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Abstract Understanding the intrinsic transverse momen-
tum (intrinsic-kt) of partons within colliding hadrons, typi-
cally modeled with a Gaussian distribution characterized by a
specific width (the intrinsic-ktwidth), has been an extremely
challenging issue. This difficulty arises because event gen-
erators like PYTHIAS require an intrinsic-kt width that unex-
pectedly varies with collision energy, reaching unphysical
values at high energies. This paper investigates the under-
lying physics behind this energy dependence in PYTHIAS,
revealing that it arises from an interplay between two non-
perturbative processes: the internal transverse motion of par-
tons and non-perturbative soft gluon emissions. These contri-
butions are most constrained in the production of Drell-Yan
pairs with very low transverse momentum, where soft gluon
effects become increasingly prominent with rising collision
energy-contrary to initial expectations. Through a detailed
analysis of the Sudakov form factor and its influence on
intrinsic-kt width, we clarify the observed energy scaling
behavior in PYTHIAS, providing insight into a longstanding
issue in parton shower modeling.

1 Introduction

A parton in the initial state within a hadron has longitudi-
nal momentum in the direction of the hadron to which it
belongs, but it also possesses a certain momentum perpendic-
ular to the hadrons flight direction due to its internal motion
(intrinsic-kT) inside the hadron. Studies of intrinsic-kt dis-
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tributions have been recently published by several groups
and collaborations [1-3]. While the Parton Branching (PB)
method [4,5], which uses Transverse Momentum Dependent
(TMD) parton distributions, can describe the Drell-Yan (DY)
pair cross section [6,7] as a function of the transverse momen-
tum, pt(££), an intrinsic-kt distribution that remains nearly
independent of /s (as shown in [1]) has been observed. How-
ever, in parton-shower-based Monte Carlo event generators
(MC) like PYTHIAS [8,9] and HERWIG [10], the width of
the intrinsic-kT distribution depends on the center-of-mass
energy, /s, and increases with it [11,12]. In Ref. [2] it was
shown that by excluding the non-perturbative region, near the
soft-gluon resolution boundary in the PB method approach,
a dependence of the width of the intrinsic-kt distribution
on /s is observed and has similar dependence as in parton
shower MCs.

The main aim of this study is to understand the physical
reason for the /s-dependent width of the intrinsic-kt dis-
tribution in PYTHIA8 by requiring, that the region which is
not strongly influenced by such non-perturbative contribu-
tions is well constrained, so that by varying the width of the
intrinsic-kT distribution, it stays stable and provides a good
description of data.

This paper is organized as follows: In the first part of
Sect. 2 we discuss recent studies of the internal transverse
momentum of the partons, which serve as a guide for follow-
ing investigations. Additionally, we highlight the importance
of the intrinsic-kT on the transverse momentum of the DY
pairs. In the second part of Sect. 2 we discuss how the shape
of the predicted DY cross section as a function of pr(££)
changes with the choice of the selected PYTHIAS tunes, focus-
ing on the transition region between non-perturbative and
perturbative parts, which is less influenced by the choice of
the intrinsic-kT width. Section 3 describes how fits to DY
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data are performed and how the width of the intrinsic-kt
distribution is determined. In Sect. 4, we discuss in detail
the influence of soft parton emissions on the obtained values
of the width of the intrinsic-kT distribution, which can be
interpreted as the interplay between the internal transverse
motion and the soft gluon emissions at very low DY trans-
verse momenta.

2 Low transverse momentum distribution of Drell-Yan
pairs

While the longitudinal momentum of partons inside the col-
liding hadrons is linked to the energy of the hadron, the inter-
nal motion of the partons inside the hadron results in a small
transverse momentum (intrinsic-k1), which is believed to be
connected to the hadron, but independent of the hadron’s
longitudinal momentum.

This intrinsic-kT is introduced as a non-perturbative
parameter and is, for simplicity, treated as a Gaussian dis-
tribution with a width of o, e_k%/ "2, which is multiplied by
the parton density function at the starting scale.

