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We report measurements of Y'(15), Y(2S) and Y(3S) production in p + p collisions at 1/s = 500 GeV
by the STAR experiment in year 2011, corresponding to an integrated luminosity £, = 13 pb~.
The results provide precise cross sections, transverse momentum (pr) and rapidity (y) spectra, as well
as cross section ratios for pr < 10 GeV/c and |y| < 1. The dependence of the Y yield on charged
particle multiplicity has also been measured, offering new insights into the mechanisms of quarkonium
production. The data are compared to various theoretical models: the color evaporation model (CEM)
accurately describes the Y'(1S) production, while the color glass condensate + nonrelativistic quantum
chromodynamics (CGC + NRQCD) model overestimates the data, particularly at low pp. Conversely,
the color singlet model (CSM) underestimates the rapidity dependence. These discrepancies highlight
the need for further development in understanding the production dynamics of heavy quarkonia in high-
energy hadronic collisions. The trend in the multiplicity dependence is consistent with CGC/saturation
and string percolation models or Y production happening in multiple parton interactions modeled

PHYS. REV. D 112, 032004 (2025)

by PYTHIAS.
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I. INTRODUCTION

Heavy quarkonium states, such as Y mesons consisting
of bb (bottom and antibottom quark), are vital tools for
probing gluon content and dynamics in nucleons and nuclei
[1,2], and in a quark-gluon plasma (QGP) [3.4]. Despite
extensive experimental and theoretical efforts, the mecha-
nism of quarkonium production remains poorly under-
stood. The process involves a hard scattering event
producing a heavy quark-antiquark pair, followed by non-
perturbative evolution and hadronization into a bound state
that can occur through either a color singlet (CS) or color
octet (CO) intermediate state. While the perturbative QCD
(pQCD) [5.,6] framework accurately describes the initial
hard scattering. The subsequent bound state formation
processes are modeled using different approaches, such as
the color singlet model (CSM) [7-9], Nonrelativistic QCD
(NRQCD) [10,11] with both CS and CO states [10-12], and
the improved color evaporation model (CEM) [13]. Each
model offers a different perspective, leading to ongoing
debates about the correct production mechanism [14,15].
Compared to J/y, Y states are a cleaner probe, because
of less feed-down from excited states [16], regeneration
(especially at RHIC) [17] and smaller comover interaction

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

cross section due to their smaller size [18]. They also offer an
opportunity to study each state separately. The directly
produced Y(1S) constitute ~#70% [16] of the cross section
at low pr with similar value for prompt J/y [16], for which
the nonprompt contribution is much larger while nonexistent
for Y states.

Precise Y production measurements have been con-
ducted at the Tevatron [19-21] and the Large Hadron
Collider (LHC) [19,21-31], with additional data available
from lower-energy experiments [32-37], which offer lower
precision due to low Y production rate. However, more data
are needed at intermediate energies (between 19.4 GeV and
1 TeV) to refine and constrain production models. The
description of Y spectra depend on long-distance matrix
elements (LDMEs), which vary across different studies of
LHC and Tevatron data, indicating a need for more con-
straints. Further insights could be gained by examining
quarkonium production versus charged particle multiplicity,
associated production [38], and polarization studies [15].

Measurements of J/y [39-43] by ALICE, STAR and Y
[44] production by CMS versus charged particle multiplic-
ity in p + p collisions have shown a strong increase of
quarkonium yields in high-multiplicity events, which
provide insights into the interplay of hard and soft QCD
processes. Potential explanations include quenching inter-
actions of overlapping strings in string percolation [45]
model, a 3-gluon contribution to Y production in color
glass condensate CGC/saturation [46—48], or Y production
in multiple parton interactions (MPI) [49], and coherent
particle production [50,51], though further studies are
necessary.
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Recent studies at CMS [52] show that ?E';gg ratios are

decreasing with charged particle multiplicity, but the effect
is independent of the number of particles associated with

the Y momentum direction. The latest results of %/”) in
W

p + Pb [53] on the other hand suggest that final state
effects may be responsible for the decrease.

In this paper, we present a comprehensive study of Y
states production, including differential cross sections versus
pr and rapidity (y), cross section ratios, and the dependence
on charged particle multiplicity, measured by the STAR
experiment in p + p collisions at /s = 500 GeV. These
results provide important constraints on the assumptions
in various production model calculations and offer new
insights into the mechanisms underlying heavy quarkonium
production.

This paper is organized as follows: Sections I and II
provide an introduction and description of the experimental
setup and data collection, respectively. Section III outlines
the data analysis techniques. Section IV presents the
results, compares them to theoretical model calculations,
and discusses their implications. Finally, Sec. V provides a
summary of our findings.

