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Open Questions in Cold QCD

1The STAR Forward Upgrade

The last decades in nuclear/particle physics have seen tremendous successes



W AL results – STAR 2013�

Qinghua Xu (Shandong U.) 18 

•   New preliminary AL results
 at near-forward rapidity !  

  
•   STAR 2013 results are the

 most precise measurements
 of W AL so far. 

•   Consistent with 2011+2012
 published results, with 40%
 uncertainty reduced. 

•   Further confirmed the
 preference of positive  

•   Can provide further
 constraints for �
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STAR 2011-2012: PRL 113, 072301

Positive flavor 
asymmetry in the 

polarized sea

Open Questions in Cold QCD

2The STAR Forward Upgrade

The last decades in nuclear/particle physics have seen tremendous successes
• STAR results have played a leading role, including in the realm of cold QCD

PRL 115, 092002 (2015)

First evidence of 
polarized gluons
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Worldwide first hint of Sivers sign change



Open Questions in Cold QCD

3The STAR Forward Upgrade

The last decades in nuclear/particle physics have seen tremendous successes
• STAR results have played a leading role, including in the realm of cold QCD

A few of the many fascinating questions that remain…
• How are the sea quarks and gluons, and their spins, distributed in space and 

momentum inside the nucleon? How do the nucleon properties emerge from them 
and their interactions?

• How do color-charged quarks and gluons, and colorless jets, interact with a nuclear 
medium? How do the confined hadronic states emerge from these quarks and 
gluons? How do the quark-gluon interactions create nuclear binding?

• How does a dense nuclear environment affect the quarks and gluons, their 
correlations, and their interactions? What happens to the gluon density in nuclei? 
Does it saturate at high energy, giving rise to a gluonic matter with universal 
properties in all nuclei, even the proton?

https://drupal.star.bnl.gov/STAR/starnotes/public/sn0648

https://drupal.star.bnl.gov/STAR/starnotes/public/sn0648


pp/pA Physics in 2020+
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RHIC Cold QCD physics after BES-II at Mid- & Forward Rapidities:
The RHIC Cold QCD Plan for 2017 to 2023: A Portal to the EIC (arXiv:1602.03922)
→ Critical to the mission of the RHIC physics program
→ Fully realize the scientific promise of the EIC
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RHIC Cold QCD physics after BES-II at Mid- & Forward Rapidities:
The RHIC Cold QCD Plan for 2017 to 2023: A Portal to the EIC (arXiv:1602.03922)

→ Critical to the mission of the RHIC physics program

→ Fully realize the scientific promise of the EIC

Midrapidity: https://drupal.star.bnl.gov/STAR/starnotes/public/sn0669

• Based on existing STAR detectors, utilizing recent BES II upgrades (iTPC, eTOF, EPD)
Forward-rapidity: https://drupal.star.bnl.gov/STAR/starnotes/public/sn0648

• Upgrades consist of HCal + ECal + Tracking in range of 2.5 < % < 4.5

https://drupal.star.bnl.gov/STAR/starnotes/public/sn0669
https://drupal.star.bnl.gov/STAR/starnotes/public/sn0648
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RHIC Cold QCD physics after BES-II at Mid- & Forward Rapidities:
The RHIC Cold QCD Plan for 2017 to 2023: A Portal to the EIC (arXiv:1602.03922)

→ Critical to the mission of the RHIC physics program

→ Fully realize the scientific promise of the EIC

Midrapidity: https://drupal.star.bnl.gov/STAR/starnotes/public/sn0669

• Based on existing STAR detectors, utilizing recent BES II upgrades (iTPC, eTOF, EPD)
Forward-rapidity: https://drupal.star.bnl.gov/STAR/starnotes/public/sn0648
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RHIC Cold QCD physics after BES-II at Mid- & Forward Rapidities:
The RHIC Cold QCD Plan for 2017 to 2023: A Portal to the EIC (arXiv:1602.03922)
→ Critical to the mission of the RHIC physics program
→ Fully realize the scientific promise of the EIC
Midrapidity: https://drupal.star.bnl.gov/STAR/starnotes/public/sn0669