2.1 The impact of the intrinsic-kT on the transverse
momentum of DY pairs

In Ref. [1], the width of the intrinsic-kT distribution, o, was
determined using the PB method [6,7] and it was shown, that
o has little to no dependence on the center-of-mass energy,
/5. In the PB method, by construction, all the soft gluon
emissions were taken into account since the minimal trans-
verse momentum of a parton emitted at any branching is close
to zero. This condition is essential for obtaining collinear
parton densities, which are consistent with collinear factor-
ization.

However, this result is different from the results obtained
from parton shower Monte Carlo event generators [11,12]
where a center-of-mass energy dependence of the width of the
intrinsic transverse momentum distribution was observed.
In the recent paper of the CMS Collaboration [3], the \/s-
dependence of the intrinsic-kT width was confirmed for the
event generators PYTHIAS (for tunes CP3, CP4 and CP5 [13])
and HERWIG (for tunes CH1 and CH2 [14]).

In the following we show that in parton shower event
generators the /s-dependence of the intrinsic-kt width, o,
is coming from the suppression of small pr emission by
a detailed study of the low transverse momentum distribu-
tions of the DY pairs. Next-to-leading order (NLO) calcu-
lations of inclusive DY production' are performed using
MCatNLO [15] including a calculation of the subtraction

! Since we are focussing on small pt(£€) we do not consider higher
order o contributions, which play a role at higher pr(£¢) only.
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terms relevant for the use of the PYTHIAS parton shower. The
final simulation is performed with parton showers simulated
by PYTHIAS. The NNPDF3.1 NLO collinear parton densi-
ties [16] are employed for the hard process calculation. The
hard scale of the process, i, is set to the Drell-Yan invariant
mass 4 = mpy. Predictions are compared with experimen-
tal data obtained at different collision energies, aiming to
determine the best value for the width of the intrinsic-kt dis-
tribution and to investigate the origin of its center-of-mass
energy dependence.

The parameter that controls small pt emissions in
PYTHIAS is the initial-state-radiation (ISR) cut-off scale,
SPACESHOWER : pTORef which has default value of 2 GeV.
We study the energy dependence of the width of the intrinsic-
kt distribution for the three values of the ISR cutoff scale:
SPACESHOWER : pTORef =2, 1 and 0.5 GeV (in the fol-
lowing abbreviated as pTORef). The intrinsic-kT width in
the Gaussian distribution, o, corresponds to the parame-
ter denoted as BeamRemnants :primodialkThard in
PYTHIAS.

Figure 1 illustrates the impact of intrinsic-kT on the
transverse momentum distribution of DY pairs, pr(££), in
the Z-peak region obtained from proton—proton collisions
at 13 TeV using the default settings from PYTHIAS for
the two values of ISR cutoff parameter: the default one,
pTORef =2 GeV, and pt ORef =0.5 GeV (all other param-
eters are set to the Monash 2013 tune [17]).

As shown in the figure, the impact of intrinsic-kT is great-
est at the lowest DY pair transverse momenta. The figure also
shows that by reducing the ISR cutoff parameter, the sensi-
tivity on intrinsic-kT decreases. Furthermore, it indicates that
the effect of the intrinsic-kt distribution on pt(££) above 3—
4 GeV is minimal, suggesting that this range could be used
for tuning other parameters, in particular, the PDF set, the o
value and ordering in PDFs as well as in showers.

In the following, we illustrate how the most recent DY
cross section measurements as a function of pt(¢£) obtained
athigh center-of-mass energy from LHC, /s = 13 TeV [18],
is described by PYTHIA8 using various parameter settings and
tunes.

