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Abstract22

The Parton-Branching method (PB) allows the determination of Transverse Momen-23

tum Dependent (TMD) parton densities, which cover the region from very small to large24

transverse momentum (kT). In the very small kT region, not only the contribution from25

the intrinsic motion of partons (intrinsic-kT) plays a role, very soft gluons which are re-26

summed in the evolution equation contribute as well. A study applying the PB-method27

shows the importance of very soft gluons to both the integrated as well as TMD parton28

densities.29

We perform a detailed investigation of the PB methodology at next-to-leading order30

(NLO) in Drell-Yan (DY) production for low transverse momenta. We present the ex-31

traction of the nonperturbative “intrinsic-kT ” distribution from recent measurements of32

DY transverse momentum distributions at the LHC across a wide range in DY masses,33

including a detailed treatment of statistical, correlated and uncorrelated uncertainties.34

We comment on the (in)dependence of intrinsic transverse momentum on DY mass and35

center-of-mass energy, and on the comparison with other approaches.36

1 Introduction37

The measurement of the vector boson transverse momentum, pT, in Drell-Yan (DY) produc-38

tion [1] allows one to investigate in detail many different aspects of the strong interaction39

sector of the Standard Model, and their impact on precision electroweak measurements. The40

very low pT region of the DY cross section is sensitive to the contribution from the nonper-41

turbative transverse motion of partons inside the hadrons; additionally at low transverse42

momentum multiple soft gluon emissions have to be resummed; at larger transverse mo-43

menta perturbative higher-order contributions become dominant. The precise description44

of the Z/γ boson transverse momentum distribution has been investigated since the 1980’s,45

and approaches like CSS [2] analytic resummation and parton-shower [3–6] numerical algo-46

rithms have been applied with different success.47

In this work we explore the approach [7,8] to DY pT spectra based on the parton branch-48

ing (PB) TMD methodology in momentum space proposed in [9, 10], and we perform a de-49

tailed analysis of the small-pT region for wide ranges in center of mass energies and in DY50

masses. Though fitted only on deep-inelastic scattering (DIS) data from HERA experiments,51

the PB-TMD methodology has been shown to be capable of describing DY pT spectra at LHC52

energies [7]and at low energies [11]without any need for adjustment of parameters. This ap-53

proach takes into account simultaneously soft gluon radiations and the transverse momen-54

tum recoils in the parton branchings along the QCD cascade. It provides a successful natural55

treatment of the multiple-scale problem of the DY transverse momentum for transverse mo-56

menta much smaller than DY masses but also of the DY with hard jet production [12]. It57

also confirms the universality of the TMDs being able to describe both DIS and DY cross58

sections at all available center of mass energies [13]. Alternative approaches based on par-59

ton showers in standard Monte Carlo event generators like PYTHIA8 [3] can also describe60

multi-differential DY cross section but it has been observed that they require intrinsic trans-61

verse momentum distributions strongly dependent on
√
s [14, 15]. In order to describe the62
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measurements at LHC energies, a Gaussian width exceeding the Fermi motion kinematics63

is needed. Approaches based on CSS [16] provide very precise analytic predictions for in-64

clusive enough observables like the Drell-Yan cross section transverse momentum. In this65

paper we study in detail the low kT behavior of the PB-TMD parton distributions where66

both very soft gluon emission and intrinsic-kT contribute significantly and interplay. The re-67

sults presented here provide a multi-scale economical and coherent approach demonstrating68

here the sensitivity to nonperturbative TMD contributions and first steps in disentangling69

the intrinsic-kT contribution from the nonperturbative Sudakov one [17]. We compare DY70

theoretical predictions with experimental measurements in wide ranges in center-of-mass71

energies,
√
s and in DY masses, mDY, to extract the intrinsic-kT parameter from the trans-72

verse momentum distributions. We are carefully taking into account systematic and statisti-73

cal uncertainties using the breakdown of experimental uncertainties provided by the full set74

of covariance matrices available in the recent Drell-Yan differential cross section measure-75

ment at 13 TeV [18] and we treat for the first time the scale uncertainties in the theoretical76

predictions as correlated uncertainties within a given mass bin.77

The results for TMD parameters such as intrinsic-kT obtained from the DY analysis in this78

paper can be compared with analogous results obtained from TMD fits in the CSS coordinate-79

space framework, see e.g. the recent studies [19, 20]. A significant difference between these80

approaches and the approach of this paper concerns the treatment of collinear parton distri-81

bution functions (PDFs). As shown in Refs. [7, 8], in the approach of this paper the inclusive82

DGLAP limit is recovered and fits of collinear distributions are made, e.g. from inclusive83

DIS structure functions, along with TMD distributions [21–23]. In contrast, CSS approaches84

do not recover inclusive DGLAP and rather use an ansatz based on the operator product85

expansion of TMD distributions in terms of collinear PDFs, assuming collinear PDFs to be86

given by standard PDF sets. The PDF bias effect [20] which results from this has been shown87

to influence significantly the central values of the extracted distributions and dominate the88

systematic uncertainties in all the existing TMD determinations based on CSS approaches.89

The possibility to treat collinear and TMD distributions on the same footing and determine90

them without having to rely on existing PDF fits is a distinctive feature of the PB TMD ap-91

proach. We believe that in the long run this could bring significant advantages in pursuing92

TMD phenomenology.93

On the other hand, the results of this paper for intrinsic-kT can also be compared with94

the case of parton shower Monte Carlo event generators, such as PYTHIA [3] and HER-95

WIG [4]. Monte Carlo tuning to experimental data shows that parton shower approaches96

require intrinsic-kT distributions dependent on the center-of-mass energy
√
s [14, 15], and a97

