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The observation of the associated production of an ϒð1SÞ meson with a Z boson and a measurement of
the ratio of its fiducial cross section to the fiducial cross section of the Z boson are presented. Both the
ϒð1SÞ meson and the Z boson are identified via decays into a pair of opposite-sign muons. The analysis is
based on proton-proton (pp) collision data at

ffiffiffi
s

p ¼ 13 TeV collected with the CMS detector in 2016–2018
and corresponding to an integrated luminosity of 138 fb−1. Using the production of the Z boson
decaying into four muons as a normalization channel, the ratio of the fiducial cross sections
σ½pp → Z þ ϒð1SÞ�BðZ → μþμ−ÞB½ϒð1SÞ → μþμ−� to σðpp → ZÞBðZ → 4μÞ is measured to be
RZþϒð1SÞ ¼ ½21.1� 5.5ðstatÞ � 0.6ðsystÞ� × 10−3, where stat and syst denote the statistical and systematic
uncertainties, respectively. The result is used to extract the effective double-parton scattering cross section
σeff ¼ 13.0þ7.7

−3.4 mb. In addition, for the first time, σeff is measured in bins of the transverse momentum of
the ϒð1SÞ meson or of the Z boson.

DOI: 10.1103/hgvs-jplv

Despite extensive studies, the exact production mecha-
nism of heavy quarkonia in hadron collisions has yet to be
fully understood [1,2]. From a theoretical standpoint,
quarkonium production is a two-step process. The first
step involves the creation of a heavy quark-antiquark pair,
while the second step involves its hadronization into a
physical quarkonium state [3]. One can describe the first
step using the methods of perturbative quantum chromo-
dynamics, while the second step is inherently nonpertur-
bative, and therefore, presents a much greater theoretical
challenge. This is mainly because of difficulties in the
calculation of long-distance matrix elements that express
the hadronization probability of a heavy quark-antiquark
pair into a quarkonium state [4].
The picture becomes even more complex for a quarko-

nium state produced in association with an electroweak
boson, where none of the theoretical models can capture all
aspects of the experimental results [5–11]. A major
complication in the description of these processes stems
from the interplay of two different production mechanisms.
A quarkonium state in association with an electroweak
boson can be produced either through the interaction of a
single pair of partons, in a process known as single-parton
scattering (SPS), or through the interactions of two pairs of

partons, known as double-parton scattering (DPS) [9,12–
15]. The contribution of the DPS process can be quantified
via a parameter known as the effective DPS cross section,
σeff , which is closely related to the distribution of the
partons within the nucleon in the plane transverse to the
proton momentum [16].
So far, experimental measurements [6,17–28] and recent

phenomenological studies [3,29–31] have provided only an
integrated measurement of σeff over either a fiducial or the
full phase space. The difference between the measurements
of σeff for various processes is likely the result of the purely
geometrical definition of σeff , which neglects parton
correlations [32].
In this Letter, the associated production of an ϒðnSÞ

meson (n ¼ 1, 2, 3) with a Z boson is studied with a focus
on the dominant Z þ ϒð1SÞ production. By measuring the
overall fiducial cross section for the Z þ ϒð1SÞ process, as
well as by splitting it into the SPS and DPS components, we
obtain σeff both integrated over the analyzed phase space
and in bins of ϒð1SÞ meson and Z boson transverse
momenta (pT). The measurement is based on proton-proton
(pp) collision data at a center-of-mass energy of 13 TeV
collected by the CMS experiment at the CERN LHC in
2016–2018 and corresponding to an integrated luminosity
of 138 fb−1 [33–35]. Both the Z boson and the ϒðnSÞ
meson are reconstructed using dimuon (μþμ−) decays. In
order to reduce the systematic uncertainties of the meas-
urement, we normalize the signal cross section to that of Z
boson production with a subsequent decay into a pair of
dimuons (in what follows, denoted as 4μ) [36], which
yields an identical final state with similar kinematical
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properties. The details of the CMS detector, the simulated
signal and background samples, and the triggers used to
collect the data are given in End Matter. Tabulated results
are provided in the HEPData record for this analysis [37].
In the Z þ ϒðnSÞ channel, the opposite-sign (OS) muon