2.2 Optimal settings in PYTHIA8

The default setting in PYTHIAS is based on the Monash 2013
tune [17], which is used to model the initial- and final-state
radiation (ISR and FSR), multiparton interactions (MPI), and
hadronization. The NNPDF2.3 LO [19] parton density, with
a strong coupling value of as(mz) = 0.130, is used. How-
ever, a different strong coupling of as(mz) = 0.1365 is used
for ISR and FSR. The default value of the ISR cutoff param-
eter is pTORef=2.0 GeV, and the width of the intrinsic-k1
distribution is set to 0 = 1.8 GeV.
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Fig. 1 The DY cross section as a function of pr(£€) in the Z-peak
region obtained by the default settings of PYTHIAS8 for proton—proton
interactions at /s = 13 GeV for the two ISR cutoff parameter values,
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Fig. 2 Comparison of the LHC DY cross-section measurement as a
function of pr(¢€) in the Z-peak region from proton—proton colli-
sions at /s = 13 GeV GeV[18] with PYTHIA8 using the Monash and
CP5 tunes as well as a intrinsic kt-optimized configuration. The value
pTORef = 0.5 GeV has been used and the width of the intrinsic-k1
distribution has been adjusted to provide the best description of the
measurement

The CP5 tune [13] is the main tune for the underlying
event (UE) in the CMS collaboration for RUN-2 data and
is used for studying energy scaling behaviour in [3]. It uses
a strong coupling value of as(mz) = 0.118 and the NLO
strong coupling evolution. The settings use NLO or NNLO
PDFs for ISR, FSR and MPI. The ISR cutoff parameter is set
to pTORef = 2.0 GeV, and the intrinsic-kT width is set to
o = 1.8 GeV.

In Fig. 2, the predictions using the Monash 2013 and
CP5 tunes are compared to the measurement [18], with

1 101

pr(£6) [GeV]

pTORef=2 GeV(left) and pTORef=0.5 GeV(right), with different o
values of 0.5, 1.0, 1.5, 2.0, 2.5 and 3.0 GeV. The binning follows the
measurement in Ref. [18]

pTORef=0.5 GeV (the minimal value accessible in
PYTHIAS) and adjusting the width of the intrinsic-kT dis-
tribution to best describe the cross section measurements at
lowest measured pr(£€). One can observe, that using the
CP5 tune leads to an overestimation of the cross section in
the region of 2-5 GeV while using the Monash tune results
in an underestimation of the cross section in this region.?
By changing the value of ag(mz) = 0.130 in the Monash
tune, an excellent description is achieved. In the following,
we take this value and label it as the intrinsic kt-optimized
tune, where the intrinsic-kt width is adjusted depending on
J5.

The intrinsic kr-optimized tune prediction provides a very
good description even at very low DY pair invariant mass
when the intrinsic-ktT width is adjusted. Figure 3 shows a
comparison between the prediction and measurements of the
DY pair cross section as a function of pt(££) obtained from
/5 =200GeV [21] and /s = 38.8 GeV [22] for the ranges
7 <m(l) < 8GeV and 4.8 < m(£f) < 8.2 GeV, respec-
tively. The figure shows a very good agreement between the
data and the prediction with a reasonable values of x2/NDF
as indicated in the figure. The adjusted o values, obtained
through the procedure described in the next section, are also
provided.

3 Determination of the intrinsic-kt width

As demonstrated in the previous section, low-energy and
high-energy measurements of DY cross sections are well

2 «CMS Tune MonashStar”, alias CUETP8M1-NNPDF2.3LO [20], an
underlying-event tune based on the Monash 2013 tune gives similar
results as the default tune in PYTHIA8. Similar results as in CP5 are
obtained using CP3 and CP4 tunes [13].
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Fig. 3 Comparison of the DY cross section measurement as a function of pr(/l) in the low invariant mass region at /s = 200 GeV [21] (left) and

at /s = 38.8 GeV [22] (right) with intrinsic kt-optimized tune, using pTORef =
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Fig. 4 Xz(primodialkThard) — Xéin distribution obtained from
the comparison of CMS measurements at /s = 13 TeV [18] with the
intrinsic kt-optimized tune prediction for pTORef =2 GeV(left). The
green line represents the result of the fit using a cubic spline function
interpolated through the points. The position of the minimum corre-

