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Abstract Measurements of the production of the W* and
Z° bosons at midrapidity in pp collisions at \/s = 13 TeV
with ALICE at the Large Hadron Collider (LHC) are pre-
sented. The W* and Z° bosons are detected via their
(di)electronic decay channels, with the electron reconstruc-
tion performed in the midrapidity region (]y| < 0.6). The
pr-integrated and pr-differential production cross sections
of electrons from W* decays in the interval 30 < pp <
60 GeV/c, as well as the pr-integrated production cross sec-
tion of Z° bosons, are measured. The results are described
by perturbative QCD calculations using different sets of par-
ton distribution functions. The production of W* bosons and
azimuthally correlated associated hadrons is also measured
as a function of the charged-particle multiplicity for the first
time at the LHC. The former increases approximately linearly
with the charged-particle multiplicity, while for the latter,
there are hints of a faster-than-linear increase. These obser-
vations are compared with theoretical calculations.

1 Introduction

The quark—gluon plasma (QGP) [1] is a state of strongly-
interacting QCD matter present under extreme temperature
and energy density conditions reached in high-energy heavy-
ion collisions. In such collisions, a strong suppression of the
particle production at high transverse momentum (pr), as
well as a significant azimuthal anisotropy of low-pr parti-
cles, are considered up to now as signatures of interactions of
the partons with the created hot and dense medium. However,
recent measurements of two-particle angular correlations in
high-multiplicity pp, p—A and d—A collisions revealed a non-
zero vy for not only light-flavour hadrons [2-10] but also
heavy-flavour hadrons [11-15], which can be described by
models that incorporate a hydrodynamical evolution of the
medium. These results can also be reproduced by models
that, without invoking final-state effects, include multipar-
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ton interactions (MPI) together with colour reconnection
(CR) [16,17], overlapping strings [18], or string percola-
tion [19]. Moreover, no clear evidence of a strong suppression
of the high-pr particle production has been observed so far
in small collision systems (pp, p—A and d—A collisions). The
PHENIX collaboration recently reported a 20% suppression
of high-pr 7 yields in d—Au collisions with high activity
using the measurement of the nuclear modification factor
normalised to that for direct photons to avoid event selec-
tion bias. These results were interpreted as a possible hint
of final-state effects [20]. The hadron production including
soft-pr ranges has also been studied as a function of the
charged-particle multiplicity. The ALICE measurements of
the self-normalised yields as a function of charged-particle
multiplicity at midrapidity in high-multiplicity pp collisions
at /s = 5.02, 7 and 13 TeV show a faster-than-linear
increase for both light-flavour [21,22] and heavy-flavour
hadrons [23-25], which is found more pronounced for high-
pr particles [24]. Models incorporating multiparton interac-
tions and colour-reconnection effects describe qualitatively
this behaviour, as well as the observed enhancement in the
baryon to meson ratios in high-multiplicity pp collisions [26].
At LHC energies, roughly between four to ten partonic inter-
actions occur per event [27]. In the CR mechanism, partons
from different partonic interactions can reconnect through
their colour charge and combine into hadrons [28,29]. On the
other hand, a linear increase is observed in the measurement
of J/¢ mesons at forward rapidity, where a pseudorapidity
gap between the J/yy mesons and the midrapidity charged-
particle multiplicity estimator is present [30]. Therefore, it
remains unclear whether the observed increase in particle
production at high multiplicity in small collision systems
is a genuine MPI effect or driven by correlations between
the measured hadron and the charged-particle multiplic-
ity (autocorrelations). Measurements of electroweak bosons
and high- pt particles produced back-to-back are particularly
interesting, since they allow to compare the effects on very
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different probes, one subject to the strong interaction and the
other to the electromagnetic one.

Electroweak bosons, W* and Z°/y* (referred to as Z° in
the remainder of the publication), are predominantly gen-
erated through the Drell-Yan process in which quarks and
antiquarks annihilate in the early stage of the collisions [31].
Since they are weakly-interacting particles insensitive to the
strong interaction, their production is expected to be less
affected by final-state effects and CR effects than the hadron
production. Measurements of the multiplicity dependence
of W*- and Z°-boson production can, therefore, provide
important insights into the role of MPI and CR for hadron
production, and serve as a reference probe for assessing
the QGP formation in the small colliding systems. Due to
their large masses (My=+ = 80.3692 & 0.0133 GeV/c? and
Mz = 91.1880 £ 0.0020 GeV/c?) [32], their production
cross section can be described by perturbative QCD (pQCD)
in high-energy pp collisions [33,34]. In theoretical calcu-
lations, the uncertainties arise from the strong-interaction
coupling («y), the choice of QCD scales for renormalisa-
tion (uRr) and factorisation (up), and the momentum distri-
butions of partons in the proton (PDFs). The PDFs, deter-
mined through a phenomenological analysis based on exper-
imental data [35-38], are a particularly crucial ingredient of
the production cross section calculations. Therefore, mea-
suring the production cross sections for W+ and Z° bosons
is important to test QCD and constrain the PDFs. The pro-
duction of Wt and W™ is in particular sensitive to the light
quark PDFs [39] since they are mainly produced by inter-
actions between di — W~ and ud — W7 processes, and
their asymmetry is sensitive to the down-to-up quark ratio
in the proton. At the LHC, the production of W* and Z°
bosons, integrated over the charged-particle multiplicity, has
been extensively measured in pp collisions by the ATLAS,
CMS and LHCD experiments, see [40-53] and references
therein. In this article, the first ALICE measurements of W=-
and Z°%-boson production via the (di)electronic decay chan-
nel (WH — etv, W= — e 7, Z0 — ete™) at midrapidity
in pp collisions at /s = 13 TeV are reported. The Z° bosons
are reconstructed through the invariant mass of ete™ pairs
and the production cross section is measured in the fiducial
kinematic region 60 < mee < 108 GeV/c?, where one elec-
tron is in the range 30 < pt < 60 GeV/c and |y| < 0.6. The
pr-differential and pr-integrated production cross sections
for electrons (positrons) from W~ (W) are measured in the
range 30 < pt < 60 GeV/c for |y| < 0.6. The measured
production cross sections fore* < W+ and Z° decaying into
dielectrons are compared with theoretical calculations based
on NLO pQCD using recent PDFs [54,55]. For the first time
at the LHC, the production of et <« W= and associated
hadrons, extracted from electron—hadron azimuthal correla-
tions, is studied as a function of the charged-particle multi-
plicity and compared with PYTHIA 8 calculations.
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2 Experimental apparatus and data-taking conditions

