PROCEEDINGS

OF SCIENCE

Intrinsic k7 in shower-based event generators: focus
on PYTHIA

Itana Bubanja®>*

“Faculty of Science and Mathematics, University of Montenegro, Podgorica, Montenegro

b Interuniversity Institute for High Energies (IIHE), Université libre de Bruxelles, Belgium

E-mail: itana.bubanja@cern.ch

We explore the role of intrinsic transverse momentum - intrinsic—k7 and its energy dependence in
parton shower models used in Monte Carlo event generators. Understanding intrinsic—k7 has long
been a challenge: it is typically modeled with a Gaussian distribution, yet in practice, Monte Carlo
generators require an intrinsic width that increases with collision energy, reaching unphysical
values at high energies. We investigate this behavior in PyTHIA8 and demonstrate that it arises
from the interplay between two non—perturbative effects: the intrinsic transverse motion of partons
and soft—gluon emissions. These effects become particularly significant in Drell-Yan production
at low transverse momentum, which serves as one of the most sensitive probes of initial-state
parton evolution. By analyzing the impact of the Sudakov form factor on the required intrinsic—kr
width, we clarify the origin of this unexpected energy dependence and provide new insights into

parton shower modeling.
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1. Introduction

In Drell-Yan (DY) production, the transverse momentum spectrum of the lepton pair provides
a sensitive probe of several QCD effects. Partons inside a hadron carry both longitudinal and
transverse momentum. The transverse momentum arising from their internal Fermi motion is
referred to as intrinsic—k7. At large pr, the DY spectrum is well described by perturbative QCD,
whereas at low transverse momenta non-perturbative effects dominate, including intrinsic—k7 and
multiple soft-gluon emissions.

In parton-shower Monte Carlo generators such as PytHia8 and HeErwig, the width of the
intrinsic—k7 distribution depends on the center-of-mass energy /s, increasing with /s as shown in
Ref. [1]. In contrast, the Parton Branching (PB) method [2, 3], which uses Transverse Momentum
Dependent (TMD) parton distributions, can describe the DY cross section [4, 5] as a function of
the pair transverse momentum pr(£€) with an intrinsic—k7 distribution that is nearly independent
of /s, as shown in Refs. [6, 7]. Within TMD factorization, both the hard-scattering matrix element
and the parton distribution functions depend on the partons’ transverse momentum, ensuring a
consistent flow of k7. However, when the PB method excludes the non-perturbative region near the
soft-gluon resolution boundary, a dependence of the intrinsic—k7 width on +/s appears, as shown
in Refs. [8—11] suggesting the interplay between instrinsic—k7 and soft gluon emissions. This /s
dependence resembles the behavior observed in parton-shower Monte Carlo generators.

To investigate in detail the interplay between soft—gluon emissions and intrinsic—kr at low pr,
PyTHIiA has been tuned to reproduce as closely as possible the setup used within the PB-TMD
method to study if this tuning results in a significantly improved agreement with data and leads to
a much milder dependence of the extracted intrinsic-k7 width on /s [12].

2. Pythia Tune

In the PB method [8], perturbative and non-perturbative emissions are separated through the
Sudakov form factor. In contrast, PyTHia includes soft emissions but suppresses non-perturbative
ones using the ISR cut-off parameter SpaceShower : pTORef, which default value is 2 GeV. Lower-
ing pTORef therefore allows more soft radiation, similar to the PB approach. To study its impact on
the energy dependence of the intrinsic transverse-momentum width, we vary this cut-off. The intrin-
sic kr is introduced as a non-perturbative Gaussian with width o, corresponding to the parameter
BeamRemnants:primordialKThard in PyTHIAS.

Figure 1 shows the Drell-Yan p7 spectrum in the Z peak region at 4/s = 13 TeV using the
Pythia Monash 2013 tune, for pTORef = (.5 and 2.0 GeV. The influence of intrinsic k7 is largest at
the lowest pr, and the sensitivity decreases when the ISR cut-off is reduced.

