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Abstract

In comparisons of precision measurements at colliders to the most accurate predictions
available in perturbative quantum chromodynamics (QCD), it is required to correct for
nonperturbative effects. By means of Monte Carlo event generators this article inves-
tigates the impact of such nonperturbative effects on two processes relevant for preci-
sion determinations of the strong coupling constant and the proton structure: triple-
differential dijet and Z+jet production. We observe significant differences between the
two processes. Whether this non-universal behaviour is realized in nature remains an
open question. We therefore propose a triple-differential measurement of the underlying
event in Z+jet production.
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1 Introduction

To match the unprecedented precision of measurements at the LHC, accurate predictions of
at least next-to-next-to-leading order (NNLO) in perturbative QCD (pQCD) are required. An
indispensable ingredient for such calculations are parton distribution functions (PDFs) that
describe the manifestly nonperturbative (NP) internal structure of the colliding hadrons and
in particular of the proton. Despite significant progress in lattice gauge theory it is not yet
possible to derive the proton structure from first principles such that the proton PDFs must be
determined in dedicated fits of PDF-dependent observables to precise measurements. More-
over, further NP effects from hadronisation and the Underlying Event (UE) must be estimated
by means of Monte Carlo (MC) event generators, since typically the highest-order predictions
in pQCD only provide events at parton level.

In this article, NP effects for two processes in proton–proton collisions at the LHC are
studied: the inclusive production of dijet events, p+p→ jet+ jet+X , and, generically labelled
as Z+jet, the process p + p → Z/γ∗ + jet + X , where only the decay channel Z/γ∗ → µ+µ−

is considered. For both processes, illustrated in Fig. 1, predictions are available at NNLO
accuracy in pQCD [1–5]. While baseline fits of proton PDFs rely on deep-inelastic scattering
(DIS) [6], which to first degree depends on the valence quarks and only indirectly on the strong
coupling αs, dijet and Z+jet production both are directly sensitive to αs and the gluon content
of the proton [7–10]. Measurements of these processes at the LHC therefore hold significant
potential towards improving the accuracy of αs and the gluon PDF.

Following the publications by the CMS Collaboration on dijet production at the LHC [12,
13] we choose a setup where the cross section is investigated triple-differentially as a func-
tion of the two angular variables yb and y∗ plus one quantity with dimension of energy that
correlates with the energy scale of the collision. The two angular variables are defined as

yb =
1
2
|y1 + y2| , (1)

and

y∗ =
1
2
|y1 − y2| , (2)

where y1 and y2 are the rapidities of the two leading-pT objects emerging from a collision, i.e.
either the leading two jets in dijet production or the reconstructed Z boson and the leading
jet in Z+jet events. The quantity yb corresponds to the longitudinal boost of the centre-of-
mass with respect to the laboratory system of a 2→ 2 scatter, while y∗ is the rapidity of the
two back-to-back final-state objects in the centre-of-mass frame. This choice is particularly
useful, because the variables y∗ and yb to first order separate the dependence on the partonic
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scattering angle in the centre-of-mass system from the dependence on the imbalance in the
initial-state parton momenta, and hence the PDFs. Moreover, one can derive the following
relations to the proton momentum fractions x1|2 carried by the incoming partons of a 2→ 2
scatter:

x1|2 =
2〈pT〉1,2 cosh(y∗)

p
s

exp(±yb)

=
m1,2p

s
exp(±yb) .

(3)

Here, 〈pT〉1,2 and m1,2 are the average transverse momentum, 〈pT〉1,2 = (pT,jet1+pT,jet2)/2, and
the invariant mass, m1,2 =

p

(p1 + p2)2, of the leading two jets, where pT,jet1, pT,jet2 are their
transverse momenta and p1, p2 their four-momenta, respectively. Since at leading order (LO)
for dijet events pT,jet1 = pT,jet2 = 〈pT〉1,2 = pT,jet and for Z+jet events pT,Z = pT,jet we focus in the
following on 〈pT〉1,2 and pT,Z as third variable, which we generically label as X . Furthermore,
jets are always clustered with the collinear- and infrared-safe anti-kT jet algorithm [14] with
a size parameter of R= 0.4. Results with respect to the dijet mass, i.e. X = m1,2, or for a large
jet size parameter of R= 0.8 can be found as additional material in Appendix B.

The triple-differential cross section in these three observables can be written in terms of
weighted MC events as

d3σ

dX d ybd y∗
=

Neff (∆X ,∆yb,∆y∗)
Neff,tot

σincl , (4)

where Neff (∆X ,∆yb,∆y∗) denotes the effective number of selected events within a given
phase space in X , yb, and y∗; Neff,tot is the effective number of generated events in the full
phase space and σincl is the inclusive cross section for the analysed process. The effective
number of events can be expressed in terms of event weights wi as

Neff,S =
∑

i∈S
wi , (5)

of the events i within a phase space region S.

p p

Z

μ

μ

p p

Figure 1: Illustrations of Z+jet (left) [11] and dijet production (right). In the Z+jet
case, an oppositely-charged muon pair and at least one jet are required. For the dijet
case, a second jet replaces the muon pair.
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Figure 2: Visualisation of the analysed Z+jet phase space in yb and y∗ as defined in
Eqs. 1-2. The bins along the yb and y∗ axes discussed in the main part of this work
are indicated by coloured boxes.