Gaussian width exceeding the Fermi motion kinematics. In contrast, in the approach of this98

paper we find that the width of the intrinsic-kT distribution has a much milder center-of-99

mass energy
√
s dependence. We obtain more natural Gaussian width σ, σ = qs/

√
2, with100

qs close to 1 GeV resulting from fits to DY measurements from fixed-target to LHC energies.101

We propose in this paper that the different behavior, concerning intrinsic-kT distributions,102

between PB TMD and parton-shower approaches can be ascribed to the different treatment103

of the contributions to parton evolution from the nonperturbative Sudakov region, near the104
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soft-gluon resolution boundary. See also [11] for a discussion of this and comparison of PB105

TMD and parton-shower results.106

The paper is organized as follows. In Sec. 2 we briefly recall the basic elements of the107

calculational framework [7,9–11,22,23]: we start with the PB TMD approach; next we give a108

few comments on the treatment of the small transverse momentum region in this approach;109

then we discuss the Monte Carlo computation of DY differential distributions. Sec. 3 is the110

central section of the paper, in which we perform fits to DY data and present results for the111

intrinsic-kT TMD parameter. We give conclusions in Sec. 4.112

2 PB TMDs and DY production113

To study the different contributions to the low-pT spectrum, at different mDY and differ-114

ent
√
s, we calculate DY production cross section in the PB TMD method, which proceeds115

as described in Refs. [7, 11].NLO hard-scattering matrix elements are obtained from the116

MADGRAPH5_AMC@NLO [24] at next-to-leading (NLO) event generator and matched with117

TMD parton distributions and showers obtained from PB evolution [9, 10, 21],using the sub-118

tractive matching procedure proposed in [7] and further analyzed in [25].119

We will show that the application of PB TMD distributions leads to a non negligible120

contribution of pure intrinsic-kT, even if most of the small-kT contribution comes from the121

PB-evolution. We also show that the proper treatment of photon radiation from the DY decay122

leptons is rather important, especially in the DY mass region below the Z boson peak. The123

contribution of intrinsic-kT of heavy flavor partons is found to be negligible over the whole124

range since heavy quarks are not present in the initial configuration of the proton.125

2.1 TMD distributions from the PB method126

The PB evolution equations for TMD parton distributions Aa(x,k, µ
2) of flavor a are given127

by [9]128

Aa(x,k, µ
2) = ∆a(µ

2) Aa(x,k, µ
2
0) +

∑
b

∫
d2q′

πq′2
∆a(µ

2)

∆a(q
′2)

Θ(µ2 − q′2) Θ(q′2 − µ2
0)

×
∫ zM

x

dz

z
P

(R)
ab (αs, z) Ab

(x
z
,k+ (1− z)q′,q′2

)
, (1)

where k and q are 2-dimensional momentum vectors, zM is the soft resolution scale [10],129

z is the longitudinal momentum transferred at the branching, P (R)
ab (αs, z) are the resolvable130

splitting functions (whose explicit expressions for all flavor channels are given in [9]), and131

∆a are the Sudakov form factors132

∆a(zM , µ2, µ2
0) = exp

(
−
∑
b

∫ µ
2

µ
2
0

dq′2

q′2

∫ zM

0
dz z P

(R)
ab (αs, z)

)
. (2)
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The branching evolution (1) fulfills soft-gluon angular ordering [26–28], with the branch-133

ing variable q′2 being related to the transverse momentum qT of the parton emitted at the134

branching by135

qT = (1− z) |q′|. (3)

It is shown in [10] that angular ordering is essential for the TMD distribution arising from136

the solution of Eq. (1) to be well-defined and independent of the choice of the soft-gluon res-137

olution scale zM = 1−ε for ε → 0. In contrast, pT ordering leads, for instance, to ambiguities138

in the definition of the TMD from the z → 1 region.139

Analogously to the case of ordinary (collinear) parton distribution functions, the distri-140

bution Aa(x,k, µ
2
0) at the starting scale µ0 of the evolution, in the first term on the right hand141

side of Eq. (1), is a nonperturbative boundary condition to the evolution equation, and is to142

be determined from experimental data. For simplicity we parameterize Aa(x,k, µ
2
0) in the143

form144

A0,a(x,k, µ
2
0) = f0,a(x, µ

2
0) · exp

(
−|k|2/2σ2

)
/(2πσ2) , (4)

with the width of the Gaussian distribution given by σ = qs/
√
2, independent of parton145

flavor and x, where qs is the intrinsic-kT parameter.146

The scale at which the strong coupling αs is to be evaluated in Eqs. (1) and (2) is a function147

of the branching variables. Two scenarios are studied in Refs. [9, 21]:148

i) : αs = αs(q
′2)

ii) : αs = αs(q
′2(1− z)2) = αs(q

2
T ) (5)

In scenario i), it is shown in [9] that Eq. (1), in the collinear case, i.e. once it is integrated over149

all transverse momenta, reproduces exactly the DGLAP evolution [29–32] of parton densi-150

ties. In scenario ii), it is discussed in [33] how, upon integration over transverse momenta151

and suitable treatment of the resolution scale, Eq. (1) returns the CMW coherent branching152

evolution [28].153

In Ref. [21], fits to precision DIS HERA measurements [34] based on Eqs. (1) and (4),154

combined with NLO DIS matrix elements, are performed for both scenarios i) and ii), using155

the fitting platform xFitter [35, 36]. It is found that fits to DIS measurements with good156

χ2 values can be achieved in either case. Correspondingly, PB-NLO-HERAI+II-2018 set 1157

(abbreviated as PB-NLO-2018 Set1) (with the DGLAP-type αs(q
′2)) and PB-NLO-HERAI+II-158

2018 set2 (abbreviated as PB-NLO-2018 Set2) (with the angular-ordered CMW-type αs(q
2
T ))159

are obtained, both having intrinsic-kT parameter in Eq. (4) set to qs = 0.5 GeV [21]. All PB160

