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Cold QCD Program at RHIC: Pioneering & Vast

Physics with polarized beams: A pioneering program on many fronts:
• High energy polarized protons: Siberian Snakes
• Invented & then perfected tools for polarization measurements
• Invented and then perfected the tools for control of spin orientation & to monitor 
• Measurement of small asymmetries: Relative luminosity
• Physics with asymmetric energy combinations wide variety 

PHENIX and STAR together have ~120 Ph.D. theses, and about as 
many peer reviewed publications, and more than ~6000+ citations.
It will be impossible to cover all results and do justice to all efforts. 
Forced to be highly selective; mostly show recent published results…
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Outline this talk is somewhat like this:

Brief history & origins of the program

RHIC Spin program
• Motivation: nucleon spin puzzle before RHIC
• RHIC Spin: Delta-G, Anti-Quarks and transverse spin effects & surprises

Future of Cold QCD
• Cold QCD at STAR, Cold QCD at sPHENIX è QCD with the EIC 

Appreciation & congratulations
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1983 NSAC Long Range Plan 
RHIC Recommendation
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Spin is not mentioned in the 
RHIC recommendation

A fun fact:
RHIC was being talked 

about even before AGS HI 
program was realized



A very short History of the birth of the RHIC Spin Program
Erice Proceedings: M. Tannenbaum 1995

• Snowmass ’82: “Measuring and using 
polarized protons at CBA” ,G. Bunce, L. 
Trueman, F. Page, R. Longacre and M. 
Tannenbaum.

• 1983 NSAC recommends RHIC, but no 
mention of polarization/spin 

• 1989 Larry Trueman (ALD) and Sam 
Aronson (Dep. Chair) setup a task force on 
Future High Energy Physics at BNL, G. 
Bunce and M. Tannenbaum co-leaders. 

• The group includes accelerator scientists 
and theorists to lay out potential physics 
program with polarized proton beams at 
RHIC. 

• 1990 RHIC is approved by DOE

• Polarized Collider Workshop at Penn State 
November 1990, RHIC Spin Collaboration is 
formed

• 1993 PHENIX/Spin and STAR/Spin 
collaborations formed and in1995 
PP2PP/Spin took root

• 1995 Review of RHIC Spin by an external 
committee Chaired by Charlie Prescott  : “If 
sensitivities are reached, the result will be 
profound and form a cornerstone of the 
theory of hadronic structure”

• RIKEN-BNL Agreement September 1995: 
Promise of two sets of spin rotators, Siberian 
Snakes, polarimeters and other hardware & 
PHENIX muon Spectrometer
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Polarized RHIC
circa 1997

• Early schematic layouts of 
the two rings with Siberian 
Snakes, spin rotators, 
polarimetry (at 2 o’clock)

• Recognition that bunch-by-
bunch polarization control 
was equivalent to fast spin 
rotations essential for spin 
experiments: 

• confidence in reaching  
10-3-4 for false 
asymmetries

• perform AN, ALL, ATT..
measurements
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•

RHIC

AGS

Partial
Siberian Snake

STAR

PHENIX

RHIC
Polarimeters

Siberian SnakesSpin Rotators

Polarized Proton Collisions at BNL

Lmax=  2 x 1032 s−1cm−2 
 ~ 70 % Polarization
√ s  =  50 − 500 GeV

•
•

•

Booster

35 µA, 350 µs, 5 Hz 
80 % Polarization

Accumulation of 20 Pulses
4x1011 Pol. Protons / Bunch
ε = 10 π mm mrad

2x1011 Pol. Protons / Bunch
ε = 20 π mm mrad

Polarized H− Source

Linac

200 MeV
Polarimeter

Pulsed
Quadrupoles

AGS 
Polarimeter
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One bunch filled at a time:

ALL =     
1

          N(++)/L(++)−N(+−)/L(+−)−N(−+)/L(−+)+N(−−)/L(−−) 
            P1P2      N(++)/L(++)+N(+−)/L(+−)+N(−+)/L(−+)+N(−−)/L(−−)

