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Editor: H. Gao
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The differential cross section for 𝑍0 production, measured as a function of the boson’s transverse momentum 
(𝑝T), provides important constraints on the evolution of the transverse momentum dependent parton distribution 
functions (TMDs). The transverse single spin asymmetry (TSSA) of the 𝑍0 is sensitive to one of the polarized 
TMDs, the Sivers function, which is predicted to have the opposite sign in 𝑝 + 𝑝 → 𝑊 ∕𝑍 + 𝑋 from that 
which enters in semi-inclusive deep inelastic scattering. In this Letter, the STAR Collaboration reports the first 
measurement of the 𝑍0∕𝛾∗ differential cross section as a function of its 𝑝T in 𝑝+𝑝 collisions at a center-of-mass 
energy of 510 GeV, together with the 𝑍0∕𝛾∗ total cross section. We also report the measurement of 𝑍0∕𝛾∗ TSSA 
in transversely polarized 𝑝+𝑝 collisions at 510 GeV.

1. Introduction

The internal structure of hadrons, described by their parton distri-

bution functions (PDFs) [1], is an important topic in theoretical, phe-

nomenological, and experimental studies in nuclear physics. During the 
past decades, numerous efforts have been made to understand trans-

verse momentum dependent parton distribution functions (TMDs) [2]

which encode both the parton’s longitudinal momentum fraction (𝑥) 
and its intrinsic transverse momentum (𝑘T). TMDs depict the density of 
partons in three dimensions [3,4], providing more detailed information 
on hadron structure than the one-dimensional collinear PDFs. There are 
eight leading-twist TMDs that are allowed by parity invariance [5] of 
Quantum Chromodynamics (QCD). Many observables in hard scattering 
experiments involving hadrons are related to TMDs. Utilizing factoriza-

tion theorems, TMDs can be extracted through global fits of the cross 
section and other observables.

Observables related to TMDs require the measured transverse mo-

mentum component to be much smaller than the hard scale of the pro-

cess. In semi-inclusive deep inelastic scattering (SIDIS), the hard scale 
is characterized by the square of the 4-momentum of the exchanged 
virtual photon (𝑄2 = −𝑞2). If the measured transverse momentum of 
the outgoing hadron is small, 𝑝ℎT ≪𝑄, then TMD factorization can be 
applied. TMDs can also be extracted from di-lepton production in Drell-

Yan (DY) events [6] if the transverse momentum of the lepton pair 
is sufficiently small, 𝑞T ≪ 𝑄. In the 𝑍0 production events, 𝑄2 is the 
square of the 𝑍0 boson mass. On one hand, measuring the differen-

tial cross section as a function of transverse momentum for different 
processes tests the universality of TMDs and provides opportunities to 
study their 𝑄2 evolution. Measurements of 𝑝 +𝑝 →𝑍0∕𝛾∗ at STAR com-

plement the results of SIDIS at the HERMES [7] and COMPASS [8,9]

experiments and DY/𝑍0 production at the E288 [10], E605 [11], E772 
[12], CDF [13–16], D0 [17–19], ATLAS [20–22], CMS [23–25], LHCb 
[26–28], COMPASS [29], and PHENIX [30] experiments. On the other 
hand, studying the 𝑝 + 𝑝 →𝑍0∕𝛾∗ process at the intermediate energies 
available at RHIC provides access to a high 𝑥 region.

In addition to the unpolarized measurements, RHIC opens a window 
to explore the polarized TMDs through transversely polarized 𝑝+𝑝 col-

lisions. Of particular interest is the Sivers function (𝑓⟂
1𝑇 ) [31,32], which 

describes the unpolarized parton distribution inside a transversely po-

larized proton. High precision experimental data are needed to deter-

mine 𝑓⟂
1𝑇 as current results extracted by different groups still show 

fairly large uncertainties for 𝑓⟂
1𝑇 [33–35], especially in the relatively 

high 𝑥 region (𝑥 ≥ 0.1) probed by RHIC data. There are non-trivial pre-

dictions for the process dependence of the Sivers function stemming 
from gauge invariance. In SIDIS, the Sivers function is associated with 
a final-state effect through gluon exchange between the struck parton 
and the target nucleon remnants. In 𝑝+𝑝 collisions, however, the Sivers 
asymmetry originates from the initial state of the interaction for the DY 
process and 𝑊 ±∕𝑍0 boson production. As a consequence, the gauge in-

variant definition of the Sivers function predicts the opposite sign for 
the Sivers function in SIDIS compared to processes with color charges in 
the initial state and a colorless final state, such as 𝑝 + 𝑝 →DY∕𝑊 ±∕𝑍0:

𝑓SIDIS
1𝑇 (𝑥,𝑘T,𝑄2) = −𝑓𝑝+𝑝→DY∕𝑊 ±∕𝑍0

1𝑇 (𝑥,𝑘T,𝑄2). (1)

This non-universality of the Sivers function is a fundamental prediction 
from the gauge invariance of QCD and is based on the QCD factorization 
formalism [36–38]. The experimental verification of this sign change 
hypothesis is a crucial measurement in hadronic physics and provides 
an important test of QCD factorization.

In transversely polarized 𝑝+𝑝 collisions, the Sivers function can be 
accessed through the transverse single spin asymmetry (TSSA) measure-

ments in DY or 𝑊 ±/𝑍0 boson production. This asymmetry is generated 
from the correlation between the proton spin and the intrinsic 𝑘T of a 
parton inside the proton. The amplitude of the TSSA (𝐴𝑁 ) can be ex-

tracted from the 𝜙 modulation of (𝜎↑ − 𝜎↓)/(𝜎↑ + 𝜎↓), where 𝜙 is the 
azimuthal angle of the measured particle and 𝜎↑(↓) is its cross section 
with the spin direction of the proton oriented up (down) relative to the 
direction of its momentum.

In this Letter, we report the first measurement of the 𝑍0∕𝛾∗ differen-

tial cross section as a function of its 𝑝T in 𝑝+𝑝 collisions at a center-of-
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mass energy of 5101 GeV by the STAR experiment. The measurement of 
the 𝑍0∕𝛾∗ total cross section is improved by adding a new data set com-

pared with the previous result [39]. We also report the measurement of 
𝑍0∕𝛾∗ 𝐴𝑁 in transversely polarized 𝑝+𝑝 collisions at 510 GeV. These 
measurements are derived from studies of the 𝑍0∕𝛾∗ → 𝑒+𝑒− decay 
channel for outgoing leptons at mid-rapidity (pseudorapidity |𝜂| < 1).

2. Experiment and dataset

The STAR detector [40] comprises many separate subsystems, each 
with specific capabilities. An essential subsystem for this measurement 
is the time projection chamber (TPC) [41]. Together with a 0.5 T 
solenoidal magnetic field, the TPC provides charge discrimination and 
precision momentum measurements over a |𝜂| < 1.3 range with full 
2𝜋 azimuthal coverage. The barrel electromagnetic calorimeter (BEMC) 
[42] surrounding the TPC measures the energy deposited by energetic 
photons and electrons with |𝜂| < 1 over the full azimuth. The 𝑍0 can-

didate events were recorded using a calorimeter trigger system which 
requires 12 GeV of transverse energy (𝐸𝑇 ) in a Δ𝜂×Δ𝜙 region of ∼ 0.1 
× 0.1 of the BEMC. Primary vertices were reconstructed along the beam 
axis within 100 cm from the center of the STAR interaction region.

In this analysis, the differential cross section results2 combined data 
samples collected in 2011, 2012, 2013, and 2017 with an integrated 
luminosity of 680 pb−1. The 𝐴𝑁 result was measured from the data 
sample collected in 2017 with transversely polarized proton beams. 
The integrated luminosity was 340 pb−1, which is 14 times higher than 
the previously published results of 𝐴𝑁 based on 2011 data [43]. The 
beam polarization was determined using Coulomb-nuclear interference 
proton-carbon polarimeters, calibrated with a polarized hydrogen gas-

jet target [44]. The average beam polarization ⟨𝑃 ⟩ for 2017 data was 
56%, with a relative scale uncertainty of Δ𝑃∕𝑃 = 1.4%.