The analysis is performed using pp collisions at /s =
13 TeV recorded by ALICE from 2016 to 2018. A detailed
description of the apparatus and its performance can be
found in Refs. [56,57]. The ALICE detector consists of a
central barrel at |n| < 0.9, a forward muon spectrometer
(=4 < n < —2.5), and a set of detectors for triggering
and event characterisation at forward and backward rapidi-
ties. The central barrel detectors are positioned inside a large
solenoid magnet, providing a uniform magnetic field of 0.5 T.

The main subdetectors used in the analysis are the
Inner Tracking System (ITS) [58], the Time Projection
Chamber (TPC) [59] and the Electromagnetic Calorimeter
(EMCal) [60] located in the central barrel. The ITS is the
innermost detector, located at radii between 3.9 and 43 cm
from the nominal interaction point. It consists of three sub-
detectors, the Silicon Pixel Detector (SPD), the Silicon Drift
Detector (SDD), and the Silicon Strip Detector (SSD). Each
detector has two cylindrical silicon layers in full azimuthal
coverage surrounding the beam pipe. The ITS is used for
charged-particle track reconstruction. It contributes to the
reconstruction of the collision vertex (primary vertex) and the
secondary vertices of weakly decaying particles, and allows
precise measurements of the distance of closest approach of
the tracks to the primary vertex.

Charged particles produced in the collisions are mainly
reconstructed by the TPC with up to 159 three-dimensional
space points per track. The TPC covers the full azimuthal
angle ¢ in the pseudorapidity range || < 0.9. It enables
the identification of charged particles via the specific ionisa-
tion energy loss (dE/dx). Electrons are identified exploiting
the information of the EMCal. The EMCal is a layered lead-
scintillator sampling electromagnetic calorimeter that covers
an acceptance of || < 0.7 in pseudorapidity and Ag = 107°
in azimuth. The smallest segmentation of the EMCal is a
tower, which has a dimension of 0.0143 x 0.0143 rad? in
the n x ¢ direction. The energy resolution of the EMCal is
op/E =2.9%/E®9.5%//E®1.4%, where E is the energy
in GeV [60]. In addition, the VO detector which consists of
two arrays of 32 scintillator tiles each, covering the pseudora-
pidity intervals 2.8 < n < 5.1 (VOA)and —3.7 <n < —1.7
(VOC), serves as trigger detector and to reject offline beam-
induced background using the VO timing information [61].

The analysis is based on a sample of events selected by
a minimum bias (MB) trigger, which requires a coincident
signal in the VOA and VOC. The contribution of events con-
taining more than one collision (pileup events) is reduced by
requiring a single primary vertex reconstructed by the ITS
and the TPC within £10cm from the nominal interaction
point [57]. In addition to the MB trigger, an EMCal trigger is
required in order to enhance the number of highly energetic
electrons in the sample. The EMCal trigger is based on the
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sum of energy in a sliding window of 4 x 4 towers, with a
threshold set at 9 GeV (EG1 trigger). The number of analysed
EMCal triggered events after the event selection is 60 M, cor-
responding to an integrated luminosity of 7.8 pb~!. The inte-
grated luminosity was obtained by normalizing the triggered
events to the equivalent number of MB events using a trigger
rejection factor determined with a data-driven method, based
on the ratio of EMCal cluster energy distributions measured
in MB and triggered events. The luminosity calibration of
the MB trigger is based on the VO reference cross section
measured via van der Meer scans [62].