pairs forming the ϒðnSÞ meson and Z boson candidates are
each fitted [38] to a common vertex, with the vertex
probability required to exceed 5%. Each muon forming
the ϒðnSÞ candidate must pass the soft identification
requirement [39] (optimized for low-pT muons typical of
quarkonium decays) and have pT > 3 GeV and pseudor-
apidity jηj < 2.4. The invariant mass of theϒðnSÞ candidate
is restricted to be within 8.5 < mμþμ− < 11 GeV, and its
rapidity is required to fall within jyj < 2.4. The two OS
muons that form the Z candidate are required to pass the
tight identification [39] (optimized for high-pT muons), be
within jηj < 2.4, and have pT > 30 and > 15 GeV for the
leading and subleading muon, respectively. To ensure that
all muons originate from the same pp collision, the three-
dimensional distance between the primary vertex and the
muon track at its point of closest approach divided by its
uncertainty, SIP, is required to be less than 4 for each muon.
The primary vertex corresponds to the hardest scattering in
the event, evaluated using tracking information alone, as
described in Section 9.4.1 of Ref. [40]. The invariant mass
of the Z candidate must lie within 66–116 GeV, where a
relatively wide window was used to better constrain the
background. In case both possible OS muon pairings satisfy
the above requirements, which happens in less than 1% of
the events, we choose the pairing with the invariant mass of
the Z candidate closest to the nominal Z boson mass [41].
All muons are required to be isolated from hadronic

activity in the event. To satisfy this requirement, the scalar
sum of transverse energy deposits in the calorimeters and
the pT of tracks is computed in a cone of radius ΔR≡ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðΔηÞ2 þ ðΔϕÞ2

p
¼ 0.3 centered on the muon candidate,

where Δϕ is the difference in azimuthal angle. The pT
values of other muons from the Z or ϒðnSÞ candidates that
fall within the isolation cone are subtracted from the
isolation sum. The average hadronic activity in the event,
which includes the effect of multiple interactions within the
same or adjacent bunch crossings (pileup), is also sub-
tracted from this sum [39]. The ratio of the corrected sum to
the muon pT, a quantity hereafter referred to as I , is
required to be smaller than 0.7 or 0.35 for muons forming
the ϒðnSÞ or Z candidate, respectively. In addition, all four
muons are required to originate from a common vertex with
vertex fit probability >1%. This final requirement plays a
crucial role in the signal channel, as it effectively sup-
presses events where the ϒðnSÞ meson and the Z boson
originate from two independent pp interactions, which can
occur in high-pileup conditions. Due to the relatively large
ϒðnSÞ production cross section, the probability of such
events is non-negligible; imposing a common vertex
requirement reduces this background to a negligible level.

In the Z → 4μ normalization channel, the selection is
similar to that of Ref. [36]. We require events with at least
four muons and examine all the electrically neutral combi-
nations of 4μ that can be formed. The invariant mass of the
4μ, m4μ, must lie between 80 and 100 GeV. The leading
(subleading) muon must have pT > 20 (10) GeV, and the
two trailing muons are required to have pT > 5 GeV. All
four muons must be within jηj < 2.4, pass the tight
identification [39], and be separated from each other by
ΔR > 0.02. All four muons must have I less than 0.35 and
SIP < 4. All possible OS muon pairs in this channel must
have an invariant mass mμþμ− > 1 GeV. The four muons
are combined into two pairs of OS muons that maximize
the mass difference between the pairs, with each pair
required to have a vertex fit probability >5%. Unlike in
the signal channel, we do not perform a common vertex fit
for the four muons, as here the contribution from events
with two muons stemming from one vertex and two muons
stemming from another that has m4μ in the 80–100 GeV
window is negligible. While multiple four-muon candi-
dates per event are allowed, all the selected events have
only a single four-muon combination that satisfies the
requirements.
In the signal channel, we implement an extended