3. Analysis and results

Following exactly the same methods used in the previous measure-

ments of 𝑍0 𝐴𝑁 [43], 𝑍0∕𝛾∗ → 𝑒+𝑒− events were selected by requir-

ing a pair of 𝑒± candidates with opposite charge sign, |𝜂𝑙𝑒𝑝| < 1, and 
𝑝
𝑙𝑒𝑝

T > 25 GeV/𝑐. In this analysis, we improved the measurement of the 
momentum of the electron and positron through scaling the angle mea-

sured by the TPC with its energy measured by the BEMC, instead of 
obtaining the momentum directly from the TPC. The invariant mass 
distribution of the 𝑒+𝑒− pairs is shown in Fig. 1. A signal is observed 
near the invariant mass of the 𝑍0 at ∼ 91 GeV/𝑐2. Background events, 
largely combinatorial in nature (uncorrelated 𝑒± pairs), were studied by 
requiring a pair of 𝑒± candidates with the same charge sign as shown 
in Fig. 1 with the open squares. The solid circles represent the mass 
distribution after combinatorial background subtraction.

The 𝑍0 candidates from 𝑒+𝑒− were selected with a mass window cut 
of 73 <𝑀𝑒+𝑒− < 114 GeV/𝑐2, the same cut as the earlier measurements 
[43]. The candidate’s transverse momentum 𝑝𝑍0

T was the vector sum 
of 𝑝𝑙𝑒𝑝T from the two decay leptons. The 𝑝𝑍0

T distribution was corrected 
for three effects: combinatorial background contributions; 𝑝T unfolding 
due to detector resolution; and the detector inefficiencies. The combina-

torial background correction was applied by subtracting the geometric 
average of the 𝑝T distribution of 𝑒+𝑒+ and 𝑒−𝑒− pairs within the mass 
window. The uncertainty due to this correction, estimated from the sta-

tistical uncertainties of the 𝑝T distribution of 𝑒+𝑒+ and 𝑒−𝑒− pairs, was 

1 The cross section measurement was performed by the STAR experiment dur-

ing the 2011, 2012, 2013, and 2017 𝑝+𝑝 running periods at 
√
𝑠 = 500 GeV 

(2011 data set) and 510 GeV (2012, 2013, and 2017 data sets). The center-

of-mass energy correction of 2011 data set is estimated to be 0.2% for the 
combined data sets in cross section measurements, which has been ignored in 
this Letter.

2 These cross section results were obtained by averaging appropriately over 
the beam polarizations.

Fig. 1. The invariant mass distribution of the reconstructed lepton pairs at 
STAR. The open circles represent 𝑒+𝑒− pairs by requiring the charges of two 
lepton candidates to have opposite signs. The open squares represent the like-

sign pairs of 𝑒+𝑒+ and 𝑒−𝑒−. The solid circles represent the mass distribution 
after the combinatorial background subtraction. The vertical bars indicate the 
statistical uncertainties.

assigned as one of the systematic uncertainties to the final 𝑝𝑍0
T spec-

trum.

The detector effects on the 𝑝𝑍0
T distribution were corrected by un-

folding and efficiency corrections. Monte-Carlo samples generated by 
“Perugia 0” [45] tuned PYTHIA 6.4 [46] were used at the “particle 
level”. The detector response for these samples was simulated using 
GEANT 3 [47], following which the simulated events were embedded 
into zero-bias 𝑝+𝑝 events and recorded with no cuts applied. The result-

ing event was at the “detector level”. An iterative unfolding technique 
was performed using the RooUnfold package [48], with the unfolding 
matrix obtained from a one-to-one mapping between the particle- and 
the detector-level 𝑝𝑍0

T . The unfolding method was applied to eliminate 
the bin migration in 𝑝𝑍0

T due to momentum resolution. The efficiency 
correction was then applied to the unfolded 𝑝𝑍0

T distribution. The de-

tector efficiency, bin by bin in 𝑝𝑍0
T for each year’s data, is defined as 

the number of reconstructed 𝑍0s after the cuts divided by the number 
of 𝑍0s from the Monte-Carlo generator level. The uncertainty of the 
detector efficiency correction was estimated from the statistical error of 
the simulated samples, which was taken as another source of systematic 
uncertainty of the 𝑝𝑍0

T spectrum.

The differential cross section was measured in eleven 𝑝𝑍0
T bins. 