This article is organised as follows: Section 2 defines the phase space for the analyses.
Nonperturbative corrections for the two investigated processes are derived and discussed in
Sect. 3. The separation of NP effects into hadronisation and the Underlying Event is addressed
in Sect. 4. A dedicated section 5 examines the behaviour of typical observables for UE studies
in the context of the previous section. A summary of the main findings is presented in the
concluding Sect. 6. Two appendices provide details on the settings of the MC event generation,
App. A, and additional results for X = m1,2 as observable or for R = 0.8 as jet size parameter,
App. B.

2 Analysis phase space

The derived variables yb and y∗ of Eqs. 1 and 2 depend on the rapidities y1, y2 of the leading
objects measured in a collision event. The latter are constrained by acceptance limitations in
the experiments, e.g. ATLAS or CMS [15,16], which can be expressed in terms of the coverage
in pseudorapidity η of the relevant subdetectors. For an optimal reconstruction, jets should
be measured within coverage of the inner tracking devices extending typically up to |η| ≈ 2.5.
Muons can be measured by the ATLAS (CMS) detectors up to |η| = 2.7 (2.4), leading to a
similar constraint on the rapidity yZ of the Z boson that is reconstructed from an opposite-sign
muon pair. The transition from coordinate axes (y1, y2) to (yb, y∗) corresponds to a rotation
by π/4 in rapidity phase space. Applying cuts on (y1, y2) leads, after mapping to the first
quadrant only, to a triangular-shaped phase space in (yb, y∗), as illustrated in Fig. 2 for the
Z+jet process. Here, we choose a binning scheme for yb and y∗ with a bin width of 0.5 starting
from zero up to 2.5. The maximum absolute rapidity allowed for either y1 or y2 is given by
yb + y∗ < |y|max = 3.0, which is slightly larger than the tracker coverage. This results in a
total of 15 (yb, y∗) bins.

In the region where yb < 0.5, there are five bins ranging from y∗ < 0.5 to 2.0≤ y∗ < 2.5.
Each following yb region has one y∗ bin less than the previous one, finishing with a single
bin y∗ < 0.5 for 2.0 ≤ yb < 2.5. In the main part of this work, we focus on the nine bins
corresponding either to a series of bins with increasing yb for y∗ < 0.5, or with increasing
y∗ for yb < 0.5 to better showcase our observations. These bins are indicated by coloured
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Table 1: The binning scheme in 〈pT〉1,2 for the dijet analysis. Due to limited statistical
precision, some bins are merged in the edge bins (E) as compared to the central
bins (C) in the plane of (yb, y∗).

Binning scheme binning labels in (yb, y∗) plane

E
E E

(cf. Fig. 2) C E E
C C E E
C C C E E

bin edges in 〈pT〉1,2 /GeV

Central (C) 47, 57, 67, 77, 87, 97, 107, 127,
147, 175, 207, 243, 284, 329, 380,
437, 499, 569, 646, 732, 827, 931,
1046, 1171, 1307, 1458, 1621, 1806,
2003, 2217, 2453, 2702

Edge (E) 47, 57, 67, 77, 87, 97, 107, 127,
147, 207, 284, 380, 499, 646, 827,
1046, 1307

boxes in Fig. 2, while results for the remaining bins, drawn with grey boxes, can be found in
Figs. 13–16 of Appendix B.

For the final selection criteria and binning of dijet events we follow the publication by
CMS [13] and impose |y|max = 3.0 for the two leading jets. In contrast to CMS, however, we
reduce the pT,jet thresholds from pT,jet1 > 100GeV and pT,jet2 > 50 GeV to 30GeV and 25GeV
respectively. This allows for an increased overlap in phase space when comparing the dijet
and Z+jet processes.

Since the production cross section drops drastically with increasing 〈pT〉1,2, the bin widths
grow with 〈pT〉1,2 to accommodate for the lower expected number of events. Equally, towards
outer rapidity the cross section becomes smaller. Therefore, bins in 〈pT〉1,2 are merged in nine
edge bins (E) at outer rapidities as compared to six central ones (C). The final binning scheme
chosen for dijet events is presented in Table 1.

For the Z+jet process, the Z boson is reconstructed from a pair of oppositely charged
muons, where the invariant mass of the dimuon system has to be within a range of ±20 GeV
around the Z-boson mass mZ = 91.1876GeV [17]. Muons are considered for an absolute pseu-
dorapidity smaller than 2.4 and a transverse momentum of at least 25GeV. If multiple Z-boson
candidates can be reconstructed, the one closest to mZ is chosen. The transverse momentum
of the reconstructed Z boson has to be at least pT,Z > 25 GeV. Jets are required to have a
minimum pT of 20 GeV and an absolute rapidity of less than 2.4. Any jet that overlaps with a
prompt muon within ∆R(jet,µ)< 0.3 is omitted. The distance ∆R to the muon is defined as

∆R(µ, jet) =
r

�

φjet −φµ
�2
+
�

ηjet −ηµ
�2

,

where φ and η are the azimuthal angles and pseudorapidities of the corresponding jet and
muon. This ensures that muons, which are also clustered to form jets, are removed from
further consideration as “jet”.

