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Experiments at RHIC
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Production models

perturbative non-perturbative
e Color Singlet Model e
o  pair produced directly in same state as quarkonium, associated Bl
with a gluon A
o CO].OI' OCtet MOdel +analogous colour

combinations

O  pair produced in any state
o long distance matrix elements (LDMESs) - bound state probability

possibly colored QQ red quarkonium (H)

¢ (Improved) Color Evaporation Model pac o any possble ¥, o BN
o quantum numbers neglected, fixed production probability . "azn;%; S
o CO].OI DiPOle MOdel -~ i © 2) non-perturbative
. . . . oz : evolution
o  projectile radiates gluon in target rest frame to the observed bound state

1) perturbative phase Quantum numbers change!

o  gluon fluctuates into QQ dipole
o dipole interacts with target producing quarkonium via CS
channel



Spectra



J/W p.spectra
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STAR p+p collision (a)
* 510 GeV, Jly—-p'y, |y|<0.4
e 500 GeV, Jiy—e'e, |yl<1
[ Systematic uncertainty
Polarization envelope
Levy function fit
FONLL, B—J/y—e'e, lyl<1

Luminosity uncertainty ;
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s
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« 500 GeV, Jiy—e'e, ly|<1
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PHENIX J/¥ data (left) follow the Ap/[ 1+(pTIb)2]“ lineshape and agree with NLO NRQCD predictions..

STAR measured J/'¥ p.. spectrum up to 20 GeV/c (right), with both NRQCD+FONLL and ICEM+FONLL

predictions overestimating the data at lower transverse momenta. NLO NRQCD+FONLL also underestimates at

high p..



Y p; spectra

STAR p+p @ 500 GeV  ® STAR Y(1S+2S+3S)
lyl<1 [:l Uncorrelated syst. ¢ STAR Y(19)
Correlated syst. ® STARY (23+3S)
I CEMR.Vogt Y(1S)
| CGC+NRQCD Y(1S)

The CGC+NRQCD model overestimates the STAR data at low and high p.. The CEM
model predictions are consistent with the measurements.



J/W rapidity spectra

Scaled NRQCD-GRV9S g5y 1oy
— Scaled NRQCD-CTEQ6M

----- Scaled CSM-CTEQ6M n)/y— ete
- -- Scaled CEM-CTEQ6M

global uncertainty = 10%

— Fermi function
— double Gaussian

The PHENIX data is best described by the scaled CTEQ6M model, with GRV98 not
reproducing the data trend.



Y rapidity spectra

STAR Y(1S+25+3S)
STAR Y(1S)

STAR Y(25+3S)
STAR Y(25)

STAR Y(3S)

STAR p+p @ 500 GeV
STAR Preliminary
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|:| Uncorrelated syst. I CEMR. Vogt Y(1S)
LO CSM Y(1S)
NLO CSM Y(1S)
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The STAR Y->e'e” data is best described by the CEM model, whereas the other models
do not describe the data well. 10
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Broadening of the spectra due to Cronin effect.

PHENIX and STAR measurements of mean J/'¥ mean p.. are consistent with world’s data. .



Onium-hadron correlations



Onium-hadron azimuthal correlations

M =2 GeV
Y=0and y, =3 cn M =4GeV

e GBW model predicts a g > LG L JRE0 G
double-peak structure for M
central Drell-Yan
dileptons and associated
forward pions

e This should hold true for
quarkonia in colour dipol e =

approach p+p, s =500GeV
% ras) ras) _ 4 ﬂ ;
e PYTHIAS does not T o,
; 2.8<y™<3.2
reproduce the
double-peak structure
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J/W-hadron azimuthal correlations
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STAR measurements show two peaks, which consists of a single away-side peak contribution of prompt J/¥ and
a double peak from B to J/¥ decays with the near-side peak having larger magnitude.
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Polarisation

rest frame

production

plane \.