Besides the contributions from the combinatorial background and ef-

ficiency corrections, the bin-by-bin systematic uncertainties were also 
estimated by varying the minimum 𝑝T requirement of the decay lep-

tons and the uncertainty on the calibration in energy measured by the 
BEMC. As described earlier, the decay lepton’s 𝑝T was required to be 
larger than 25 GeV/𝑐. To estimate the uncertainty caused by this 𝑝T cut, 
we varied the selection by requiring the lepton’s 𝑝T to be larger than 
24 and 26 GeV/𝑐. The relative difference of 𝑝𝑍0

T distribution, from the 
various selection cuts to the original one, was defined as the contribu-

tion of the 𝑝T cut to the systematic uncertainty. The uncertainty of the 
BEMC calibration indicates how well the BEMC measures the lepton’s 
energy. We varied the BEMC energy scale by changing the calibration 
gain by ± 5% for 2011–2013 data, the same as the published paper 
[39], and ± 3% for the 2017 data. The variation of the 𝑝𝑍0

T distribution 
due to the gain changes was taken as the systematic uncertainty caused 
by the BEMC calibration uncertainty. Generally, the dominant system-

atic uncertainty comes from the BEMC calibration, which varies from 
4% to 22% in different 𝑝𝑍0

T bins. The systematic uncertainty caused by 
varying the minimum 𝑝T cut is smaller than or around 3% for most of 
the 𝑝𝑍0

T bins; at the highest 𝑝T, it contributes 11% and 7% for 𝑝min
T = 24

and 26 GeV/𝑐, respectively. The contributions to the systematic uncer-
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Fig. 2. The measured 𝑍0 cross section as a function of its 𝑝T. The vertical bars 
indicate the statistical uncertainties and the vertical boxes indicate the system-

atic uncertainties. The horizontal width of the boxes is chosen for visual clarity 
and does not reflect the uncertainty in 𝑝𝑍0

T . The 𝑝T-independent uncertainties of 
10% for 𝑍0 tracking efficiency and 5% for the luminosity are not included. The 
result is compared with perturbative predictions at the N2LL [49] and N3LL [50]

accuracy.

tainty from the combinatorial background subtraction and efficiency 
corrections are relatively small as well, which are on average around 
3% to 4% for all the 𝑝𝑍0

T bins. Detailed systematic uncertainties from 
each contribution can be found in Appendix A, Table A.2. Note, the 𝑝T-

independent uncertainties of 10% for 𝑍0 tracking efficiency and 5% for 
the luminosity are not included in the 𝑝𝑍0

T spectrum, but are included 
in the total cross section result.

After all the corrections and systematic uncertainty estimations de-

scribed in the previous paragraphs are applied, the 𝑍0∕𝛾∗ cross section 
as a function of its 𝑝T is obtained and shown in Fig. 2 for eleven 𝑝T bins. 
Additionally, the 𝑍0∕𝛾∗ cross section as a function of its rapidity can 
be found in Appendix B, Fig. 5, providing more complementary infor-

mation. BR is the branching ratio of 𝑍∕𝛾∗ → 𝑒+𝑒−. The mean value of 
𝑝𝑍

0
T in each bin is plotted along the horizontal axis. The plotted symbols 

are explained in the figure caption. The measured 𝑝T-differential cross 
section of the 𝑍0 provides an important input to constrain the energy 
scale dependence of TMDs. The data are compared to calculations by 
two different groups: V. Bertone et al. performed the calculation using 
the 𝜁 -prescription and TMD evolution at the next-to-next-to-leading or-

der logarithmic (N2LL) accuracy in perturbative QCD [49]; A. Bacchetta 
et al. performed the calculation using the Monte Carlo replica method 
and resumming large logarithms at next-to-next-to-next-to-leading or-

der logarithmic (N3LL) accuracy [50]. Reference [49] did not include 
the 𝑍0 results from STAR, while reference [50] included a preliminary 
version of these results in their fit. Data are found to be consistent with 
the calculations from both groups. The low 𝑝𝑍0

T spectrum is of particu-

lar relevance, since the 𝑄 values should be high enough to safely apply 
factorization and, at the same time, 𝑝𝑍0

T should be much smaller than 
𝑄 in order to apply the TMD formalism. This might explain the slight 
discrepancy between data and the TMD-based theoretical calculations 
at large values of 𝑝𝑍0

T .