Statistical error:

ΔALL =  2  
ΔP

  ALL   +     
1
           

1
  +    

1
             

                   P                  P1P2       N        L

≅ 0.05
L >> N

Systematic error:

Absolute beam polarization: 5 − 10 %,  scale factor

False asymmetry from variations correlated with spin direction:

Intensity modulations:  <10−4, Spin flipper
Asymmetry in Luminusity monitor, depends on process

Variations of collision parameters  → 
Change spin direction often at all time scales

Every bunch has different spin
Spin flip every hour 
Fill RHIC with different pattern every fill

2 2
2
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1996 Polarimetry Workshop organized by Yousef Makdisi

My first visit to BNL for RHIC-Spin



Polarized RHIC now

6/12/20

20 Years of RHIC : Symposium 

8

PHENIX

AGS

BOOSTER

Spin Rotators
(longitudinal polarization)

Solenoid Partial Siberian Snake

Siberian Snakes

200 MeV Polarimeter

AGS Internal Polarimeter

Rf Dipole

RHIC pC PolarimetersAbsolute Polarimeter (H jet)

AGS pC Polarimeters

Strong Helical AGS Snake

Helical Partial Siberian Snake

Spin Rotators
(longitudinal polarization)

Spin flipper

Siberian Snakes

STAR

Pol. H- Source

LINAC

60% to 55% polarization
√s low to high (510 GeV)s = 200,500GeV
Pb ~ 60%



Two main detectors for spin studies
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RHIC delivered
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Proton spin structure 
before RHIC

11

• 1989-1995 : Based on SLAC (E142/E143) and 
EMC/SMC (CERN) data we had learnt that gluons 
may contribute significantly to the nucleon spin

• Large gluon component anticipated (unnaturally 
large?)

• Sea quarks distribution not known, and
• Quark+Anti-quark contribution about 25% of 

nucleon spin

paper we henceforth always take the value of the strong cou-
pling constant as(MZ

2)50.11860.003 as given in Ref. @28#.

G. Evaluation of uncertainties
in the polarized parton distribution functions

Figure 5 shows the results for the parton distributions and
their uncertainties. In the calculation of the x2 @Eq. ~11!#
only the statistical uncertainty on the data points was used.
The uncertainty in the parton distribution due to this is
shown ~cross hatch! with the parton distribution ~bold line in
the cross hatch!.
To estimate the uncertainty in a parton distribution func-

tion due to the experimental systematic errors the following
procedure was used. For each data set the experimental sys-
tematic uncertainties on A1 due to all sources (ssyst

i ) were
added in quadrature to calculate a total systematic uncer-
tainty (ssyst

T ) for that data set. The QCD fits were then re-
peated with input values of asymmetries A16ssyst

T . The un-
polarized structure function F2 and R used to evaluate g1
from A1 were shifted to the upper and lower limits of their
respective parametrizations to estimate their contribution to
the uncertainty. Then these experimental, F2 , and R contri-
butions were added quadratically. The resulting envelopes of
uncertainty are shown in Fig. 5 ~vertically hatched band! as a
function of x.
In addition to the statistical and systematic uncertainties a

significant source of uncertainty in the parton distribution
functions comes from uncertainty in the various input param-
eters to the PQCD analysis. We call them ‘‘theoretical’’ un-
certainties. They include uncertainties in the values of fac-

torization and renormalization scales, the value of as , the
functional form of the initial parton distribution function, the
values of quark mass thresholds, and the value of gA /gV .
We evaluated them by varying each of these parameters by
their known errors ~whenever available!. The uncertainties in
the factorization and renormalization scales are related to the
uncertainty in the result due to the neglect of higher order
corrections in the PQCD analysis. This was estimated by
independently varying factorization and renormalization
scale factors k1 and k2 in Sec. II C by 2 in both directions,
i.e., 0.5<k1 , k2<2.0. For the standard fit the value of
as(MZ