The charged-particle pseudorapidity density (d Ny /dn) is
measured in the pseudorapidity interval |n| < 1 using the
number of tracklets in the SPD (Nirackiets) [63]. The track-
lets are defined as combinations of two hits in the SPD lay-
ers, pointing to the primary vertex. The number of mea-
sured tracklets depends on the collision vertex position due
to the limited acceptance of the SPD, and on the number
and location of the active SPD channels during the various
data-taking periods. These detector effects were corrected
event-by-event using a data-driven approach [24,64]. Based
on this method, the measured average number of tracklets is
equalised to a reference value chosen as the maximum aver-
age tracklet number observed as a function of both collision
vertex position and time. The conversion from Nypckler tO
N¢p is estimated using a Monte Carlo simulation. Primary
charged particles are generated with the PYTHIA 8.2 event
generator [16], and propagated through the detector mate-
rial with the GEANTS3 transport code [65], using the same
detector conditions over time as in the data. The charged-
particle pseudorapidity density is normalised to its average
value ((dN¢h/dn) = 13.9) in INEL > 0 events [66], defined
as events with at least one charged particle in || < 1. In
the following, the normalised charged-particle multiplicity
is expressed as dNep/dn/(dNech/dn)INEL>0-

3 W=. and Z°-boson reconstruction

The W and Z° bosons are measured via their (di)electronic
decay channels. The Z° bosons are reconstructed through the
invariant mass of the two decay electrons e*e™, while the sig-
nal extraction for W* bosons is performed from the single
electron pr distribution. The tracks are required to have at
least three hits in the ITS (out of 6), with at least one hit in
either of the two SPD layers. Moreover, tracks with a distance
of closest approach to the primary vertex of less than 3.2 cm
along the beam axis and 2.4 cm in the transverse plane are
selected. Additionally, tracks with at least 80 clusters recon-
structed in the TPC (out of a total of 159) are chosen to ensure
the selection of high-quality tracks. Tracks passing through
the fiducial volume of the EMCal are selected by requiring
the rapidity of the electron to be |y| < 0.6 to avoid the edge

of the detector. The tracks are extrapolated from the TPC to
the EMCal by taking into account the energy loss of particles
in the detector material. EMCal clusters are then associated
to the tracks based on the spatial matching between them and
the extrapolated tracks [67]. Electron candidates are identi-
fied using their ionisation energy loss (dE/dx) in the TPC
gas. A large fraction of hadron background is suppressed
by requiring the measured dE/dx to fullfill the condition
—1 < nP€ < 3, where nIFC is defined as its deviation from
the expected value for electrons normalised by the detec-
tor resolution. Additional hadron rejection is achieved with
selection criteria based on the ratio of the energy deposited
by a charged track in the EMCal and its momentum mea-
sured in the TPC (E/p), as well as on the shape of the corre-
sponding electromagnetic shower (alzong). The Gl%)ng refers to
the eigenvalues of the dispersion matrix of the shower shape
ellipse calculated by using the energy distribution within the
EMCal cluster [67,68]. As the shower from an electron is
fully contained and accurately measured by the EMCal, the
E /p ratio is expected to be close to unity, while the £/ p ratio
for hadrons is very small. Electron candidates were selected
with0.85 < E/p < 1.3and 0.1 < aﬁmg < 0.7.

Electrons from W¥- and Z°-boson decays are well iso-
lated from other particles, allowing for their identification
through an isolation requirement. In this analysis, the isola-
tion condition is implemented by summing the cluster ener-
gies in the EMCal around the electron candidate within a

radius R = /(An)? + (Ag)? < 0.3. The isolation energy

Ejso is defined as a relative quantity

Eiso = Z Ei,clus - Ee /Ees (])

R,’ <0.3

where E. represents the cluster energy for the electron can-
didate. A criterion of Ejs, < 0.1 is applied to distinguish
electrons originating from W* and Z° bosons. Additionally,
at most one charged particle in the cone (Nr<.3) is required
in order to improve the identification.

79 bosons are reconstructed from the invariant mass of
unlike-sign electrons in the range 60 < me. < 108 GeV/c?.
One electron is required to fulfill the electron identification
and isolation criteria described above, as well as the fiducial
condition 30 < pt < 60 GeV/c and |y| < 0.6, whereas
the other one must satisfy loose identification criteria with
pr > 20 GeV/c in the TPC acceptance (|n| < 0.9) and
—3 < nIPC < 3, without isolation cuts due to the limited
acceptance of the EMCal. The background contamination
is estimated based on the invariant mass of like-sign pairs.
The invariant-mass distribution after subtracting the back-
ground is shown in Fig. 1 together with the distributions for
unlike-sign and like-sign pairs. The resulting number of Z°-
boson candidates is then corrected for the efficiencies related
to tracking, electron identification, isolation criteria and for
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Fig. 1 Invariant-mass distribution of e*e~ after background subtrac-
tion in pp collisions at 4/s = 13 TeV. The like-sign (open squares) and
unlike-sign (open circles) distributions are also shown. The dashed lines
indicate the fiducial mass interval used in this analysis. The vertical lines
on the data points are the statistical uncertainties

finding the associated electron, and geometrical acceptance.
The total reconstruction efficiency within the fiducial accep-
tance is approximately 6% as evaluated via Monte Carlo sim-
ulations using PYTHIAG6 [69] for Z° particle generation and
GEANTS3 [65] for detector propagation.

