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Abstract The internal motion of partons inside hadrons
has been studied through its impact on very low trans-
verse momentum spectra of Drell-Yan (DY) pairs created in
hadron-hadron collisions. We study DY production at next-
to-leading order using the Parton Branching (PB) method
which describes the evolution of transverse momentum
dependent parton distributions. The main focus is on study-
ing the intrinsic transverse momentum distribution (intrinsic-
kt) as a function of the center-of-mass energy +/s. While
collinear parton shower Monte Carlo event generators require
intrinsic transverse momentum distributions strongly depen-
dent on 4/s, this is not the case for the PB method. We per-
form a detailed study of the impact of soft parton emissions.
We show that by requiring a minimal transverse momen-
tum, go, of a radiated parton, a dependence of the width of
the intrinsic-kt distribution as a function of /s is observed.
This dependence becomes stronger with increasing g .

1 Introduction

The transverse momentum distribution of Drell-Yan (DY)
lepton pairs, pt(££), at large transverse momentum is well
described by calculations at higher orders of the strong cou-
pling «, atlow transverse momenta of the order of a few GeV
the spectrum is described by perturbative resummation, while
at very low prt(£{) non-perturbative contributions become
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important. The resummation region can be treated in form of
Transverse Momentum Dependent (TMD) parton distribu-
tions or by parton-showers in event generators like HERWIG
[1,2], PYTHIA [3,4] or SHERPA [5,6]. The Parton Branch-
ing method (PB) [7,8], with PB-TMD distributions obtained
from fits to inclusive HERA cross section measurements [9],
provides an intuitive connection between parton-shower and
TMD resummation.

The precise description of the transverse momentum spec-
trum of DY lepton pairs at low p(£€) at LHC energies
(e.g. [10-17]) as well as at lower energies [18,19] has been
a subject for many discussions. An important role in the
debate is the contribution of non-perturbative physics to the
pr(£0) spectrum at very low values, at pr(£€) < 1GeV.
In parton-shower approaches of PYTHIA and HERWIG the
intrinsic-kt distribution, the transverse momentum distri-
bution of partons at the hadron scale, plays a crucial role,
and the width of this distribution is strongly dependent on
the center-of-mass energy [20,21]. On the contrary, predic-
tions based on the PB approach give intrinsic-kt distribu-
tions which are independent (or mildly dependent) of the
center-of-mass energy and the DY mass mpy [22]. In Refs.
[22,23]itis argued, that this behavior comes essentially from
the treatment of soft gluons, which are included in the evo-
lution equation, and are shown to play an important role,
both for the inclusive collinear parton densities as well as
for the transverse momentum distributions. These soft glu-
ons are neglected in usual parton-shower approaches by the
requirement that the emitted partons should have transverse
momenta of gt > go >~ O(GeV). In Refs. [24,25] studies
are being reported on a determination of the width of the
intrinsic-kt distribution to be used in parton-shower event
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generators PYTHIA and HERWIG from measurements span-
ning a large range of center-of-mass energies.

In this paper we give explanations of the different behav-
ior of the intrinsic-kT distributions in PB TMD and parton-
shower approaches by including limitations on the value of
qT in calculations for TMD distributions to mimic directly
what is happening in a traditional parton-shower approach. It
is essential to note, that no new fits for the PB TMD have been
performed, since the inclusion of a finite g1 cut would spoil
the consistency of the evolution equation and the application
of next-to-leading order (NLO) hard scattering cross sec-
tions, as shown in Ref. [23]. We will show explicitly that the
inclusion of a finite g7 cutleads to the observed energy depen-
dence of the width of the intrinsic-kT distribution, stressing
again the importance of a proper treatment of soft gluons for
inclusive distributions.

The paper is organized as follows. In Sect.2 we intro-
duce the basic concept of the PB method for TMD evolu-
tion, as well as the treatment of the small transverse momen-
tum region within this approach. We discuss how the pre-
dictions for the transverse momentum of DY lepton pairs
change with different intrinsic-kt distributions for different
kinematic limits of gt. In Sect. 3 we describe fits to DY data
and evaluate the width of the intrinsic-kT distributions at dif-
ferent center-of-mass energies considering different limits of
qt. With Sect. 4 we conclude the paper.