described using the intrinsic kr-optimized tune with an
adjusted value of o. In this section, we outline the proce-
dure for determining the optimal value of o. The width of the
intrinsic-kt distribution is determined by fitting the predicted
cross section to the measured DY cross section as a function
of p(££). The prediction is obtained using MCatNLO sup-
plemented with parton showers from intrinsic kt-optimized
tune. The generated events are passed through the Rivet pack-
age [23] for a detailed comparison with the measurement.
The predictions are based on a width of the intrinsic-kt dis-
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0.5 GeV. The adjusted values of o are displayed
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sponds to the tuned parameter o, and the red line at x2 — x%in
indicates its uncertainty. The right plot shows the minimum y2/NDF
obtained in the Z-peak region as a function of pTORef for different
tunes

tribution, which is adjusted to minimize X21
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where m; and p; are measured and predicted cross sec-
tions for the i-th bin, n is the number of bins from the
pr(£0) distribution used to evaluate the x2. The value of
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Fig. 5 The cross section as a function of pr(££) in the Z-peak region,
obtained from proton—proton collisions at /s = 13 TeV [18], com-
pared with intrinsic kt-optimized tune. (Left): Predictions using differ-
ent pTORef values, with the intrinsic-kt width adjusted accordingly.

BeamRemnants : primodialkThard (inthe figures and
formulas denoted as primodialkThard for brevity) for
which the x? distribution, fitted with a cubic spline function
interpolated through the points, has a minimum is taken to
be the width, o, of the intrinsic-kt contribution. The exper-
imental uncertainties are treated as uncorrelated (since most
published experimental data do not provide an uncertainty
breakdown) and are added in quadrature to the uncertainty
from the model prediction to obtain the total uncertainty s;
for bin i.

The uncertainty of the tuned value of o is estimated as the
range of primodialkThard for which x2 — Xéin =1,as
illustrated by the red line in the left part of Fig. 4. The right
part of Fig. 4 shows the obtained values of x2/NDF, calcu-
lated from predictions obtained using the Monash, CP5 and
intrinsic kr-optimized tunes. In the following we consider
only the intrinsic k-optimized tune for which x2/NDF has
areasonable value. The number of degrees of freedom (NDF)
is equal to the number of bins used in the x 2 calculation. The
upper value of the pt(€£) used for the %2 calculation was set
to 8 GeV when applicable. Figure 4 shows that x 2 is signifi-
cantly improved using intrinsic kt-optimized tune compared
to the other tunes.

4 The impact of soft gluon emissions

In a parton shower language, the Sudakov form factor
A(Q?, Q%) is central to the splitting process, as it gives the
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(Right): Prediction using pTORef = 2.0 GeV with both the optimal
and “wrong” intrinsic-kt width (the “wrong” width is the one that was
obtained as an optimal one for pTORef = 0.5 GeV). The intrinsic-kt
width o as well as the obtained x? are given in the figures

probability of no radiation between the scales Q% and Q%.
For backward evolution in a parton shower it is:

03 2y 402
tog 85 (0}, 03 = - Y [ T E0E

2 2 Q7
“dyn X' fp(x', Q%)
) / @ oy @

with P, being the DGLAP splitting function, x = x'z
and the scale Q2 is related to the transverse momentum via
p% = (1 — z) Q? for space-like showers, leading to small pr
for z being large. The integration limit zqyy is constrained by
the masses of the radiating dipole system, with zqy, < 1[9].
The splitting probability by default is smoothly suppressed
for small transverse momenta by a factor p% /( p% + P%,o)’
with pto = pTORef. The hard scale u of the process lim-
its the scale Q0> < w. A detailed description of the parton
shower approach is given in Refs. [9,24]. The Sudakov form
factor depends on pTORef through the upper limit of the
z integral and on the scale Q as shown in Eq. (2). In the
study of the PB-method [2] a separation of perturbative and
non-perturbative gluon emissions could be performed on the
basis of the Sudakov form factor. In PYTHIAS8 soft emissions
are included but non-perturbative emissions are suppressed
dynamically using pTORe £, and by lowering pTORe £ more
soft emissions are un-suppressed. It is important to note, that
soft emissions can appear at all scales O (not only at small
ones), similarly to soft emissions in the PB-approach.
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Table 1 List of measurements, collision energies, and the number of
bins in pr(£€) used to determine the width of the intrinsic-kt distribu-
tion

