8 × 10−10 ± 0.07 ± 0.0014 ± 0.00018

200 GeV 1.37 ± 0.003 ± 0.09 ± 0.006 ± 0.003
1.8 TeV 1.66 ± 0.013 ± 0.08 ± 0.007 ± 0.016

1.96 TeV 1.51 ± 0.016 ± 0.11 ± 0.18 ± 0.08
2.76 TeV 2.2 ± 0.026 ± 0.3 ± 0.006 ± 0.025

8 TeV 2.51 ± 0.04 ± 0.03 ± 0.008 ± 0.04
8.16 TeV 2.51 ± 0.05 ± 0.20 ± 0.021 ± 0.14

13 TeV (CMS) 2.54 ± 0.008 ± 0.04 ± 0.09 ± 0.0024
13 TeV (LHCb) 2.52 ± 0.014 ± 0.09 ± 0.17 ± 0.0021

Table B.3: Tune results for the SHOWERHANDLER:INTRINSICPTGAUSSIAN parameter in HER-
WIG 7 with the CH3 tune setup. The parameter SUDAKOVCOMMON:PTMIN was set to 0.7 GeV.

√
s Tune result ± MC stat. ± data unc. ± range ± int.

38.8 GeV 0.742 ± 0.0010 ± 0.024 ± 0.0010 ± 0.004
62 GeV 0.80 ± 0.00021 ± 0.04 ± 0.0020 ± 0.00024
200 GeV 1.00 ± 0.0018 ± 0.06 ± 0.004 ± 0.0023
1.8 TeV 1.16 ± 0.024 ± 0.18 ± 0.06 ± 0.07

1.96 TeV 0.95 ± 0.025 ± 0.10 ± 0.012 ± 0.005
2.76 TeV 1.60 ± 0.018 ± 0.23 ± 0.10 ± 0.24

8 TeV 1.395 ± 0.07 ± 0.17 ± 0.14 ± 0.08
8.16 TeV 1.47 ± 0.028 ± 0.17 ± 0.03 ± 0.04

13 TeV (CMS) 1.71 ± 0.025 ± 0.016 ± 0.00017 ± 0.07
13 TeV (LHCb) 1.60 ± 0.06 ± 0.08 ± 0.13 ± 0.05
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Table B.4: Results of the tune to various ranges of the m(ℓ+ℓ−) for values of
√

s of 38.8 GeV and
8, 8.16, and 13 TeV.

√
s m(ℓ+ℓ−) range Tune result ± MC stat. and data unc. ± range ± int.

PYTHIA CP5 HERWIG CH2

38.8 GeV 4.2 – 5.2 GeV 0.99 ± 0.05 ± 0.020 ± 0.010 0.82 ± 0.03 ± 0.011 ± 0.05
5.2 – 6.2 GeV 1.03 ± 0.06 ± 0.020 ± 0.025 0.85 ± 0.03 ± 0.010 ± 0.09
6.2 – 7.2 GeV 1.07 ± 0.08 ± 0.010 ± 0.20 0.88 ± 0.05 ± 0.010 ± 0.11
7.2 – 8.7 GeV 0.92 ± 0.04 ± 0.025 ± 0.005 0.80 ± 0.03 ± 0.016 ± 0.05

10.2 – 12.85 GeV 0.87 ± 0.31 ± 0.18 ± 0.16 0.81 ± 0.23 ± 0.09 ± 0.06

8 TeV 46 – 66 GeV 2.36 ± 0.17 ± 0.0016 ± 0.05 2.15 ± 0.27 ± 0.03 ± 0.07
66 – 116 GeV 2.51 ± 0.07 ± 0.017 ± 0.05 1.95 ± 0.05 ± 0.04 ± 0.011

116 – 150 GeV 2.70 ± 0.33 ± 0.13 ± 0.17 2.1 ± 0.4 ± 0.0005 ± 0.006

8.16 TeV 15 – 60 GeV 3.0 ± 0.4 ± 0.19 ± 0.10 2.2 ± 0.3 ± 0.10 ± 0.11
60 – 120 GeV 2.61 ± 0.13 ± 0.033 ± 0.009 1.89 ± 0.18 ± 0.08 ± 0.003

13 TeV 50 – 76 GeV 2.65 ± 0.07 ± 0.06 ± 0.017 1.91 ± 0.14 ± 0.02 ± 0.007
76 – 106 GeV 2.66 ± 0.03 ± 0.08 ± 0.003 2.05 ± 0.05 ± 0.02 ± 0.01

106 – 170 GeV 2.59 ± 0.07 ± 0.11 ± 0.03 2.34 ± 0.23 ± 0.07 ± 0.16
170 – 350 GeV 2.65 ± 0.16 ± 0.07 ± 0.007 1.90 ± 0.16 ± 0.16 ± 0.02

350 – 1000 GeV 2.17 ± 0.4 ± 0.018 ± 0.017 1.8 ± 0.4 ± 0.13 ± 0.03
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G. Parida , L. Pétré , D. Pinna, A. Savin, V. Shang , V. Sharma , W.H. Smith , D. Teague,
H.F. Tsoi , W. Vetens , A. Warden