II. EXPERIMENTAL SETUP AND
DATA TAKING

The data used in this study were recorded by the
STAR experiment during the 2011 data-taking run [54]
and consists of p + p events at /s = 500 GeV. These
events were triggered by requiring a minimum energy
E Z 4.6 GeV deposited in a single channel in the barrel
electromagnetic calorimeter (BEMC) [55], referred to as an
LO triggering tower, and a coincidence of hits in both the
east and west beam-beam counters (BBCs) [56]. Such
conditions select a valid p + p collision and trigger on
possible Y candidate events decaying via the dielectron
channel. The BEMC has full 2z azimuthal acceptance
within pseudorapidity' || < 1, while the BBCs provide
coverage in 3.4 < || < 5.0. Tracking and particle identi-
fication using energy loss information dE/dx are performed
using the information from the time projection chamber
(TPC) [57] within |n| < 1 (with reduced efficiency up to
In| < 1.8) and 27z coverage in azimuthal angle. The time of
flight detector (TOF) [58] is used in this study to remove
pile-up tracks for the measurement of charged particle
multiplicity. The shower maximum detector [55] (SMD)
is a part of the BEMC and is positioned at the expected
location of the maximum of the electromagnetic shower
within the calorimeter tower. The track projections to the
SMD layer are used to match TPC tracks with the calori-
meter energy deposits.

'n = —In(tan(6/2)).

III. DATA ANALYSIS

In order to measure the production cross sections, the Y’
signal has to be reconstructed and corrected for the
reconstruction efficiency. The charged particle multiplicity
dependence, is studied by correcting the measured multi-
plicity distributions for Y and minimum-bias events using
tracking efficiency studied with a Monte Carlo (MC)
simulation and an unfolding procedure [59].

Analysis of the data starts by selecting events with a
reconstructed primary collision vertex position along the
beam axis with |V_| < 40 cm. This is to ensure uniform
acceptance by requiring collisions happen in the center of
the TPC fiducial volume. The number of events accepted
for analysis after the primary vertex selection is 92 M,
which corresponds to an integrated luminosity of 13 pb~!.

Reconstruction of the Y(nS) states is done via the di-

Y(15)

electron channel, which has a branching ratio of B,,

239+0.08%, BL* =191+0.16% and BLY =
2.18 £0.20% [60] for Y(1S), Y(2S) and Y(3S) states,
respectively. Electron tracks are measured by the TPC and
must satisfy pr > 0.2 GeV/c with at least 20 measured
space points (out of a possible maximum of 45 at mid-
rapidity) are required in the track fitting to ensure accept-
able momentum resolution. Uniform track reconstruction
efficiency across the TPC acceptance is ensured by select-
ing tracks with || < 1.0. In addition, tracks originating
from the primary vertex are selected by calculating the
distance of closest approach (DCA) between the primary
vertex and the track trajectory and choosing tracks with
DCA < 3 cm. Furthermore, split tracks are removed by
requiring the ratio of track fit points to the maximum
possible number at a given 77 and p to be greater than 0.52.
This makes sure it is greater than half, which would be less
than half in case the tracking algorithm reconstructed a
single particle as two tracks.

A. Event charged particle multiplicity measurement

For the purpose of investigating the dependence of Y
yields on charged particle multiplicity (N.,), a stable
measure of the number of tracks is required. An acceptable
measure of track multiplicity must be unaffected by pile-up
tracks, which may artificially increase N, and be insen-
sitive to event-by-event fluctuations. The latter can be
satisfied by accepting tracks with only basic quality
selection. Thus, similar criteria to those outlined above
for electron tracks are used, except for the few relaxed ones,
which are: number of fit points, fit points to maximum ratio
and DCA. The number of required track fit points is
reduced to > 15, which reduces track number fluctuations.
On the other hand, large pile-up requires a stricter selection
of DCA < 0.5 cm and for the track to have produced a hit
in the TOF. The TOF provides accurate timing information
and can be used to reject particle tracks coming from
different bunch crossings. Charged particle multiplicity
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measured using tracks with TOF information is referred to
s “TOF multiplicity” in this study. The electrons and
positrons coming from Y decays are included in the N,
calculation. The minimum-bias N, distribution is obtained
with the same criteria listed above from a separate
low-luminosity dataset which has lower pile-up contami-
nation and enables a wider DCA < 1.0 cm requirement.

B. Electron identification and selection

The electron candidates are selected using dE/dx
information measured by the TPC by calculating an no,
variable according to Eq. (1), which quantifies the deviation
of measured dE/dx e, from the expected value, dE/dx.y,,
according to the Bichsel function [61], scaled by the dE/dx
resolution 645/ 4

]n <dE/deeas>
dEdx,,
ne, = _\dE/dxep ) (1)

OJdE/dx

Electron candidates are selected with —1.2 < no, < 3.0,
which has a high efficiency for electrons while minimizing
the contamination from pions. The BEMC is also used to
identify electrons using the E.;,/ p ratio and shower shape,
where E ., is the energy of the BEMC cluster matched to
the TPC track, and p is the momentum of the track as
measured in the TPC. Matching to the BEMC clusters is
done by projecting TPC tracks to towers (each with
dimensions of 0.05 x 0.05 in Ay and A¢) in the BEMC
and forming clusters by adding two adjacent towers with
the highest energy around each projection (e.g., max 3
towers in each cluster). The distance between the energy-
weighted center of a cluster and the track projection to the

SMD layer, Rgyp = v/ (An)* + (A¢h)?, is calculated and
used to determine if the TPC track projection matches
the BEMC cluster by imposing a requirement of
Rsyp < 0.028. The SMD layer is located at a distance
of 231.723 cm from the beam. Electrons are expected to
deposit most of their energy in the BEMC, in contrast to
hadrons. This motivates a selection of ratio of cluster
energy to track momentum of 0.55 < ET’ < 1.45. In order

to further reject hadrons, information on shower character-
istics is used. Electrons should deposit a large fraction of
their energy in a single tower, so a ratio of energy contained
in the matched tower E,,,, to the energy of the entire cluster

gﬂ > (.5 is used to select such clusters.

clu

C. Upsilon signal reconstruction

In order to reconstruct the Y signal, electron and positron
candidates are made into palrs to reconstruct raw Upsilon
candidates. One of the electron” tracks has to be matched to

*Electrons means both electron and positron in the text unless
specified.