• Based on existing STAR detectors, utilizing recent BES II upgrades (iTPC, eTOF, EPD)
Forward-rapidity: https://drupal.star.bnl.gov/STAR/starnotes/public/sn0648

• Upgrades consist of HCal + ECal + Tracking in range of 2.5 < % < 4.5

Strong endorsement by RHIC PAC:
• As the physics program that is foreseen for 

forward physics is substantial, full utilization 
of future polarized proton beam time must 
be made to realize the proposed forward 
physics program.  
• RHIC management is encouraged to find a 

way to enhance and include a forward 
physics program at RHIC.

https://drupal.star.bnl.gov/STAR/starnotes/public/sn0669
https://drupal.star.bnl.gov/STAR/starnotes/public/sn0648
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Performance Needs
ECal: ∼ 10%/ & (pp/pA) and ∼ 20%/ & (AA)
reuse PHENIX PbSC calorimeter with new readout

• Benefit: significant cost reduction!

• Tradeoff: uncompensated calorimeter system

HCal: ∼ 60%/ & (pp/pA)
• Sandwich iron-scintillator plate sampling cal.

• Same readout for both calorimeters

Cost:
ECal: $0.57M

HCal: $1.53M

Preshower: $0.06M

Total: $2.2M*
*includes contingency and manpower

The STAR Forward Upgrade: Calorimetry

 
 

38 

3 Forward Upgrade Overview and Simulation 
 

3.1 Forward Calorimeter System 
 
The STAR forward upgrade is motivated to a large extend to explore QCD physics in the 

very high and low regions of Bjorken x. Previous STAR efforts using the FPD and FMS detectors, 
and the recently refurbished FMS and a new pre-shower and post-shower detector upgrade for Runs 
2015-2017, have demonstrated that there are outstanding QCD physics opportunities in the forward 
region. In order to go beyond what STAR has/will achieve with the currently existing forward 
detector system, a forward detector upgrade with superior detection capability for neutral pions, 
photons, electrons, jets and leading hadrons covering a pseudo-rapidity region of 2.5-4 in the years 
beyond 2020 is proposed. The forward upgrade program of STAR will also enable to study the 
longitudinal structure of the initial state that leads to breaking of boost invariance in heavy ion 
collisions and explore of the transport properties of the hot and dense matter formed in heavy ion 
collisions near the region of perfect fluidity. Table 3-1 gives a summary of the detector 
requirements of the different components of the forward upgrade based on the discussed pp, pA and 
AA physics programs.  

 
Detector pp and pA AA 
ECal ~10%/√E ~20%/√E 
HCal ~60%/√E --- 

Tracking charge separation 
photon suppression 

0.2<pT<2 GeV/c with 20-30% 
1/pT 

Table 3-1: Requirements of the different forward upgrade detector parts for the different physics programs 
summarized in Table 2-1 and  Table 2-2. 

 
 

 
 

 
Figure 3-1: Location of the FCS at the West side of the STAR Detector system and a three-dimensional CAD 
model of the FCS in the STAR detector model. 
 Intensive R&D on both calorimeters as part of STAR and EIC Detector 

R&D, including FNAL test beam and STAR in situ tests



pions

The STAR Forward Upgrade: Tracking
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3 Si discs + 4 Small-strip Thin 
Gap Chambers

Location from interaction point:
Si: 90, 140, 187 cm
sTGC: 270, 300, 330, 360 cm
(outside Magnet)

Performance Needs:
Momentum resolution:
20-30% for 0.2 < %& < 2 GeV/c
Tracking efficiency:
80% at 100 tracks/event