Similar to the dijet case, a binning scheme with bin widths increasing with pT,Z and fewer
bins in the outer rapidity regions is chosen. Moreover, the suppression of the LO Z+jet process
through PDF effects reduces the expected number of events at high y∗, where parton momenta
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Table 2: The binning scheme in pT,Z for the Z+Jet analysis. Due to limited statistical
precision, some bins are merged in the edge bins (E) as compared to the central
bins (C) in the plane of (yb, y∗). An extra wide binning (X) is used for the highest
y∗-bin.

Binning scheme binning labels in (yb, y∗) plane

X
E E

(cf. Fig. 2) C C E
C C C E
C C C C E

bin edges in pT,Z /GeV

Central (C) 25, 30, 35, 40, 45, 50, 60, 70, 80, 90,
100, 110, 130, 150, 170, 190, 220,
250, 400, 1000

Edge (E) 25, 30, 35, 40, 45, 50, 60, 70, 80, 90,
100, 110, 130, 150, 170, 190, 250,
1000

Extra (X) 25, 30, 40, 50, 70, 90, 110, 150, 250

of x1 ≈ x2 are required. As a result, an extra-wide binning (X) is employed for the (yb, y∗)
bin with (yb < 0.5, 2.0 ≤ y∗ < 2.5). The final binning scheme chosen for Z+jet events is
presented in Table 2.

3 Nonperturbative effects

We derive correction factors to fixed-order perturbative calculations for the presented dijet
and Z+jet analyses to estimate the size and uncertainty of the effect introduced by the NP
models in MC event generators. The full event generation until particle level usually passes
through the following steps: the calculation of the perturbative scattering amplitudes and sub-
sequent phase space integration (matrix element, ME), the collinear resummation of leading
logarithms with parton showers (PS), the fragmentation of coloured final-state partons into
hadrons and subsequent decays of unstable hadrons (Had), and the addition of UE activity via
multiple-parton interactions (MPI).

Similar as in previous analyses at the Tevatron or LHC [13,18–21], the two steps labelled
as Had and MPI are considered as NP effects. Hence, we define the NP correction to fixed-
order predictions at parton level as the ratio between the nominal predictions with and without
hadronisation effects and MPI. The correction at a given perturbative order (PO) of the ME
can then be written as:

CPO
NP =

σPO
ME+PS+Had+MPI

σPO
ME+PS

, (6)

where the subscripts ME+PS+Had+MPI and ME+PS indicate, which steps of the MC event
generation have been executed. In other words, the numerator represents the nominal cross
section at the particle level given by any MC event generator, while the denominator is the
cross section derived from the same MC generator with hadronisation effects and MPI turned
off. Because the coloured partons after parton showers can interact with coloured partons
stemming from the UE modelling via MPI (colour reconnection), the event generation process
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must be run twice, once for the numerator and a second time for the denominator leading to
statistically independent event samples. As a consequence it is not possible to apply a more
elaborate approach using migration matrices for the two levels, although it would certainly be
interesting to follow the migration of jets in phase space.

We emphasize that this approach assumes independence of parton shower and hadroniza-
tion, which certainly is a simplification. There are implicit correlations between parton shower
and hadronization, as the parton shower cutoff is an upper scale for the hadronization. When
the parton shower is terminated at high scales, the hadronization can compensate for softer
radiation that has not been generated by the former, leading to approximately the same to-
tal correction. The separate investigation of the two effects, however, may include a residual
effect of this correlation. Nevertheless, we follow the conventional procedure to quantify non-
perturbative effects in experimental analyses to date.

For an automated and scalable generation of the MC events and subsequent analysis, the
MCRUN software framework [22] based on the workflow management tool LAW [23] is used.
The LAW package implements and calls the tasks related to the necessary code executions,
automatically resolves their dependencies, and manages and distributes the computational
payloads on available computing resources. The configurations used for the results in this
work are made available within the MCRUN software allowing for an efficient reproduction
of the same workflow. A dedicated RIVET [24] routine for each process, respectively, analyses
event records produced by the two MC event generators HERWIG7 version 7.2.3 [25, 26] and
SHERPA version 2.2.15 [27]. An overview of the generator settings for all samples generated
with HERWIG7 is given in Table 3 of Appendix A.1 and in Table 4 of Appendix A.2 for the
SHERPA samples. Jets are clustered utilising the FASTJET [14,28] library. Selection cuts based
on reconstructed objects, as described in the previous Sect. 2, are applied, and fiducial cross
sections for each differential bin are calculated. These cross sections are computed for event
generations up to particle (full) and parton level only (partial). Finally, NP correction factors
are calculated following Eq. 6 from the obtained cross sections for each bin.