The 𝑍0 production cross sections were determined from the sample 
of events which satisfy the fiducial and kinematic requirements of this 
analysis. The total fiducial cross section can be obtained by integrating 
the differential cross section over 𝑝𝑍0

T from Fig. 2, and is 𝜎f id
𝑍∕𝛾∗ ⋅ BR = 

2.76 ± 0.10 (stat) ± 0.10 (sys) pb. To determine the total production 
cross sections 𝜎tot

𝑍∕𝛾∗ , it is necessary to apply an acceptance correction 
factor, 𝐴𝑍 , in order to account for the fiducial and kinematic constraints 
imposed by the analysis. The total cross section can be written as

Fig. 3. The center-of-mass energy dependence of the total 𝑍0 cross section 
compared to CT14 [55] and CT18 [53] NLO PDF calculations. The measured 
value for the 𝑍0 total cross section in 

√
𝑠 = 510 GeV 𝑝+𝑝 collisions is 8.63 

± 0.31 (stat) ± 0.31 (sys) ± 0.86 (eff) pb, based on a 2011–2013 and 2017 
data sample with the integrated luminosity of 680 pb−1. The uncertainty of 
5% for the luminosity is not included in the figure. The previous STAR results 
[51,39] and higher energy results from the LHC [56,25,57,58] are shown as 
well. The vertical bars indicate the total uncertainties combining statistical and 
systematic ones. In the small panel, the previous and current STAR results are 
shown within a shorter range of collision energies.

𝜎tot
𝑍∕𝛾∗ ⋅BR(𝑍∕𝛾∗ → 𝑒+𝑒−) =

𝜎f id
𝑍∕𝛾∗ ⋅BR(𝑍∕𝛾∗ → 𝑒+𝑒−)

𝐴𝑍

. (2)

We applied the same method to calculate 𝐴𝑍 as done in [51,39]

based on the FEWZ program [52], which provides perturbative QCD 
calculations for 𝑍0 production up to order N2LO. We used the CT18 
NLO PDF [53] as an input to obtain the value of 𝐴𝑍 , which is defined 
as the cross section ratio for the 𝑍0 boson with and without STAR ac-

ceptance cuts. Theoretical uncertainties in the calculation of this factor 
arise from several sources, including uncertainties within CT18 NLO 
PDF set and uncertainties on the strong coupling constant, 𝛼𝑠. The ob-

tained 𝐴𝑍 is 0.32 ± 0.01. After the kinematic acceptance correction, 
the total 𝑍0 cross section from 2011–2013 and 2017 data is 𝜎tot

𝑍∕𝛾∗ ⋅BR
= 8.63 ± 0.31 (stat) ± 0.31 (sys) ± 0.86 (eff) ± 0.43 (lumi) pb, with 
a relative uncertainty of 10% for the tracking efficiency based on the 
past 𝑍0 analysis [39] and 5% for the luminosity [54]. Compared to 
the published 𝑍0 results [51], the uncertainty of the tracking efficiency 
was updated based on a higher luminosity data set collected since 2011, 
which led to a higher uncertainty compared to the low luminosity data 
set from 2009. The luminosity calibration was improved by refining the 
accidentals correction on scalers, using beam position monitors instead 
of the magnet current set points utilized in [39] for the 2-dimensional 
beam displacement, and considering the intensity drop of the beam 
bunches, leading to a lower uncertainty of the luminosity compared 
to the previous value [39].

Fig. 3 shows the comparison of the total 𝑍0 cross section from this 
analysis with the published results from 2009 [51] and 2011–2013 [39]

data from STAR, higher energy 𝑝+𝑝 data from the LHC [56,25,57,58], 
and two theoretical calculations based on CT14 and CT18 NLO PDFs 
[55,53]. The summary of the STAR results can be found in Table 1. 
In this analysis, 2011–2013 data have been reanalyzed using slightly 
different cuts on the 𝑍0 mass and the lepton’s 𝑝T, compared with 
[39]. The measured total 𝑍0 cross section from this analysis agrees 
with the previous 2009 and 2011–2013 results, as shown in the small 
panel inside Fig. 3. The statistical uncertainty in particular is improved 
significantly in this analysis compared to 2009 data. The systematic un-

certainty increases in this analysis compared to the previous 2011–2013 
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Table 1

Total 𝑍0 cross section measured from different years’ data at STAR.