In the W*-boson analysis, the remaining hadron contam-
ination in the electron sample after the isolation conditions
is estimated with a data-driven approach using the mea-
sured E/p of hadrons. The background shape is obtained
from the measurement of the E/p distribution by select-
ing nTP¢ < —2.5 where the hadron contribution domi-
nates. Then, the E/p distribution of the background is nor-
malized to match the distribution of electron candidates in
0.4 < E/p < 0.7, where the hadron component is domi-
nant. The purity is about 12 %, and the hadron contribution
is statistically subtracted from the sample. After removing
the hadron contamination, the residual background electrons
fulfilling the isolation criteria originate from the decays of
heavy-flavour hadrons (e <— ¢, b) and Z°. The raw yield of
electrons from W= bosons after applying the criteria for iso-
lation and the ones of background electrons are shown in
Fig. 2. The contribution of electrons from Z° is estimated
experimentally by looking for the partner decay electron ful-
filling the condition 60 < mee < 108 GeV/c?. The obtained
spectra are corrected for the probability of finding the part-
ner electrons due to the limited acceptance and efficiency
of the detectors. The contribution of electrons from Z° is
statistically subtracted from the pr distribution of electrons
from W*-boson decays. The impact of heavy-flavour hadron
decay electrons is assessed using a data-driven approach.
These electrons, emerging from charm- and beauty-quark
fragments, generally show less isolation and exhibit higher
Eiso values. In this approach, they are selected by requir-
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ing Ejso > 0.2. The corresponding pr distribution is scaled
to reproduce the pr distribution for electron candidates from
W+ bosons after removing the electrons from Z° in the range
16 < pt < 20 GeV/c, where the contribution of electrons
from heavy-flavour hadron decays is the dominant source in
the electron sample. The scaled spectrum is statistically sub-
tracted from the pr distribution of electrons from W=-boson
decays. The feed-down from top quarks is estimated using a
POWHEG simulation [70]. The contribution is found to be
smaller than 1% and is neglected in the following. A contri-
bution from electrons resulting from photon conversion in the
detector material and Dalitz decays of neutral mesons (e, )
is also present. Such electrons are identified by requiring the
mass of electron pairs me. to be ~ 0 [71]. A maximum con-
tribution of 3% is found for pt < 40 GeV/c, and the contri-
bution is negligible at higher pt. This contribution is not sub-
tracted but treated as a systematic uncertainty. The number
of identified electrons from W*-boson decays is corrected
for the reconstruction efficiency to calculate the production
cross section. The reconstruction efficiency is evaluated with
simulations of W% bosons generated with PYTHIA 6 [69]
and propagated through the detector with GEANT3 [65]. The
total reconstruction efficiency, including tracking, electron
identification, and isolation selections, is about 11% in the
analyzed kinematic range, and is found to be independent of
the multiplicity class.

The yield of electrons from W¥-boson decays in the
different multiplicity classes is obtained using the same
selection criteria and background subtraction approach as
for the multiplicity-integrated sample. Particles produced in
association with at least one W* boson are selected from
their azimuthal correlation with the W* electron candidate
(Ag.w-n). The associated particles are selected within a pseu-
dorapidity range || < 0.9, using the same track selection
criteria as for the e¥ < W= reconstruction. Furthermore,
the particles are required to have a transverse momentum
pt > 10 GeV/c to suppress contributions from soft hadrons
originating from the underlying event. Simulation studies
within the experimental acceptance show a strong azimuthal
correlation between the W boson and its decay electron,
supporting the use of the electron direction as an indication
for the boson direction in the associated hadron analysis.
The background associated hadrons due to misidentification
of et < W are estimated and statistically subtracted from
the Ag w-n distribution. The correlations between hadrons
and e<— c, b are experimentally measured, whereas the ones
between hadrons and e < Z" are obtained from PYTHIA
simulations. These correlation distributions are normalised
by their expected fraction in the et < W+ sample. Since the
associated particles predominantly arise from recoil quarks
and are distributed on the away-side in azimuth with respect
to the e* < W™ decays, the number of associated particles
is determined by integrating over |A<p§v’h —r| <?2.
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Fig. 2 Raw pr distribution fore™ <— W~ (left)ande™ < W (right)
candidates after the isolation conditions together with the estimated
background from heavy-flavour hadron decays and Z° decays in pp

4 Systematic uncertainties
4.1 Systematic uncertainties on Z0 — ete~

The systematic uncertainty sources on the production cross
section of Z® — e*e™ are summarised in Table 1. The uncer-
tainties from the electron identification in the TPC (ngpc)
and the EMCal (E/p and alzong) are assessed by varying the
selection criteria and quantifying the observed change on
the production cross section. These variations also account
for possible effects related to the track momentum resolu-
tion and tracking efficiency, as well as the EMCal energy
resolution, since such detector effects directly influence the
reconstructed electron kinematics and the electron identifi-
cation. The resulting systematic uncertainty is 6% from the
nIPC selection, 3% from the E/p selection, and 2% from
the shower-shape selection. The uncertainty arising from the
isolation selection, based on Ejs, and Nr—¢.3, is evaluated
through a variation of the selection criteria and found to be
smaller than 1%. The background contribution in the sig-
nal mass range (60 < me < 108 GeV/c?) depends on
the selections applied to the electron pair. This is studied
by reconstructing the invariant mass with and without a min-
imum track pt and a condition on the opening angle for
electron pairs. A systematic uncertainty of about 2% is asso-
ciated with the background subtraction. The effect of the
selections on the 1 and n1FC ranges for the electrons fulfill-
ing looser criteria is studied as well, resulting in additional
uncertainties of 3% and 1%, respectively. The reconstruc-
tion efficiency is possibly influenced by the Z° mass shape
in the Monte Carlo sample. While the nominal efficiency is
estimated using the PYTHIA 6 event generator, a systematic
impact of the underlying invariant-mass shape is investigated
by considering the invariant-mass distribution obtained by

d
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collisions at 4/s = 13 TeV. The symbols are placed at the centre of the
pr interval. The statistical uncertainties are represented by vertical bars