Authors affiliated with an institute or an international laboratory covered by a cooperation
agreement with CERN
S. Afanasiev , V. Alexakhin , D. Budkouski , I. Golutvin† , I. Gorbunov , V. Kar-
javine , V. Korenkov , A. Lanev , A. Malakhov , V. Matveev94 , V. Palichik ,
V. Perelygin , M. Savina , V. Shalaev , S. Shmatov , S. Shulha , V. Smirnov ,
O. Teryaev , N. Voytishin , B.S. Yuldashev95, A. Zarubin , I. Zhizhin , G. Gavrilov ,
V. Golovtcov , Y. Ivanov , V. Kim94 , P. Levchenko96 , V. Murzin , V. Oreshkin ,
D. Sosnov , V. Sulimov , L. Uvarov , A. Vorobyev†, Yu. Andreev , A. Dermenev ,
S. Gninenko , N. Golubev , A. Karneyeu , D. Kirpichnikov , M. Kirsanov ,
N. Krasnikov , I. Tlisova , A. Toropin , T. Aushev , V. Gavrilov , N. Ly-
chkovskaya , A. Nikitenko97,98 , V. Popov , A. Zhokin , R. Chistov94 , M. Danilov94 ,
S. Polikarpov94 , V. Andreev , M. Azarkin , M. Kirakosyan, A. Terkulov , E. Boos ,
V. Bunichev , M. Dubinin84 , L. Dudko , V. Klyukhin , O. Kodolova98 , O. Lukina ,
S. Obraztsov , M. Perfilov, S. Petrushanko , V. Savrin , A. Snigirev , V. Blinov94,



33

T. Dimova94 , A. Kozyrev94 , O. Radchenko94 , Y. Skovpen94 , V. Kachanov , D. Kon-
stantinov , S. Slabospitskii , A. Uzunian , A. Babaev , V. Borshch , D. Druzhkin99

Authors affiliated with an institute formerly covered by a cooperation agreement with CERN
V. Chekhovsky, V. Makarenko

†: Deceased
1Also at Yerevan State University, Yerevan, Armenia
2Also at TU Wien, Vienna, Austria
3Also at Ghent University, Ghent, Belgium
4Also at Universidade do Estado do Rio de Janeiro, Rio de Janeiro, Brazil
5Also at Universidade Estadual de Campinas, Campinas, Brazil
6Also at Federal University of Rio Grande do Sul, Porto Alegre, Brazil
7Also at UFMS, Nova Andradina, Brazil
8Also at University of Chinese Academy of Sciences, Beijing, China
9Also at China Center of Advanced Science and Technology, Beijing, China
10Also at University of Chinese Academy of Sciences, Beijing, China
11Also at China Spallation Neutron Source, Guangdong, China
12Now at Henan Normal University, Xinxiang, China
13Also at Nanjing Normal University, Nanjing, China
14Now at The University of Iowa, Iowa City, Iowa, USA
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University, Budapest, Hungary
33Also at HUN-REN Wigner Research Centre for Physics, Budapest, Hungary
34Also at Physics Department, Faculty of Science, Assiut University, Assiut, Egypt
35Also at Punjab Agricultural University, Ludhiana, India
36Also at University of Visva-Bharati, Santiniketan, India
37Also at Indian Institute of Science (IISc), Bangalore, India
38Also at IIT Bhubaneswar, Bhubaneswar, India
39Also at Institute of Physics, Bhubaneswar, India
40Also at University of Hyderabad, Hyderabad, India
41Also at Deutsches Elektronen-Synchrotron, Hamburg, Germany



34

42Also at Isfahan University of Technology, Isfahan, Iran
43Also at Sharif University of Technology, Tehran, Iran
44Also at Department of Physics, University of Science and Technology of Mazandaran,
Behshahr, Iran
45Also at Department of Physics, Faculty of Science, Arak University, ARAK, Iran
46Also at Helwan University, Cairo, Egypt
47Also at Italian National Agency for New Technologies, Energy and Sustainable Economic
Development, Bologna, Italy
48Also at Centro Siciliano di Fisica Nucleare e di Struttura Della Materia, Catania, Italy
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69Also at Marmara University, Istanbul, Turkey
70Also at Milli Savunma University, Istanbul, Turkey
71Also at Kafkas University, Kars, Turkey
72Now at Istanbul Okan University, Istanbul, Turkey
73Also at Hacettepe University, Ankara, Turkey
74Also at Erzincan Binali Yildirim University, Erzincan, Turkey
75Also at Istanbul University - Cerrahpasa, Faculty of Engineering, Istanbul, Turkey
76Also at Yildiz Technical University, Istanbul, Turkey
77Also at Vrije Universiteit Brussel, Brussel, Belgium
78Also at School of Physics and Astronomy, University of Southampton, Southampton, United
Kingdom
79Also at IPPP Durham University, Durham, United Kingdom
80Also at Monash University, Faculty of Science, Clayton, Australia
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