Cost: $3.3 M

silicon

sTGC



Forward Rapidity Physics: Transversity

10The STAR Forward Upgrade

Complete understanding of nucleon structure requires knowledge of
• Unpolarized PDF
• Helicity PDF
• Transversity – helicity odd à requires another chiral-odd distribution



other. One can see that the experimental data indeed show
some tension with the Soffer bound for the dquark in the
high-x region as predicted in Ref. [94]. This saturation
happens in the region not explored by the current exper-
imental data, so future data from Jefferson Lab 12 will be
very important to test the Soffer bound and to constrain the
transversity and tensor charge.
The functions themselves are slightly different as can be

seen by comparing solid and dashes lines in Fig. 27(a). In
fact Ref. [17] uses the tree-level TMD expression (no TMD
evolution) for extraction, and we use the NLL TMD
formalism. Results should be different even though in
asymmetries, as we saw, at low energies results with NLL
TMD are comparable with the tree level. At higher energies
and Q2, the situation changes, and extracted functions
must be different. At the same time, one should remember
TMD evolution does not act as a universal Q2 suppression
factor. A complicated Fourier transform should be per-
formed that mixes Q2 and b dependence, and thus the
resulting functions are different in shape but comparable in
magnitude. It is also very encouraging that tree-level TMD
extractions yielded results very similar to our NLL extrac-
tion. This makes the previous phenomenological results
valid even though the appropriate TMD evolution was not
taken into account. It also means that we need to have
experimental data on unpolarized cross sections differential
in Ph⊥. As we have seen, the effects of evolution should be
evident in the data, and those measurements will help to
establish the validity of the modern formulation of TMD
evolution.
We compare extracted Collins fragmentation functions

−zHð3ÞðzÞ in Fig. 28 at Q2 ¼ 2.4 GeV2 with the extraction
of Torino-Cagliari-JLab 2013 [17]. The resulting Collins
FFs have the same signs, but shapes and sizes are slightly
different. Indeed one could expect it as far as Q2 of eþe− is
different, and the evolution effect must be more evident. At
the same time, those functions for both tree-level and NLL

TMD give the same (or similar) theoretical asymmetries
that are well compared to the experimental data of SIDIS
and eþe−. The favored Collins fragmentation function is
much better determined by the existing data, as one can
see from Fig. 28 that the functions at Q2 ¼ 2.4 GeV2 are
compatible within error bands. The unfavored fragmenta-
tion functions are different; however, those functions are
not determined very well by existing experimental data.
We also compare the tensor change from our and other

extractions in Fig. 29. The contribution to the tensor charge
of Ref. [18] is found by extraction using the so-called
dihadron fragmentation function that couples to the col-
linear transversity distribution. The corresponding func-
tions have DGLAP-type evolution known at LO and were
used in Ref. [18]. The results plotted in Fig. 29 correspond
to our estimates of the contribution to the u quark and d
quark in the region of x½0.065; 0.35&at Q2 ¼ 10 GeV2 at
68% C.L. (label 1) and the contribution to the u quark and
dquark in the same region of x and the same Q2 using the
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FIG. 27. (a) Comparison of extracted transversity (solid lines and vertical-line hashed region) Q2 ¼ 2.4 GeV2 with the Torino-
Cagliari-JLab 2013 extraction [17] (dashed lines and shaded region). (b) Comparison of extracted transversity (solid lines and shaded
region) at Q2 ¼ 2.4 GeV2 with Pavia 2015 extraction [18] (shaded region).
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EXTRACTION OF QUARK TRANSVERSITY DISTRIBUTION … PHYSICAL REVIEW D 93, 014009 (2016)

014009-33

PRD 93, 014009 (2016)
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Complete understanding of nucleon structure requires knowledge of
• Unpolarized PDF

• Helicity PDF

• Transversity – helicity odd à requires another chiral-odd distribution

- Global analyses access in SIDIS + !"!#, e.g. via “Collins” or IFF asymmetries

- Currently a limited reach in (%, '()

Anselmino et al: PRD 87, 094019 (2013)

Kang et al: PRD 93, 014009 (2016)

Radici et al: JHEP 05, 123 (2015)
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Collins effect, now observed in !! and largely consistent with SIDIS+"#"$
- Tests of TMD factorization and universality
- Sample wider kinematic space à insight into TMD evolution
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Complete understanding of nucleon structure requires knowledge of
• Unpolarized PDF
• Helicity PDF
• Transversity – helicity odd à requires another chiral-odd distribution