Collins-Soper (CS) - beam angle bisection
Gottfried-Jackson (GJ) - beam direction

" J=1 - three J, eigenstates |1,+1), |1,0), |1,-1)
HX
/ ZG) J=1
/ J, = %1 z

JU) =11+

,‘ zCS transverse ] I )or || 1 _1; Iongitudinal |J/¢> = | 1' 0)

/ \ polarization ! polarization
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J/WP polarisation

p+p - J¥ —e'e
\s = 510 GeV, |y|<0.35

NRQCD in HX
NRQCD in C-S

¢ Helicity
¥ Collins-Soper
4 Gottfried-Jackson

p+p - J¥ —»e'e
\s = 510 GeV, |y|<0.35

NRQCD in HX
NRQCD in C-S

Helicity
Collins-Soper
Gottfried-Jackson

PHENIX measurements of &, are consistent with 0 in C-S and G-J frames, whereas it is positive in HX at low

Pr

The data for 1 are consistent with 0 in all frames. The C-S data does not match NRQCD prediction,

but the HX data agree within errors.
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J/WP polarisation

Wm p+p = J¥ —»e'e

[ —— I
” (il I

ll

A s

NRQCD in HX
IE

PHENIX ® Helicity frame
p+p at ¥s=510 GeV A Gottfried-Jackson frame
B Collins-Soper frame

Helicity

Collins-Soper
Gottfried-Jackson

1
rapidity

PHENIX data for A, are consistent with 0 in all frames in both p..and rapidity dependent measurements.

In p.. dependent measurements he C-S data match NRQCD prediction within errors, but the HX data do not

agree with the predictions. .



J/WP polarisation

The STAR results for J/W¥ in two
decay channels show differences in
A, and X(P between HX and CS
frames.

Data consistent with no
polarisation except for A, for
lyl < 0.5 dimuon data at high p..

CGC+NRQCD ofters best
description, other models not
ruled out due to large
uncertainties

STAR

O Jiy—e'e, HX, |y|<1.0
® Jiy—u'y, HX, |y|<0.5

(prompt)
NLO NRQCD1: |y|<1.0

Lolyl<0.5
NLO NRQCD2: |y|l<1.0 |

p+p Vs = 200 GeV (b)
O Jiy—e'e, CS, ly|<1.0
¢ Jy-u'y, CS, |y|<0.5

(direct)
y|<0.5 CGC-NRQCD: lyl<1.0  |y|<0.5

P, (GeVi/c)
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Multiplicity dependence



J/Y multiplicity dependence

STAR J/y PYTHIAS J/y EP0S3.2 D’
® p >0 GeVic p,>0 GeVic Wl2<p <4GeVic
[ | p, > 1.5 GeV/c 1 p, > 1.5 GeVic  4c< p, <8 GeV/c

A p >4 GeVic p,>4 GeVic Percolation model

ALICE J/y m— % 0 GeV/c

O p,>0GeVic E
=!Ii:’-'l
‘ >

0

4 4
(dNZ"hB/dn)/<dN(';’:13/dn> (d N";"hB/dn)/<dN2"hB/dn>

The STAR data for mid-rapidity J/¥ show a stronger than linear increase consistent with world data. The

data is described well via PYTHIA8 and EPOS3.2, whereas the percolation model underestimates the

data at large multiplicities. 5



J/Y multiplicity dependence

—o— PHENIX: {s = 200GeV, 1.2 <y < 2.2
STAR: Vs = 200 GeV, |y| < 1

“+ ALICE: {s =13 TeV, |y| < 0.9

—+ ALICE: {s=13TeV, 2.5 <y <4

N, mrange

PHENIX: 1.2< 1< 24
STAR: n| <1

ALICE: n| <1

[Universe 2023, 9(7), 322]

—e— PHENIX: Vs = 200GeV, 2.2 <y < -1.2
STAR: (s = 200 GeV, |y| < 1

“+ ALICE: {s =13 TeV, |y| < 0.9

—+ ALICE: {s=13TeV,25<y <4

N, m range E
PHENIX: -2.4< n<-1.2
STAR: n| <1

ALICE: n| <1

i
m+m

The PHENIX measurements allow for measuring forward- and backward-rapidity J/'¥, which are mostly
consistent with world data with the exception of the last bin in the backwards produced J/¥.

The analysis also highlights a strong dependence of the rapidity window used for N , calculation.
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Y multiplicity dependence

STAR p+p @ 500 GeV |y|<1

linear function N /<N >=N_,/<N_ >

STAR p+p @ 500 GeV |y|<1

linear function N /<N, =N /<N >
@ STAR Preliminary Y(1S) p >0 GeV/c

¢ STARPreliminary Y(1S) p. >4 GeV/c _
— — Quadratic fit to Y(1S)

STAR Preliminary Y(15+25+3S) p >0 GeV/c

STAR Preliminary Y(1S) p_>0 GeV/c

STAR Preliminary Y(1S) p,>4 GeV/c

The STAR measurements of Y exhibit the same stronger-than-linear increase with
high-p.. data having a larger magnitude than p. -integrated ones.
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Feed-down and ratio measurements
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W(2S) and J/W ratio