unbinned maximum likelihood fit in two dimensions to
the Z and the ϒðnSÞ candidate invariant masses. We model
the Z resonance mass shape with a Voigtian function, a
convolution of Gaussian and Breit-Wigner distributions,
assuming no Z=γ� interference. The width of the Breit-
Wigner function is fixed to the world-average value for the
Z boson, 2.50 GeV [41], while that of the Gaussian
function is fixed to a value determined from simulation
because of the limited event count in the data. The mean of
the Gaussian is also fixed to the world-average value of
mZ ¼ 91.188 GeV [41]. As the natural widths of theϒðnSÞ
states are very small, we parametrize their mass shapes with
Gaussian distributions with widths fixed to values deter-
mined from simulation studies. The combinatorial back-
grounds for each mass combination are described by
exponential functions with the parameters free in the fit.
We create a two-dimensional (2D) template from these one-
dimensional functions as a direct product of the functions
that describe the mass spectra of the ϒðnSÞ and Z
candidates. This fit includes eight yields: three ϒðnSÞ
signal plus Z signal, threeϒðnSÞ signal plus Z background,
one ϒðnSÞ background plus Z signal, and one ϒðnSÞ
background plus Z background.
The projections of the 2D model onto the two variables

of interest are shown in Fig. 1. The signal yields returned
from the fit are 34.6� 9.0 for Z þ ϒð1SÞ, 2.9� 6.7 for
Z þ ϒð2SÞ, and 13.9� 7.2 for Z þ ϒð3SÞ. These yields
include both direct production and feed-down from heavier
bottomonium states. The statistical significance of the Z þ
ϒð1SÞ signal is 5.3 standard deviations, as evaluated using
Wilks’s theorem [42] from the likelihood ratio of the
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default signal-plus-background fit and the background-
only fit, by imposing N½Z þ ϒð1SÞ� ¼ 0 while treating
possible contributions from Z þ ϒð2SÞ and Z þ ϒð3SÞ as
part of the background. To validate the fit, we performed
500 pseudoexperiments and checked that the distribution of
the pulls is well described by a Gaussian function with a
zero mean and a variance of unity. The significances of the
ϒð2SÞ and ϒð3SÞ resonances are below 3 standard devia-
tions. Consequently, in what follows, we focus on the Z þ
ϒð1SÞ case.
Using the results of this fit, the sPlot technique [43] is

employed to assign weights to each event for each of the
eight signal and background categories. Only the Z þ
ϒð1SÞ weights are considered signal and are used to obtain
the background-subtracted Z þ ϒð1SÞ signal distributions
of the separations in rapidity (Δy) and azimuth between the
Z and ϒð1SÞ candidates. It is confirmed that the variables
used to extract the weights, namely, the dimuon masses
associated with the Z boson and ϒðnSÞ candidates, and the
Δy and Δϕ variables to which the weights are applied, are
independent. The SPS and DPS contributions are deter-
mined from an unbinned maximum likelihood fit to the 2D
ðΔy;ΔϕÞ distribution using 2D SPS and DPS templates
obtained from simulation studies based on the kernel
density estimation method [44]. The DPS template was
additionally verified in the data using the event-mixing
method. The result of the fit is the DPS fraction, which is
found to be fDPS ¼ 0.95� 0.25, where the uncertainty on
the fraction is determined through a bootstrapping pro-
cedure. Applying the result for the DPS fraction fDPS to the
total yield Ntotal

Zþϒð1SÞ ¼ 34.6� 9.0, we find SPS and DPS

yields ofNSPS
Zþϒð1SÞ ¼ 1.7� 8.7 andNDPS

Zþϒð1SÞ ¼ 32.9� 8.7,

respectively. The Δy and Δϕ signal distributions and the fit
projections are shown in Fig. 2.