POWHEG. A difference of 5.5% is observed and assigned
as a systematic uncertainty on the reconstruction efficiency.
Additionally, there is a 3% uncertainty on single tracks aris-
ing from the matching of reconstructed trajectories between
the ITS and the TPC [25]. The uncertainty being correlated
between two electron tracks, a 6% uncertainty is assigned
on the cross section measurement. The various uncertainties
are assumed to be uncorrelated, and the total uncertainty is
determined by the quadratic sum of the sources, resulting
in a 11.5% uncertainty for the Z°. Finally, an additional sys-
tematic uncertainty of 5.2% arising from the integrated lumi-
nosity is mentioned separately in the rest of the publication.
The latter is obtained as the quadratic sum of the system-
atic uncertainties of the VO trigger cross section (1.6%) [62]
and the normalisation of the EMCal-triggered events to the
equivalent number of VO-triggered events (5%).

4.2 Systematic uncertainties on et « W+

The systematic uncertainty sources affecting the measure-
ment of the production cross section for e* <« W7 are
summarised in Table 2. The systematic uncertainty is esti-
mated separately for et < WT and e~ <« W~ decays.
The systematic uncertainty from the electron identification
in the TPC (nFC) and the EMCal (E/p and olf)ng) is eval-
uated by varying the selection ranges and is found to be
5% for each of the uncertainties, for both e™ <« W7 and
e~ <« W™ decays. The uncertainty from the isolation selec-
tion based on the energy ( Ejs,) is found to be negligible while
the one on the number of tracks (Ngr<q.3) is 10%. In the w*
analysis, the impact of the track and EMCal performance is
effectively propagated to the measured cross sections through
variations of the electron identification and isolation selec-

tions, in particular the E/p and Ejs, requirements that depend

@ Springer
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Table 1 Summary of relative systematic uncertainties on the produc-
tion cross section for Z0 — ete™ in pp collisions at /s = 13 TeV

Source Uncertainty
nIPe 6%
EMCal E/p 3%
EMCal o7, 2%
Isolation selection Ejg < 1%
Isolation selection Nr-.3 < 1%
Background subtraction 2%
nIPC on pair electrons 1%

1 on pair electrons 3%
Reconstruction efficiency (input mass shape) 5.5%
TPC-ITS matching 6%
Integrated luminosity 52 %
Total (without luminosity) 11.5%

on the tracking and the EMCal response. The systematic
uncertainty resulting from the subtraction of electrons from
heavy-flavour hadron decays includes contributions from the
isolation-energy condition to make the template and a scaling
factor for matching the template to the data. The first contri-
bution is estimated by varying the Ejs, selection range and
can be neglected. The scaling factor for the template has a 4%
systematic uncertainty which is determined by varying the
pt range where the templates are fitted to data. The resulting
uncertainty on the production cross section varies from 1% to
3% in the range 30 < pt < 60 GeV/c. The uncertainty from
the subtraction of electrons from Z° decays is obtained by
propagating the 11.5% total uncertainty of the Z0 — ete™
production cross section measurement to the et <« W%
cross section. The impact is found to be smaller than 1%.
The 3% contribution of the e, in the region pt < 40 GeV/c
is assigned as an additional uncertainty in this pr interval.
Finally, the 3% uncertainty in the track matching between
the ITS and the TPC needs to be considered. The various
systematic uncertainties are assumed to be uncorrelated and
their quadratic sum results in a total systematic uncertainty
of 13%. As for the Z° analysis, a 5.2% systematic uncertainty
on the integrated luminosity is treated separately. The uncer-
tainties are found to be identical for both the Wt and W~
production cross sections.

The systematic uncertainties for the multiplicity depen-
dent analysis of the e* <~ W are estimated by considering
the same sources as the ones summarised in Table 2. The
uncertainties for electron identification and isolation selec-
tions are multiplicity dependent, varying from about 0.5% to
12%. The uncertainty on the associated hadron yields results
from the isolation selections and the heavy-flavour electron
subtraction. It varies between about 3% and 6%, depending
on the multiplicity class.
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Table 2 Sources of systematic uncertainties affecting the production
cross section for e* < W= in pp collisions at \/s = 13 TeV. All the
values correspond to the multiplicity-integrated measurement and the
ranges reflect the pt dependence

Source Uncertainty
nIPC 5%

EMCal (E/p and o7,,,) 5%
Isolation selection Ejgo Negligible
Isolation selection Nr-¢3 10%

e < ¢, b background subtraction 1% — 3%
70 — ete™ subtraction < 1%

€, contamination 3% (pt < 40 GeV/c)
TPC-ITS matching 3%
Integrated luminosity 52 %

Total (without luminosity) 13%

5 Results
5.1 Z%-boson production

The production cross section for Z0 — ete™ within 60 <
Mmee < 108 GeV/c?, with one electron fulfilling the require-
ments 30 < pt < 60 GeV/c in |y| < 0.6 in pp collisions at
/s = 13 TeV, is obtained as

fid L Nzo_ e )
< € '
where .7 is the integrated luminosity, No — eTe™ is the
number of reconstructed Z° bosons, and ¢ denotes the recon-
struction efficiency. The obtained result is shown in Fig. 3.
The vertical line represents the statistical uncertainty, and
the box denotes the systematic uncertainty. The measured
fiducial production cross section is

070 _,ete— —

oM oo = 20322 (stat.) & 22 (sys.)
411 (lumi. uncert.) pb. 3)