2)50.118 was used. This value was varied between
0.11860.003. Another input to our analysis is the assumed
functional form of Eq. ~10!, the initial parton distribution
function. To evaluate its effect on the results two tests were
done. First, we used different combinations of constraints on
the parameters a f , b f , and a f in Eq. ~10! including also an
additional term bAx in the polynomial. If the confidence
level of the resulting fit was comparable to that of the best fit,
then that functional form was accepted and the result of the
fit was considered for estimating the uncertainty due to the
functional form of the initial parton distribution. Second, we
started at an initial scale Qi

2 different from 1 GeV2 and ob-
served how different the resultant parton distributions were
when evolved to the same common Q0

2. The theoretical sys-
tematic uncertainty bands were then added in quadrature ~as
functions of x!. The envelopes of such uncertainty as a func-
tion of x for singlet and nonsinglet parton distributions are
shown in Fig. 5 by the horizontally hatched bands. The
dominant uncertainties were due to the uncertainty in the
factorization scale M 2, the renormalization scale m2, and
due to the uncertainty in the assumed functional form of the
initial parton distributions.

III. QCD ANALYSIS—RESULTS

A. Evaluation of first moments at fixed Q0
2

We use all available data in the kinematic region Q2

>1 GeV2, x>0.003 to evaluate G15*0
1g1(x)dx at a fixed

Q2. Starting from g1(x ,Q2) at the measured x and Q2 we
obtain g1 at a fixed Q0

2 as follows:

g1~x ,Q0
2!5g1~x ,Q2!1@g1

fit~x ,Q0
2!2g1

fit~x ,Q2!# , ~13!

where g1
fit(x ,Q0

2) and g1
fit(x ,Q2) are the values of g1 evalu-

ated at Q0
2 and Q2 of the experiment using the fit parameters,

TABLE IV. First moments of the nucleon spin structure func-
tions at Q0

255 GeV2 in the measured x range from 0.003 to 0.8. The
first uncertainty is statistical, the second experimental systematic,
and the third due to the uncertainty in evolution. For comparison,
the integral over the QCD fit is given in the third column.

Nucleon *0.003
0.8 g1(x ,Q0

2)dx *0.003
0.8 g1

fit(x ,Q0
2)dx

Proton 0.13060.00360.00560.004 0.132
Deuteron 0.03660.00460.00360.002 0.040
Neutron 20.05460.00760.00560.004 20.048

FIG. 5. Polarized parton distribution functions determined from
the PQCD analysis at Qi

251 GeV2. Their statistical uncertainty as
obtained from the QCD fit is shown by a band with crossed hatch.
The experimental systematic uncertainty is indicated by the verti-
cally hatched band, and the theoretical uncertainty by the horizon-
tally hatched band.
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2. Quantum Chromodynamics: The Fundamental Description of the Heart of Visible Matter
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Sidebar 2.6: Nucleon Spin: So Simple and Yet So Complex
The simple fact that the proton carries spin 1/2, 

measured in units of Planck’s famous constant, is 

exploited daily in thousands of magnetic resonance 

imaging images worldwide. Because the proton is a 

composite system, its spin is generated from its quark 

and gluon constituents. Physicists’ evolving appreciation 

of how the spin might be generated, and of how much 

we have yet to understand about it, is an illustrative 

case study of how seemingly simple properties of visible 

matter emerge from complex QCD interactions.

Quarks are also spin 1/2 particles, and at any given 

moment an individual quark may spin in the same or 

the opposite direction of its proton host, respectively, 

making a positive or negative contribution to the total 

proton spin. Physicists originally expected the sum of 

quark spins to account for most of the proton’s spin 

but were quite surprised when experiments at CERN 

and other laboratories showed that the spins of all 

quarks and antiquarks combine to account for no more 

than about 30% of the total. This result has led nuclear 

scientists to address the more daunting challenges 

involved in measuring the other possible contributions to 

the spin illustrated in Figure 1. The gluons also have an 

intrinsic spin (1 unit) and might be “polarized” (i.e., might 

have a preferential orientation of their spins along or 

opposite the proton spin). And just as the earth orbits 

around the sun while simultaneously spinning about its 

own axis, the quarks and gluons in a proton could have 

orbital motion that would also contribute to the overall 

proton spin.