TMD parton distributions (and many others) are accessible in TMDlib and via the graphical161

interface TMDplotter [37, 38].162

On the other hand, it is found that PB-NLO-2018 Set2 provides a much better descrip-163

tion, compared to PB-NLO-2018 Set1, of measured Z/γ transverse momentum spectra at164

the LHC [7], in low-energy experiments [11], and of di-jet azimuthal correlations near the165

back-to-back region at the LHC [39]. This underlines the relevance of the angular-ordered166

coupling αs(q
2
T ) in regions dominated by soft-gluon emissions.167
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Based on this observation, in the following we will focus on the PB-NLO-2018 Set2 ap-168

proach and perform fits to DY transverse momentum measurements to investigate the sen-169

sitivity of these measurements to the nonperturbative TMD intrinsic-kTparameter qs, and170

perform determinations of its value.171

As discussed in [7, 21], in order to complete the definition of the PB-NLO-2018 Set2 sce-172

nario the treatment of the coupling αs needs to be specified in the region of small transverse173

momenta qT <∼ q0, where q0 is a semi-hard scale on the order of the GeV. As in [7,21], we take174

αs = αs(max(q20,q
2
T )), (6)

setting q0 = 1 GeV, which may be regarded as similar in spirit to the “pre-confinement”175

proposal in the context of infrared-sensitive QCD processes [40,41]. In the present study, we176

will perform a determination of the nonperturbative TMD parameter qs from DY transverse177

spectra by assuming the above behavior for αs.178

To better illustrate the underlying physical picture, we give next a few further comments179

on nonperturbative contributions and the treatment of the small transverse momentum re-180

gion in the PB TMD approach.181

As implied by Eqs. (1) and (2), the PB TMD method incorporates Sudakov evolution via182

phase space integrations of appropriate kernels over the resolvable region, i.e. over momen-183

tum transfers z up to the soft-gluon resolution scale zM . For each branching evolution scale184

q′2, it is instructive to examine separately parton emissions with transverse momenta above185

the semi-hard scale q0, qT > q0, and below q0, ΛQCD < qT ∼< q0. Using the angular ordering186

relation (3), these emissions are mapped respectively on the regions187

(a) : z < zdyn = 1− q0/|q′|,
(b) : zdyn ∼< z < zM , (7)

where zdyn = 1− q0/|q′| is the dynamical resolution scale associated with the angular order-188

ing [26–28, 33]. In region (a), the strong coupling (6) is evaluated at the scale of the emitted189

transverse momentum, αs(q
2
T ); the contribution from region (a) to the evolution in Eqs. (1),190

(2) corresponds to the perturbative Sudakov resummation (see e.g. [42,43]).In region (b), the191

strong coupling (6) freezes around the semi-hard scale q0; the contribution from region (b) to192

the evolution is the nonperturbative Sudakov form factor in the PB TMD approach.193

It is worth noting that the PB-NLO-2018 Set 2 framework provides a very natural and194

economical description of nonperturbative Sudakov effects, based on perturbative modeling195

of the Sudakov form factor (2) combined with the infrared αs behavior (6): it does not contain196

any additional nonperturbative functions and parameters, besides the scale q0.197

In Fig. 1 we show parton distributions obtained with the PB approach using the starting198

distributions from PB-NLO-2018 Set2. We show distributions for the gluon and down quark199

parton densities for different values of zM : zM → 1 (default - regions (a+ b) - red curve [21])200

and zM = zdyn = 1 − q0/q
′ (region (a) only - blue curve obtained with the same parameters201

as PB-NLO-2018 Set2 except zM using UPDFEVOLV [44]). The distributions obtained from202

PB-NLO-2018 set2 with zM → 1 are significantly different from those applying zM = zdyn,203
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Figure 1: Integrated gluon and down-quark distributions at µ = 4 GeV (left column) and µ =
100 GeV (right column) obtained from the PB approach based on PB-NLO-2018 Set2. The red curve
is the published PB-NLO-2018 Set2 [21] and corresponds to zM → 1 (regions (a+ b) in text). The blue
curve corresponds to zM = zdyn with q0 = 1 GeV (region (a) only). The ratio plots show the ratios to
the one for zM → 1.

illustrating the importance of soft contributions even for collinear distributions. In Ref. [45]204

it was found that limiting the z-integration leads to inconsistencies. In Ref. [46] a procedure205
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to correct the z limitation is discussed. A detailed discussion on the role of soft gluons and206

the nonperturbative Sudakov form factor is given in Ref. [47]. Please note that the intrinsic-207

kT distribution, since not part of the collinear calculation, does not affect the collinear parton208

densities.209

In the transverse momentum distributions obtained with the PB-approach, the effect of210

the zM cut-off is even more visible. In Fig. 2 the transverse momentum distributions obtained211

for down and charm quarks for PB-NLO-2018 Set2, with zM → 1, i.e. regions (a+b), with (red212

curve) and without intrinsic-kT distribution applied (blue curve - a Gauss distribution with213

qs = 0.00001 GeV). We also show the transverse momentum distribution contribution from214

region (a) alone, i.e. for zM = zdyn = 1 − q0/µ
′, without intrinsic-kT (corresponding to the215

magenta curve of Fig. 1). The importance of the large z-region on the transverse momentum216

distributions is seen in the comparison with the predictions without intrinsic-kT distribution217

(blue and magenta curves).218

The transverse momentum distributions show very clearly that the perturbative region219

kT > q0 is not affected by the choice of zM , while the soft region is significantly affected.220

Applying such a scale, zM = zdyn = 1 − q0/µ
′, removes emissions with qt < q0 (there are221

still low-kT contributions, which come from adding vectorially all intermediate emissions).222