This value is obtained without correcting for the Z° decay
branching fraction into dielectrons. A comparison with NLO
pQCD calculations using different sets of parton distribu-
tion functions is also displayed in Fig. 3. The calculation
is obtained using POWHEG to describe NLO vector-boson
production [70] together with PYTHIA 8.2 [16] for the
parton shower and the CT14NNLO [72], CT18NLO [54]
and NNPDF4.0 [55] proton PDF sets. CTI4NNLO and
CTI8NLO provide PDFs at next-to-next-to-leading order
(NNLO) and NLO level of accuracy in QCD calculations,
respectively. NNPDF4.0 is based on a full global dataset
and uses machine learning techniques. NNLO QCD cal-
culations are employed and NLO electroweak corrections
are considered. The calculations are performed using the
same fiducial conditions as employed in the measurement.
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Fig. 3 Production cross section of Z° bosons in pp collisions at /s =
13 TeV within the acceptance of the ALICE central barrel, compared
with POWHEG calculations [70] performed with the CT14NNLO [72],
NNPDF40 [55] and CT18NLO [54] PDF sets. Statistical and systematic
uncertainties of the measurement are shown as a vertical line and an open
box, respectively

The mean value of the production cross section is repre-
sented as an open marker, and the scale uncertainties as well
as the PDF uncertainty are depicted separately. The scale
uncertainty is computed by varying the renormalisation fac-
tor (ur) and the factorisation factor (up) relatively to the
default choice (ugr, ug) = (1,1). The variations include
(ur, nr) = (0.5,0.5), (1,0.5), (0.5, 1), (2, 2), (1, 2), and (2,
1). The systematic uncertainties on the PDFs are computed
following the prescriptions from Ref. [37]. The predicted
production cross sections for the different PDF sets are con-
sistent within PDF and scale uncertainties. The comparisons
indicate that the measured Z-boson production cross section
is well described by the theoretical calculations within exper-
imental and theoretical uncertainties. The Z°-boson produc-
tion cross section in pp collisions at /s = 13 TeV was also
measured in the ATLAS, LHCb and CMS experiments. These
results are found to be in agreement with theoretical calcu-
lations using the CT14, CT18 and NNPDF PDFs, among
others [51,53,73,74].

5.2 W*-boson production

5.2.1 Production cross section of et < W+

The pr-differential production cross section for e* « W+
in |y] < 0.6, without correction for the W-to-electron
branching ratio, is calculated as

1 o ws 11
2rpr  dprdy

Nej:(_w:l: 1
- L 2mpr AprAy €’

“)

where .7 is the integrated luminosity, N+ w= is the num-
ber of raw electrons (positrons) from W~ (W) identified by
applying the selections discussed in Sect. 3, and ¢ denotes
the reconstruction efficiency. The pr-differential production

cross section of e~ < W~ and et <« W at midrapidity
(Iy] < 0.6) in pp collisions at \/s = 13 TeV is shown in
Figs. 4 and 5, respectively. The statistical uncertainties are
indicated by the vertical lines, and the systematic uncertain-
ties are represented as open boxes. The results are compared
with theoretical calculations based on the POWHEG model
used together with PYTHIA 8 for the parton shower and the
CT14NNLO [72], CT18NLO [54] and NNPDF4.0 [55] pro-
ton PDF sets. The calculations fore™ <~ W™ andet « W+
are illustrated as coloured boxes, encompassing the uncer-
tainty from the PDFs and scale uncertainties (ugr and uR).
The systematic uncertainties are estimated in a similar way
as for the Z° — ete™ predictions. The ratios of the measure-
ments with respect to the theoretical predictions are displayed
in the bottom panels. The measured production cross sections
are well described by the theoretical calculations within the
uncertainties, showing the ability of pQCD calculations at
NLO to reproduce thee™ <— W™~ and et <~ W™ production
cross sections and their pt dependence. These results are in
line with previous measurements of the W-boson production
in pp collisions at /s = 13 TeV, where the ATLAS and CMS
experiments reported a good agreement between the data
and theoretical calculations using various PDF sets, amongst
which are the CT14, CT18 and NNPDF PDFs [51,74].
Utilising the measured production cross sections for
e~ <« W~ and et <« WT, the production cross section

Ot Wt
dpr

. d do,— . . .
ratio ( / fdp‘;w ) is shown as a function of p in

Fig. 6. Since the systematic uncertainties on e~ <— W~ and
et <= W are similar and fully correlated, they are assumed
to cancel in the ratio [75]. The POWHEG predictions with the
CT14NNLO, CT18NLO, and NNPDF4.0 PDF sets suggest
that the ratio is above unity, indicating that the e™ < W™
production is larger than the e~ <— W™ production. There is
no significant difference in the production cross section ratio
evaluated using different PDFs. The measured ratio is dom-
inated by statistical uncertainties, making it challenging to
determine the enhancement of et < W™ production com-
pared to e~ <« W™ production. The theoretical predictions
are consistent with data within the uncertainties.

The pr-integrated cross sections at |y| < 0.6 (do/dy) for
e~ < W~ and et < WT are determined by integrating
over the electron (positron) pr in the interval 30 < pr <
60 GeV/c. The measured production cross sections are
‘w"‘d—;w = 0.68 £ 0.04 (stat.) & 0.09 (sys.)