The obtained correction factors CNP are subject to statistical fluctuations due to the limited
number of generated events in both the full and partial generation sequences. To smooth these
fluctuations, the NP correction is parameterised using an interpolating function

f (x) = a · ln(x/GeV)b + c , (7)

in each (yb, y∗) bin. This parameterisation is chosen, since the NP effects are expected to
contribute in phase-space regions where the typical energy of the collision approaches hadronic
energy scales while fading out towards higher energies. Since the third observable is correlated
with the energy scale of the collision process, we expect to see larger NP effects towards lower
values of X , while the NP correction factors should approach unity towards high X . Indeed,
the fitted values for the parameter c are compatible with unity and the obtained fits match
the MC simulation well supporting these expectations independent of the analysed topology,
perturbative order, or (yb, y∗) bin.

3.1 Dijet production

The triple-differential dijet cross section is measured as a function of the three observables yb
and y∗, as defined in Eqs. 1-2, and either the average transverse momentum 〈pT〉1,2 or the
mass m1,2 of the dijet system. The resulting NP correction factors derived with HERWIG7 at
LO and next-to-leading order (NLO) [25,26,29,30] accuracy in pQCD of the ME are shown in
Fig. 3 for anti-kT jets with R = 0.4 in the selected (yb, y∗) bins. Further bins can be found in
Appendix B in Fig. 13 together with correction factors for dijet production vs. the dijet invariant
mass m1,2 of the leading and subleading jet. NP correction factors for anti-kT jets with radius
parameter R= 0.8 can be found in Fig. 14 of the same appendix.
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Figure 3: CNP vs. dijet 〈pT〉1,2 using LO (dotted) and NLO MEs (solid lines) in HER-
WIG7 predictions for anti-kT jets with R = 0.4. Bands indicate the statistical uncer-
tainty. The fitted curves are shown for a series of phase space intervals increasing
in y∗ for yb < 0.5 (left) and increasing in yb for y∗ < 0.5 (right). The factors are
shifted with respect to unity by constant offsets.

The observed correction factors for dijet production are close to unity for large 〈pT〉1,2
(m1,2) and decrease towards small 〈pT〉1,2 (m1,2) as expected. They exhibit no significant
dependence on the perturbative order or (yb, y∗) bin.

3.2 Z+jet production

This process can be measured triple-differentially in a similar fashion as the dijet production.
The observable that quantifies the scale of the hard interaction is chosen to be the transverse
momentum of the muon pair, labelled as pT,Z in the following:

pT,Z =
�

�p⃗T,µ− + p⃗T,µ+
�

� , (8)

where p⃗T,µ− and p⃗T,µ+ are the transverse momenta of the muon pair forming the Z-boson
candidate. The rapidity observables yb and y∗ are defined analogously to Eqs. 1-2 with y1
being the rapidity of the Z boson, yZ, and y2 corresponding to the rapidity of the leading jet
in the event yjet1.

NP correction factors derived with HERWIG7 at LO and NLO accuracy in pQCD1 are pre-
sented in Fig. 4 for anti-kT jets with R = 0.4 for the selected (yb, y∗) bins. Further (yb, y∗)
bins as well as all bins for anti-kT jets with R= 0.8 can be found in Figs. 15–16 in Appendix B.
In contrast to the behaviour observed for dijet production, we find a trend towards larger
correction factors with rising y∗ but not with rising yb. This trend in y∗ seems to be some-
what reduced using NLO MEs, where all NP correction factors exhibit an overall decrease in
magnitude as compared to LO MEs.

As a cross-check, the NP correction factors derived using HERWIG7 are compared in Fig. 5
to SHERPA [27, 31] at LO and NLO accuracy. The NP corrections derived with SHERPA are
overall larger than the ones predicted by HERWIG7. The general features, however, of smaller
corrections at NLO than at LO and the y∗ dependence are reproduced by SHERPA.

1Here, leading and next-to-leading order explicitly require the production of at least one jet in addition to the
Z boson: Z+jet+X.
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Figure 4: Same as Fig. 3 but vs. pT,Z in Z+jet production.

To verify the trend observed with increasing parton multiplicity at ME level, NP correction
factors with multi-leg merged Z+jet with zero and one jet at NLO, and with two and three
jets at LO ME accuracy are generated using SHERPA. The corresponding NP correction factors
are shown in Fig. 6. Again a similar dependence on y∗ is visible in the NP correction factors
derived from the multi-leg merged Z+jet event sample. Also, the behaviour of overall smaller
NP corrections with higher multiplicity in the ME for the event generation is confirmed. Con-
sistently, no dependence on yb is observed.

This dependence of the NP correction factors on y∗ and on the perturbative order of the
MEs in generating the hard amplitudes indicates that part of the observed NP correction fac-
tors might, in fact, originate in the perturbative modelling. The labelling as “nonperturba-
tive” might therefore not be completely appropriate. Interestingly, smaller NP corrections with
NLO+PS MC event generators as compared to LO+PS and rapidity-dependent PS effects have
previously been reported in the context of inclusive jet production binned in jet pT and abso-
lute rapidity in Refs. [20,32]. Furthermore, the fact that this y∗ dependence is only observed
for the Z+jet but not for the dijet process motivates a more thorough investigation.