Figure 1: A schematic view of the proton and its potential spin contributions.

So how much of the spin comes from the spin of gluons? 

The first important constraints have come from recent 

measurements at RHIC, which provides the world’s 

first and only polarized proton collider capability at 

high energy. There, the STAR and PHENIX experiments 

have used the polarized quarks in one proton as a 

scattering probe to reveal that the gluons in the other 

proton are indeed polarized. Just as critical has been the 

development of the theoretical framework to integrate 

the RHIC measurements into a global QCD analysis to 

constrain both quark and gluon spin preferences. Results 

of those analyses are shown in Figure 2.

The protons at RHIC move at nearly the speed of light, 

and each quark and gluon inside carries a fraction x 

of the proton’s overall momentum. The widths of the 

colored bands in Figure 2 illustrate the uncertainties in 

the summed spin of all gluons that carry more than a 

fraction x
min

 of the proton’s momentum, with the value of 

x
min

 indicated on the horizontal axis. For each dataset, 

the uncertainties grow significantly at low x
min

 as the 

contributions have not been directly measured there.

In a significant breakthrough, the RHIC results to date 

(light blue band in Figure 2) indicate that the gluon spins 

do indeed have a non-negligible orientation preference 

for x above 5%. But they tell us very little about whether 

the much more abundant lower-momentum gluons may 

reinforce or counterbalance this preference. This leaves 

a large uncertainty in the total gluon spin contribution, 

indicated at the left edge of the plot, which can be 

reduced by analysis of anticipated RHIC polarized 

proton data (the darker blue band). However, this still 

would leave the overall uncertainty at a level that 

remains larger than the entire proton spin itself. Only 

an EIC (yellow band) can uniquely settle how much of 

the overall spin is contributed by the spins of quarks, 

antiquarks, and gluons combined.
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respectively.2 We choose Q0
255 GeV2 which is close to the

average Q2 of the world data set used in the analysis. In the
measured range 0.003,x,0.8 the contributions to the first
moments of the nucleon structure functions calculated from
the data are given in Table IV, column 2. The first uncer-
tainty is statistical, the second is systematic and the third is
due to the uncertainty in the Q2 evolution. The method used
for combining different data sets is discussed in Refs. @1, 33,
34#. Figures 6, 7, 8 and their insets show xg1

p ,n ,d , respec-
tively, as a function of x. The areas under the g1

fit curves are
given in Table IV, column 3. The integrals calculated in both
ways are very similar.
To estimate the contributions to the first moment from the

unmeasured low x (x,0.003) and high x (x.0.8) regions,
we integrate over g1

fit calculated at Q255 GeV2 using the
parameters for the parton distributions. The central values
and the uncertainties in the low and high x contributions
are given in Table V. The areas under the QCD fit for
x,0.003 in Figs. 6, 7, and 8 and their insets correspond to
the low x contribution. The uncertainties in the low and high
x integrals are obtained using the same procedure as for the
estimation of the uncertainty in the QCD evolution described
in Sec. II G. Had we taken the traditional approach @10–12#
of using Regge extrapolation in the low x region and a con-
stant A1 in the high x unmeasured region ~bounded by A1
,1), we would get results using the present data consistent
with those presented in Table V, but with significantly
smaller uncertainties ~see Ref. @11# for a detailed discussion!.
The low x contributions to the first moments quoted in

Table V rely on the validity of the assumption that the parton
distribution functions behave as xa at the initial Q25Qi

2

when x!0 with the values of a quoted in Table II for the
AB scheme. Under this condition g1