[Phys.Rev.C 95 (2017) 3, 034904]
HERA-B, 42 GeV e'e’ channel (-0.35<x.<0.1)

. A HERA-B, 42 GeV p*p channel (-0.35<x<0.1)
$ PHENIX 200 GeV p+p, 1.2<|y|<2.2 PHENIX, 200 GeV (y/<0.35) }

¢ PHENIX 200 GeV p+p, |y[<0.35 CDF, 1.8 TeV (ly|<0.6)

ATLAS, 8 TeV (0.00<|y|<0.25)
} LHCb 7 TeV p+p (prompt) ’ 4 CMS, 7 TeV prompt (|y|<1.2)

- 4% CMS, 7 TeV b feed-down (Jy|<1.2)
{ HERA-B 41.6 GeV p+A QUE oS bt

{ E789 38.8 GeV p+Au ~ V. ICEM, 500 GeV (ly|<1)

A CDF 1.8 TeV p+p
CEM, 200 GeV
1.2<|y|<2.2

2 3 4 5 6 7 8 9
pT[GeV/c]

The CEM prediction underestimates the PHENIX data at intermediate p...
The ICEM model underestimates the STAR data point.



W(2S) and J/W ratio
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PHENIX analysis show measurements in different |An| intervals. In all, the ratio
changes minimally with multiplicity. PYTHIA8 Monash and Detroit tune describe the

data well at lower multiplicities.
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B — J/W fraction

[ Phys.Rev.D 95 (2017) 9, 092002] [ Phys.Lett.B 722 (2013) 55-62]

e STAR 2009

In p+p collisions within 1.2<|y|<2.2 O STAR PRC80

—j— PHENIX 510 GeV data (pT <5 GeV/c) = 0.3 —— FONLL+CEM
FONLL+CEM 500 GeV p_dependent

FONLL+CEM 500 GeV P, integrated _

(p, <5 GeVic) =

B—)J/\y)o

e
C
2 o
—
[&]
©
&=
2
S
o
—
m

(B — Jhy) / (inclusive Jhy)

200 GeV p+p
2 3 4 5 6 7 8 9 10 11 12
pT(GeV/c)

10
Jy P, (GeV/c)

STAR 200 GeV data at central rapidity and PHENIX 500 GeV data at forward/backward rapidity
consistent with FONLL+CEM calculations within errors
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X, —J/¥ branching ratio

O T+A — Y +X
® p+A - (A+X

O p+p = A+ X

o Yo 5’3 ________ l?_l_l.w;_l_x .......... CEM

59

PHENIX measurements of x_to J/'¥' feed-down fraction consistent with CEM
predictions.
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Quarkonia and jets



J/WY production with jet activity |[REes %

« J/y with two jets.

p+p, Vs =200 GeV
Inclusive J/y — p*u’

Jhy Jhy,
P < 10 GeVic,ly " | <0.4
Charged jet, R = 0.6
pe' >3 GeVre, v <1-R

p+p, Vs = 200 GeV
Inclusive J/y — p*p

Jhy Jy
p; " <10 GeV/e,ly | <04
Charged jet, R=0.4
pe' >3 GeVie, vy <1-R

do,, /AN, [nb]
do, /N, [nb]

Ldt=76.0pb"
—¥— Data
D Systematic uncertainty

PYTHIA8, STAR HF tune ( x1.96)
8% uncertainty of luminosity not included

Ldt=76.0pb"
—¥— Data
|:| Systematic uncertainty

PYTHIA8, STAR HF tune ( x1.97)
8% uncertainty of luminosity not included

Data / PYTHIA8
Data / PYTHIA8

2 g.n
Jet Activity

2 gem
Jet Activity

PYTHIAS predicts a larger fraction of jet-associated J/'Y compared to STAR data.

Theoretical model calculations needed.



J/W production within jets

p+p, /s =500 GeV, L, =22.1pb"

o
o)

Charged jets, anti-k , R=0.4, *|<0.6

o
[3)

P> 10 GeVie, p. " > 5 GeV/e

-o- STAR Data
Pythia8 inclusive J/y

©
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©
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s B ]

STAR Preliminary z=1

1 et

o
—

Z=Dpr T
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Should provide constraints to LDME:s.