In the normalization channel, we perform an extended
unbinned maximum likelihood fit to the m4μ distribution.
The Z boson signal is modeled with a Voigtian function,
with the width of the Breit-Wigner distribution fixed to the
world-average value of the Z boson width and the Gaussian
function parameters, including the mean, floating in the fit.
The background is modeled via an exponential function
with parameters floating in the fit. The resulting Z signal
yield is 1860� 60 events. The m4μ distribution and the fit
projection are shown in Fig. 3.
We evaluate various systematic uncertainties that affect

the results by changing the model and repeating the fits.
The sources of systematic uncertainties considered include
the signal and background shape parametrizations of the
dimuon invariant mass spectra in the signal channel and the
m4μ spectrum in the normalization channel, limited event
counts in simulated samples, uncertainties in world-average
branching fractions, and uncertainty in the ϒð1SÞ produc-
tion cross section calculation, which affects only the σeff
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FIG. 1. Dimuon invariant mass distributions for the ϒðnSÞ
(left) and Z (right) candidates. In each panel, the data are
represented by points, with vertical bars indicating the statistical
uncertainties. The solid black curve is the overall fit to the data.
The red, yellow, and green curves correspond to the signal yields
for the three ϒðnSÞ states, while the dash-dotted curve represents
the background. The peaking background in the right plot
originates from events in which the Z boson candidate is
genuine, while the ϒðnSÞ meson candidate originates from
the significant combinatorial background seen in the left plot.
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FIG. 2. Distributions of the Δy (left) and Δϕ (right) separations
between the ϒð1SÞ meson and the Z boson in data (black points
with vertical bars indicating the statistical uncertainties) and the
extracted DPS (green histogram), SPS (blue histogram), and
SPSþ DPS (red histogram) contributions from the template fit to
the data. The distributions and corresponding uncertainties are
obtained after the application of sPlot weights from an unbinned
template fit to the Δy and Δϕ variables.
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FIG. 3. The m4μ distribution in the normalization channel with
vertical bars on the data points indicating the statistical uncer-
tainties. The result of the full fit is shown with the solid black line,
while the signal and background components are shown with the
dashed red and dash-dotted blue lines, respectively.
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measurement. These uncertainties are detailed in End
Matter. The results are dominated by the statistical
uncertainty.
The ratio of fiducial cross sections RZþϒð1SÞ ¼

fσ½pp → Z þ ϒð1SÞ�BðZ → μþμ−ÞB½ϒð1SÞ → μþμ−�=
σðpp → ZÞBðZ → 4μÞg, evaluated in the fiducial phase
space defined by the pT and η selections given in the first
two rows of Table I, where σ½pp → Z þ ϒð1SÞ� is given by
the sum of the two processes SPS and DPS and measured
using the equation

RZþϒð1SÞ ¼
 
NSPS

Zþϒð1SÞ
ϵSPSZþϒð1SÞ

þ
NDPS

Zþϒð1SÞ
ϵDPSZþϒð1SÞ

!
ϵZ
NZ

: ð1Þ

The efficiencies ϵ are calculated using simulated event
samples as the ratio of the number of events passing all of
the analysis requirements applied to the reconstructed
quantities to the number of events passing the fiducial
requirements applied to the generator-level quantities. They
are ϵZ ¼ 48.5%, ϵSPSZþϒð1SÞ ¼ 50.1%, and ϵDPSZþϒð1SÞ ¼ 42.4%.