250 ¢ Unlike sign (e*e)
STAR p+p1 Vs=500 GeV T Like sign (e'e*+ee)
L-13pb Total fit (42N = 0.9)

200 r(1s)

e - Y(39)
 CB + Drell-Yan + bb

[2]

S  Iéy L e Comb. Background (CB)

o

O 100 0<p,<10 [GeV/c] lyl<1

50 "‘-<
Wéxé%
0 —‘1"'#*1"1'#"?‘“0-‘“‘—““!"4&1' "1"r-*~r hré"r#' r-u-r- Sty "'9 st
7 8 9 10 11 12 13 14 15 16
M.,.; [GeV/c?]

FIG. 1. Invariant mass M,, distribution for unlike-sign (black

full circles) and like-sign (blue hollow diamonds) electron pairs.
The curves correspond to combinatorial background (blue
dashed-dotted line), correlated background (black dotted line),
Y(1S) (green), Y(2S) (orange), and Y(3S) (purple). The total
(red) is a sum of the above components. Each curve has a
corresponding uncertainty band obtained via. MC sampling
technique and includes correlations between parameters.

the high energy BEMC tower (so-called “high tower”)
which fired the LO trigger. A py > 1 GeV/c cut is
required for the second electron partner, which reduces
combinatorial background. Electrons and positrons that
pass all the selection requirements are paired and their
invariant mass is calculated. In addition to the Y candidate
et e pairs, there are also contributions from combinatorial
and correlated residual backgrounds. Combinatorial back-
ground arises from randomly paired electrons or positrons
and is estimated using a sum of like sign pairs (ete™ or
e~e”). The residual background consists of the bb con-
tinuum and Drell-Yan processes, but the latter contribu-
tion is small [62]. Figure 1 shows the invariant mass of
unlike-sign (black full circles) and like-sign (blue hollow
diamonds) pairs. In order to extract the signal, these
distributions in 6.6 < M,, < 16 GeV/c? are fitted simul-
taneously with an unbinned likelihood method using
RooFit [63]. The combinatorial background is modeled

<) (blue
curve) while the correlated background is descrlbed

by an exponential function frp = N¢p - exp(

by a power-law function f,;. py = Nyjipy m Mu = (black

curve). The correlated background shape is determmed
using a PYTHIAS [64] simulation and serves as a constraint
on the fit parameters. The shapes of each of the Y(nS)
states are modeled with Crystal Ball functions [65], whose
parameters (position, width, tail) are fixed using a full
STAR detector simulation with Y (nS) — ete™ decays
embedded into raw data and reconstructed using the same
selection criteria as outlined above. Such approach allows
for the correct modeling of signal widths, which is caused
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by the TPC momentum resolution. The total fit is a sum of
all these components (red curve). Finally, the raw signal of
each of the Y'(nS) states is obtained directly from the fits.
The yields obtained in this way are later compared to those
calculated with the bin counting method and the difference
is taken as a systematic uncertainty. The bin counting
method integrates the histogram directly and relies on the
fits for background subtraction. It should be noted that the
initial parameters for ratios of each Y state are set to
the global fit values [66] and allowed to vary.

D. Efficiency corrections

In order to obtain the corrected Y'(nS) signal, the Y'(nS)
reconstruction efficiency has to be studied. Three separate
samples of simulated Y'(nS) — e"e™ decays are generated
(Y(1S), Y(2S), Y(3S)) within |y| < 1, embedded into raw
data, and reconstructed using a full simulation of the STAR
detector geometry and response. This accounts for different
running conditions during the data taking period and allow
for a controlled estimate of reconstruction efficiency for
a known number of initial Y'(nS) - eTe™ decays. The
efficiency is calculated for single electrons by comparing
the number of input electrons with || <1 to those
reconstructed from the simulated output. The simulated
Y (nS) are assumed to be unpolarized [67], which effect is
later studied as part of systematic uncertainties. Figure 2(a)
shows the combined effects of acceptance and tracking
efficiency (black diamonds), the E,,,/E,;, (blue rectan-
gles), the E,;,/p (green circles), the Rgyp (brown stars),
and finally the no, and the LO high tower match (red
crosses) vs MC electron transverse momentum pi“c
efficiencies. The no, selection efficiency is estimated using
a pure electron sample of y — e*e™ conversions in the real
data and checking the fraction passing the no, requirement.
The Y(nS) reconstruction efficiency shown in Fig. 2(b) is

18 :
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® AccxTrackxE, <E/p

1.4 ¢ AccxTrack + ACCxTraCkxECLuxEIpxRSM —

D

12—y AccxTrack<Eg, , % AcchrackxECLUxEIpxRSMDxncexLﬁ
1 _|
o ]
@ 08I g -
0.6 _x__,._—x——“——a——“—““i
04k STAR . |
p+p Vs=500 GeV

0.2 - -

oL — L g = | | 1

0 2 4 6 8 10 12
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emc

FIG. 2.

obtained by folding in the single electron efficiencies,
however the LO High Tower requirement is only applied to
the highest energy electron.