However, very soft emissions are automatically included with zM → 1.223

As shown in Fig. 2, the effect of the intrinsic-kT distribution is much reduced at large224

scales, but the contribution of the region zdyn < z < 1 stays important for small kT, which225

is shown by the calculation (magenta curve) applying zdyn which falls much below the full226

calculation.227

It is interesting to observe that the charm density shows essentially no effect of an intrinsic-228

kT distribution: this is because charm is generated dynamically from gluons only, and there229

is no intrinsic charm density.230

2.2 Transverse momentum distributions of PB-NLO-2018231

After having discussed the importance of the soft nonperturbative region to the transverse232

momentum distribution, we turn now to a discussion of the transverse component of the PB233

parton distributions of Ref. [21], which are used for comparison with measurements.234

In previous investigations on Z-boson production at the LHC [7],as well as for low DY235

mass, mDY, and at low
√
s [7],it was found that PB-NLO-2018 Set2 describes the measure-236

ments much better, while PB-NLO-2018 Set 1 gives too large a cross section at small DY237

lepton pair transverse momenta, pT(ℓℓ).238

The difference between PB-NLO-2018 Set1 and Set2, which comes from the choice of239

renormalization scale (argument in αs), is seen essentially in the low-kT region, where the240

nonperturbative Sudakov form factor (region (b)), with the integral zM → 1, plays an impor-241

tant role. In Fig. 3 (upper row) the distributions for up and charm quarks are shown when242

no intrinsic-kT distribution is included, the lower row shows the default intrinsic Gauss kT243

distributions of widths qs = 0.5 GeV. It is very interesting to observe that the differences244

between the sets setting qs = 0 or not are very much reduced for heavy flavors since they are245
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Figure 2: Transverse momentum distributions of down and charm quarks at µ = 4 GeV (left column)
and µ = 100 GeV (right column) obtained from the PB approach based on PB-NLO-2018 Set2. Two
distributions do not include intrinsic-kT : the blue curve corresponds to zM → 1 (regions a+b in text)
and the magenta curve to zM = zdyn = 1 − q0/q (region a only). The red curve is the published one
PB-NLO-2018 Set2 [21] and including intrinsic-kT and zM → 1.

only generated dynamically (since heavy flavors are not present at the starting scale in the246

VFNS which is applied here).247

In Fig. 4 the transverse momentum distribution for down quarks, with and without an248

intrinsic-kT distribution, is shown at different scales µ. While at low scales µ ∼ 50 GeV a249
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Figure 3: TMD parton density distributions for down and charm quarks of the published PB-NLO-
2018 Set1 (red curve) and PB-NLO-2018 Set2 (blue curve) [21] as a function of kT at µ = 100 GeV
and x = 0.01. In the upper row are shown distributions when no intrinsic-kT distribution is included
(qs = 0.00001 GeV), and the lower row shows the default distributions with qs = 0.5 GeV.

significant effect of the intrinsic-kT distribution is observed for very small kT, at large scales250

µ ∼ 350 GeV this effect is much reduced. This scale dependence will result in a much smaller251

sensitivity to the intrinsic-kT distribution at high mDY.252

2.3 Calculation of the DY cross section253

The cross section of DY production is calculated at NLO with MADGRAPH5_AMC@NLO [24].254

In the MCatNLO method, the collinear and soft contributions of the NLO cross section are255
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Figure 4: TMD parton density distributions for down quarks of PB-NLO-2018 Set2 with (red curve)
and without (blue curve) intrinsic-kT distribution as a function of kT at different scales µ and x = 0.01.
The lower panels show the full uncertainty of the TMD PDFs, as obtained from the fits [21]. Shown
is the ratio to each central value. The red band shows the uncertainty of PB-NLO-2018 Set2, the blue
line has no uncertainty band.

subtracted, as they will be later included when parton shower, or as in our case, TMD parton256

densities are applied. As in earlier studies, we use CASCADE3 [48] to include TMD parton257

distributions and parton shower to the MCatNLO calculation (a detailed investigation of258

the effect of TMD parton distributions and parton showers applied in the CASCADE3 Monte259

Carlo generator is given in Ref. [25]). We use the HERWIG6 subtraction terms in MCatNLO,260

since they are based on the same angular ordering conditions as the PBTMD parton distribu-261

tion sets, PB-NLO-2018 Set1 and PB-NLO-2018 Set2, described in the previous section. The262

validity and consistency using HERWIG6 subtraction terms in MCatNLO together with PB263

TMD distributions has been studied in detail in the appendix of Ref. [25]. The predicted cross264

sections (labeled as MCatNLO+CAS3 in the following) are calculated using the integrated265

versions of the NLO parton densities PB-NLO-2018 Set1 and PB-NLO-2018 Set2 together266

with αs(mZ) = 0.118 at NLO.267

The factorization scale µ, used in the calculation of the hard process is set to µ =268

1
2

∑
i

√
m2

i + p2t,i, with the sum running over all final state particles, in case of DY produc-269

tion over all decay leptons and the final jet. For the generation of transverse momentum270

according to the PB-TMD distributions, the factorisation scale µ in the hard process is set271

to µ = mDY, in the case of a real emission it is set to µ = 1
2

∑
i

√
m2

i + p2t,i. The generated272

transverse momentum is limited by the matching scale µm =SCALUP [48]. Since there are273

no PB-fragmentation functions available yet, the final state parton shower in CASCADE3 is274

generated from PYTHIA [49], including photon radiation of the lepton pair.275

A good description of the final state QED corrections, and in particular the kinematic276
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effect of the real photon radiations, is essential in order to achieve a precise description of277

the DY transverse momentum. Fig. 5 (left) shows the DY mass distribution as measured278

by CMS [50] at 13 TeV together with predictions of MCatNLO+CAS3 *. The bands show279

the scale uncertainty coming from a variation of the renormalization and factorization scale280

by a factor of two up and down, avoiding the extreme values (7-point variation). The DY281

mass is calculated from the so-called dressed-leptons (see for example [52,53]), where photons282

radiated within a cone of radius of R < 0.1 are merged to the lepton before the momenta283

are calculated. We show predictions based on PB-NLO-2018 Set1 and Set2, and also, for284

illustration, when photon radiation is turned off in the final-state shower (labeled as "no-285