P(x ,Q0
2) becomes nega-

tive below x.0.001, i.e., slightly below the lowest x data
available ~Fig. 6!. The g1

d(x ,Q0
2) becomes negative below x

50.02 ~Fig. 7!, while g1
n(x ,Q0

2) is negative for all x ~Fig. 8!.
Other functional behaviors of g1 at low x (x,0.003) have
been investigated. The resulting contributions to the mo-
ments were found to be in the range of systematic errors
quoted in Table V.
The uncertainties in G1

p ,d ,n(Q0
2), for Q0

255 GeV2 are
separated by sources in Table VI. The experiments giving

the largest three contributions are listed and the remaining
ones are added together in ‘‘other exp.’’ The largest three
theoretical sources of errors, namely, the factorization and
renormalization scales, the value of as , and the uncertainty
in the form of initial parton distribution functions are also
given separately. The rest of the sources such as the uncer-
tainties in the quark mass thresholds, the values of the con-
stants gA /gV , a8 , etc., are collected as one source and called
‘‘others.’’
Our best estimate for the first moments G1

p ,d ,n(Q0
2

55 GeV2) over the full x range is given in the second col-
umn of Table VII. The first uncertainty is statistical and the
second is systematic. The third uncertainty is due to the low
and high x extrapolation and the Q2 evolution; they are cor-
related and are both of theoretical origin. The third column
of this table gives the values of the first moments at Q0

2

510 GeV2 using the SMC data in the measured x range.

B. Dg and a0 determination

1. Dg(Q0
2) and its evolution

Our analysis performed in the AB scheme using an initial
Qi
251 GeV2 results in

hg5E
0

1
Dg~Q251 GeV2!dx

50.9920.31
11.17~stat!20.22

10.42~syst!20.45
11.43~th!. ~14!

The procedure used to estimate the uncertainties was the
same as described in Sec. II G. When evolved to 5 and 10
GeV2 the values of hg become 1.7 and 2.0, respectively. The

2From now on the superscript ‘‘fit’’ indicates that the quantity was
calculated using the best fit parameters of the QCD fit.

FIG. 6. xg1
p vs x for the world data with the QCD fit at Q2

55 GeV2. The low x region is emphasized in the inset. The data
points are shown with their statistical errors. The uncertainties of
the fit due to experimental systematics and theoretical sources are
shown by the vertically and horizontally hatched bands, respec-
tively.

TABLE V. First moments of the structure functions at Q0
2

55 GeV2 from the unmeasured x regions and their total uncertain-
ties due to the experimental systematics and the theoretical sources
in the evolution.

*g1
fit(x ,Q0

2)dx 0.0,x,0.003 0.8,x,1.0

Proton 20.01220.025
10.014 0.00320.001

10.001

Deuteron 20.01520.023
10.010 0.00020.001

10.000

Neutron 20.02020.026
10.010 0.00020.001

10.001

NEXT-TO-LEADING ORDER QCD ANALYSIS OF THE . . . PHYSICAL REVIEW D 58 112002
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The transverse spin puzzle
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“Single-spin asymmetry” 

!" L!

R 

•  expect  AN ~                    in simple parton model 
Kane, Pumplin, Repko ‘78 

AN =
NL �NR

NL + NR

Kane, Pumplin and Repko 
PRL 41 1689 (1978)

AN ⇠ mq

pT
· ↵S ⇠ 0.001
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~100’s times larger asymmetries observed
Got little theoretical attention

Often blamed on soft color effects(?), 
impossible to deal with.

A systematic study was definitely needed 



The RHIC Spin Program

• How do gluons contribute to the nucleon spin?
• Measurement of polarized gluon distribution 

using two longitudinally polarized proton

• What are the patters of up, down, strange and 
anti-quark polarization in a proton?