Theoretical uncertainties from the renormalization and
factorization scales and from imprecise knowledge of the
parton distribution functions largely cancel in the measured
ratio. Using the results above, we get RZþϒð1SÞ ¼
½21.1� 5.5ðstatÞ � 0.6ðsystÞ� × 10−3. We further extract
σeff using the equation

σeff ¼
σ½ϒð1SÞ�
RDPS

Zþϒð1SÞ

BðZ → μþμ−ÞB½ϒð1SÞ → μþμ−�
BðZ → 4μÞ

×
AZþϒð1SÞ

AZ
; ð2Þ

where RDPS
Zþϒð1SÞ ¼ ½20.2� 5.4ðstatÞ � 0.6ðsystÞ� × 10−3 is

the DPS-only component of Eq. (1). The acceptances
AZþϒð1SÞ and AZ are defined as the number of generated
events passing the fiducial requirements applied to the
generator-level quantities over the total number of gener-
ated events for each respective channel and are ð37.6�
1.0Þ% and ð26.3� 0.8Þ%, respectively, where the uncer-
tainties reflect the finite size of the simulated samples.

Details about the event generation are provided in End
Matter. The ϒð1SÞ meson fiducial production cross section
is calculated with HELAC-Onia to be 274� 5 nb [45–47].
The values of BðZ → μþμ−Þ and B½ϒð1SÞ → μþμ−� are
taken from Ref. [41], and BðZ → 4μÞ is from Ref. [36]. The
value of σeff is measured to be 13.0þ7.7

−3.4 mb. The determi-
nation of the asymmetric uncertainties and comparison
with several other σeff measurements are discussed in End
Matter.
Extending the inclusive measurement, σeff is also mea-

sured in three bins each of the ϒð1SÞ meson and the Z
boson pT. Using the sPlotweights obtained from the fit, we
extract the signal pT distributions of the ϒð1SÞ meson and
Z boson. The number of DPS events is obtained by
subtracting the number of SPS events, which is estimated
using the pT distribution obtained from simulation scaled to
match the total number of SPS events found in the data
NSPS

Zþϒð1SÞ ¼ 1.7� 8.7. Per-bin efficiencies are computed

from simulation.
For the ϒð1SÞ pT-binned measurement, the full Z → 4μ

sample is used for each bin, and the ϒð1SÞ meson
production cross section in Eq. (2) is recalculated for each
bin [45–47] (152� 4, 77� 4, and 45� 4 nb for the
0–5, 5–10, and 10–150 GeV bins, respectively). For the
Z pT-binned measurement, the Z → 4μ sample is divided
into the same pT bins, with corresponding pT-dependent
efficiencies in Eq. (1), while the ϒð1SÞ meson production
cross section in Eq. (2) is the same as for the inclusive
measurement. The σeff measurements in bins of the ϒð1SÞ
meson and Z boson pT are shown in Fig. 4.
One might expect that, for the range of pT probed, σeff

would decrease as the ϒð1SÞ meson pT increases and
remain roughly independent of the Z boson pT. The former
is because the higher-pT ϒð1SÞ mesons originate from
gluons at higher Bjorken-x, which tend to be closer to the
proton core, and, as a result, one observes a smaller σeff. In
contrast, σeff as a function of the Z boson pT could be
expected to remain more or less constant, because in this
case the scale is set by the mass of the Z boson, which is
large in comparison to the changes in Bjorken-x of the
quarks responsible for the Z boson production.

TABLE I. Summary of selection criteria applied to the signal Zð→ μþμ−Þ þ ϒð1SÞð→ μþμ−Þ and normalization
Z → 4μ channels. The “…” sign means that the selection is not applied.

Selection Z → μþμ− þ ϒð1SÞ → μþμ− Z → 4μ

All muons jηj < 2.4, SIP < 4 jηj < 2.4, SIP < 4
Muon pT [GeV] >30, 15, 3, 3 >20, 10, 5, 5
Muon ID Tight, tight, soft, soft Tight for all muons
Isolation I <0.35, 0.35, 0.7, 0.7 <0.35 for all muons
Mass ranges [GeV] 66 < mZ

μþμ− < 116, 8.5 < mϒð1SÞ
μþμ− < 11 80 < m4μ < 100

Dimuon vertex fit probability >5% >5%
Four-muon vertex fit probability >1% …

PHYSICAL REVIEW LETTERS 137, 141902 (2026)