- Global analyses access in SIDIS + "#"$, e.g. via “Collins” or IFF asymmetries
- Currently a limited reach in (&, ())
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Utilize ! + ! → jet ℎ± , as at midrapidity
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Utilize ! + ! → jet ℎ± , as at midrapidity
Pushing forward = higher ):
• 0.05 ≲ ) ≲ 0.5
• 10 ≲ /0 ≲ 100 GeV2

x

Q
2  [G

eV
2 ]

EIC √s
 = 140 GeV, 0.01 ≤ y

 ≤ 0
.95

EIC √s
 = 45 GeV, 0.01 ≤ y

 ≤ 0
.95

current data for Collins and Sivers asymmetry:

COMPASS h±: PhT < 1.6 GeV
HERMES π0,±, K±: PhT < 1 GeV
JLab Hall-A π±: PhT < 0.45 GeV

JLab 12 (upcoming)

STAR-pp DY  √s = 500 GeV
STAR W bosons

STAR 500 GeV -1 < η < 1 Collins
STAR 200 GeV -1 < η < 1 Collins
RHIC 500 GeV 1 < η < 4 Collins

1

10

10 2

10 3

10 4

10
-4

10
-3

10
-2

10
-1

1

500 GeV
1 < 2 < 4



Forward Rapidity Physics: Transversity

15The STAR Forward Upgrade

Utilize ! + ! → jet ℎ± , as at midrapidity
Pushing forward = higher ):
• 0.05 ≲ ) ≲ 0.5
• 10 ≲ /0 ≲ 100 GeV2

Understanding transversity enables constraints of tensor charge
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Forward Rapidity Physics: Gluon Helicity

RHIC data through 2009:
∫"."$
% Δ' ( )( = 0.23 ± 0.06 (NNPDF)

∫"."$
% Δ' ( )( = 0.200"."12"."3 (DSSV)

Recent data will improve uncertainties further…

PRL 115, 092002 (2015)

which predict asymmetries that “bracket” the measured
ALL values. Although PYTHIA does not include parton
polarization effects, asymmetries could be reproduced via a
reweighting scheme in which each event was assigned a
weight equal to the partonic asymmetry as determined by
the hard-scattering kinematics and (un)polarized PDF sets.
The trigger and reconstruction bias correction in each mass
bin was determined by evaluating ΔALL ≡ Adetector

LL −
Aparton
LL for each of the selected PDFs, then taking the

average of the minimum and maximum values found.
These corrections to ALL varied from 0.0006 at low mass
to 0.0048 at high mass. Half of the difference between the
minimum and maximum ΔALL was taken as a systematic
uncertainty on the correction.
Figure 4 presents the final dijet ALL measurement for the

same-sign (top) and opposite-sign (bottom) topological
configurations as a function of dijet invariant mass, which
has been corrected back to the parton level. The correction
to parton level is achieved by shifting each point by the
average difference between the detector and parton-level
dijet masses for a given detector-level bin. The heights of
the uncertainty boxes represent the systematic uncertainty
on the ALL values due to the trigger and reconstruction bias
(3–32 × 10−4) and residual transverse polarization compo-
nents in the beams (3–26 × 10−4). The relative luminosity
uncertainty (5 × 10−4) also results in an uncertainty in the

vertical dimension that is common to all points and is
represented by the gray band on the horizontal axis. This
uncertainty was evaluated by comparing relative luminosity
values obtained using the STAR BBCs and ZDCs, as well
as from quantitative inspection of a number of single- and
double-spin asymmetries expected to yield null results. The
widths of the boxes represent the systematic uncertainty
associated with the corrected dijet mass values and, in
addition to contributions from the uncertainty on the
correction to the parton level, include uncertainties on
calorimeter tower gains and efficiencies as well as TPC
momentum resolution and tracking efficiencies. A further
uncertainty was added in quadrature to account for the
difference between the PYTHIA parton level and NLO
pQCD dijet cross sections. This PYTHIA vs NLO pQCD
uncertainty dominates in all but the lowest mass bin,
rendering the dijet mass uncertainties highly correlated.
The ALL values and associated uncertainties can be found in
Table I with more detail in the Supplemental Material [30].
Theoretical ALL values were obtained from the dijet

production code of de Florian et al. [7] using the
DSSV2014 [17] and NNPDFpol1.1 [18] polarized PDF
sets as input, normalized by the MRST2008 [33] and
NNPDF2.3 [34] unpolarized sets, respectively. As was
done for the unpolarized cross section, theoretical values
were generated using the same jet-finding parameters as the
data. Uncertainty bands representing the sensitivity to
factorization and renormalization scale (solid) and polar-
ized PDF uncertainty (hatched) were generated for the
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Forward Rapidity Physics: Gluon Helicity

