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Abstract11

The predictions of azimuthal correlations in Z+jet-production are compared with12

those for multijet production in the same kinematic range by applying PB-TMD distri-13

butions to NLO calculations via MCatNLO supplemented by PB-TMD parton showers.14

The azimuthal correlations ∆φ12, obtained in Z+jet-production are steeper compared to15

those in multijet production at transverse momenta pleading
T ∼ 200 GeV, while they be-16

come similar for very high transverse momenta, pleading
T ∼ 1000 GeV, coming from the17

initial parton configuration of both processes.18

In Z+jet production the colored partonic final state is different compared to the one in19

multijet production and differences in the azimuthal correlations can be also attributed20

to potential factorization - breaking effects. In order to experimentally investigate those ef-21

fects, we propose to measure the ratio of the distributions in ∆φ12 for Z+jet- and multijet22

production at low and at very high p
leading
T , and compare those to predictions obtained23

assuming factorization.24

1 Introduction25

The description of the cross section of high pT jets in association with a Z-boson at high pT in26

proton-proton (pp) collisions is an important test for predictions obtained in Quantum Chro-27

modynamics (QCD). At leading order in the strong coupling αs, the azimuthal angle ∆φ1228

between the Z-boson and the jet is ∆φ12 = π, and a deviation from this back-to-back scenario29

is a measure of higher order radiation. In mulltijet events the azimuthal correlation between30

two jets has been measured at the LHC by ATLAS and CMS [1–5]. The production of Z31

bosons associated with jets has been measured at lower energies, by CDF and D0 in proton-32

antiproton (pp) collisions at a center-of-mass energy
√
s = 1.96 GeV [6, 7]. At the LHC the33

ATLAS and CMS collaborations have published measurements in pp collisions at a center-34

of-mass energy
√
s = 7 TeV [8–10], 8 TeV [11] and 13 TeV [12,13]. The azimuthal correlation35

between Z-bosons and jets has been measured at 8 TeV [11] and 13 TeV [13]. However, all36

the measurements on azimuthal correlations were performed at rather low transverse mo-37

menta of the Z-boson and the jets (pT < O(100) GeV), where multiparton emissions are38

signifiant and next-to-leading (NLO) calculations of Z+jet are not sufficient to describe the39

measurement. With the increase of luminosity at the LHC, it becomes possible to measure40

Z+jet-production in the high pT range, with pT,Z > O(100) GeV. In this high pT-region,41

NLO calculations become appropriate, and especially the back-to-back region can be stud-42

ied in detail, which gives important information on soft gluon resummation and effects of43

the transverse momenta of the initial partons in form of transverse momentum dependent44

(TMD) parton distributions.45

In Ref. [14] we have investigated the ∆φ12 correlation in high pT-dijet events by applying46

TMDs together with next-to-leading order calculations of the hard scattering process. The47

application of TMDs allows a direct investigation of initial state parton radiation (for an48

overview on TMDs see [15]). While hard perturbative higher order radiation leads to a large49

azimuthal decorrelation (∆φ12 < π), soft multi-gluon emissions, which cannot be described50
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by fixed order calculations, dominate in the region ∆φ12 → π. The region of ∆φ12 → π is of51

special interest, since so-called factorization - breaking [16–18] effects could become important52

in case of colored final states. Multijet production is believed to be sensitive to such effects,53

and to a lesser extend Z+jet production, because of the presence of the Z-boson. In order to54

investigate factorization - breaking effects, we propose to compare the theoretical description55

of the azimuthal correlation ∆φ12 in multijet production with the one in Z+jet production.56

In this letter we compare in detail high-pT dijet and Z+jet production by applying the Par-57

ton Branching (PB) formulation of TMD evolution [19,20] together with NLO calculations of58

the hard scattering process in the MADGRAPH5_AMC@NLO [21] framework. In Ref. [14]59

these PB TMD parton distributions were applied to multijet production at large transverse60

momenta. We apply the same method to the calculation of Z+jet production. We propose61

to use the same kinematic region for high-pT dijet and Z+jet production to allow a direct62

comparison of the measurement. At large enough pT the mass of the Z-boson becomes neg-63

ligible, and the different color structure of the final states might allow to observe factorization64

- breaking effects, by comparing the measurements to calculations assuming factorization.65

2 Calculation of Z+jet distributions66

The PB - method to solve the DGLAP [22–25] evolution equation is described in Ref. [19, 20]67

and the NLO PB - collinear and TMD parton distribution were obtained in Ref. [26] from68