4 Hadronisation & MPI effects

According to our definition the NP correction factors account for two effects, hadronisation
and the UE, which we attempt to study individually in the following.

The parton final state is determined by the parton showers that produce additional, visible
activity in all hard events. This also holds for the additional events from MPI that are superim-
posed with the primary hard events. After the parton showers, all partons in the final state are
assigned a colour line, which in turn assigns a colour partner to each parton. This would lead
to uncorrelated events from MPI and to a strong growth of charged particle multiplicity with
the number of additional hard events. However, the observation of increasing average trans-
verse momentum in higher multiplicity events necessitates colour reconnection (CR) models
that lead to interference between the coloured final states of the primary hard events and the
MPI events.
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Figure 5: Comparison of CNP vs. pT,Z between HERWIG7 (dotted & solid lines) and
SHERPA predictions (dash-dotted & dashed lines) using LO (top row) and NLO MEs
(bottom row) for anti-kT jets with R= 0.4. Bands indicate the statistical uncertainty.
The fitted curves are shown for a series of phase space intervals increasing in y∗ for
yb < 0.5 (left) and increasing in yb for y∗ < 0.5 (right). The factors are shifted with
respect to unity by constant offsets.
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Figure 6: Comparison of CNP vs. pT,Z among SHERPA predictions using LO (dash-
dotted), NLO (dashed), and multi-leg merged MEs (solid lines) for anti-kT jets with
R = 0.4. Bands indicate the statistical uncertainty. The fitted curves are shown for
a series of phase space intervals increasing in y∗ for yb < 0.5 (left) and increasing
in yb for y∗ < 0.5 (right). The factors are shifted with respect to unity by constant
offsets.

The modelling of colour reconnection is based on the idea of colour pre-confinement, i.e.
the observation that partons that are close to each other in phase space (usually momentum
space) tend to exchange soft, NP gluons in a way that their colour lines are reconnected to
become partners with close neighbours. While there are ideas to put this on a firm theoretical
basis of a colour evolution model [33–35], most modern event generators still model this effect
by minimising a “colour distance” of neighbouring partons [36–38]. For our consideration,
which is purely based on observations of the final state, we should simply keep in mind that
colour reconnection also links the MPI with the hadronisation models that we took as signposts
for the NP modelling.

In order to nonetheless get an approximate, individual handle on the hadronisation and
MPI effects, respectively, we compute hadronisation and MPI correction factors similar to Eq. 6
as

CPO
Had =

σPO
ME+PS+Had

σPO
ME+PS

, (9)

and

CPO
MPI =

σPO
ME+PS+MPI

σPO
ME+PS

. (10)

The hadronisation correction factors CHad for Z+jet production with anti-kT jets with radius
parameter R = 0.4 computed with HERWIG7 at LO and NLO accuracy in pQCD of the ME are
shown in Fig. 7. They are consistently approaching a value of unity for high pT,Z. Towards small
pT,Z the downwards deviation from unity increases as expected for out-of-cone effects through
hadronisation. However, they show no significant dependence on yb, y∗ or the perturbative
order of the generated samples.

On the contrary, the corresponding MPI correction factors CMPI for Z+jet production com-
puted with HERWIG7, shown in Fig. 8, reveal trends versus y∗ and the perturbative order re-
sembling the ones observed for the NP correction factors in Sect. 3. They also approach unity
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towards high pT,Z, while for small pT,Z this time the upwards deviation from unity increases
reflecting a higher share of MPI partons migrating into a jet. The magnitude of the increase
towards small pT,Z correlates with y∗ and decreases with increasing perturbative order. These
observations indicate that the origin of the observed trends for the NP correction factors lies,
at least partially, in the MPI model.

5 Underlying event analysis

As observed in Sect. 4, both hadronisation and the UE each play a role for the NP corrections.
Although these two effects cannot be completely decoupled, the trends with y∗ and the per-
turbative order in the NP correction factors noticed in Sect. 3 must mainly originate from MPI
effects.
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Figure 7: Same as Fig. 4 but for hadronisation effects, CHad, only.
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Figure 8: Same as Fig. 4 but for MPI effects, CMPI, only.
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Figure 9: Visualisation of the analysed phase space for the UE analysis. The away,
towards, and transverse regions are defined relative to the direction in azimuthal
angle φ of the dimuon system.

In this section, a closer look at the NP effects, focusing especially on MPI, is presented.
For this purpose, observables of “Rick-Field-type” UE analyses are utilised that are typically
employed as sensitive observables in tuning and modelling studies [39–41].