Given name Number of bins Ecwm [GeV] Refs.
CMS 8 13,000 [18]
CDF 20 1960 [25]
PHENIX 12 200 [21]
E605 11 38.8 [22]
Eom = 13 TeV (CMS) 0t
2 Ecq =196 TeV (CDF)  +—@—
E.m = 200 GeV (PHENIX) —@—
Eom = 38 GeV (E605)
s
Jo)
g 14
o

——i

osfp

0.6

pTORef (GeV)

Fig. 6 Dependence of the intrinsic-kT width, o, on the ISR cut-off
parameter pTORef used in intrinsic kt-optimized tune, obtained from
comparison with the measurements at different collision center of mass
energies listed in Table 1. Linear fits are also shown for each collision
energy

In the following subsections, we investigate the effect of
pTORef and hard scale x on the value of o for the intrinsic-
kT distribution, also aiming to study the contribution and

2.5

distribution of soft gluons in the production of DY pairs in
hadron-hadron collisions.

4.1 Dependence on pTORef

In PYTHIAS, the Sudakov form factor (Eq. (2)) depends
on the parameter pTORef. To emphasize the effect of the
cutoff pTORef on the width of the intrinsic-kt distribu-
tion, a comparison of the cross section measurement as a
function of pr(£f) at /s = 13 TeV [18], with the pre-
diction obtained from PYTHIAS is presented in Fig. 5. In
Fig. 5(left), we show predictions with three different val-
ues of pTORef, using adjusted o for each pTORef. All
predictions describe the measurement reasonably well, with
acceptable x2 values. In Fig. 5(right), we show predic-
tions with pTORef = 2.0 GeV, using both the optimal
intrinsic-kT width and a “wrong” value (the intrinsic-kt width
that is optimal for pTORef = 0.5 GeV). One can clearly
see that the value of o obtained for the prediction with
pTORef =0.5 GeV fails to describe the measurements when
used with pTORef = 2.0 GeV since a significantly larger
fraction of soft gluon contribution is removed when the ISR
cutoff parameter is increased. This figure also illustrates the
strong influence of the soft gluon contribution with transverse
momentum of the order of 1 GeV at low DY pair transverse
momentum.

To illustrate the effect of the cutoff pTORef on the width
of the intrinsic-kt distribution, we investigate several data
sets for DY production cross section as a function of pt(€£),
obtained at different center-of-mass energies: LHC data [18],
Tevatron data [25], and data from lower energies [21,22]. The
analysed data sets are shown in Table 1.

Figure 6 shows the width o obtained from x 2 minimiza-
tion as a function of the cut-off parameter, pTORe £, at differ-

Ecm = 13 TeV (CMS)
24 pTORef=2 GeV

Ecyw = 38.8 GeV (E605)
pTORef = 2 GeV

07}

my (GeV)

L L L L L L L L L
100 200 300 400 500 600 700 800 900 1000

0.6
12
my (GeV)

Fig. 7 Intrinsic-kt width, o, as a function of the DY pair invariant mass, obtained from the comparison of data at v/s = 13 TeV [18] (left) and at