The measured charged particle multiplicity estimated
using tracks matched to the TOF is also corrected for the
track reconstruction efficiency to obtain the true charged
particle multiplicity. This correction is done by performing
four iterations of a Bayesian unfolding procedure with the
RooUnfold package [59], similar to the technique used by
STAR to study the dependence of J/y production on
multiplicity [41]. The response matrix, which relates the
measured TOF multiplicity to the true N, is estimated
using PYTHIAS simulations separately for Y and minimum-
bias events. Additionally, a BBC trigger efficiency correc-
tion is applied. This efficiency is estimated by embedding
simulated PYTHIAS Y and minimum-bias events into real
2011 zero-bias and a separate simulation based on low-
luminosity minimum-bias data, respectively. The low-
luminosity minimum-bias data also provide a measured
TOF multiplicity distribution for minimum-bias events.

E. Systematic uncertainties

This subsection describes the study of systematic uncer-
tainties related to the methods and assumptions in this
analysis. Each of the contributions is symmetrized assum-
ing the largest variation. The uncertainties can be classified
into a few categories, but each effect is studied and listed
separately in the tables. These categories include: signal
estimation, acceptance and efficiency, trigger efficiency and
luminosity as well as assumptions used. The uncertainties
related to signal estimation include the used signal extrac-
tion method, variation in the % ratio and the level of
additional smearing of electron pt affecting the width
of signal line shapes. First, the signal extraction method

0.25

0.2 _|
$#
0.15 ig: =

—

® o01F lyl<1 -
STAR ¢ Y(1S)
o Y(2S)
0.05 {s=500 GeV n
PP o Y(3S)
0 | | | | | | | | |

0 1 2 3 4 5 6 7 8 9 10
p:““c [GeV/c]

(b)

(a) Electron efficiencies vs p;“. Illustrated is the combined effect of successive application of the acceptance and tracking

efficiency (black diamonds), E,,, /E.;, (blue rectangles), E,,;,/ p (green circles), Rgyp (brown stars) and no, along with LO high tower
match (red crosses) requirements. (b) Reconstruction efficiencies of Y(1S) (closed diamonds), Y'(2S) (open diamonds), and Y(3S)

. Y-
(open circles) vs pp*c.
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TABLE I. Summary of systematic uncertainties on the Y(1S + 28 + 3S) cross section as a functions of py and y.

T [GeV/c] y
Uncertainty 0-10 0-2 2-4 4-6 6-8 8-10 ly| < 0.5 05< |y <10
Raw yield extraction [£%] 1.2 4.1 2.0 1.0 0.1 59 0.3 2.8
Fixed ~ Y(%S [i‘7] 0.3 0.3 0.9 0.3 2.8 0.9 0.7 1.3
pr smearing [+%] 1.2 1.2 0.8 0.5 0.7 0.5 0.7 0.9
Tracking efficiency vs pr [£%] 1.3 1.4 1.3 1.3 1.4 1.3 1.3 1.3
Polarization [£%] 0.3 1.5 0.2 0.4 0.5 0.5 0.1 1.2
Trigger [+%] 7.6 17 8.0 29 1.4 0.9 9.4 55
Total [£%] 7.9 18 8.4 34 35 6.2 9.6 6.0

uncertainty is investigated by comparing the combined Y’
yield obtained using bin counting and the yield obtained
directly from the fit. The effect is found to range from
+0.1% to £5.9% depending on pr, and for the integrated

signal is £1.2%. The impact of unconstrained E ; ratio is

studied by fixing it to the value listed by PDG [68] during
the fitting and it is found to range from 4-0.3 to +2.8% vs
pt, for a total effect of £0.3% on the integrated yield.
When obtaining the shape of the Y signal in the simulation,
the electron momentum resolution was smeared with a
gaussian of width a x pr, where a was optimized to
describe the J/y signal width. By varying the amount
of additional smearing within uncertainties, the impact of
this correction may be estimated and it is found to affect the
integrated yield by +1.2%, while the pt dependent effect
varies between +0.5% and £1.2%. The efficiency and
acceptance category consists of TPC tracking efficiency. It
is studied by varying the number of track fitting points in
the simulation by £2. This is motivated by the fact that the
TPC response simulation used in the embedding may not
be perfect and could potentially miss hits. The outcome of
this effect is found to be +1.3% on the integrated signal
with very little pp dependence. An additional constant 5%
[69] uncertainty is estimated on the overall single track
reconstruction efficiency, affecting the signal by 10%
globally. It is thus included as a correlated uncertainty.
The trigger efficiency uncertainty reflects imperfections in
the trigger response simulation. This was investigated by
comparing the ADC? count distributions between data and
simulation. Upon comparison, data and simulation were
found to differ by 3% [37], which, when shifting the ADC
value in the efficiency calculation affects the yield by
+7.6%. The final category reflects assumptions used in the
analysis. To study the impact from the assumption of no Y
polarization, described by w(f) = 1+ Acos*() in the
simulations, the original value of the polarization parameter
A =0 is varied between 0.1, which corresponds to the
bounds of CDF data [67]. This affects the pr-dependent
yield by £0.2% to £+1.5% resulting in a total effect of

?Analog to digital conversion.