141902-4



In summary, the first study of the associated production
of an ϒð1SÞ meson and a Z boson in proton-proton
collisions at

ffiffiffi
s

p ¼ 13 TeV has been reported. Events with
an ϒ meson and a Z boson, each decaying into a pair of
opposite-sign muons, have been reconstructed. After all
selection requirements, 34.6� 9.0 events of Z þ ϒð1SÞ
production are observed. The statistical significance of the
signal relative to the background-only expectation exceeds
5 standard deviations. The ratio of the fiducial cross section
of Z þ ϒð1SÞ → μþμ−μþμ− production to the fiducial
cross section of Z → μþμ−μþμ− production is measured
to be RZþϒð1SÞ ¼ ½21.1� 5.5ðstatÞ � 0.6ðsystÞ� × 10−3.
The derived DPS cross section ratio, RDPS

Zþϒð1SÞ ¼
½20.2� 5.4ðstatÞ � 0.6ðsystÞ� × 10−3, can be expressed
in terms of the effective DPS cross section σeff ¼
13.0þ7.7

−3.4 mb, which is closely related to the transverse
distribution of partons in the proton. Such a value is
consistent with σeff values obtained from double-
quarkonium measurements in pp and pp̄ collisions
[5–7,19,20,23,27]. For the first time, a binned measurement
of the effective DPS cross section is performed in bins of
ϒð1SÞ pT or Z pT. Such measurements provide extra
information that can be used in studies of double-parton
distribution functions [48].
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End Matter

Appendix—The CMS apparatus [50,51] is a
multipurpose, nearly hermetic detector designed to
trigger on [52,53] and identify electrons, muons,
photons, and (charged and neutral) hadrons [39,54,55].
A global “particle-flow” algorithm [56] aims to
reconstruct all the individual particles in an event by
combining information provided by the all-silicon inner
tracker and by the crystal electromagnetic and the brass
and scintillator hadron calorimeters operating inside a
3.8 T superconducting solenoid with data from the gas-
ionization muon detectors embedded in the flux-return
yoke outside the solenoid. Muons are measured in a
range jηj < 2.4, with detection planes made using three
technologies: drift tubes, cathode strip chambers, and
resistive-plate chambers. The efficiency to reconstruct
and identify muons is greater than 96%. Matching
muons to tracks measured in the silicon tracker results
in a relative pT resolution, for muons with pT up to
100 GeV, of 1% in the barrel and 3% in the endcaps.
Events of interest are selected using a two-tiered trigger

system. The first level, composed of custom hardware
processors, uses information from the calorimeters and
muon detectors to select events at a rate of around 100 kHz
within a fixed latency of 4 μs [52]. The second level,

known as the high-level trigger, consists of a farm of
processors running a version of the full event reconstruction
software optimized for fast processing and reduces the
event rate to a few kHz before data storage [53,57]. The
data were collected with a suite of double- and triple-muon
triggers. Thresholds for the double-muon (triple-muon)
triggers were 17 and 8 GeV (12, 10, and 5 GeV) for all
three data-taking years. In 2017–2018, an additional triple-
muon trigger with thresholds of 10, 5, and 5 GeV was also
employed. The triggers are nearly 100% efficient for events
passing the offline selection.
Simulated samples: For the signal process, two sets of

Monte Carlo simulated event samples are produced: a DPS
set, simulated at leading order (LO) using PYTHIA 8.240 [58],
and an SPS set, created using the next-to-LO (NLO)
HELAC-Onia 2.5.5 [46,47] parton-level event generator, inter-
faced with PYTHIA for the description of fragmentation and
hadronization. Simulated DPS events contain ϒð1SÞ mes-
ons produced promptly as well as events in which they
come from “feed-down,” or the decays of more massive
states, namely ϒð2SÞ and ϒð3SÞ mesons, as well as
χbJð1PÞ mesons, with total angular momenta J ¼ 0, 1,
and 2. The SPS event generation is made under the
assumption that the ϒð1SÞ mesons produced in association
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with a Z boson in the pp → ϒð1SÞZ process are domi-
nantly produced from color singlet bb̄ pairs, so that no
color-octet terms are generated due to their expected
smallness. Furthermore, only direct ϒð1SÞ meson produc-
tion is considered, after having determined from simulation
studies that accounting for feed-down decays of heavier
bottomonium states leads to a negligible effect on the
variables of interest, the rapidity difference Δy, and the
azimuthal opening angle Δϕ between the ϒð1SÞ meson’s
and the Z boson’s momentum directions.
For the normalization channel, the matrix elements for