/s = 38.8 GeV [22] (right) with PYTHIA8 with pTORef = 2.0 GeV

@ Springer



Eur. Phys. J. C (2025) 85:363

Page 70f 10 363

CMS, 13 TeV, Z/y* — €147, 50 < myy < 76 GeV

‘5 0.06 } T T T T T ‘ T T T T T T T ‘ ]
Bb C
g r EE‘_—":I E
% 005 [ N == -
[ = g -
a = 7
N o0.04 — 7
i) C 7
.8 C ]
é 0.03 = —¢— Data -
F —+— pToRef = 0.5 GeV, 0 = 1.43 GeV ]
0.02 — —t+— pToRef = 1.0 GeV, ¢ = 1.65 GeV —
L —+— pToRef = 2.0 GeV, 0 = 2.05 GeV ]
0.01 —
0 E————++H 3
14 = | 3
13 £ E
s 12 =
1.1 & =
SU E == ==
g %9= E
> 08 E E
0.7 E- —=
0.6 & | =
0.5 E L1 Lo E|
1 10"
pr(e6) [GeV]
CMS, 13 TeV, Z/y* — £174~,170 < my, < 350 GeV
AEO.OOBS ; T T D\ata\ T ‘ T T T T T T T ‘ é
& F —+— pToRef = 0.5 GeV, 0 = 1.43 GeV B
4 0.003 = —+— pToRef = 1.0 GeV, ¢ = 1.65 GeV
o E —+— pToRef = 2.0 GeV, 0 = 2.05 GeV -
[360025 — —
8 L |
© 0.002 = | —
S = i 1
~0.0015 = —
0.001 f— é
0.0005 f— é
R R
1.4 E- \ I 3
1.3 E- =
g 1.2 E- —
[a) l'i E Y | =
S~ T
U 0.9 = | I 7
= 08 E T !
07 E-
8:% E_ L1

1 10!

pr(e) [GeV]

CMS, 13 TeV, Z/y* — (107,106 < my, < 170 GeV

g 0025 ; T T T 1T ‘ T T T T T 1T ;
2 r ]
o C
< E 5 ! =
S 002 &= T —
o L ]
N - i
° C ]
: 0.015 |— —
S [ —¢+— Data ]
0.01 |- —t— pToRef = 0.5 GeV, ¢ = 1.43 GeV ]
[ —+— pToRef = 1.0 GeV, 0 = 1.65 GeV ]
[ —+— pToRef = 2.0 GeV, 0 = 2.05 GeV ]
0.005 [ ]
0 E——+—++++ R
1.4 £ \ =
13 E
% 1.2 E-
1.1 & =
2 g
g 09 ==
= o8 -
07 E
0.6 ‘ —
0.5 L1 3
1 10"
pr(€l) [GeV]
CMS, 13 TeV, Z/v* — ¢+4~, 350 < myy < 1000 GeV
o F T T T 1T T T T T T T 3
_09‘9.0004;4— Data ‘ ‘ E
o E —t— pToRef = 0.5 GeV, 0 = 1.43 GeV E
200035 — —t— pToRef = 1.0 GeV, 0 = 1.65 GeV =
@ £ —t— pToRef = 2.0 GeV, 0 = 2.05 GeV 3
“6.0003 — 1
N F A
5.00025 = a
=] E | 4| E
So.0002 = H
0.00015 £ e as
0.0001 — é
501075 £ -
0 E——+—++1 ——
1.4 E \
13
i
)
I -
g 09 E
> o8 —I_
07 E-
0.6 S ‘
0.5 E | I

1 10!

pr(f) [GeV]

Fig. 8 Measurement of the ratio of the cross section as a function of pt(£€) to the Z-peak region [18], compared with predictions from intrinsic kt-

optimized tune with pTORef = 0.5, 1.0 and 2.0 GeV

ent values of /s. One can observe that for the same value of
pTORef, the width of the intrinsic-kt distribution increases
significantly with /5. At higher energies, the contribution
of soft, non-perturbative gluons becomes more important
compared to lower +/s. This observation can be understood
by the increased number of branchings (emission vertices
during the parton shower) at higher energies: not only does
the number of perturbative emissions increase, but the num-
ber of soft, non-perturbative emissions also increases. In the
examined region 0.5 < pTORef< 2.0 GeV, the value of &
increases nearly linearly with pTORef, as indicated by the
linear fits applied to the points for visual guidance. From the
measurements at lower collision energies, 38.8 GeV [22] and

200 GeV [21], it is clear that the contribution from soft glu-
ons with low transverse momentum (around 0.5 GeV) dom-
inates, as the value of o shows only small variations with
respect to the ISR cut-off parameter. At 4/s ~ TeV, the rate
of increase of o with pTORef is similar for \/s = 13 TeV
and /s = 1.96 TeV.