+0.3% on the integrated yield. All of the above compo-
nents contribute to the total uncorrelated systematic uncer-
tainty of £7.9%. A summary is presented in the Table 1.

The pr-correlated systematic uncertainties are estimated
as follows. First, the integrated luminosity estimation un-
certainty was evaluated by studying the efficiency of the
BBC detector and the effect was found to be 8% [70-72].
Next, the vertex finding efficiency uncertainty was studied
by comparing the number of events with a reconstructed
vertex to the total number [37] of simulated events, the
difference is found to be £1%. Acceptance variations due
to fluctuating BEMC tower availability during the run,
which is later applied in the simulation, yields an additional
4+3% [37] effect. The uncertainty on the no, efficiency
calculation is estimated by taking the 3o upper and lower
limits of the fit to p dependence of the efficiency and the
effect is +-3.6%. All the correlated systematic uncertainties
are presented in Table II.

The uncertainties connected with the N,,-dependent
studies are also investigated and presented in Tables III
and IV. Some of the aforementioned uncertainties also
affect N, dependence. To check the influence of the
unfolding method, the number of iterations was varied
between 3, 6 and 8. It was found that more iterations did not
provide an improvement and the effect ranges from 4+0.4%

to +1.3% on 22 and from +0.1% to +1.4% on e,
) Nen)

Furthermore, a 4Cx PYTHIA tune, which uses a different
MPI model than the default configuration, was used as an
input to observe the effect of different model assumptions

used for the unfolding correction [73]. This affected the <N Y'>
by £0.2% to +14% and from 0% to £1.9% on w No The Y

0’

TABLE II. Summary of pr-correlated systematic uncertainties
on the Y(15 + 2S + 3S) cross section.

Uncertainty Effect [+%]
Luminosity

Vertex 1
Tracking efficiency const. 10
Acceptance 3

no, 3.6
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TABLE III. Summary of systematic uncertainties on the
Nxy(15125435)
(Ny(ist2s1as)”

Nen

(Nei)
Uncertainty 0-1 -2 23 3-8
Number of iterations [£%] 1.3 1.3 0.5 0.5

Reconstruction efficiency [+%] 0.2 0.6 0.4 3.8
Tracking efficiency const. [+%] 9.2 4.9 2.8 0.4

Tracking efficiency vs pp [£%] 1 1 1 14
N, from NBD [+%] 0.3 1.8 10 6.6
Raw yield extraction [+%] 1.1 2.5 0.2 16
pr smearing [+%] 0.3 0.3 0.2 1.8
Fixed J{3y) [+%] 04 04 27 11
4Cx tune [:t%] 4 0.2 3.5 14
Total [+%] 11 6.1 12 29

TABLE IV. Summary of systematic uncertainties on the nor-
malized multiplicity.

Ney

(Nen)
Uncertainty 0-1 1-2 2-3 3-8
Iterations [+%] 0.1 0.4 0.3 0.2
Tracking efficiency [£%] 35 3.7 4.0 3.6
N, from NBD [+%] 0.1 2.7 2.1 2.6
4Cx tune [£%] 1.9 0.0 0.6 0.3
Total [+%] 4.0 4.6 4.6 4.5

reconstruction efficiency vs N, did not show any change
within uncertainties, so no dependence was assumed. The
effect of this assumption was investigated by fitting the
Y reconstruction efficiency vs multiplicity with a linear
function and taking the 1o upper limit as an input to the
unfolding correction by correcting the Y yield. This
changes the Y yield by +£0.2% to +3.8%. The last
contribution is due to the shape of the N, distribution
for minimum-bias events, which was checked by replacing
the unfolded distribution with a fit using the negative
binomial distribution and taking a 1o upper and lower limit.
It also enabled investigation of the possible influence of
pile-up. This affects the Y yield by +0.3% to +10% and the
N, by £0.1% to £2.7%. The tracking efficiency men-
tioned previously also affects the Y yield vs N, and N,
itself by 0.4 to £14% and £3.5 to +£4.0% respectively.

The total effect on &1:) ranges from £6.1 to £28.1% and

+4 to +4.6% on the .

IV. RESULTS

We report a comprehensive measurement of the produc-
tion of the Y states and show comparisons with correspond-
ing production model calculations. This section is divided
into subsections focusing on distinct measurements. First,

the integrated production cross section and differential
production cross sections vs pp and y are shown and
discussed. The next subsection presents the cross section
ratios. Finally, the charged particle multiplicity dependence
is shown.