QED"). A rather good description of the DY mass spectrum over a large range on mDY is286

obtained both with PB-NLO-2018 Set1 and Set2. Only at mDY greater than a few hundred287

GeV the predictions tend to become smaller than the measurement (while still within the288

uncertainties). However, this is the region where the partonic x becomes large and not well289

constrained by the fit to HERA data [34] used for the PB-NLO-2018 TMD extraction [21]. In290

the region of mDY below the Z-pole, one can observe the importance of QED corrections. In291

Fig. 5 (right) we show the photon transverse momentum spectrum in Z-production as mea-292

sured by CMS [54] at 7 TeV in comparison with MCatNLO+CAS3 including QED radiation.293

The photon spectrum is well described at low ET < 40 GeV, while the high ET spectrum294

predicted by the parton shower falls below the measurement, since the precision of parton295

showers are limited for the high pT region.296

3 The transverse momentum spectrum of DY lepton pairs297

The transverse momentum spectrum of DY pairs at
√
s = 13 TeV has been measured for a298

wide mDY range by CMS [18]. We use this measurement for comparison with predictions of299

MCatNLO+CAS3 based on PB-NLO-2018 Set1 and PB-NLO-2018 Set2, as shown in Fig. 6.300

As already observed in previous investigations [7,11,25,39], the PB-NLO-2018 Set1 gives too301

high a contribution at small transverse momenta pT(ℓℓ), while PB-NLO-2018 Set2 describes302

the measurements rather well, without any further adjustment of parameters†, underlining303

the role of evaluating the strong coupling at the transverse momentum scale. In order to304

illustrate the importance of QED corrections, we show in addition a prediction based on PB-305

NLO-2018 Set2 without including QED final state radiation (labeled noQED). Especially in306

the low mDY region, the inclusion of QED radiation is essential, not only changing the total307

cross section but rather strongly modifying the shape of the transverse momentum distribu-308

tion pT(ℓℓ). All calculations predict too low a cross section at large transverse momentum309

due to missing higher-order contributions in the matrix element. In Refs. [12, 55, 56] it is310

shown explicitly that including higher orders in the matrix element through the TMD multi-311

jet merging technique gives an excellent description even for largest pT(ℓℓ). For all further312

*We use the Rivet package [51] for the calculation of the final distributions.
†The predictions shown here are slightly different compared to the predictions in [18] because we use here a

lower minimum kT cut and because of a bug in the treatment of QED radiation in Rivet, corrected in version 3.1.8
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Figure 5: Left: The mass distribution of DY lepton pairs at 13 TeV [50] compared to predictions
of MCatNLO+CAS3 with PB-NLO-2018 Set1 (red curve), PB-NLO-2018 Set2 (blue curve) and with-
out QED corrections (green curve). Right: The spectrum of photons transverse momentum in
Z → µ+µ−γ at 7 TeV [54] compared to MCatNLO+CAS3 PB-NLO-2018 Set2 including QED radiation
for a transverse momentum of the DY pair pT(ℓℓ) < 10 GeV. The bands show the scale uncertainty.

distributions, we restrict the investigations to pT(ℓℓ) below the peak region (i.e. pT(ℓℓ) <∼ 8313

GeV).314
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Figure 6: The pT(ℓℓ) dependent DY cross section for different mDY regions as measured by CMS [18]
compared to MCatNLO+CAS3 predictions based on PB-NLO-2018 Set 1 (red curve) and Set 2 (blue
curve). Also shown are predictions without the inclusion of final state QED radiation from the leptons
(green curve). The band shows the 7-point variation of the renormalization and factorization scales.
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3.1 Influence of the intrinsic-kT distribution on DY transverse momentum dis-315

tributions316

Given the rather successful description of the DY pT(ℓℓ)-spectrum with MCatNLO+CAS3317

using PB-NLO-2018 Set 2 in the low pT(ℓℓ)-region, we investigate below the importance of318

the intrinsic-kT distribution. In PB-NLO-2018 the intrinsic-kT distribution is parameterized319

as a Gauss distribution with zero mean and a width σ2 = q2s/2 [21] (see Eq. (4)), where qs320

was fixed by default at qs = 0.5 GeV.321

In order to illustrate the sensitivity range of the intrinsic-kT distribution, we show in322

Fig. 7 the MCatNLO+CAS3 predictions for the low pT(ℓℓ)-spectrum of DY production at323

different DY masses mDY for different intrinsic-kT distribution (with different qs parameter324

values) compared to the CMS measurement [18]. We observe that sensitivity to intrinsic-kT325

is more pronounced at small pT(ℓℓ) values. This sensitivity decreases with increasing mass,326

as expected from Fig. 4
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Figure 7: Drell-Yan cross section ratios of MCatNLO+CAS3 predictions for different qs values over
CMS measurement [18] as a function of pT(ℓℓ) for different mDY regions. Only the lowest pT(ℓℓ)
values are shown. The points error bar show the statistical uncertainties and the gray bands the
total experimental uncertainties. The gray area at the highest pT(ℓℓ) values show the maximal values
included in the fit described in section 3.2.
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In the following we describe a determination of the Gaussian width qs for differ-328

ent DY masses, mDY, at different
√
s. The prediction is obtained from a calculation of329

MCatNLO+CAS3 using TMD distributions obtained with the PB-NLO-2018 Set2 parame-330

ters for the collinear distribution, but with different qs values. We scan for each mDY-bin qs331

in steps of 0.1 to 0.3 GeV in the range qs = 0.1, . . . , 2.0 GeV. In order to avoid sensitivity to332

the collinear parton distribution, we normalise the prediction in each mDY-bin to the integral333

of the measurement in that mDY-bin for the range in pT(ℓℓ) under consideration (shown in334