QCD fits to inclusive precision data obtained at HERA [27]. The process Z+jet at NLO is69

calculated with MADGRAPH5_AMC@NLO using the collinear PB-NLO-2018-Set 2, as ob-70

tained in Ref. [26] applying αs(MZ) = 0.118. The same procedure, as described for the71

case of multijet production [14] is applied, and predictions are obtained by processing the72

MADGRAPH5_AMC@NLO event files in LHE format [28] through CASCADE33 [29] for an73

inclusion of TMD effects in the initial state and for simulation of the corresponding parton74

shower.75

Fixed order NLO Z+jet production is calculated with MADGRAPH5_AMC@NLO in a76

procedure similar to the one applied for dijet production described in [14]. For the MC@NLO77

mode, the HERWIG6 [30, 31] subtraction terms are calculated, as they are best suited for the78

use with PB - parton densities, because both apply a similar angular ordering condition. The79

matching scale µm = SCALUP limits the contribution from PB-TMDs and TMD showers.80

In the NLO calculations the factorization and renormalization scale set to µR,F =81

1
2

∑
i pT,i, where the index i runs over all particles in the matrix element final state. This82

scale is also used as µ in the PB-TMD parton distributionA(x, kT, µ). The scale uncertainties83

of the predictions are obtained from variations of the scales around the central value in the84

7-point scheme avoiding extreme cases of variation.85

In Fig. 1 we show the distributions of the transverse momentum of the Z+jet-system,86

pT,Zj , and the azimuthal correlation in the Z+jet-system, ∆φZj, for a fixed NLO calculation87

as well as for the full simulation including PB-TMDs and parton showers. We require a88

transverse momentum pT > 200 GeV for the Z-boson and define jets with the anti-kT jet-89
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Figure 1: Transverse momentum spectrum of the Z+jet-system pT,Zj (left) and ∆φZj distribution
(right). The predictions are shown for fixed NLO (MCatNLO(fNLO) and after inclusion of PB-TMDs
(MCatNLO+CAS3).

algorithm [32], as implemented in the FASTJET package [33], with a distance parameter of90

R=0.4.91

In the low pT,Zj-region one can clearly see the expected divergent behavior of the fixed92

NLO prediction. In the ∆φZj distribution one can observe the limited region for fixed NLO at93

∆φZj < 2/3π, since at most two jets in addition to the Z-boson appear in the calculation. At94

large ∆φZj, the fixed NLO prediction rises faster than the full calculation including resum-95

mation via PB-TMDs and parton showers.96

3 Azimuthal correlations in Z+jet and multijet production97

We now apply predictions obtained in the framework described above to Z+jet and multijet98

production. We use the same kinematic region as described in the measurement of azimuthal99

correlations ∆φ12 in multijet production obtained by CMS at
√
s = 13 TeV [4] and in the100

back-to-back region (∆φ12 → π) [5].101

We consider only Z-bosons leading in pT with a transverse momentum of pleading
T > 200102

GeV. We show distributions of the azimuthal correlation between the Z-boson and the lead-103

ing jet, ∆φZj, for pleading
T > 200 GeV as well as for the very high pT region of pleading

T >104

1000 GeV. We apply the collinear and TMD set PB-NLO-2018-Set 2 with running coupling105

αs(mZ) = 0.118.106

In Fig. 2 we show the predictions for azimuthal correlations ∆φZj (∆φ12) for Z+jet pro-107

duction and compare also to the measurement and predictions of azimuthal correlations108

∆φ12 in multijet production [4].109

In Fig. 3 the predictions for the azimuthal correlations ∆φZj (∆φ12) for Z+jet (multijet)110

production in the back-to-back regions are shown and compared to the measurement of dijet111

production of CMS [5]. We observe, that the distribution of azimuthal angle ∆φZj in Z+jet-112
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Figure 2: Azimuthal correlation ∆φZj (∆φ12) for pleading
T > 200 GeV (left) and p

leading
T > 1000 GeV

(right) as measured by CMS [4] compared with predictions from MCatNLO+CAS3. Shown are the
uncertainties coming from the scale variation (as described in the text) as well as the uncertainties
coming from the TMD.
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Figure 3: Azimuthal correlation ∆φZj(∆φ12) in the back-to-back region for pleading
T > 200 GeV

(left) and p
leading
T > 1000 GeV (right) as measured by CMS [5] compared with predictions from

MCatNLO+CAS3. Shown are the uncertainties coming from the scale variation (as described in the
text) as well as the uncertainties coming from the TMD.

production for pleading
T > 200 GeV is more strongly correlated toward π than the distribution113
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of angle ∆φ12 in multijet production. This difference is washed out for pleading
T > 1000 GeV.114
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Figure 4: TMD parton density distributions for up quarks (PB-NLO-2018-Set 2) as a function of kT
at µ = 200 and 1000 GeV and x = 0.01.