the Z → 4μ events are computed at NLO using POWHEG 2.0

[59–63], with the parton showering and hadronization
described by PYTHIA.
For all samples, the CP5 underlying event tune [64] and

the next-to-NLO NNPDF3.1 [65] parton distribution func-
tions are used, while the detector response is simulated with
the Geant4 [66] package. The effect of pileup is included by
overlaying simulated minimum bias events on the hard-
scattering process with the multiplicity profile matching
that observed in the data.
Systematic uncertainties: The uncertainty from the lim-

ited number of data events is dominant for themeasurements
presented in this Letter. Nevertheless, we carefully evaluate
various systematic uncertainties and summarize them in this
section.
We examine the choice of the ϒðnSÞ signal model by

changing the line shape description from a single Gaussian
function for each of the three ϒ states to a double Gaussian
function. We observe a difference in the Z þ ϒð1SÞ signal
yield of 1.8%. We next explore the choice of the para-
metrization of the ϒðnSÞ background by replacing the
default exponential function with a first-order polynomial
function. The difference in the Z þ ϒð1SÞ yield between
the two methods is 0.3%.
We change the Z boson signal model from a Voigtian

function to a sum of Voigtian and Gaussian functions,
where the additional Gaussian function is meant to account
for the fact that the detector resolution is not constant, but
varies with the kinematics of the muons. In the signal
channel, this results in a 1.1% change in the Z þ ϒð1SÞ
yield, while in the Z → 4μ channel, the corresponding
change in the event yield is 1.6%. Changing the Z candidate
background model from an exponential function to a first-
order polynomial function leads to a difference of 0.7% in
the Z þ ϒð1SÞ yield, while it results in a difference of 0.2%
in the Z → 4μ yield.
The overall effect of the limited event counts in simu-

lated samples on the RZþϒð1SÞ calculation, whereRZþϒð1SÞ
is defined by Eq. (1), is 0.2%. The effect is also 0.2% on the
inclusive σeff computation.

There are also uncertainties that arise from the limited
knowledge of the various branching fractions used in the
calculations. The uncertainties in the world-average
ϒð1SÞ → μþμ− and Z → μþμ− branching fractions are
1.6% and 0.2%, respectively [41]. The uncertainty in the
Z → 4μ branching fraction, per Ref. [36], which is a
detailed CMS study of Z → 4l events, is 4.0%.
Uncertainties associated with the trigger, muon

reconstruction and identification, and vertexing efficiency
cancel in the ratio within the precision of the measurement.
The final source of systematic uncertainty relates to the

ϒð1SÞ production cross section calculation. The ϒð1SÞ
production cross section, 274� 5 nb [45–47], is taken
from the HELAC-Onia event generator and is used in the
inclusive σeff calculation. On top of this, we take the
maximum difference between the theoretical fits to data at
7 TeV [45,46] and the CMS measurement of this cross
section at the same energy [67] and assign this relative
difference as an additional uncertainty in the ϒð1SÞ
production cross section at 13 TeV. This uncertainty applies
to both the inclusive and binned σeff results and is taken to
be 1.9%.
The total systematic uncertainty for both the RZþϒð1SÞ

and the σeff measurements is given by the sum in quad-
rature of the systematic uncertainties described in this
section. The overall systematic uncertainty is 2.7% for
the RZþϒð1SÞ result and 5.5% for the σeff result.
For the pT-binned measurements, uncertainties pertain-