Fig. 7). At higher DY transverse momenta, higher order contributions have to be taken into335

account (a study using multijet merging is given in Refs. [12, 55, 56]).336

3.2 Fit of the Gauss width qs in pp at
√
s = 13 TeV337

The transverse momentum distribution of DY leptons has been measured by the CMS collab-338

oration [18]. This is the basic measurement for the determination of the intrinsic-kT param-339

eter qs, since it covers a wide mDY-range with high precision and that a detailed uncertainty340

breakdown, discussed in subsection 3.2.1, is provided. The measurements of Z-production341

obtained from LHCb [57] are discussed in subsection 3.2.2, while measurements at lower342

center-of-mass energies are shown in subsection 3.3.343

3.2.1 DY production over a wide DY mass range344

The CMS collaboration has measured Drell-Yan production at 13 TeV [18] covering a range345

of DY mass mDY = [50, 76, 106, 170, 350, 1000] GeV. The measurement is provided with a de-346

tailed uncertainty breakdown, corresponding to a complete treatment of experimental uncer-347

tainties including correlations between bins of the measurement for each uncertainty source348

separately. Note that we use the fully detailed breakdown of the experimental uncertainties349

provided on the CMS public website ‡.350

In order to determine the intrinsic-kT we vary the qs parameter and calculate a χ2 to351

quantify the model agreement with the measurement. We evaluate the following expression,352

χ2 =
∑
i,k

(mi − µi)C
−1
ik (mk − µk), (8)

with mi being the measurement and µi being the prediction for data point i. The covariance353

matrix Cik is decomposed into a component describing the uncertainty in the measurement,354

Cmeas.
ik , and the statistical and scale uncertainties in the prediction,355

Cik = Cmeas.
ik + Cmodel-stat.

ik + Cscale
ik . (9)

The covariance matrix of the measurement is taken directly from the supplementary mate-356

rial provided by CMS. The statistical uncertainty in the prediction, arising from the use of a357

‡The corresponding HEPdata records only contain summarised information
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Figure 8: The reduced χ2/n.d.f distribution as a function of qs for different mDY regions
obtained from a comparison of the MCatNLO+CAS3 prediction with the measurement by
CMS [18]. The points represent the obtained χ2 values. The lines represent the curves used
for the uncertainty estimate (see text), which is materialized by the shaded areas.

Monte Carlo simulation, is accounted for as a small diagonal contribution without correla-358

tions between bins,359

Cmodel-stat.
ik = σ2

i,stat. δik, (10)

where σi,stat. is the bin-by-bin statistical uncertainty. We also treat, for the first time, the scale360

uncertainties of the theoretical prediction as a correlated uncertainty, for a given mDY range,361

allowing for a global shift of all bins together within the band defined by the symmetrised362

envelope of the scale uncertainties. This contribution to the covariance matrix is constructed363

as follows,364

Cscale
ik = σi,scale σk,scale, (11)

where σi,scale encodes the scale variation for each bin.365

We first extract independent values of qs for each invariant mass region considered in the366

measurement, considering only the region most sensitive to qs, pT(ℓℓ) < 8 GeV. We reduce367

this range further in the first two regions to pT(ℓℓ) < 6 GeV for 50 < mDY < 76 GeV and368

pT(ℓℓ) < 7 GeV for 76 < mDY < 106 GeV to stay in the region of sensitivity and not be369

biased by missing higher orders in the predictions affecting high pT(ℓℓ) shape. The obtained370

χ2/n.d.f (reduced χ2)) values are shown in Fig. 8 as a function of qs.371

Within each region, we consider the value of qs for which the smallest χ2 is obtained as372

our “best fit” value. We construct a one-sigma confidence region as the set of all qs values373

for which χ2(qs) < min(χ2) + 1. When possible, this region is determined graphically using374
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mDY region Best χ2 n.d.f Best fit qs [GeV]
50–76 GeV 2.45 3 1.00± 0.08(data)± 0.05(scan)± 0.1(bins)
76–106 GeV 11.4 7 1.03± 0.03(data)± 0.05(scan)± 0.05(bins)

106–170 GeV 6.46 4 1.11± 0.13(data)± 0.05(scan)± 0.2(bins)
170–350 GeV 4.62 4 1.1+0.24

−0.18(data)
350–1000 GeV 1.04 4 < 1.9

Table 1: Results of the fit on individual mDY intervals for the CMS measurement [18]. The
“data” uncertainty is the one estimated using min(χ2) + 1, the “scan” uncertainty accounts
for the step size of the qs scan, and the “bins” uncertainty is derived by varying the number
of bins included in the fit. The number of bins used in the fit gives n.d.f.
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Figure 9: The values of qs in each mDY-bin as obtained from Ref. [18]. Indicated is also the
combined fit value of qs.

a linear interpolation between scan points. When the minimum is too narrow for a reliable375

determination of the uncertainty using this method, we use instead a quadratic interpola-376

tion between the lowest three points and add an uncertainty equal to one half-bin-width377

(0.05 GeV) in quadrature. In addition, we include an uncertainty derived by repeating the378

procedure with modified fit boundaries. The values obtained using this method are listed in379