No significant z dependence in data observed. J/¥ production less isolated in data compared
to PYTHIAS prediction. -



Outlook

STAR:

o  Forward upgrade installed
m  25<y<4 (FST and sTGC tracking, EM and h calorimetry)
m High integrated luminosity at mid and forward rapidity
o Better precision J/¥ and Y dependence on N, with 2017 and 2022 datasets
m  Higher integrated luminosities sampled (up to a factor of 10 in 2017 data compared to 2011)
m 2017 dataset analyses ongoing []. Ceska, A. Knospe, QM23]
m  Better model discrimination

sPHENIX:

o Quarkonia are an essential part of the physics program

RHIC
o 200 GeV polarised p+p collisions planned for Run24
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Summary

RHIC and its experiments have a rich quarkonium programme

o Spectra
©  Onium-hadron correlations
o  Polarisation
o  Multiplicity dependent measurements
o0  Feed-down and ratio measurements
o0 Quarkonia and jets
o  Single-spin asymmetry, ...
Exciting new results
Data taking still ongoing

Plenty of data yet to be analysed
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Thank you for your attention!
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Multiplicity dependence

[ Universe 2023, 9(7), 322]

~— O
PH::ENIX PH><ENIX
preliminary preliminary

—— NV 12<n<24 ——N}:-12<n<24
—— N5 24<n<-12 —— NS, 24<n<-12
o Ny 12<n<-24 o N 24<n<-12
Jhy = p* p subtracted Jhy — u* u subtracted

—— N¥--1.0<n<1.0 —o— N¥--1.0<n<1.0

pp Vs = 200 GeV pp Vs =200 GeV
22<y, <12 +

—o—|

4 & .8 4 6. .8
Nch/ <Nch>’ Nch/ <Nch> Nch/<Nch>’ Nch/ <Nch>

The analysis also highlights a strong dependence of the rapidity window used for N
calculation.



Single-spin asymmetry



https://inspirehep.net/literature/870935

p+p — Jy+X at IS =200 GeV 2006 + 2008

Taken from erratum T LAnAST oy

p+p — Jly+X at s = 200 GeV
<p‘_>=LG GeVic (side points)
<p_>=15 GeVic (middle point)
@ 2006+2008

#2006 + 2008
X <0

-0.1 -0.05 X 0.1 0.15
X

1.5 2.5

(color online) Transverse single-spin asymmetry in p . (GeVic)
T

])lodu(tlon as a function of xp for 2006 and 2008 data
and the combined result; the points for the

(ombmwl result have been offset by 0.01 in zp for
The error bars shown are statistical and type A ematic
uncertain added in quadratu Type B systematic un-
certainties are not included but are 0.003 or less in absolute
magnitude and can be found in Table [IIl Not shown is an
additional uncertainty in the scale of the ordinate due to cor-
related polarization uncertainties of 3 0%, and 2.4% fi
the 2006, 2008, and combined 2006 + 2008 data sets, respec-
tively.

(color online) Trar
mesons plotted against .J
Table [T for mean x5 values for e: point. The error bars
shown are statistical and type A systematic uncertainties,
added in quadrature. Type B systematic uncertainties are
not included but are 0.002 or less in absolute magnitude and
can be found in Table [[TI] An additional uncertainty in the
scale of the ordinate due to correlated polarization uncertain-
o) for the points with |x¢| > 0. (zp =01is

not shown.)



https://inspirehep.net/literature/1467456

PHENIX p+p 510 GeV
Iy — Wy

PYTHIA*NNPDFDOII 1 20 range
7 assuming 3"’

2.2
Iyl

how only t]w Type A
dditionally a 4
ative lumino:
from the pola
zation magnitude determination for all [Jr or |y| bins. The
blue curve with shaded band is our timation using
PYTHIAG [29] simulation with NNPDF da

sumption of aj = 1. The solid blue curve is the
-entral value and the blue shaded band is the 4+ 2 ¢ uncer-
tainty range. See details in the text.




https://inspirehep.net/literature/1671182
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Backward A:‘w : Forward AN""
PHENIX p+p, p+A — JIy + X E PHENIX p+p, p+A — Jly + X
{Syn =200 GeV, ye[-2.2,-1.2) VSan = 200 GeV, ye[1.2,2.2)
3% scale uncertainty not shown 2 3% scale uncertainty not shown
-0.25 -0.25

0 05115 2 25335 4 45 5 005115225 3354455
p,(GeVic) p.(GeVic)

FIG. 4. (a) Backward [xr < 0] and (b) forward [xr > 0] A,’\;"’ “ vs pr for open |black| circles p+p, closed [red] circles p+Al,
and closed [blue| boxes p+Au collisions. The shaded [gray] boxes show the systematic uncertainty. The data points for p+Al
and p+Au collisions have been shifted in pr for clarity.
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