ing to the line shapes chosen to describe the signal and
background distributions are evaluated at the per-bin level;
the alternative shapes chosen are the same as for the
inclusive measurement. The uncertainties due to the finite
sizes of the simulated samples are also calculated and
applied bin by bin, while the uncertainties in the branching
fractions used in the computations are common for all bins.
Finally, in the case of the measurements binned in ϒð1SÞ
pT, uncertainties related to the use of the ϒð1SÞ cross
sections are taken from HELAC-Onia at a per-bin level.
Summary of σeff measurements: The inclusive σeff

result is compared with several previous σeff measurements
in Fig. 5. We note that, while the ratios R have symmetric
uncertainties because they depend linearly on the event
yields in the signal channel, σeff values depend on the inverse
of a typically small corresponding signal yield, leading to
asymmetric uncertainties. To calculate the asymmetric
uncertainties in the σeff measurements, we start from the
values of the measurements’ inverses, which have symmetric
uncertainties. We next add or subtract each symmetric
uncertainty from each central value, and then take the
inverse of each of these results to get the lower and upper
bounds, respectively, leading to asymmetric uncertainties.
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7Université Catholique de Louvain, Louvain-la-Neuve, Belgium
8Centro Brasileiro de Pesquisas Fisicas, Rio de Janeiro, Brazil

9Universidade do Estado do Rio de Janeiro, Rio de Janeiro, Brazil
10Universidade Estadual Paulista, Universidade Federal do ABC, São Paulo, Brazil

11Institute for Nuclear Research and Nuclear Energy, Bulgarian Academy of Sciences, Sofia, Bulgaria
12University of Sofia, Sofia, Bulgaria

13Instituto De Alta Investigación, Universidad de Tarapacá, Casilla 7D, Arica, Chile
14Universidad Tecnica Federico Santa Maria, Valparaiso, Chile

15Beihang University, Beijing, China
16Department of Physics, Tsinghua University, Beijing, China

17Institute of High Energy Physics, Beijing, China
18State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing, China

19State Key Laboratory of Nuclear Physics and Technology, Institute of Quantum Matter, South China Normal University,
Guangzhou, China

20Sun Yat-Sen University, Guangzhou, China
21University of Science and Technology of China, Hefei, China

22Nanjing Normal University, Nanjing, China
23Institute of Modern Physics and Key Laboratory of Nuclear Physics and Ion-beam Application (MOE)—Fudan University,

Shanghai, China
24Zhejiang University, Hangzhou, Zhejiang, China
25Universidad de Los Andes, Bogota, Colombia
26Universidad de Antioquia, Medellin, Colombia

27University of Split, Faculty of Electrical Engineering, Mechanical Engineering and Naval Architecture, Split, Croatia
28University of Split, Faculty of Science, Split, Croatia

29Institute Rudjer Boskovic, Zagreb, Croatia
30University of Cyprus, Nicosia, Cyprus

31Charles University, Prague, Czech Republic
32Escuela Politecnica Nacional, Quito, Ecuador

33Universidad San Francisco de Quito, Quito, Ecuador
34Academy of Scientific Research and Technology of the Arab Republic of Egypt, Egyptian Network of High Energy Physics,

Cairo, Egypt
35Center for High Energy Physics (CHEP-FU), Fayoum University, El-Fayoum, Egypt

36National Institute of Chemical Physics and Biophysics, Tallinn, Estonia
37Department of Physics, University of Helsinki, Helsinki, Finland

38Helsinki Institute of Physics, Helsinki, Finland
39Lappeenranta-Lahti University of Technology, Lappeenranta, Finland
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79bUniversità di Firenze, Firenze, Italy

80INFN Laboratori Nazionali di Frascati, Frascati, Italy
81aINFN Sezione di Genova, Genova, Italy
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89cUniversità del Piemonte Orientale, Novara, Italy
90aINFN Sezione di Trieste, Trieste, Italy
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