The baseline analysis for this study was recent precision measurement of Drell Yan production
cross section at 13 TeV [15]. To obtain the best agreement with data, a modified Monash tune is
used. Monash uses the NNPDF2.3 LO set with ay(mz) = 0.130 and ag(mz) = 0.1365 for both
ISR and FSR. Its default non-perturbative parameters are pTORef = 2.0 GeV and o = 1.8 GeV. The
optimised tune was obtained by modifying the value of @(mz) = 0.130 in the Monash tune and by
using the lowest accessible value pTORef=0.5 GeV in PytH1A8 and adjusting the intrinsic—k7 width
to best describe the lowest measured pr region[12]. The width of the intrinsic—k7 distribution is
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Figure 1: pTORef=2 GeV (left) and pTORef=0.5 GeV (right), o values of 0.5, 1.0, 1.5,2.0,2.5 and 3.0 GeV
. The CMS measurement [15] was used. The plot is taken from Ref.[12] with the kind permission of The
European Physical Journal C.

obtained by fitting the predicted DY cross section to the measured pr(Il) spectrum. Predictions
are generated with MCatNLO interfaced to the optimized tune parton shower, and compared to
data using R1ver. The parameter primordialKThard is varied and the value corresponding to the
minimum of y?(primordialKThard) is taken [12]. Because detailed uncertainty breakdown are
not available for most measurements, the experimental uncertainties are treated as uncorrelated.

3. Results

A detailed description of the parton-shower framework can be found in Refs. [16, 17]. Here is
briefly outlined the role of the Sudakov form factor A(Q?, Q%), which gives the probability of no
radiation between the evolution scales Q% and Q%. For backward evolution it is written as

% a,(Q%) dQ? [ ¥ fp (', 0%)
10gAbw(Q%’Q%) = _;Lf o E/}( dZPab(Z)m’ (D

where P, (z) is the DGLAP splitting function, x = x"z and the scale Q7 is related to the transverse
momentum by p2 = (1 — z)Q?, so large z corresponds to small p . The upper limit Zdyn < 118 set
by the dipole kinematics. Soft emissions are suppressed at small p, by the factor p2 /(p? + pio),
with p,o = pTORef, and the shower is limited by the hard scale u such that O, < u. The Sudakov
form factor therefore depends on pTORef through both the z limit and the scale behaviour in Eq. (1).

To study the effect of pTORef and energy dependence, the intrinsic—kr width o was plotted
against pTORef obtained at different center-of-mass energies: LHC data [15], Tevatron data [18],
and data from lower energies [19, 20] (Fig. 2). With increasing /s, the number of both perturbative
and soft branchings grows, so for a fixed pTORef the intrinsic-k7 width increases with energy. In
the range 0.5-2.0 GeV, o rises approximately linearly with pTORef. At lower energies (38.8 and
200 GeV), soft gluons around p, ~ 0.5 GeV dominate, so o varies only weakly with the cut-off.
At higher energies, the rise with pTORef is more visible, but the slope is similar across TeV-scale
measurements (/s = 1.96 TeV and 13 TeV).

The soft emissions should predominately contribute at low scale. In order to test the width
parameter o~ dependence on pTORef in low mass region, ratio plots of the simulated cross sections



Intrinsic kt in shower-based event generators: focus on PYTHIA Itana Bubanja

Eem = 13 TeV (CMS) —e—
ot Eem =196 TeV (CDF)  —@—
Ecm = 200 GeV (PHENIX)

Em = 38 GeV (E605)

o
3

;
pTORef (GeV)

Figure 2: Dependence of the intrinsic—k7 width, o, on the ISR cut-off parameter pTORef used in Pythia
tune for different collision center of mass energies [15, 18-20]. The plot is taken from Ref.[12] with the kind
permission of The European Physical Journal C.

obtained with Pythia for two ISR cut-off values, pTORef = 0.5 GeV and 2.0 GeV were obtained, as
shown on Fig. 3. As expected, the difference between the two simulations grows as m py decreases.
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Figure 3: The ratio of the predicted p7(Il) spectrum to the Z-peak region, evaluated in different Drell-Yan
invariant-mass bins, for two ISR cut-off values, pTORef = 0.5 GeV and 2.0 GeV. The plot is taken from
Ref.[12] with the kind permission of The European Physical Journal C.

4. Conclusion

A detailed study was performed to model the Drell-Yan py(Il) spectrum using Pythia simu-
lations, with emphasis on the lowest pr(//) region where non-perturbative effects, intrinsic parton
transverse momentum and soft gluon emissions, are most significant. The results confirm that the
/s dependence of the intrinsic—k7 width originates from soft gluon emissions, regulated by the
ISR transverse-momentum cut-off.

In the range 0.5 < pTORef < 2.0 GeV, the intrinsic—k width increases approximately linearly
with the ISR cut-off, demonstrating a direct link to the no-emission probability encoded in the
Sudakov form factor. The observed dependence of the width o on mpy, especially pronounced at
low mpy, confirms the Q-dependent part of the Sudakov form factor. These results suggest that
the energy dependence of the intrinsic—k7 width in Monte Carlo event generators arises from soft,
non-perturbative gluon emissions during parton evolution and the parton shower.
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