A. Y production cross sections and spectra

B, doy 1
2zpr dprdy

NY<pT) NeL‘Cmt (2)
2zpr AyApr ex(pr)

The differential, invariant cross section for Y produc-
tion in p + p collisions at /s = 500 GeV is calculated
with Eq. (2). Here, Ny is the measured Y yield, £;, is
the integrated luminosity, ey is the Y reconstruction
efficiency, B,, is the branching ratio to e*e™ and N9/ is
the total number of events, while N,, is the number of
accepted events. The pr-integrated production cross sec-
tion for combined Y(1S + 2S+3S) states in |y| <1

is B o = 199 + 13(stat) + 33(syst) pb. In the

ly| < 0.5 range, the cross section is BeeddiyY lyj<05 =
189 + 15(stat) & 31(syst) pb. The new STAR results are
compared to the measurements at different energies
[19,26,27,32,34,74-79] in Figure 3. The data follow a
similar trend as a function of /s and are consistent with
the CEM calculation [80], while the CSM calculation at
leading-order (LO) (red dotted line and band) and next-to-
leading-order (NLO) (red lines: solid, dashed, dotted) [81]
underestimate the data, especially below 1 TeV. It has to

ee dy |M<1

Y(1 S+2S5+3S)
103 | STAR, p+p Run11, |y|<0.5

E % STAR, p+p Run09, |y|<0.5

[ @ CFS,p+A
) | M E605, p+A
2 10 E A CCOR, p+p

o E

_L L V R209, p+p ACDF, P+B
> B ¢ CMS, p+p
E;q 10 CLATLAS, p+p
8 E —— NLO CEM, MRST HO,
- r m=4.75 GeV/c?, m/u=1
- 1 i CSM LO

E —— CSMNLO

AT .F S CSM NLO m,=4.5 GeV/c?

L mmn CSM NLO m,=5.0 GeV/c®
10 E [/ ¢ CSMNLO yu =y /2=
F/: __,:35 ‘ CSMNLO 11 /0.75=y/2=1,
10? 10°
/s [GeV]
FIG. 3. Integrated cross section of Y'(1S5 + 25 + 3S) measured

by STAR at /s = 200 GeV [37] and /s = 500 GeV compared
to other experimental results [19,26,27,32,34,74-79], CEM
calculation (blue line) [80] and CSM calculation at LO (red
dotted line and band) and NLO (red lines: solid, dashed, dotted)
[81] plotted vs center of mass energy.
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(a) The py differential cross sections of Y'(1S + 2S5 + 35) (red circles), Y'(2S + 3S5) (blue squares), Y(1S) (green diamonds),

Y (2S) (black stars) and Y'(3S) (brown crosses). (b) Rapidity spectra for combined Y'(1S + 2S5 + 35) and each state separately (same as
above). The hollow points at negative rapidity are mirror reflections of the forward rapidity data.

be noted that the CEM and CSM calculations include feed-
down from Y'(nS) states, while the contribution of y,,; states
is excluded [82]. The NLO calculation is below the LO at
high energy for scale choices g > ur, as was identified in
Ref. [83]. This can be resolved by fixing the factorization
scale or by resumming specific corrections [84].

The differential cross sections vs pt and y were also
calculated and shown in Fig. 4(a) and Fig. 4(b), respec-
tively, for Y(1S + 2S5 + 35) (red circles), Y'(2S + 35) (blue
squares), and for each Y states separately: Y(1S) (green
diamonds), Y'(2S) (black stars) and Y'(3S) (brown crosses).
The empty boxes indicate the uncorrelated systematic
uncertainties, while the shaded areas correspond to the

correlated (global) uncertainties. The Y(2S) and Y(3S)
yields are calculated in 3 pt bins, while the rest are
calculated in 5 pr, so are not directly comparable. The
y dependence of Y(1S) and Y(2S) is flat in the measured
range while, for Y(3S), a dip with 20 significance is
observed. This is a downward fluctuation in the raw Y (35)
signal, as the reconstruction efficiency vs y for Y(3S) is
similar to other states. This fluctuation also contributes to
the Y(1S + 2S5 + 3S) and Y(2S + 3S) yields.

The measured pt spectra are compared to the CEM
calculation for inclusive Y'(1S) (gray band) [62,85] and
CGC + NRQCD calculation for direct Y(1S) (purple
shaded band) [86-88] in Fig. 5(a), while the STAR data

'_?\'5\ 102 ESTAR p+p | 15=500 GeV ¢ st tas) | FR‘G F STAR p+p | (5=500 GeV + stan 1es) 7 '_R"a F STAR p+p ' 5=500 GeV % stan 1as)
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.__.g 10 : Correlated syst. % CGC+NRQGCD Y“s,): g E Correlated syst. E .__‘g E Correlated syst. 3
> 3 3 > 1 - > 10 -
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(a) (b) (c)
FIG. 5. (a) The Y(1S) data are compared to the CEM calculation for inclusive Y(1S) (gray band) [62,85]. The results are also

compared to a CGC + NRQCD calculation for direct Y(1S) (purple shaded band) [86-88]. (b) Comparison of a CGC + NRQCD
calculation for Y'(2S) (light blue shaded band) to STAR data. (c) STAR data comparison with a CGC + NRQCD calculation for Y(3S)

(brown shaded band).
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TABLE V. Comparison of y>/Npor between measured p spectrum and model calculations.

Model vs p 23s/Npor 235/Npor 23s/Npor
CGC + NRQCD 10.7/5 =2.15 13.2/3 =44 14.9/3 =4.98
CGC + NRQCD (1-st point removed) 5.6/4 =141 6.1/2 =3.07 54/2 =2.69
CEM 48/5 =095 . .

are also compared to the CGC 4 NRQCD calculations for
direct Y(2S) (brown shaded band) in Fig. 5(b) and Y(3S)
(light blue shaded band) in Fig. 5(c). As can be seen, the
CEM calculation describes the Y(1S) cross section well,
while the CGC + NRQCD calculation overestimates the
data, especially for pr < 2 GeV/c. The low-p part needs
Sudakov resummation to improve the description, as
indicated by the model authors [89]. Feed-down effect is
also not included for CGC + NRQCD, but would yield a 30
to 55% contribution to the total yield [16]. The model
yields a good /N por in the case of Y'(1S) state and much
larger values of y>/N o for the excited states. The fit, on
the other hand, improves when the first point is excluded.
The )(%S/N por values are summarized in Table V. The
lower than expected yield at low pr may be related to the
suppression observed at LHC [90] compared to m scaling,
also present at low pr.