RHIC data through 2009:
∫"."$
% Δ' ( )( = 0.23 ± 0.06 (NNPDF)

∫"."$
% Δ' ( )( = 0.200"."12"."3 (DSSV)

Recent data will improve uncertainties further…
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pendent assessment of the impact of relative luminosity1

uncertainty on a spin asymmetry. Ultimately, all three2

measurements of the relative luminosity systematic un-3

certainty are in agreement.4

The spin asymmetries are calculated using a maximum5

likelihood method that weights each event according to6

the relative luminosity in each run and the polarization7

in each fill and sums these quantities over the course of8

the entire data-taking period. The 2012+2013 data have9

a combined luminosity of about 63 pb�1 and an aver-10

age polarization of 54.6 ± 1.9% in the Blue Beam and11

56.4 ± 2.0% for the Yellow Beam. The measured ALL12

points are plotted in Fig. 4 for two di↵erent ranges of13

pseudorapidity of the pion. The asymmetry values are14

plotted at the mean transverse momenta of each bin.15

The vertical error bars represent the statistical errors,16

calculable from the pion yields and polarization mea-17

surements on the data. The vertical extent of the gray18

boxes gives the uncertainties on ALL values arising from19

systematic uncertainties on the relative luminosities and20

possible remnant transverse components of beam polar-21

ization in the RHIC machine. The horizontal extent of22

the gray boxes represent the pT systematic uncertainties,23

which were approximately 5.2%. The energy calibration24

uncertainty makes the dominant contribution, since the25

precision of the energy calibration is estimated to be ±5%26

at pion energies in the range of 20� 40 GeV.27

Accounting for correlations of the errors on the polar-28

ization in each beam gives a relative error on the product29

1/PY PB of ±6.7% for the combined 2012+2013 run pe-30

riods [30]. This error should be considered an overall31

vertical scale uncertainty on the data, but is omitted for32

clarity in the plots.33

While the dominant systematic errors on ALL were34

those associated with the relative luminosities and beam35

polarization measurements, many other sources of sys-36

tematic error were considered and estimated. One con-37

tribution to an apparent longitudinal double-spin asym-38

metry could arise from the residual transverse compo-39

nents of the beam polarization (typically about 5% of40

the longitudinal component), in conjunction with the41

transverse double asymmetry A⌃ as defined in Ref. [31].42

Measurements at 500 GeV of A⌃ as a function of pion pT43

give results which are consistent with zero. As in previ-44

ous STAR longitudinal double-spin asymmetry measure-45

ments [32], we did not make a correction to ALL, but46

instead assigned a conservative systematic uncertainty to47

the ALL measurements to account for a possible correc-48

tion. We estimated this by combining the measurements49

of A⌃ with measurements of the transverse polarization50

components of the Blue (Yellow) beams. These contribu-51

tions to the systematic errors on ALL are found to be on52

the order of 10�5 and are, thus, negligible compared to53

the systematic error due to the relative luminosity and54

polarization measurements.55

The longitudinal double-spin asymmetry of jets and56
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FIG. 4: Longitudinal Double-Spin Asymmetry, ALL vs ⇡0

transverse momentum in polarized pp collisions at
p

s = 510
GeV in the pseudorapidity (energy) ranges 2.65 < ⌘ < 3.15
(30 < E⇡ < 70 GeV) (top) and 3.15 < ⌘ < 3.90 (30 < E⇡ <
100 GeV) (bottom). Data collected in 2012 and 2013 have
been combined. Vertical error bars on the data represent
the statistical uncertainties on pion yields and polarization
measurements only. The vertical extent of the shaded boxes
gives the combined systematic uncertainties on the relative
luminosity and polarization measurements. Measurements of
the beam polarization give a multiplicative uncertainty on
these data due to the factor 1/PY PB equal to ±6.7% [30],
which is not shown. The horizontal extent of the shaded boxes
represent the pT systematic uncertainty, described in the text.
On the same graphs we plot theoretical calculations of ALL

for neutral pions [36], using the NNPDFpol1.1 [33] (black
solid line and error band for the 100 replicas in the set) and
DSSV14 [34] (blue dashed line) sets of polarized PDFs. In
both cases, we use the DSS fragmentation functions [38].