5.1 Analysis

We pre-select Z+jet events as in the previous sections in bins of yb and y∗, however, with two
modifications for the UE analysis: First, there is no minimum pT,Z required, and secondly only
charged particles are considered for the UE observables. Moreover, the pT of each such particle
must exceed 500MeV. Then, the momentum of the lepton pair, i.e. the Z boson, is chosen to
define the direction of the leading particle and henceforth the origin of the azimuthal angle φ
for the UE analysis. All other charged particles, including the ones from the jet, are categorised
as belonging to one of three azimuthal regions, depending on the azimuthal angular difference
∆φ relative to the leading particle, such that −π <∆φ ≤ π. Particles with |∆φ| ≤ π/3 are in
the towards region, moving roughly forward relative to the leading particle. Particles moving in
the direction of the recoiling jet, defined by |∆φ|> 2π/3, are assigned to the away region. The
remaining region with π/3< |∆φ| ≤ 2π/3 is called the transverse region. Figure 9 illustrates
the three regions relative to the (downwards-going) leading particle and the recoiling jet.

In a dijet or minimum bias event, the transverse region allows us to have a closer look at
those particles that are furthest away from the leading, hard interaction. These particles are
associated with the UE activity, as it is observed that, beyond a certain threshold, the activity in
the UE is more or less decorrelated from the hard interaction. In order to quantify the activity of
the UE, two different observables are considered in bins of different “hardness” of the leading
particle characterised by its transverse momentum. For a given leading-particle transverse
momentum, the average number of charged particles Nch or the sum of absolute transverse
momenta
∑

pch
T in either of the previously defined regions are considered as a measure for the

activity in these regions.
In dijet or minimum bias events, the activity in the towards and away region is strongly
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associated with the transverse momentum of the leading particle. Hence, both observables
tend to grow with increasing hardness of the event. The parton radiation associated with the
hardness of the event will mostly populate the towards and away region, but can spill over
into the transverse region. If there is a portion of the event that is more or less uncorrelated
to the hard event, as it is modelled in most MPI models, the activity in the transverse region
should be dominated by the MPI activity or at least be the region that is least overshadowed
from particles associated with the hard event.

In events with the Z boson as the leading particle, this is somewhat different. The hardness
of the event is associated with the transverse momentum of the Z boson. With increasing
transverse momentum of the Z boson the recoiling activity will mostly be in the away region,
while the region around the lepton pair, i.e. the towards region, should be the one with the
least activity from the UE.

In this work, it is of interest whether the large NP corrections for relatively low transverse
momentum of the Z boson, particularly for increasing values of y∗, are really related to the
activity from MPI. In these events, where the Z boson and the recoiling jet are getting closer and
closer to the beam axis, there might also be a strong influence from parton radiation around
the beam direction. Therefore, the UE observables are studied with different generators and
for different matching and merging scenarios in order to discriminate activity due to hard
radiation in the event from MPI activity.

5.2 Observations

To illustrate our findings, plots of the activity
∑

pch
T in the three different regions are shown.

The results for Nch are qualitatively similar and therefore omitted in this discussion. These
observables are derived from events generated with HERWIG7 and SHERPA with both LO and
NLO accuracy of the hard Z+jet process. In addition, results obtained from the multileg-
merged samples from SHERPA are compared.

The description of UE observables in inclusive Z+jet events with HERWIG7 has been con-
sidered before and is known to give a reasonable agreement with data [41–45]. We therefore
focus on the UE observables in differential (yb, y∗) bins as defined in Sec. 2. In the following
discussions, the outermost y∗ bin (2.0 ≤ y∗ < 2.5) is omitted, because it is subject to large
statistical fluctuations.

In Fig. 10 from top to bottom the results from LO ME event generation for the activity in
the three regions away, towards and transverse are shown. In the left column yb is fixed to
the central bin (yb < 0.5), while y∗ is varied. In the right column the respective results with
y∗ fixed, while yb varies, are shown. It is apparent that the UE activity varies strongly with
y∗ while there is no apparent variation with yb. In the simplified back-to-back picture this
means that the activity increases only when the central back-to-back hard event is tilted with
y∗ but not when a central back-to-back hard event is boosted along the beam axis. The naïve
expectation is that any contamination of activity from the beam or MPIs should occur in both
situations likewise. Instead, the increased activity with y∗ in all regions hints at some relation
between the hard event topology and the observed UE activity.

Considering the away region, it is found that the activity here is strongly correlated with the
transverse momentum of the Z boson and increases with y∗. This reflects mostly the activity
in the recoiling jet, which for increasing y∗ pulls in more particles from the beam direction.
Also, we can clearly see that, as expected, the activity in this region increases significantly
from around 20 GeV, which is the selection cut for the jet itself. Below 20 GeV in pT,Z the pT
of the “balancing” jet must be compensated by other hadronic activity in the towards region.
In fact, the hadronic activity in the towards and transverse regions decrease slightly from
pT,Z = 7.5 GeV up to 20GeV. Increasing yb at central y∗ in Fig. 10 (right column) does not
exhibit significant changes in activity in any region.
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Figure 10: Comparison of the sum of transverse momenta of all charged particles,
∑

pchr
T , in bins of pT,Z, yb, and y∗ for the away (top), towards (middle), and trans-

verse region (bottom row) as predicted by HERWIG7 using LO MEs for event gener-
ation up to particle level. The values are shown for a series of phase space intervals
increasing in y∗ for yb < 0.5 (left) and increasing in yb for y∗ < 0.5 (right).
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Figure 11: Comparison of the sum of transverse momenta of all charged particles,
∑

pchr
T , for central yb in bins of pT,Z and y∗ for the transverse region as predicted by