Differences in ∆φ between Z+jet and multijet production can result from the different115

flavor composition of the initial state and therefore different initial state transverse momenta116

and initial state parton shower as well as from differences in final state showering since both117

processes have different numbers of colored final state partons. Effects coming from factor-118

ization - breaking, interactions between initial and final state partons, will certainly depend119

on the final structure and the number of colored final state partons.120

We first investigate the role of initial state radiation and the dependence on the transverse121

momentum distributions coming from the TMDs, which gives a large contribution to the122

decorrelation in ∆φ. The kT-distribution obtained from a gluon TMD is different from the123

one of a quark TMD as shown in Fig. 4 for x = 0.01 and scales of µ = 200(1000) GeV. In124

Fig. 5 we show the probability of gg, qg and qq initial states (q stands for quark and antiquark)125

as a function of pleading
T for Z+jet and multijet production. At high p

leading
T > 1000 GeV the126

qq channel is dominant for both Z+jet and multijet final states, while at lower pleading
T > 200127

GeV the gg channel is dominant in multijet production, leading to larger decorrelation effects,128

since gluons radiate more compared to quarks.
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Figure 5: The probability of gg, qg and qq initial states in Z+jet and multijet production (q stands for
quark and antiquark).

129

5



The role of final state radiation in the correlation in ∆φ12 distributions is more difficult to130

estimate, since the subtraction terms for the NLO matrix element calculation also depend131

on the structure of the final state parton shower. In order to estimate the effect of final132

state shower we compare a calculation of the azimuthal correlations in the back-to-back133

region obtained with MCatNLO+CAS3 with the one obtained with MCatNLO+PYTHIA8.134

For the calculation MCatNLO+PYTHIA8 we apply the PYTHIA8 subtraction terms in the135

MADGRAPH5_AMC@NLOcalculation, use the NNPDF3.0 [34] parton density and tune136

CUETP8M1 [35].137
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Figure 6: Azimuthal correlation ∆φZj(∆φ12) in the back-to-back region for pleading
T > 200 GeV (upper

row) and pleading
T > 1000 GeV (lower row) compared with predictions obtained with MCatNLO+CAS3

(left row) and obtained with MCatNLO+PYTHIA8 (right row).

As shown in Fig. 6, the distributions are different because of the different parton shower138
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in CASCADE3 and PYTHIA8, but the ratio of the distributions for Z+jet and multijet produc-139

tion are similar: Z+jet-production gives a steeper (more strongly correlated) distribution at140

low p
leading
T , while at high pleading

T the distributions become similar in shape.141

In order to measure experimentally effects which could originate from factorization - break-142

ing at the back-to-back region we propose to measure the ratio of distributions in ∆φ12 for143

Z+jet- and multijet production at low and very high pleading
T , and compare the measurement144

with predictions assuming factorization. Since the parton configuration of both processes be-145

comes similar at high pleading
T , differences of the ratio from predictions could hint on possible146

factorization - breaking effects.147

4 Summary and conclusions148

We have investigated azimuthal correlations in Z+jet- production and compared predictions149

with those for multijet production in the same kinematic range. The predictions are based on150

PB-TMD distributions with NLO calculations via MCatNLO supplemented by PB-TMD par-151

ton showers via CASCADE3. The azimuthal correlations ∆φ12, obtained in Z+jet-production152

are steeper compared to those in multijet production at transverse momenta pleading
T ∼ 200153

GeV, while they become similar for very high transverse momenta, pleading
T ∼ 1000 GeV,154

coming from the initial parton configuration of both processes.155

In Z+jet production the colored partonic final state is different compared to the one in156

multijet production and differences in the azimuthal correlations can be also attributed to157

potential factorization - breaking effects. In order to experimentally investigate those effects,158

we propose to measure the ratio of the distributions in ∆φ12 for Z+jet- and multijet produc-159

tion at low and at very high p
leading
T , and compare those to predictions obtained assuming160

factorization.161
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