neutral pions gives sensitivity to �g, since the associ-57

ated cross sections are dominated by gluonic subprocesses58

and the PDFs for polarized quarks and antiquarks are59

known with comparatively much greater precision [2–60

6]. Recent measurements of the longitudinal double-61

spin asymmetry for inclusive jets at central rapidity in62

STAR [13] have been incorporated into global analy-63

ses [33, 34] and suggest that the integral of �g(x,Q2 =64

10 GeV2/c2) over the range 0.05 < x < 1.0 is posi-65

tive [35], with the two analyses giving consistent values66

of 0.23 ± 0.06 [33] and 0.20 + 0.06/ � 0.07 [34]. To de-67

arXiv:1805.09745

Add’l Results:
• Mid-< (di)jets at 500 GeV
• Intermed.-< dijets at 500 GeV
• Intermed.- < ="
• High stats 200 GeV in 2015
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Constrain Δ" at low # with forward dijets
• More sensitive to shape of Δ" # than inclusive probes
• Correlating forward jet with associated jet in different rapidity 

ranges samples a varied range of #
• Pushing both jets to $ > 2.8 allows sensitivity of # ∼ 10,-

Forward Rapidity Physics: Gluon Helicity
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• Understanding the initial state of heavy nuclei is critical 
to RHIC and LHC programs

• Knowledge currently limited when compared to our 
knowledge of free protons

• Vital to extend understanding at low ! over range of "#
• Furthermore, need data for different nuclei to 

understand $-dependence of nuclear PDFs
• Need probes with "# > "&#
• Need probes immune to final-state strong interactions

EPJ C77, 163 (2017)
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Figure 8. The calculated NLO scale evolution (solid black lines and error bands) of the ratios
FLi

2 /FD
2 and FC

2 /FD
2 compared with the NMC data [27] for several fixed values of x. One percent

systematic error has been added in quadrature with the statistical errors.
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Figure 9. The computed RdAu (thick black line and blue error band) at y = 0 for inclusive pion
production compared with the PHENIX [28] data (open squares). The error bars are the statistical
uncertainties, and the yellow band indicate the point-to-point systematic errors. The additional
10% overall normalization uncertainty in the data is not shown. The data have been multiplied by
the optimized normalization factor fN = 1.03, which is an output of our analysis. Also the STAR
data [50] (open circles) multiplied by a normalization factor fN = 0.90 are shown for comparison.
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Probe gluon nPDF via forward direct-!
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Probe sea-quark nPDF via forward Drell-Yan

• Pilot measurements from 0.45 pb$%
&'( and 1 pb$% &') taken in 2015

• Planned 2023 runs à significant 
impact on global analyses

• Sensitive to 10$, ≲ . ≲ 10$/ and 
6 ≲ 1/ ≲ 40 GeV/, where nuclear 
modifications should be significant

• Precision of &' data à enable 
stringent test of nPDF universality 
when combined with data from EIC
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• Definitive observation of saturation regime would significantly advance 
understanding of nucleon structure and high-energy nuclear interactions

• Evidence seen at HERA, RHIC, and LHC à alternative explanations remain
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22The STAR Forward Upgrade

• Definitive observation of saturation regime would significantly advance 
understanding of nucleon structure and high-energy nuclear interactions

• Evidence seen at HERA, RHIC, and LHC à alternative explanations remain
• Workhorse measurement at RHIC: di-hadron correlations in dAu

PRL 107, 172301 (2011)
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23The STAR Forward Upgrade

• Definitive observation of saturation regime would significantly advance 
understanding of nucleon structure and high-energy nuclear interactions