• Use the precise electroweak probe provided 
by W+/W- in longitudinally polarized proton 
collisions to distinguish between quarks and 
anti-quarks

• What role does transverse spin play in QCD?
• By precisely and systematically measuring 

transverse spin phenomena, provide input to 
QCD/theorists to help understand the 
transverse dynamics of partons
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Reaction Dom. partonic process probes LO Feynman diagram

p⃗p⃗ → π + X g⃗g⃗ → gg ∆g

[61, 62] q⃗g⃗ → qg

p⃗p⃗ → jet(s) + X g⃗g⃗ → gg ∆g
[71, 72] q⃗g⃗ → qg (as above)

p⃗p⃗ → γ + X q⃗g⃗ → γq ∆g
p⃗p⃗ → γ + jet + X q⃗g⃗ → γq ∆g

p⃗p⃗ → γγ + X q⃗⃗̄q → γγ ∆q, ∆q̄
[67, 73, 74, 75, 76]

p⃗p⃗ → DX , BX g⃗g⃗ → cc̄, bb̄ ∆g
[77]

p⃗p⃗ → µ+µ−X q⃗ ⃗̄q → γ∗ → µ+µ− ∆q, ∆q̄
(Drell-Yan) [78, 79, 80]

p⃗p⃗ → (Z0,W±)X q⃗ ⃗̄q → Z0, q⃗
′⃗̄q → W± ∆q, ∆q̄

pp⃗ → (Z0,W±)X q⃗
′

q̄ → W±, q′ ⃗̄q → W±

[78]

Table 1: Key processes at RHIC for the determination of the parton distributions of the longitudi-
nally polarized proton, along with the dominant contributing subprocesses, the parton distribu-
tion predominantly probed, and representative leading-order Feynman diagrams. The references
given in the left column are for the corresponding next-to-leading order calculations.

We will now address some of the most important processes in more detail, summarizing
theoretical predictions and experimental plans and prospects at RHIC. We will start with those
that are sensitive to gluon polarization in the proton, and then discuss W production which will
give information about the quark and antiquark polarizations.

2.5 Exploring the gluon contribution to the proton spin

To learn about the contribution of gluons to the proton spin is the most compelling motivation for
doing experiments with polarized protons at RHIC. The importance of measuring the polarized
gluon distribution ∆g(x,Q2) has been universally recognized ever since the “spin crisis” was
discovered. In fact, besides RHIC, there are – and have been in the past – several other efforts
in the world to access ∆g. In the early 1990s, the E704 experiment at Fermilab measured [81]
the double-spin asymmetry Aπ0

LL in pp → π0X with a polarized proton beam and polarized target
at

√
s ≈ 20 GeV, accessing pion transverse momenta of 1 ! pT ! 4 GeV. As we described in
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√
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2009 RHIC data 
established non-zero 
DG

-- PHENIX 2005-9, PRD 90, 
12007 (2014)

-- STAR 2009, PRL 115 (2015) 
92002

-- DSSV PRL (113) 12001 
(2014) 
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dxΔg ~ 0.2±0.07

0.06 @ 10 GeV2

0.05

1.0

∫

Large uncertainty at low-x



Low-x with  sqrt(s) = 510 GeV RHIC
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STAR PRD 100 52005 (2019) PHENIX PRD 93, 011501 (2016)

STAR Jet ALL access x ~ 0.015 (down from 0.05 at 200 GeV)  PHNENIX p0 ALL access x ~ 0.008 (down from 0.02 at 200 GeV)  



Advantage of large acceptance: STAR
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Anti-Quark Polarization via W production 
(Method: devoid of Fragmentation Functions)

• Maximally parity violating W probes helicity of the quark or anti-quark, detected via decay into e/µ .

• PHENIX Central Arm : e+/e-, forward/backward µ+/µ- STAR: e+/e- Central and forward arms
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PHENIX

PHENIX e,µ channel measurements over 
a broad h range.