2 PB TMDs and calculation of the DY cross section

The PB method provides an elegant way to solve the DGLAP
evolution equations by an iterative method simulating explic-
itly each individual branching that can occur during the evo-
lution. TMD distributions are obtained with the PB method in
adirect way. Essential for this method to work is the Sudakov
form factor, defined at scale u:

A%, 1d)

uz d 72 M
q
= exp (— E / F/ dz z Pb(zf) (o, Z)) , (D
b UH 0

2
0

where Pb(f) (o5, z) are the resolvable splitting functions for
splitting of parton a into parton b, with the splitting variable
z being the ratio of longitudinal momenta of the involved
partons. The splitting functions are explicitly given in e.g.
Ref. [7]. The parameter z) is introduced for numerical sta-
bility with zyy = 1 — € with € — 0. It has been shown in
Refs. [7,8] that for € small enough, the DGLAP limit could
be reproduced and stable solutions for the inclusive as well
as TMD distributions are obtained. The importance of the
large z region for inclusive and TMD distributions as well as
for a parton-shower has been discussed in detail in [23].
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The integral form of the PB evolution equation for a TMD
density A, (x, k, 12) for parton a at scale u is given by:

Aa(x, K, 1) = Ay (1) Ag(x, K, 1d)

d*q A
@ _ 2 @ 12 _ 2
+Xb: f T g CW 9D 0@ — )

M dZ X
x/ = PPy, 2) Ay (—,k+(1 —z)q’,q’2>,
X 4 Z
)

with x being the longitudinal momentum fraction and k being
the two-dimensional vector of the transverse momentum with
kt = |K|.

The intrinsic-kT distribution is introduced at the start-
ing scale po of the evolution through the distribution
Aq(x, K, ,u%) in Eq.(2), which is a nonperturbative bound-
ary condition to be determined from data. The TMD density
Au(x, K, ,u%) is parametrized in terms of a collinear parton
density at the starting scale and the intrinsic-kT distribution
described as a Gaussian distribution of width o, which is a
measure of the intensity of initial intrinsic transverse motion:

Aga . K, 1) = fo.ar, u3) - exp (—k3/20%) /@70 .
3)

The width of the Gaussian distribution o is related to the
parameter g, via ¢s = v/20.
The PB method takes into account angular ordering by

relating the evolution scale || = ¢’ to the transverse
momentum gr:
q =qr/(1-2). “)

The transverse momentum of the parton, k, is the vectorial
sum of the intrinsic transverse momentum of the initial par-
ton and all the transverse momenta emitted in the evolu-
tion process. The PB evolution equation has been used to
determine collinear and TMD distributions by fits to deep-
inelastic measurements at HERA [9]. Two different sets were
obtained, depending of the scale choice in ¢. In PB-NLO-
2018 Setl the evolution scale g’ was used as scale in ay, as
in DGLAP evolution calculations like QCDNUM [26], lead-
ing to collinear distributions identical to the ones obtained as
HERAPDEF. In PB-NLO-2018 Set2 the transverse momen-
tum gt was used as the scale in «g, leading to different
collinear and TMD distributions. This scale choice for a;
is motivated from angular ordering, and leads to two dif-
ferent regions: a perturbative region, with gt > ¢, and a
non-perturbative region of gr < ¢o. In order to avoid the
divergency at the Landau pole, «; is frozen for g1 < 1 GeV.

The requirement of the perturbative region, gt > qo, leads
directly to a restriction of z as given by Eq. (4):

Zdyn = - 610/61/~ ©)
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Since the Sudakov form factor in Eq. (1) is defined over the
whole z region, we can define a perturbative (0 < z < zdyn)
and non-perturbative (zgyn < z < zm) Sudakov form factor
[27,28]:

2
o d 2 Zdyn R
Aa(u?, u3) = exp (—Z/z ‘32 /0 dz z P,ga) (s, 2)

p JHy 4
2
Hodg? M R
X EXp _2/2 (;2 / dZZPISa)(aS’Z)
b 125) q Zdyn
P NP
= A (12 g ai3) AN (Wud.ad) - ©

In Ref. [22] it was shown that A,(INP) plays an important role
in inclusive and TMD distributions and in Ref. [23] it was
pointed out, that neglecting AgNP) can significantly affect
predictions.