Table 1 and a comparison is shown in Fig. 9.380

The values derived from each mDY interval are compatible with each other. The most381

precise determination is obtained from the Z peak region, 76 < mDY < 106GeV, followed by382

the regions around it. The sensitivity at high mass suffers from larger statistical uncertainties383
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in the measurement. This independence of the intrinsic-kT with the DY mass contrasts with384

the need to tune the Parton Shower parameters for different masses in standard Monte Carlo385

events generators (see [18] - Fig. 6 for a data comparison with MADGRAPH5_AMC@NLO386

interfaced with PYTHIA Parton Shower).387

Having obtained compatible results, we proceed to deriving a combined fit by calculating388

a joint χ2 including the considered bins in all mass ranges. For this, we construct a new389

covariance matrix Ccomb.
ik as a sum over the 650 uncertainty sources included in the detailed390

breakdown. We consider that each systematic uncertainty is fully correlated between mDY391

regions and construct their covariance matrices in the same way as in Eq. (11). The statistical392

uncertainties (data and Monte Carlo) in the measurement feature nontrivial correlations due393

to the use of unfolding but are independent in each mDY region, and therefore we construct394

a block-diagonal matrix from the covariance matrices in each mDY region. The statistical395

uncertainty in the prediction is diagonal. We consider that the uncertainties in the QCD396

scales are not correlated between mDY regions and use a block-diagonal matrix.397

The χ2 values obtained using the combined covariance matrix are shown in Fig. 8. The398

best fit value, extracted in the same way as for separate regions, is,399

qs = 1.04± 0.03(data)± 0.05(scan)± 0.05(binning) GeV.

This value and its uncertainty are shown as a black line and shaded area on Fig. 9 for compar-400

ison with the individual mDY bins. A cross-check has been performed by interpolating the401

prediction for each bin between qs values and searching for the minimum of the χ2 distribu-402

tion using a finer qs grid. It returned values within the uncertainties quoted above. The TMD403

distributions including the new qs value are available in TMDlib and TMDplotter [37, 38].404

To make consistency checks of the obtained value of qs and to examine possible trends of405

its dependence on DY mass and centre-of mass energy, the DY measurements at high rapidity406

and lower collision energies have been analysed. Since for these measurements no full error407

breakdown are available, we treat all uncertainties as being uncorrelated and do not include408

systematic uncertainty coming from the scale variation in the theoretical calculation.409

3.2.2 Z production at high rapidities at 13 TeV410

The LHCb collaboration [57] has measured Z-production at
√
s = 13 TeV in the forward411

region, covering a rapdity range of 2 < |y| < 4.5. The χ2 distribution is shown in Fig. 10412

summed over the rapidity range of the DY lepton pair as a function of qs. A minimum is413

obtained for qs = 0.74±0.15 GeV, where the uncertainty comes from a variation of χ2 by one414

unit and from the step size of the qs scan.415

3.3 The Gauss widths qs from lower center of mass energies416

The ATLAS collaboration has measured the production of DY from collisions at
√
s = 8 TeV417

in several DY mass bins, out of which only the two with 44 < mDY < 66 GeV and 66 <418
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mDY < 116 GeV are relevant for pT(ℓℓ) < 10 GeV [58]. In Fig. 11 we show the χ2/n.d.f as a419

function of qs obtained from these two mass bins (n.d.f = 8).420

The TeVatron experiments D0 [59] and CDF have measured transverse momenta of DY421

lepton pairs created in pp̄ collisions at lower center-of-mass energies (1.8 TeV [60] and 1.96422

TeV [61]). The PHENIX collaboration measured DY production at
√
s = 200 GeV [62], and423

E605 [63] at
√
s = 38.8 GeV. The Drell-Yan differential cross section in pT(ℓℓ) has also been424

measured in pPb data at
√
s = 8.1 TeV by CMS [64]. Figure 11 shows the impact that the qs425

choice has on χ2/n.d.f for these different measurements.426

3.4 Consistency between determinations of intrinsic kT width427

A global fit of qs is obtained by calculating χ2 for different measurements, as shown in Ta-428

ble 2, including the corresponding center-of-mass energies, collision types and the number429

of fitted data points, resulting in a total of 81 data points.430

The impact of intrinsic-kT distribution at lower collision energies has been analyzed us-431

ing the entire range of pT(ℓℓ), while at higher center-of-mass energies we investigate up to432

the peak region in the transverse momentum distribution.433

The χ2/n.d.f distribution as a function of qs, for all the data together, is shown in Fig. 12.434

The χ2 distribution exhibits a minimum at around qs = 1.0 GeV, which is consistent with the435

value obtained as described above.436

Figure 13 displays the value of qs as a function of mDY and
√
s obtained from the different437
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Figure 11: The reduced χ2/n.d.f. distribution as a function of qs obtained from a compari-
son of the MCatNLO+CAS3 PB-NLO-2018 Set2 prediction with the measurements at lower
center-of-mass energies. The colored shaded band shows the χ2 variation of one unit for each
data set. The value of qs = 1.04±0.08 GeV is shown as the grey band. Left-top: ATLAS mea-
surement in 2 mass bins that we analysed at

√
s = 8 TeV (n.d.f. = 4 for each mass bin) [58]

and CMS in pPb at
√
s = 8.1 TeV [64]. Right-top: TeVatron measurements - D0 at

√
s = 1.8

TeV (n.d.f. = 4) [59], CDF at
√
s = 1.8 TeV (n.d.f. = 5) [60] and

√
s = 1.96 TeV (n.d.f. = 6) [61]

Bottom: Measurements at lower energies - PHENIX at
√
s = 200 GeV (n.d.f. = 12) [62] and

E605 at
√
s = 38.8 GeV (n.d.f. = 11) [63]

.

measurements in Refs. [18, 57–64]. For the data which do not provide detailed uncertainty438

breakdown and are mainly used for the cross checks and comparison purpose, the uncer-439

tainty bars of qs shown in the figures are obtained from the χ2 variation of one unit and step440

size of the qs scan only. The value of qs = 1.04±0.08 GeV , as derived from the measurements441
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Analysis
√
s Collision types n.d.f