SHERPA using LO (top), NLO (middle), and multileg-merged MEs (bottom) for event
generation up to particle level.
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Figure 12: Comparison of the sum of transverse momenta of all charged particles,
∑

pchr
T , for central yb in bins of pT,Z and y∗ for the transverse region as predicted by

HERWIG7 using NLO MEs for event generation up to particle level with MPI (top),
without MPI (middle), and up to parton level only, i.e. hadronisation and MPI off
(bottom).
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Two cross-checks are performed. First, HERWIG7 was used with a hard process at NLO
instead of LO accuracy (not shown). Generally, the results are similar to the LO case. In
particular, only a dependence on y∗ is observed but not on yb. The activity in the transverse
region is slightly lower at NLO than at LO. Secondly, SHERPA was employed with the ME at
LO, NLO, and with multi-leg merging as shown for the transverse region in Fig. 11. As with
HERWIG7 the UE activity in the transverse region strongly depends on y∗ but not on yb, and
decreases slightly with a more accurate simulation of the hard event.

Finally, in Fig. 12 the same NLO simulation with HERWIG7 with the full generation up to
particle level is compared to two partial generation chains. More specifically, first, only the
MPI is turned off (ME+PS+Had), and secondly both the MPI and hadronisation (ME+PS) are
switched off. In comparison to the full generation mostly the overall normalisation changes
suggesting the effect, that the MPI essentially adds activity to the event, but remains broadly
uncorrelated with the hard event, as does hadronisation. In summary, hadronisation and MPI
alone cannot fully explain the y∗ dependence and perturbative effects significantly contribute
as well.

6 Summary and outlook

We find that nonperturbative (NP) corrections for Z+jet events in the triple-differential mea-
surement of the cross section strongly depend on the scattering angle of the hard process in
the centre-of-mass frame, y∗, but barely on the boost of the hard scatter, yb. The event gener-
ation with hadronisation effects switched off hinted at the Underlying Event (UE) simulation
as being responsible for this extra activity. However, looking into this effect with the help of
a typical UE analysis in the same triple-differential binning has shown that a substantial part
of the extra activity must be of perturbative origin. The UE analysis shows the same strong
dependence on y∗, even when the multiple parton interactions (MPI) as a model for the UE
are switched off. Albeit this UE observable has not yet been measured triple-differentially, we
find consistency between the simulation with the event generators HERWIG7 and SHERPA. In
contrast, the NP correction factors for the dijet case do not exhibit this strong dependence on
y∗.

In summary, we find that NP corrections, derived in the conventional way as defined in
Eq. 6, may not be entirely of NP origin. Moreover, they are not universal among different
hard processes. The inclusion of unobserved jets will lead to additional activity that should
not be attributed to non-perturbative effects but alter the correction factors by a possibly large
amount. In our specific case this means that in order to simulate the corrections for Z+jets one
should include a number of additional jets via multijet merging, possibly at NLO, in order to
obtain appropriate correction factors. Furthermore, to clarify the observation of the y∗ depen-
dent UE activity in Z+jet event, we recommend measuring the UE activity triple-differentially.
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A Generator configurations

In the following, a summary of the generation settings for HERWIG7 and SHERPA are given that
have been used to generate the samples used in this work. Their complete configurations can
be found in the utilized steering files published in the inputfiles directory of the software
framework MCRUN [22].

A.1 HERWIG7

An overview of the generator settings for all samples generated with HERWIG7 is given in
Table 3. The samples in the table are labelled according to the underlying process and the
perturbative accuracy in QCD they are generated with. For reference, the respective tree-level
process with the orders of the QCD and electro-weak coupling constants are given.

At the lowest final state multiplicity, the dijet samples contain events with at least two
partons at ME level, the Z+jet events contain an oppositely charged muon pair and one jet.
Further settings for the matrix element generation are the lower transverse momentum cutoff
for the coloured final state particles labelled as kjet,min

T , the choice of the renormalization and
factorization scales, and the chosen PDF sets. Both scales are set for the dijet case to the
transverse momentum of the hardest parton max(pjet

T ) and for the Z+jet case to the invariant
mass of the oppositely charged muon pair mµ+µ− . All are interfaced to the angular ordered
parton shower in HERWIG7 [25, 26] and the NLO samples are matched to the parton shower
by HERWIG7’s own implementation of the MC@NLO matching algorithm [25,26,46].

The dijet samples are generated with the non-perturbative models tuned to the CH3 set of
parameters [47] based on the default tune that comes predefined with HERWIG7. The Z+jet
samples are generated without any changes to the MPI model parameters compared to the
default tune that comes with HERWIG7 version 7.2.

A.2 SHERPA

For the samples generated with SHERPA an overview of the generator settings is given in Ta-
ble 4. They are labelled following the same logic and the overall information given in the table
and its structure follows what is given in the HERWIG7 case described in Appendix A.1.