In parton-shower Monte Carlo event generators a mini-
mal transverse momentum of the emitted partons is required,
either in HERWIG via the angular ordering condition and
parameter Qg [2] or in PYTHIA via Z;nq X(Q2) [4]. These cuts
on z remove completely AleP) from Eq. (6).

In the following we neglect AE,NP) (and real emissions
with z > zgyn) in the TMD evolution to mimic the behaviour
of parton-shower event generators. We do not perform new
fits, but use the parameters of the starting distribution of PB-
NLO-2018 Set2! and obtain new TMD parton densities, from
UPDFEVOLV [29], with g¢ values of 1.0 and 2.0 GeV in zgqy, =
1 — qo/q’. We determine the width of the intrinsic Gauss
distribution ¢ for the different values of go applying the
method of Ref. [22], and check whether with g9 ~ O(GeV)
we obtain an energy dependence of g similar to the one
observed in HERWIG and PYTHIA.

2.1 DY cross section at NLO

The DY production cross section is obtained at NLO with
MADGRAPH5_AMC@NLO [30], as described and applied in
Refs. [12,18,22,31] using the integrated versions of the NLO
parton densities PB-NLO-2018 Set2. The HERWIG6 subtrac-
tion terms in MCatNLO are used since they are based on
the same angular ordering conditions as the PB calculations
[31]. The PB TMD parton densities are included in the cal-
culation via CASCADE3 [32]. The simulated events (labeled
as MCatNLO+CAS3 in the text and figures) were passed
through Rivet [33] for comparison with measurements.

The region of low transverse momentum of the DY lep-
ton pair is expected to be sensitive to the intrinsic-kT dis-
tribution. We observe that this depends significantly on the
region defined by the soft-gluon resolution scale z4yn Which
is directly related to go. The sensitivity of the DY cross sec-
tion on the intrinsic-kT distribution increases with increas-

! The PB-NLO-2018 Set2 was produced with gy = 0.01 GeV.

ing cut-off go. In Fig. 1 we show a comparison of DY
transverse momentum distribution as measured by CMS at
A/s = 13 TeV in the Z peak region [34] with predictions
obtained with the PB method with different ¢, values for
two different scenarios of the soft-gluon resolution scale zgyn
(with go = 1 GeV and gg = 2 GeV).

Using data from lower /s, which provide finer binning of
the DY cross section at low pt(££€), this sensitivity rapidly
increases at very small pt(££), as shown in Fig. 2, where the
DY cross section measurements at /s = 38.8 GeV obtained
from E605 [35] are compared to predictions obtained with
different g, for two values of ¢g.

3 Intrinsic-kt distribution for different g¢ values

The width of the intrinsic-kt distribution in the PB method
has been determined in Ref. [22] using MCatNLO+CAS3
with the TMD set PB-NLO-2018 Set2 where ggp = 0.01 GeV
in zv = 1 — qo/q’. The predictions were compared with
a recent measurement from CMS [34] on DY transverse
momentum distribution in a wide range of the DY mass mpy,
obtained from pp -collisions at /s = 13 TeV. A detailed
uncertainty breakdown in [22] in the five invariant mass bins
allowed for a detailed fit. For comparison also DY measure-
ments at lower /s were shown.

The width parameter g5 in the TMD parton distribution
was varied and the predictions were compared to the mea-
surements. To quantify the model agreement to the measure-
ment, )(2 is calculated:

x* =) mi = i) Cr mie = ) ™
ik

where m; and u; are measurements and predictions from the

i-th bin and Cjy is the covariance matrix consisting of three

components: a component describing the uncertainty in the

measurement, the statistical (bin by bin statistical uncertain-

ties) and scale uncertainties in the prediction.