40.04 (lumi. uncert.) nb, @)
doeg—;w = 0.72 £ 0.05 (stat.) £ 0.09 (sys.)
4+0.04 (lumi. uncert.) nb. (6)

The results are compared with POWHEG calculations
using the CT14NNLO, CT18NLO and NNPDF4.0 PDF sets

@ Springer
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Fig. 4 Production cross section of electrons from W™ decays as a func-
tion of pr at midrapidity in pp collisions at /s = 13 TeV compared
with POWHEG calculations [70] using the CT14NNLO [72] (left),
CT18NLO [54] (middle) and NNPDF4.0 [55] (right) PDF sets. The
symbols are placed at the centre of the pr interval. The statistical and

—

systematic uncertainties of the measurement are shown as vertical lines
and open boxes, respectively. The uncertainties of the theoretical calcu-
lations are shown as shaded bands. The ratio of the data to the POWHEG
calculations is shown in the lower panels
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Fig. 5 Production cross section of positrons from W+ decays as a func-
tion of pr at midrapidity in pp collisions at /s = 13 TeV compared
with POWHEG calculations [70] using the CT14NNLO [72] (left),
CT18NLO [54] (middle) and NNPDF4.0 [55] (right) PDF sets. The
symbols are placed at the centre of the pr interval. The statistical and

in Fig. 7. A good agreement is observed between the model
calculations and the data within uncertainties.

5.2.2 Multiplicity dependence of W*-boson and associated
hadron production

For the multiplicity-dependent measurement, the signal of
electrons from W*-boson decays (Ne—w) is integrated in the
electron pt range 30 < pt < 60 GeV/c. Using the number
of triggered events and the rejection factor in a given multi-

@ Springer

systematic uncertainties of the measurement are shown as vertical lines
and open boxes, respectively. The uncertainties of the theoretical calcu-
lations are shown as shaded bands. The ratio of the data to the POWHEG
calculations is shown in the lower panels

plicity class, the yield of electrons from W*-boson decays
is calculated as

dZNimult Nimu\l{/
e
= : , (N
dprdy NI x RMUIE Apr x Ay

where “imult” indicates the multiplicity class, :V‘}“ll:fGl is the

number of events in the EG1 trigger for a given multiplicity
class, and R™U!t is the trigger rejection factor (see Sect. 2).
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Fig. 6 Ratio of the W to W~ production cross section as a function
of pr at midrapidity in pp collisions at /s = 13 TeV. The symbols
are placed at the centre of the pr interval. The statistical uncertainties
are represented by vertical bars. The curves with different colours are
POWHEG calculations with the CT14NNLO [72], CT18NLO [54] and
NNPDF4.0 [55] PDF sets. Uncertainties on the calculations are assumed
to cancel in the ratio

The self-normalised yields are calculated as

2 pzimult 2 p7All
d2N /< d2N > _ d N:Elj_wi /d Ne:t(;wi (8)
dprdy / \dprdy dprdy dprdy
where NeAilt_Wi represents the yield of et <« W% in

the integrated charged-particle multiplicity interval 0 <
Niracklets < 200 in INEL > 0 events. Here, Niacklets denotes
the number of SPD tracklets measured within the acceptance
[n] < 1 on an event-by-event basis. The upper bound was
chosen to safely encompass the full multiplicity distribution
of the selected events. The self-normalised yields of associ-
ated hadrons with pt > 10 GeV/c for the various multiplicity

1.4
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Fig. 7 Production cross section of electrons from W~ (left) and
positrons from W7 (right) decays at midrapidity in pp collisions
at /s = 13 TeV, compared with POWHEG calculations with the
CT14NNLO [72], CT18NLO [54] and NNPDF4.0 [55] PDF sets. The

classes are determined in a way similar to the one described
in Eq. (8).

Figure 8 (left) shows the self-normalised yields of elec-
trons from W*-boson decays and charged hadrons in asso-
ciation with W¥ bosons as a function of the normalised
charged-particle multiplicity at midrapidity in pp collisions
at 4/s = 13 TeV. The dash—dotted line corresponds to a lin-
ear function with a slope of unity. The double ratio of the
self-normalized yields of e <= W to the self-normalised
multiplicity in pp collisions at /s = 13 TeV is also shown
in the right panel. The production of electrons from W+
bosons increases with increasing charged-particle multiplic-
ity and follows an approximately linear behaviour. In con-
trast, the evolution of the associated hadron production as
a function of the normalised charged-particle multiplicity
tends to be faster-than-linear in particular for high charged-
particle multiplicities. This enhancement in particle produc-
tion beyond a linear dependence was observed by the ALICE
collaboration for high-pt charged particles [21] and strange
hadrons [22], D mesons [23], electrons from heavy-flavour
hadron decays [25], and J//(— eTe™) [24] in pp collisions
at midrapidity.