CMS_2022_I2079374 [18] 13 TeV pp 25
LHCb_2022_I1990313 [57] 13 TeV pp 5
CMS_2021_I1849180 [64] 8.1 TeV pPb 5

ATLAS_2015_I1408516 [58] 8 TeV pp 8
CDF_2012_I1124333 [61] 1.96 TeV pp̄ 6
CDF_2000_S4155203 [60] 1.8 TeV pp̄ 5

D0_2000_I503361 [59] 1.8 TeV pp̄ 4
PHENIX_2019_I1672015 [62] 200 GeV pp̄ 12

E605_1991_I302822 [63] 38.8 GeV pp 11
Total 81

Table 2: All data sets with the corresponding center-of-mass energies, collision types and the
number of degrees of freedom used for the global fit of qs.
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Figure 12: The reduced χ2/n.d.f. distribution (n.d.f. = 81) as a function of qs obtained from a compar-
ison of the MCatNLO+CAS3 PB-NLO-2018 Set2 prediction with the measurement of Refs. [18,57–64].
The minimum of global DY data fit is close to qs = 1 GeV and consistent with the CMS measure-
ment [18] shown separately by a black line.

in Ref. [18], is compatible for all ranges of mDY, and also holds true for various values of
√
s.442

The obtained value is also found to be compatible for pPb data.443

To summarize, we have obtained a value for the width of the Gauss distribution for mod-444

eling the intrinsic-kT distribution inside protons of qs = 1.04 ± 0.08 GeV. This value, in445

contrast to standard Monte Carlo event generators, has no strong dependence on the center-446

of-mass energy as well as on the mass of the produced Drell-Yan lepton pair mDY. This447
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Figure 13: Left: the value of qs as a function of the DY-mass as obtained from the measurements in
Refs. [18,57–64]. Right : same as a function of

√
s. The value of qs = 1.04±0.08 GeV as obtained from

the measurements in Ref. [18] is indicated.

behavior comes from the form of the Sudakov form factor used in PB which gives resumed448

contributions of soft gluons at small kT.449

4 Conclusion450

In this paper we have carried out a detailed application of the PB-TMD methodology, which451

is reviewed in the first part of the paper, and used it to describe the DY low transverse452

momentum distributions across a wide range of DY masses. Within this methodology, we453

have presented the extraction of the intrinsic-kT nonperturbative TMD parameter from fits454

to the measurements of DY pT differential cross sections performed recently at the LHC455

at
√
s = 13 TeV, for DY masses between 50 GeV and 1 TeV. We have compared this with456

extractions from other DY measurements at different center-of-mass energies and masses.457

As shown previously, the measured DY cross section at low pT favours a choice of the458

strong coupling αs scale to be taken as the transverse momentum of each parton emission, as459

in angular-ordered CMW parton cascades. This corresponds to the TMD parton distribution460

set PB-NLO-2018 Set2. In this paper we use PB-NLO-2018 Set2 with “pre-confinement” scale461

q0 of 1 GeV. The strong coupling is evaluated at the emitted transverse momentum qT for462

emissions with qT > q0, populating the phase space region z < zdyn (where zdyn = 1−q0/|q′|,463

with |q′| being the scale of the branching), while it is evaluated at the semi-hard scale q0464

for emissions with qT ∼< q0. The contribution to the Sudakov evolution from the parton465

branching in the phase space region z < zdyn gives the perturbative resummation of Su-466

dakov logarithms, while the contribution from the parton branching in the phase space467

region zdyn ∼< z < zM gives the nonperturbative Sudakov form factor. Therefore the PB-468
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NLO-2018 Set2 contains two sources of nonperturbative effects: i) the nonperturbative TMD469

distribution at low evolution scale µ0, and ii) the nonperturbative Sudakov form factor, spec-470

ified by the “pre-confinement” scale prescription to continue the branching evolution to the471

infrared region zdyn ∼< z < zM . The former includes the intrinsic-kT width parameter qs,472

corresponding to Fermi motion in the hadron beam, while the latter is characterized by the473

semi-hard scale parameter q0. At low kT, the contribution of nonperturbative Sudakov form474

factor interplays with the contribution of the intrinsic transverse momentum.475

The main result of the present work is the extraction, within the PB-NLO-2018 Set2 frame-476

work, of the intrinsic-kT Gauss distribution with zero mean and width parameter qs =
√
2σ477

from the measured pT dependence of the DY cross sections obtained recently at the LHC478

at
√
s = 13 TeV [18], for different DY masses mDY, between 50 GeV and 1 TeV. These mea-479

surements provide a complete decomposition of the different systematic uncertainties and480

their covariance matrices. To compare to the data, we have used DY production at NLO481

obtained with the MADGRAPH5_AMC@NLO event generator matched with the PB TMD482

distributions PB-NLO-2018 Set2, with a given parameter qs value. We performed a scan over483

a large range of values qs on the transverse momentum spectrum below the peak, i.e. the484

sensitive part to intrinsic-kT, and considering separately each experimental source of uncer-485

tainty and their correlations. The theory scale uncertainties have been considered to be fully486

correlated inside each mDY bin and uncorrelated between mDY bins. We found the value487

qs = 1.04± 0.08 GeV, consistent for the different mDY. The obtained value is in agreement to488

the expected value from Fermi-motion in protons. It has been cross checked that this value is489

compatible with qs values obtained from other DY measurements at different center-of-mass490

energies
√
s and for a variety of DY masses. The global picture shows no strong dependence491

of the intrinsic-kT on the center-of-mass energy or on the DY mass, which contrasts with492

tuned standard Monte Carlo event generators that need a strongly increasing intrinsic Gauss493

width with
√
s and with mDY.494

We suggest that the remarkably stable value of qs that we obtain in our study can be495

attributed to the contribution of the nonperturbative Sudakov form factor and the treatment496

of the zdyn ∼< z < zM region near the soft-gluon resolution boundary.497
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