An optimal ¢, value was obtained from the minimum of
the x2 distribution with the best value for g found to be
qs = 1.0 GeV £ 0.08 GeV. This result was found to be
consistent with g5 values obtained from the measurements at
lower center-of-mass energies and only a very mild depen-
dence of g; on /s was observed.

In the following we mimic parton-shower event generators
by demanding a finite g9 = 1 and2 GeV (without performing
new fits). With such a treatment we come as close as possi-
ble to the treatment in collinear parton-shower event gener-
ators. We determine g, from the experimental data given in
Table 1. Since most of the measurements do not provide a
detailed uncertainty breakdown, we treat all the uncertainties
as uncorrelated. The impact of the intrinsic-kt distribution
at low collision energies has been analyzed using the entire

@ Springer
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Fig. 1 The DY cross section as a function of pr(££) in the Z-peak region as measured by CMS [34] compared to MCatNLO+CAS3 predictions
with different g,: 0.5, 1.0, 1.5, 2.0, 2.5 GeV, for the two values of go: go = 1 GeV (left) and g9 = 2 GeV (right). The bands show the scale
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Fig. 2 The DY cross section dependent on pr(££) as measured by E605 [35] compared to MCatNLO+CAS3 predictions with different g5: 0.5,
1.0, 1.5, 2.0, 2.5 GeV, for the two values of go: go = 1 GeV (left) and g9 = 2 GeV (right). The bands show the scale uncertainty

range of p(£f), while at higher center-of-mass energies, we
only included bins up to the peak region (pt(££) ~ 8 GeV)
in the x? calculation.

Figure 3 shows x? — Xr%]in as a function of g for go =
1(2) GeV for low collision energies, from about 20 to 200
GeV (27.4 GeV from E288 [36], 38.8 GeV from E605 [35]
and 200 GeV from PHENIX [37]) as well as for high collision
energies obtained at Tevatron and LHC (1.96 TeV from CDF
[38],8 TeV from ATLAS [39] and 13 TeV from CMS [34]).

@ Springer

The lines shown in the figures present x2(gy) — Xim with a
cubic spline function interpolated through the points.

From the figures one can see that with increasing collision
energy the minimum of x2(gy) — Xr%lin shifts to higher values
of g5 ranging from 0.8 GeV to about 1.4 GeV forgp = 1 GeV
and to about 2.2 GeV for go = 2 GeV. The x2/ndf (with
ndf being the number of degrees of freedom) for all data sets
is around one.
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Table 1 List of the measurements used to determine the width of the
intrinsic-krdistribution. The number of bins in pt(££) used in the fit as
well as the collision energies are given

Given name Number of bins CM energy [GeV] References
CMS 13,000 [34]
ATLAS 4 8000 [39]
CDF 16 1960 [38]
DO 8 1800 [40]
PHENIX 12 200 [37]
E605 11 38.8 [35]
E288 15 274 [36]

Summing up the results from y2(gy) at different center-of-
mass energies, we show gy as a function of /s in Fig. 4. The
uncertainty for each obtained g, value, which is determined
as a position where x2(g,) has a minimum, is estimated as a

45

27.4 GeV (E288) o
38.8 GeV (E605)
200 GeV (PHENIX)

0.7 0.8 0.9 1

g,(GeV)

11 1.2 1.3 1.4
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38.8 GeV (E605) o
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11 1.2 13

Fig. 3 The x* — X%in distribution as a function of g, obtained from
comparison of the MCatNLO+CAS3 prediction for gy = 1 GeV (upper)
and go = 2 GeV (lower) with the measurements obtained at: GeV

range of ¢ in which x?(g;) — Xiin < 1. The g5 dependence
on the center-of-mass energy, /s, for the cases with gg
1 GeV and gp = 2 GeV as well as the results of Ref. [22] for
the case go = 0.01 GeV are shown. We have performed a
linear fit for the log(gs) — log(4/s) relation. The uncertainty
bands around the fitted lines correspond to the 95% CL band,
showing the strong anti-correlation of uncertainties between
intercept and slope.