Rapidity spectra of Y'(15) are also compared in Fig. 6(a)
to the inclusive CEM (gray band) [62,85], direct CSM at
LO (teal band) and NLO (gray checked band) [91] as well
as direct CGC + NRQCD (purple shaded band) [86—88]
calculations. Figure 6(b) compares the STAR data to direct
CGC + NRQCD calculation for Y(2S) (light blue shaded
band) while the comparison is extended to include Y'(3S)
(brown shaded band) in Fig. 6(c). The rapidity spectra are

TABLE VI. Comparison of y?/Npor between measured y
spectrum and model calculations.

Model vs y X1s/Npor X35/ Npor X3s/Npor
CGC +NRQCD 4.2/2=211 72/2=3.6 8.81/2=4.41
CEM 0.62/2 =0.31 e
CSM LO 11.9/2 =595

CSM NLO 21.0/2 =105

well described by the CEM, but underestimated by both LO
and NLO CSM calculations. All Y'(nS) cross sections at
y = 0 are overestimated by direct CGC + NRQCD calcu-
lation with large y?/Npop. The directly produced Y con-
stitute 45-70% [16] of the inclusive production, depending
on pt, which would push the curves upward. The overesti-
mation is due to the lack of aforementioned Sudakov
resummation, which would improve the description at low
pr [89]. In order to evaluate the quality of reproduction of
the data by models, a comparison of y>/Npr values for
each model and state is shown in Table VL

Finally, the xt = 2% distribution is calculated in order to

investigate a possible xt scaling of the Y production. This
is expected in pQCD [92], where invariant cross sections
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FIG. 6.

(a) The Y(1S) data are compared to CEM calculation for inclusive Y(1S) (gray band) [62,85] and CGC 4+ NRQCD

predictions for direct Y(1S) (purple shaded band) [86-88] and color singlet model calculations at LO (teal band) and NLO (gray
checked band) [91]. (b) Comparison of CGC + NRQCD calculation for Y'(2S) (light blue shaded band) to STAR data. (c) STAR data
comparison to CGC + NRQCD calculation for Y(3S) (brown shaded band).
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FIG. 7. Y invariant cross sections scaled with /s", where n =

5.6 vs x for Y(1S) (green closed diamonds), Y(2S) (black open
diamonds) and Y'(3S) (brown open circles) measured by STAR.
The data are compared with Y(1S) results from intersecting
storage rings (ISR) (red open diamonds) [33] and Y'(1S5), Y(2S),
Y(3S) results measured by CDF (green open diamonds, blue
open squares, black open crosses) [19] and ATLAS (green closed
upward triangles, blue closed downward triangles, black open
circles) [27].

(6™) of hard processes at different collision energies
should scale following the formula in Eq. (3), where the
exponent 7 is related to the number of partons participating
in the hard process [93], and F(xp) and F’(xp) are
functions describing the xt spectra.

. d36 F(XT) F/ (.XT)
=gl T _ Pl
d3p p¥(XT-,\/;) \/E”(sz\/;)

For example, in a 2 — 2 process, n = 4, and if there are
more partons involved, then n > 4. The bb pairs are
produced in hard processes, but the bound state formation
involves soft processes, which may break the scaling. The
scaled xt distribution was calculated for each of the Y
assuming n = 5.6 as determined for J/y [94] and is shown
in Fig. 7. The STAR data are compared to results of
other experiments [19,25,27,33]. No scaling is observed
within the currently measured xp range, though more
data are needed at high xy values, where the distributions
may potentially overlap. More data would show if the
scaling takes place at high xt, so it motivates further
future study.

B. Cross section ratios

The integrated cross section ratios are shown in
Fig. 8(a) and are compared to the ratios measured by
other experiments at different collision energies [21,24,27—
29,32,75,77,78]. The straight lines represent fits to Y’ states
ratios measured by STAR as well as data taken from a
systematic study of ratios [66]. The ratios are not expected
to depend much on collision energy, in the mr scaling
scenario, because the mass difference between the Y states
is small. However, recent measurements by CMS [52]
indicate this may no longer be the case at LHC energy [90].
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FIG. 8. (a) Integrated cross section ratios of Ens; as a function of energy, where the STAR measured ratios are £25) Y (red Cross), Y ;
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(blue cross) compared to fits to the world data from [66] (red, green and blue lines respectlvely) with STAR

data included. The uncenalntles on the fits are shown as bands around each line. Measurements by other experiments in p + p [21],
p + p [24,27-29,32,79] are also shown along with p + A [75 77-79]. (b) Dependence of 5 X9 cross section ratios on charged particle

Y(15)
Y(35)

multiplicity. The STAR data for (2S+3S (blue crosses), Y 1 ) (red crosses) and (1s) (green crosses) are fitted with a linear function (blue,

red and green lines). The E?i; an d E ; data are shifted horizontally along N, by —1 and +1 for clarity.
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FIG. 9. (a) Cross section ratio of Y(2S + 35)/Y(1S) vs N, (b) Cross section ratio of Y'(25)/Y(1S) vs N, (¢) Cross section ratio of

Y(35)/Y(1S) vs N,

The STAR data are below the fits with significance of 2.1¢
for Y(2S + 3S5)/Y(1S), 1.560 for Y(2S)/Y(1S) and 0.96
for Y(35)/Y(1S).