Observation:
Within the large uncertainties:
Backward µ- and central e- @ upper limit 
of uncertainty band (DSSV08), suggests
Dubar larger than the global fit indicates

Forward µ- below DSSV08 hints possibly 
a sign change in Dd at high x
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PRD 98 032008 (2018)



Precise data from 
STAR: 

-2 < h < 2
Run 13 data

PRD 99 (2019) 51102

• Direct observation of 
asymmetric polarized sea

• Opposite in direction to the 
asymmetry found in 
unpolarized sea
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Transverse Spin Phenomena

• Essential part of the world-wide campaign for the (2+1)D structure of the nucleon
• Needs h-h, e-h and e-e scatterings to build the complete picture

• A systematic study with precision measurements of transverse spin effects @RHIC 
• Most TMD measurements from fixed target (DIS) experiments (high-x and low-Q2). 

RHIC data provides the first high-Q2 measurements è study of TMD evolution
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Initial State (IS) effects Final State (FS) effects

• AN for W+/-, Z0, Drell Yan è Sivers

• AN for jets gluon Sivers in Twist 3 

• AN for photons quark Sivers in twist 3

• AUT for p+/p- azimuthal distributions in Jets 
è transversity X Collins

• AUT in di-hadron production 
è transversity x Interference    

Fragmentation Function (IFF)

• AN for p+/- and p0 è novel twist 3 FF 
mechanism



Transverse single spin asymmetry (AN) for W boson

• Sign change in the Sivers function in DIS vs. DY (W or Z) process: 
• A test of collinear factorization….QCD

• RHIC (W production), COMPASS (DY, SIDIS), FNAL SpinQuest (E1039, DY)
• RHIC’s distinct advantages: high-Q2 (W/Z mass) & low background
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DIS: attractive FSI DY: repulsive FSI



First W, Z AN results at 510 GeV STAR
(Sivers Effect Sign Change)

• 2011 (2017) data set transverse collisions, Luminosity 25 (350) pb-1

• Sign change scenario preferred
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Run 11 STAR, PRL 116 132301 (2016)



Jets probe transversity x Collins function

• p+/- azimuthal distribution in jets
• TMD evolution small but  survives at 

lower-x, high-Q2. (Compare 200 and 
500 GeV data)
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STAR PRD 97, 32004 (2018)

Collins asymmetries at 500 GeV and comparison with 2 
theory calculations
• DMP : PLB 773, 300 (2017) – SIDIS based 
• KPRY: PLB 774, 635 (2017) – Collins FF from e+e-
Study of universality of Collins function (Kang et al, JHEP 
11, 068 (2017)

PRL B773, 300 (2017)



Transversity x Interference Fragmentation Function 

STAR p + p à p+ p- + X Study di-hedron
correlation è transversity x Fragmentation 
Function

• First significant transversity measured in 
proton+proton collisions

• Despite different scales, asymmetries are similar 
at 200 and 500 GeV when <xT> is similar

• STAR data well described by IFF theoretical 
calculations (which include e-e and e-h data)

• Global analysis by Radici and Bachetta (PRL 120, 
192001) : significant reduction in uncertainty for u 
quark transversity using STAR data
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And some unexpected… PHENIX AN: p-p, p-A (Al, Au)

• A dependent AN : forward hadron production
• Saturation based scenarios: J. Zhou PRD92 

14034 (2015), Y. Hatta et al. PRD94 54013 
(2016) and PRD95, 14008 (2017) 

• Other scenarios: S Benic and Y. Hatta PRD99 
09401 (2019)

• A dependence of AN: forward n production ( in ZDCs)

• Small t, possible interference from EM interactions. They 
should gain significance with Z. 

• Alternate: Pion and a1 Reggeon interference…
• Needs systematic dedicated studies
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PRL 123, 122001 (2019)

PRL 120, 022001 (2018)

p
s = 200 GeV

1.4  ⌘  2.4

1.8  pT  7 GeV
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Near term future: STAR Forward Upgrade 2021+

• Measurements can be 
performed uniquely with 
hadron-hadron and 
hadron-nucleus collisions 
at high energy

• RHIC the only polarized 
collider. Opportunity not be 
available in the EIC era.