‘We note that with higher gq a larger fraction of soft gluons
is removed with z < 1 — go/q’ and therefore a larger con-
tribution from intrinsic-kt is needed to accurately describe
the transverse momentum spectrum in Drell-Yan processes.
Consequently, higher g¢ values lead to an increased sensitiv-
ity to the intrinsic kt-distribution, resulting in smaller uncer-
tainty bands.

We observe that limiting the minimal value of transverse
momentum of emitted parton at each branching by ¢, a

20
1.96 TeV (CDF) o
8 TeV (ATLAS) *
15 13 TeV (CMS)
£
o E
> 10
o~
>
5
) 1 1.2 1.4 16 1.8 2 2.2
g,(GeV)
20 ‘
1.96 GeV (CDF)
8 TeV (ATLAS)
15 13 TeV (CMS)
£
o E
> 10
o~
>
5
) 1 1.2 14 16 1.8 2 2.2
g,(GeV)

energies [35-37] (left) and TeV energies [34,38,39] (right). Each line
presents a cubic spline through the points
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Fig. 4 The g, value as a function of collision energy, /s, obtained
from the measurements presented in [34—40] for go = 0.000001 GeV,
qo = 1 GeV and ggp = 2 GeV. Also shown are results obtained from
Ref. [22] for go = 0.01 GeV. Each line presents the linear fit of log(gy)

vs log(\/s)

dependence of g5 on 4/s is introduced. A linear dependence
of log(gs) on log(y/s) is observed which is confirmed by
fits with a slope increasing with increasing gg. The result
obtained in our previous study in which gg = 0.01 GeV is
consistent with a very mild /s dependence of gs. In order
to confirm our findings, we calculate in addition predictions
for zv — 1 with go = 0.000001 GeV.? The prediction
with go = 0.000001 GeV clearly shows no /s dependence.
We conclude, that the weak +/s dependence observed in
Ref. [22] comes from gg = 0.01 GeV used in PB-NLO-
2018 Set2 and we confirm that the dependence of the width
of the intrinsic-kt distribution as a function of the center-
of-mass energy observed in collinear parton-shower Monte
Carlo event generators comes only from the restriction of the
transverse momentum of emissions in the parton-shower. No
additional non-perturbative effects need to be included.

4 Conclusion

A detailed study was performed to show the importance of
soft gluon emissions in TMDs and in parton density functions
in general. In this paper we confirm that the center-of-mass
energy dependence of the width of the intrinsic-kT distribu-
tion observed in collinear parton-shower Monte Carlo event
generators comes from the treatment of soft gluons, and in

2 We have also performed a new fit using gg = 0.000001 GeV to
the same HERA data as used in PB-NLO-2018 Set2 and found no
significant differences in the collinear parton densities compared to
PB-NLO-2018 Set2.
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particular from the non-perturbative Sudakov region, near
the soft-gluon resolution boundary.

We have studied this effect using PB TMD distributions by
imposing a cut go restricting the z-integration range, in order
to mimic the behavior of parton-shower event generators. In
order to stay consistent with the cross section calculations, no
new fits were performed, but rather the PB TMD was recalcu-
lated imposing different go using the starting distribution of
PB-NLO-2018 Set2. We have shown, that by the introduction
of a finite resolution scale gq a center-of-mass energy depen-
dent width of the intrinsic-kT distribution is required by DY
measurements over a wide range of /s. This dependence is
reflected in a linear scaling of log(gs) with log(/s) and the
slope of this dependence increases with increasing of g.

This study emphasises the important role of soft gluons in
inclusive distributions. The inclusion of the non-perturbative
region z — 1 in the evolution equation as well as in the TMD
evolution is essential for the description of the low prt(££)
region in Drell-Yan production. This non-perturbative region
is included by construction in PB-NLO-2018 Set2 and this
leads to a width of the intrinsic kt-distribution independent
of the collision energy 4/s.
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