The ratios are also studied vs N, and shown in Fig. 8(b).
The points are placed in the corrected positions [95] based
on the shape of N, distribution of Y'(15), while the ratios
Y(25)/Y(1S) and Y(3S)/Y(1S) are shifted by —1 and +1,
respectively for clarity. In order to investigate the N,
dependence of the ratios, linear fits are performed (long
dashed lines) and a 1o uncertainty is also drawn (small
dashed lines). The fits are shown separately for each ratio
in Fig. 9. Comover interactions are expected to cause a
decrease of the ratios with N, [96,97]. However, no
significant dependence is observed within the uncertainties,
which may indicate that the comover interaction plays only
a small role for Y. These results are also consistent with
latest CMS measurements [52], which show a suppression
with increasing N ;. In that case, comover interactions or
other effects may be responsible for such behavior.
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FIG. 10.

C. Charged particle multiplicity dependence

The dependence of Y production on charged particle
multiplicity is studied by calculating the yield {,3—;> vs <%ZZ>'
The signal yield is obtained from fits to the invariant mass
spectra, the same method used earlier for the cross section
calculations. For the corrected N, distribution, it is
obtained from the low-luminosity minimum-bias data using
unfolding and then corrected for the BBC trigger efficiency
as explained in Sec. III D. The measured value of (N.;,)
after the unfolding corrections is (N.,) = 8.078 &+ 0.007.
Bins are chosen as integer multiples of (N.;,) in a similar
way to a previous STAR study [41], so that the bin limits
are: 0— <Nch>’ <Nch> - 2<Nch>’ 2<Nch> - 3<Nch> and
3(N¢,) —8(N.;). The STAR results of Y(1S + 25 + 35)
(black closed squares), Y(1S) (blue closed circles) and
Y(1S) for pp > 4 GeV/c (red closed diamonds) are shown
in Figure 10(a) and compared to J/y measurements at
STAR at /s = 200 GeV [41] and ALICE [39] as well as Y

20 T T T T T T T
18 STAR p+p Vs=500 GeV |y|<1 |
linear function NY/<NY>=NchI<Nch>
16— B Y(1S+2S+3S) -
jal® ras) |
4 Y(1S)p >4 GeVic
12 HEE PYTHIAS STAR HF tune Y —

Percolation model J/y

Vs=500 GeV T =

(a) Yield as a function of N, measured in p + p collisions. STAR Y results at /s = 500 GeV are compared to J/y at

/s =200 GeV [41] as well as J /y ALICE [39] and Y at CMS [44]. (b) STAR Y results are compared to model calculations: PYTHIAS
with STAR heavy flavor tune [98], CGC-based saturation model [47,48] and percolation model for J/y [45].
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measurements at CMS [44]. The STAR data for pt >
4 GeV/c follow the common trend of a strong increase
with N, observed at RHIC and the LHC both for J/y
and Y. On the other hand, the pt > 0 GeV/c results are
closer to a linear rise, with the notable exception of first
point at low-N,.

The Fig. 10(b) shows the ﬁ measurements compared
to the model calculations. PYTHIAS calculations using the
STAR heavy flavor tune [98] qualitatively reproduce the
data trend. Similar behavior is exhibited by the CGC/
saturation model with a 3-Pomeron contribution [47,48] to
Y production. A percolation model calculation for J/y [45]
is also shown and exhibits a strong increase as well, which
is consistent with STAR Y results.

V. SUMMARY

In this study we report the first measurement of the
transverse momentum (pr) and rapidity (y) differential
production cross sections for Y(1S), Y(2S), and Y(3S)
states in p + p collisions at /s = 500 GeV. The results
are compared with various model predictions. While the
inclusive Y(1S) spectra align well with the CEM [62,85],
the CGC + NRQCD [86—-88] calculations overestimate the
spectra for all states, particularly at low pt. This may be
related to the suppression effect at low pr observed by
CMS [44,52,90]. The y spectrum is also underestimated by
the CSM [91], suggesting that these models may require
updates to their long-distance matrix elements (LDMEs)
based on the new STAR data.

We find no evidence of xt scaling for Y states, and the
cross section ratios are consistent with the world average
within 2¢. The charged particle multiplicity dependence of
these ratios shows minimal influence on excited Y states,
implying a minor effect from comover interactions, but
not ruling it out due to large uncertainties. The Y yield as
a function of charged particle multiplicity follows the same
trend observed for J/y at RHIC and LHC energies, and is

qualitatively described by models such as PyTHIAS [98], CGC/
saturation [47,48], and the string percolation model [45].

These measurements impose new constraints on Y
production models, particularly at low pr, and highlight
the need for further studies to understand the interaction
between Y production and soft QCD processes. Future
experiments at RHIC and the LHC will provide additional
data to refine these models.
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