• NSF approved MRI grant 
for the upgrade

• Time consistent with RHIC 
operations plan
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STAR forward upgrade for cold QCD

• Complete the mission of RHIC physics program in 
cold QCD

• Lay groundwork for the EIC scientifically, and also 
equipment in the very forward kinematic region

• Test EIC forward detector technologies in real life 
conditions

Detector Upgrades:
• West side of STAR 2.5 < h < 4.0
• EM and H Calorimetry with SiPM readout and new 

ADC+Trigger modules
• Tracking detectors and small strip thin gap chambers 

(sTGC)
• Will operate starting FY2021 and will run concurrent 

with sPHENIX
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Side ViewSide View

2021-2025



Cold QCD program with sPHENIX

• Study the properties of QGP using jets and 
quarkonia but could also pursue an compelling 
cold-QCD program p-p, p-A
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Nuclear gluon PDF

2023-2025



Site selection & anticipated timeline
• CD0 : December 19, 2019
• Site BNL  : January 9, 2020
• BNL and JLab realize EIC as partners

• A formal EIC project is now setup at BNL
• BNL+Jlab management & scientists are 

working together to realize it on a fast timeline.

• CD1 anticipated March 2021
• CD2 September 2022 (final design)
• CD3 4th Quarter FY2023 (start construction)

• EIC Early Finish 4th Q FY2029 
• EIC CD4 4th Q FY 2030

RHIC à EIC
RHIC’s life just got extended by 20+ years
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You can join the party by registering at EICUG.ORG
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The EIC Existing RHIC with 
Blue and Yellow ring

Add electron storage ring
Which holds the electrons 
which collide with hadrons

We add an electron 
Injector complex which 
delivers full energy electrons 
to the storage ring

The strong hadron cooling 
facility completes the facility

Electron Ion Collider

06/01/2020

Electron Ion Collider

Hadron Storage Ring
Electron Storage Ring
Electron Injector Synchrotron
Possible on-energy Hadron 
injector ring
Hadron injector complex

EIC Physics 



Appreciation
20 year of cold QCD @ RHIC

The RHIC spin program has decisively established:
• Gluon’s contribution to proton spin is non-zero & positive
• Anti-quarks are polarized  & (polarized) sea is asymmetric 
• Measured transversity, Sivers, Collins effects and provided essential insights into the “imaging 

of a nucleon”, and clues to other richness of QCD (low-x) through various transverse spin 
measurements

• Future QCD programs are being built upon RHIC

The Standard Model of Physics was developed over the the last century using measurements 
made over a broad range of energy using complementary probes: e-e, p-p and e-p 
collisions – at different facilities around the world.
Similarly, a complete understanding of QCD & test of universality need: complementary 
probes and control of Spin & variation of energy & nuclei: RHIC has provided one of the 
most unique & essential tool (variable energy, polarization & species)
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Congratulations

• RHIC’s accomplishments would not have been possible without the accelerator scientists, 
theorists and experimentalists working closely together. Congratulations are due to all of them!

• We have produced over 120 Ph.D.’s 
• About the same number of peer reviewed publications with a total citation of ~6000+
• 70+ post doctoral fellows graduated from this programs
• Many UNDERGRADUATE Researchers from Universities
• 20+ faculty positions and tenures 
• Many RHIC AGS Thesis prizes, and prizes at Universities for research done on this program
• APS/GHP Fellows, Humboldt Research Awards, Special RIKEN Prizes & recognitions, BNL 

Science and technology award….

• You all deserve to be congratulated and recognized.
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Thank you.
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And some unexpected… PHENIX AN: p-p, p-A (Al, Au)

• A dependent AN is observed for hadron production: quite a surprise (STAR results inconclusive)
• Is it a gluonic saturation effect? J. Zhou PRD92 14034 (2015), Y. Hatta et al. PRD94 54013 (2016) 

and PRD95, 14008 (2017)
• Alternative scenarios (different A dependence) S Benic and Y. Hatta PRD99 09401 (2019)
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PHENIX, ArXiv:1903.07422