The observed trend has multiple possible interpretations.
In the colour-reconnection model, partons from different
hard scatterings can connect through their colour charge to
minimise the total string length. This process forms hadrons
from partons involved in different hard scatterings, lead-
ing to an increase of the mean transverse momentum with
increasing charged-particle multiplicity [17,76]. W bosons,
being colourless, are not expected to be influenced by colour
reconnections, resulting in an approximately linear relation-
ship between production and multiplicity. On the other hand,
when partons associated with W* bosons contribute to the
hadron formation through colour reconnection, there is an

:é 1.4r .
: C ALICE ]
o 120 pp,(s=13TeV -
S ] 0: et « W+, 30 <p, <60 GeV/c, Iyl <0.6 N
0.8~ ; - : 0 -]
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r o NNPDF4.0 §Scale unc.
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production cross sections are obtained by integrating e* < W¥ in the
interval 30 < pr < 60 GeV/c. Statistical and systematic uncertain-
ties of the measurement are shown as a vertical line and an open box,
respectively
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Fig. 8 Left: Self-normalised yields of e* < W% and associated
hadrons as a function of the normalised charged-particle pseudorapid-
ity density. The linear behaviour y = x is also shown as a dash-dotted
line. The statistical and systematic uncertainties of the measurement

enhancement in hadron production compared to the linear
prediction, especially in high-multiplicity events. The results
are compared in Fig. 9 (left) with PYTHIA 8 (8.243) calcula-
tions [16] using the Monash 2013 tune and incorporating MPI
and CR effects, which reproduce the charged-particle multi-
plicity distribution measured at the LHC [77]. The calcula-
tions indicate a linear trend for the multiplicity dependence of
the production of e* <~ W™ with and without colour recon-
nection. The result is consistent with the expectation that the
production of W bosons is not affected by colour reconnec-
tion. On the other hand, a faster-than-linear trend is obtained
for the multiplicity dependence of the production of associ-
ated hadrons with and without colour reconnection, although
the trend is more pronounced when CR effects are included.
Both calculations are consistent with the measurement within
statistical and systematic uncertainties, although the data tend
to favour the calculations with CR effects. Based on the stud-
ies with PYTHIA 8 discussed in Ref. [78], another potential
explanation of the observed trends is related to the autocor-
relations between the measured hadrons and the charged-
particle multiplicity. In Fig. 9 (right), the multiplicity depen-
dence of the production for electrons from W* bosons and
charged hadrons in association with W= bosons is compared
with J/y — ptp™ at forward rapidity (2.5 < y,, < 4)
and J/Y» — eTe™ at midrapidity (|ye.| < 0.9) [24,30]. The
production of J/Yy (— ete™) at midrapidity shows a faster-
than-linear increase with the charged-particle multiplicity. In
contrast, the production of J/1 — T~ at forward rapidity
does not exhibit a faster-than-linear trend as a function of
the multiplicity. The production for J/r (— e*e™) at midra-
pidity is correlated with the charged-particle multiplicity due
to the associated soft-particle production in events contain-
ing the J/1. Such autocorrelation effects could explain qual-
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are shown as vertical lines and open boxes, respectively. Right: Double
ratio of the self-normalized yields of e* < W to the self-normalised
charged-particle multiplicity in pp collisions at /s = 13 TeV

itatively the observed faster-than-linear trend. Furthermore,
autocorrelation effects are expected to be less pronounced for
the production of J/1/ (— ™t ™) at forward rapidity, when
the charged particle multiplicity is measured at midrapidity.
The correlation of W* bosons with the event multiplicity
is expected to be small because of the isolated production.
Therefore autocorrelation effects are likewise expected to be
suppressed. However, the hadrons produced in association
with the W bosons contribute to the determination of the
event multiplicity, which can introduce additional autocor-
relations. The observed linear increase of the W yield in
contrast to the faster-than-linear increase of the associated
hadron yield with increasing multiplicity tends to support
the importance of autocorrelations when measuring the mul-
tiplicity dependence of charged particles.

6 Summary

The production of electroweak bosons, W and 70, is stud-
ied via the (di)electronic decay channels at midrapidity in
pp collisions at »/s = 13 TeV. The production cross sec-
tion of Z° in the fiducial kinematic range is measured by
reconstructing the invariant mass of eTe™ pairs within 60 <
mee < 108 GeV/c?, where one electron is required to be in
the ranges 30 < pt < 60 GeV/c and |y| < 0.6. The mea-
sured production cross section is compared with POWHEG
calculations used together with the parton shower algorithm
of the PYTHIA 8 event generator with the CT14NNLO,
CT18NLO, and NNPDF4.0 PDF sets. The calculations are
found to be in good agreement with the experimental data.
The pr-differential production cross sections of electrons
from W™ bosons and positrons from W™ bosons are sepa-
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Fig. 9 Left: Self-normalised yields of e* < W% and associated
hadrons as a function of the normalised charged-particle pseudora-
pidity density at midrapidity in pp collisions at /s = 13 TeV, com-
pared with the expectations from PYTHIA 8 [16] simulations includ-
ing MPI and with/without CR effects. Right: self-normalised yields of
et < WT and associated hadrons compared with J/yy — ete™ at

rately measured in the range 30 < pt < 60 GeV/c at midra-
pidity (Jy| < 0.6). The measured production cross sections
are also compared with POWHEG using the CT14NNLO,
CT18NLO, and NNPDF4.0 PDF sets, and a good agreement
is observed. Furthermore, the production of W is investi-
gated as a function of the charged-particle multiplicity mea-
sured at midrapidity, and is found to exhibit an approximately
linear trend. On the contrary, hadrons produced in associa-
tion with W* present a faster-than-linear trend as a func-
tion of the charged-particle multiplicity. These results are
well described by PYTHIA 8 calculations incorporating MPI
effects and CR effects. These W and Z° measurements will
benefit from the large statistics collected with the upgraded
ALICE detector during the LHC Run 3 and Run 4.
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