Year Ref 𝜎𝑡𝑜𝑡.
𝑍∕𝛾∗ ⋅BR± 𝑠𝑡𝑎𝑡𝑢𝑛𝑐. ± 𝑠𝑦𝑠𝑢𝑛𝑐. ± lumi∕eff 𝑢𝑛𝑐. [pb]

2009 [51] 7.7 ± 2.1 +0.5
−0.9 ± 1.0 (lumi)

2011-2013 [39] 8.7 ± 0.5 ± 0.1 ± 0.9 (eff) ± 0.8 (lumi)

2017 this analysis 8.73 ± 0.39 ± 0.26 ± 0.87 (eff) ± 0.44 (lumi)

2011-2013+17 this analysis 8.63 ± 0.31 ± 0.31 ± 0.86 (eff) ± 0.43 (lumi)

Fig. 4. The measured 𝑍0 transverse single spin asymmetry in transversely po-

larized 𝑝+𝑝 collisions, with an integrated luminosity of 340 pb−1 . The vertical 
bar indicates the statistical uncertainty and the vertical box indicates the sys-

tematic uncertainty. The result is compared with two theoretical calculations, 
both assuming the sign change hypothesis to be true. The blue band shows the 
theoretical calculation in the framework of TMD factorization at N3LL accuracy 
[59,60]. The other theoretical calculation (pink band) is performed at NLL ac-

curacy [61], in a fully consistent TMD framework. The horizontal width of the 
box and bands is chosen for visual clarity and does not reflect the uncertainty 
in y𝑍0

.

result, since we considered extra contributions from the combinatorial 
background and efficiency corrections, and varying the minimum 𝑝T re-

quirement of the decay leptons, which were not taken into account in 
[39]. Additionally, a different implementation of the systematic uncer-

tainty from the BEMC calibration was applied in this analysis. As the 
momentum of the decay lepton was reconstructed by scaling its energy 
from the BEMC, the effect of varying the BEMC gain on 𝑝T migration is 
large. STAR data provides constraints on TMDs particularly at high 𝑥, 
since RHIC provides an intermediate collision energy. The ATLAS and 
CMS results measured at 7 and 13 TeV probe a region of 𝑥 lower than 
the STAR data at 510 GeV. Therefore, the presented STAR results are 
complementary to the LHC results, and provide opportunities to investi-

gate TMD evolution as a function of 𝑥. We also found all the data points 
to be in good agreement with the theoretical calculations.

In addition, we report the measured 𝐴𝑁 of 𝑍0 production in 
√
𝑠 =

510 GeV 𝑝+𝑝 collisions at middle rapidity (−1 < y𝑍0
< 1). The ampli-

tude of the transverse single spin asymmetry of the 𝑍0, as described in 
Sec. 1, is extracted using the formula

𝐴𝑁 ⋅ 𝑐𝑜𝑠(𝜙) = 1
⟨𝑃 ⟩ ⋅

√
𝑁↑(𝜙)𝑁↓(𝜙+ 𝜋) −

√
𝑁↑(𝜙+ 𝜋)𝑁↓(𝜙)√

𝑁↑(𝜙)𝑁↓(𝜙+ 𝜋) +
√
𝑁↑(𝜙+ 𝜋)𝑁↓(𝜙)

, (3)

where 𝑁 is the yield of 𝑍0 reconstructed in collisions with an up/down 
(↑ ∕ ↓) beam polarization orientation. Defining the up transverse spin 
direction 𝑆⟂ along the 𝑦-axis and the direction of the incoming po-

larized beam �̂�beam along the 𝑧-axis, the azimuthal angle is defined by 
𝑆⟂ ⋅ (�̂�beam × 𝑝𝑍

0
T ) = |𝑝𝑍0

T | ⋅ cos(𝜙).
The result of 𝐴𝑁 for the 𝑍0 is shown in Fig. 4, with detailed per-

formance of cos(𝜙) fitting in Appendix C, Fig. 6. To study the TMD 

effects and test the sign change prediction, we limited 𝑝𝑍0
T to the range 

where the polarized TMD approach is applicable (𝑝T < 10 GeV/𝑐). In 
the figure, the vertical bar indicates the statistical uncertainty and the 
vertical box indicates the systematic uncertainty. The systematic uncer-

tainty was estimated by measuring the 𝐴𝑁 of all like-sign pairs, which 
was taken as a background asymmetry. The relative uncertainty of the 
averaged polarization was 1.4% and is not shown in the data point. The 
horizontal width of the box is chosen for visual clarity and does not 
reflect the uncertainty in y𝑍0

.