At ME level the LO and NLO Z+jet samples contain events with a oppositely charged
dimuon pair plus one jet at the lowest multiplicity. The factorization and renormalization
scales are dynamically determined with the SCALES METS scheme. In all cases the generated
events are interfaced to the CSS parton shower [48]. The NLO real corrections at the ME level
in the NLO sample are matched to the parton shower using SHERPA’s implementation of the
MC@NLO algorithm [49]. In the Merged case contributions from MEs with 0, 1, 2, and 3
partons are merged and interfaced with the parton shower using the MEPS@NLO [50, 51],
for zero and one, and the MENLOPS [52, 53] techniques, for two and three partons, with a
merging cut Qcut = 15GeV. In the LO and NLO generations, the merging cut Qcut = 15 GeV
serves as the regulating cut for the parton emission.

The default tunes of the non-perturbative models shipped with SHERPA version 2.2.15 have
been utilized in the generation of all samples.

B Additional material

In this section additional results are presented for all phase space intervals in (yb, y∗) and for
the two jet size parameters R= 0.4 and 0.8. Figures 13 and 14 show the NP correction factors
as derived from HERWIG7 with LO and NLO MEs for dijet production versus 〈pT〉1,2 and m1,2.
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The binning scheme for dijet mass is given in Table 5, which, in contrast to 〈pT〉1,2, has not
been extended to include results at lower pT. Furthermore, Figures 15 and 16 show the NP
correction factors as derived from HERWIG7 and SHERPA for all available perturbative orders
of the MEs for Z+jet production versus pT,Z.

Lacking a physics-related motivation for the smoothing function of the NP corrections at
low scales, it should be noted that the derived curves are valid only within the shown range and
should not be extrapolated. In particular, when the inset of a steeper increase (or decrease)
versus lower values of 〈pT〉1,2, m1,2, or pT,Z is represented by only one bin at the low edge,
statistical fluctuations may lead to exaggerated slopes.

Table 3: Generator settings for the samples generated with HERWIG7 version 7.2.3.

Process Label tree-level MEs O(αs),O(α) kjet,min
T scales PDF set PS Matching/Merging Tune

dijet LO p+ p→ j + j 2, 0 20 GeV max(pjet
T ) NNPDF31_nnlo_as_0118 AO – CH3

dijet NLO p+ p→ j + j 2, 0 20 GeV max(pjet
T ) NNPDF31_nnlo_as_0118 AO MC@NLO CH3

Z+jet LO p+ p→ µ+ +µ− + j 1, 2 20 GeV mµ+µ− CT14lo AO – Default

Z+jet NLO p+ p→ µ+ +µ− + j 1, 2 20 GeV mµ+µ− CT14nlo AO MC@NLO Default

Table 4: Generator settings for the samples generated with SHERPA version 2.2.15.

Process Label tree-level MEs O(αs),O(α) Qcut scales PDF set PS Matching/Merging Tune

Z+jet LO p+ p→ µ+ +µ− + j 1, 2 15 GeV SCALES METS CT14lo CSS – Default

Z+jet NLO p+ p→ µ+ +µ− + j 1, 2 15 GeV SCALES METS CT14nlo CSS MC@NLO Default

Z+jet Merged p+ p→ µ+ +µ−{+ j + j + j} 0, 2 15 GeV SCALES METS CT14nlo CSS MEPS@NLO (0,1 jets), Default

MENLOPS (2,3 jets)

Table 5: The binning scheme in m1,2 for the dijet analysis. Due to limited statistical
precision, some bins are merged in the edge bins (E) as compared to the central
bins (C) in the plane of (yb, y∗).

Binning scheme binning labels in (yb, y∗) plane

E

E E

(cf. Fig. 2) C E E

C C E E

C C C E E

bin edges in m1,2 /GeV

Central (C) 306, 372, 449, 539, 641, 756, 887,

1029, 1187, 1361, 1556, 1769, 2008,

2273, 2572, 2915, 3306, 3754, 4244,

4805, 5374, 6094

Edge (E) 372, 539, 756, 1029, 1361, 1769,

2273, 2915, 3754, 4805, 6094
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Figure 13: CNP vs. dijet 〈pT〉1,2 (left) and mass m1,2 (right) using LO (dotted) and
NLO MEs (solid lines) in HERWIG7 predictions for anti-kT jets with R = 0.4. The
fitted curves are shown for all 15 defined phase space intervals in (yb, y∗)with bands
indicating the statistical uncertainty. The factors are shifted with respect to unity by
constant offsets.
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Figure 14: Same as Fig. 13 but for anti-kT jets with R= 0.8.
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Figure 15: CNP vs. pT,Z from HERWIG7 (left) using LO (dotted) and NLO MEs (solid
lines), and from SHERPA (right) using LO (dash-dotted), NLO (dashed), and multileg-
merged MEs (solid lines) for anti-kT jets with R= 0.4. The fitted curves are shown for
all 15 defined phase space intervals in (yb, y∗) with bands indicating the statistical
uncertainty. The factors are shifted with respect to unity by constant offsets.
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Figure 16: Same as Fig. 15 but for anti-kT jets with R= 0.8.
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