4.2 Dependence on the hard scale
From the study above, we confirm that the value of the width
o reflects the effect of two processes: the internal parton

motion and soft gluon emission. Therefore, by studying the
intrinsic-kt width, which quantifies the interplay between

@ Springer
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these two processes, we can investigate soft gluon emission
and estimate its contribution.

In order to study the impact of the scale-dependence of
the soft gluon contribution, we now determine the width of
the intrinsic-kT distribution at low pt(££) as a function of
mpy, which is directly related to the scale value Q. Figure 7
shows o as a function of mpy at /s = 13 TeV [18] (left

@ Springer

plot) and 38.8 GeV[22] (right plot) for pTORef =2.0 GeV.
The measurements at /s = 13 TeV do not show a mass
dependence of o, while the measurements at the lower energy
of 38.8 GeV show a weak mpy-dependence.

The non-observation of a mpy-dependence of o suggests
that the relative contribution of soft gluon emission with
pr below 2 GeV, which interplays with the internal trans-



Eur. Phys. J. C (2025) 85:363

Page 9 of 10 363

verse motion, is similar across all measured mpy bins at low
pr(€o).

The measured ratio of the cross section as a function of
pT(€€) to the one in the Z-peak region in several mpy bins
from 50 to 1000 GeV [18] is shown in Fig. 8 and com-
pared with predictions from PYTHIAS for different values of
pTORef. All three predictions describe the measurements
reasonably well, indicating that the soft gluon contribution is
quite similar in all mpy bins, contrary to the expectation of a
scale dependence from Eq. (2). A similar result regarding the
mass dependence was obtained using the Parton Branching
Method [26]. This also agrees with the results presented in
Ref. [3] using the CP5 tune by the CMS Collaboration.

To observe a scale-dependence of the width o, we study
the ratio of the cross section as a function of pt(££) to that
in the Z-peak region, using predictions from intrinsic kt-
optimized tune produced in finer binning at smaller mpy.

Figure 9 shows the ratio of the simulated cross section
obtained with PYTHIAS for two values of the ISR cut-off
parameter: pTORef = 0.5 GeV and pTORef = 2.0 GeV.
For high mpy values as measured at the LHC, we do not
observe a significant dependence of the width parameter o,
while extending the mass range to smaller values, such a
dependence is clearly visible. The difference between the
simulations with pTORef =2 GeV and pTORef =0.5 GeV
increases as mpy decreases. This is consistent with the expec-
tation that most of the contribution from the soft emissions
arise at low scales.

5 Conclusion

A detailed study was performed to accurately describe the
cross section of Drell-Yan pair production as a function of
transverse momentum pt(€£) using PYTHIAS simulations.
We focused on the region of the lowest measured transverse
momentum, where non-perturbative contributions, internal
transverse momentum of partons in colliding hadrons, and
soft gluon emissions significantly impact the results.

We investigated the width of the intrinsic-kT distribution
and its relationship to soft gluon emissions to clarify the
energy dependence in PYTHIAS, as noted in several publica-
tions. We confirm that the /s -dependence of the intrinsic-kt
width is connected to soft gluon emissions, which are con-
trolled by introducing a lower cut on the transverse momen-
tum of emitted partons in initial state radiation.

Our results demonstrate that the intrinsic-kt width, reflect-
ing the interplay between two non-perturbative processes
(internal transverse motion inside the hadrons and soft gluon
emissions), increases approximately linearly with the ISR
cut-off parameter in the range 0.5 < pTORef < 2.0 GeV.
This observation provides clear evidence that the ./s-
dependence is related to the no-emission probability,

Sudakov form factor, through its dependence on pTORef.
The Q-dependent part of the Sudakov form factor was also
confirmed by examining the dependence of the width o on
mpy, which is directly linked to the evolution scale Q and is
particularly visible at low mpy.

The findings of this study address longstanding questions
about the energy dependence of the intrinsic-kT width in stan-
dard Monte Carlo event generators, tracing it back to contri-
butions from soft, non-perturbative gluon emissions during
parton evolution and the parton shower.
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