This new result will provide critical input towards the extraction of 
the Sivers function, especially for valence quarks at relatively high 𝑥
(𝑥 ≥ 0.1). Two calculations from different groups are shown in Fig. 4, 
with both including the sign change hypothesis of the Sivers function. 
One is based on N3LL accuracy of the TMD evolution in the collinear 
framework [59,60], in which, the Sivers function was expressed via 
an operator product expansion depending on the Qiu-Sterman function 
[62]. The other is calculated with NLL accuracy in the traditional TMD 
framework [61] and is based on the extractions of the unpolarized and 
Sivers functions in a fully consistent TMD framework, it shows similar 
results with [63]. Assuming no sign change simply flips the sign of each 
prediction to negative, maintaining the same magnitude. The current 
STAR result is not able to verify the sign change hypothesis, though it 
is slightly preferred over the non-sign change predictions.

4. Summary

We present the first measurement of the 𝑍0 cross section versus 
𝑝T in 𝑝+𝑝 collisions at 

√
𝑠 = 510 GeV by the STAR experiment. The re-

sults combine all the data STAR has collected in 2011, 2012, 2013, and 
2017, corresponding to a total luminosity of 680 pb−1. The 𝑝T spec-

trum of the 𝑍0, together with results from other experiments on DY, 
SIDIS, and 𝑍0, provide important constraints on the 𝑥 and 𝑄2 evolu-

tion as well as the process dependence of the unpolarized TMDs. A high 
precision measurement of the 𝑍0 total cross section is also reported. 
When combined with data from higher energy collisions, it provides a 
stringent test of the energy dependence of PDFs.

We also present the measurement of the 𝑍0 𝐴𝑁 using transversely 
polarized 𝑝+𝑝 collision data collected in 2017, corresponding to an in-

tegrated luminosity of 340 pb−1. The measured TSSA is 0.056 ± 0.081 
(stat) ± 0.050 (sys). While the result can accommodate the sign change 
hypothesis that is based on the non-universality property of the Sivers 
function between DY/𝑍/𝑊 production and SIDIS, it cannot conclu-

sively verify the prediction. Precision of the 𝑍0 cross section and 𝐴𝑁

measurement will be improved using an additional 400 pb−1 sample of 
𝑝+𝑝 data at 508 GeV that STAR collected in 2022.
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Appendix A. Systematic uncertainties of 𝒁𝟎 𝒑𝐓 spectrum

Table A.2

The relative systematic uncertainties (%) in each 𝑝T bin from each source.

𝑝T bin Like-sign

correction

Eff.

correction

min. 𝑝𝑙𝑒𝑝T
24 GeV∕𝑐

min. 𝑝𝑙𝑒𝑝T
26 GeV∕𝑐

BEMC gain

1 2.9 3.4 -0.003 -0.04 13.5

2 1.0 2.0 0.03 0.002 11.7

3 1.9 1.7 0.14 0.03 8.0

4 1.9 1.7 0.51 -0.08 4.0

5 2.2 1.5 0.07 0.11 7.5

6 2.7 1.9 1.2 -1.7 12.8

7 3.6 2.3 1.1 -3.5 6.4

8 6.1 2.7 0.88 -2.8 4.8

9 5.1 3.5 -1.1 0.72 16.4

10 7.5 5.6 4.8 -0.05 16.0

11 7.4 5.4 11.1 -6.8 22.0

Appendix B. 𝒁𝟎∕𝜸∗ cross section as a function of its rapidity

Fig. 5. Left: The measured 𝑍0∕𝛾∗ cross section as a function of its rapidity using datasets from 2011, 2012, 2013, and 2017. The data is compared with CT18 [53]

NLO PDF calculation. Right: The previous STAR results from 2011–2013 datasets [39].
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Appendix C. Cos fitting of the asymmetry from Eq. (4)

Fig. 6. The measured asymmetry of 𝑍0 as a function of its 𝜙, with extraction of the 𝐴𝑁 using cos fitting according to Eq. (4). Left: Blue beam is transversely 
polarized. Right: Yellow beam is transversely polarized. In each panel, the extracted 𝐴𝑁 with its uncertainty can be found in the legend.
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