• Evidence seen at HERA, RHIC, and LHC à alternative explanations remain
• Workhorse measurement at RHIC: di-hadron correlations in dAu

à “double interactions” provide alternative explanation
• Theoretical complications for strongly-interacting final states

PRL 107, 172301 (2011)

double interactions:
PRD 83, 034029 (2011)
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• 2015 !"# and !"$ enable a detailed look at di-
hadrons with varying associated particle !%

à insight into “double interaction” contribution to &"#

• Pilot '() for direct-* in 2015
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25The STAR Forward Upgrade

• 2015 !"# and !"$ enable a detailed look at di-

hadrons with varying associated particle !%
à insight into “double interaction” contribution to &"#

• Pilot '() for direct-* in 2015

• Future increased luminosity+upgrades enables 

additional probes, e.g. forward * + ,-.
- Sensitive only to dipole gluon density

- Sample 0.001 < 3 < 0.005 for both * and jet in 

range 1.3 < 6 < 4.0 with !% > 3.2 GeV/;
- Complement with probes, e.g. * + ℎ and di-jet
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• 2015 !"# and !"$ enable a detailed look at di-

hadrons with varying associated particle !%
à insight into “double interaction” contribution to &"#

• Pilot '() for direct-* in 2015

• Future increased luminosity+upgrades enables 

additional probes, e.g. forward * + ,-.
- Sensitive only to dipole gluon density

- Sample 0.001 < 3 < 0.005 for both * and jet in 

range 1.3 < 6 < 4.0 with !% > 3.2 GeV/;
- Complement with probes, e.g. * + ℎ and di-jet

Critical test of universality when combined with EIC 1 2 3 4 5
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• Knowledge of transverse density fluctuations improved over recent years
• Constraints on longitudinal structure more limited
• 3D-Glasma constrained by LHC à crucial test of QCD evolution with RHIC data
• Critical to understand 3+1 dimensional viscous hydrodynamics evolution and 

transport of hadronic phase

Physics Opportunities in A+A

2018/5/15 17Qian Yang, Quark Matter 2018, May 13th - 19th 2018, Venice

9 Studying the correlation at forward rapidity will constrain the longitudinal structure of initial conditions

9 Discern different scenarios of vorticity by Lambda global polarization vs rapidity 

9 Probe small x PDF with forward jets and forward-backward jet correlations

9 Forward jet quenching and QGP tomography

See Maowu Nie’s talk
#332, May 15 19:10

credit: B. SchenkePRC 94, 044907 (2016)
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9 Studying the correlation at forward rapidity will constrain the longitudinal structure of initial conditions

9 Discern different scenarios of vorticity by Lambda global polarization vs rapidity 

9 Probe small x PDF with forward jets and forward-backward jet correlations

9 Forward jet quenching and QGP tomography

See Maowu Nie’s talk
#332, May 15 19:10

credit: B. SchenkePRC 94, 044907 (2016)

Forward Rapidity Physics: Opportunities with AA

28The STAR Forward Upgrade

• Knowledge of transverse density fluctuations improved over recent years
• Constraints on longitudinal structure more limited
• 3D-Glasma constrained by LHC à crucial test of QCD evolution with RHIC data
• Critical to understand 3+1 dimensional viscous hydrodynamics evolution and 

transport of hadronic phase
• STAR with existing detectors: Hint of longitudinal de-correlations
• Wider Δ" can probe in more detail

arXiv:1701.06497
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Physics Opportunities in A+A

2018/5/15 17Qian Yang, Quark Matter 2018, May 13th - 19th 2018, Venice

9 Studying the correlation at forward rapidity will constrain the longitudinal structure of initial conditions

9 Discern different scenarios of vorticity by Lambda global polarization vs rapidity 

9 Probe small x PDF with forward jets and forward-backward jet correlations

9 Forward jet quenching and QGP tomography

See Maowu Nie’s talk
#332, May 15 19:10

credit: B. Schenke

!" # = %" −# %"∗ #()*
%" # %"∗ #()*

= +" −# +" #()* cos / Ψ" −# − Ψ" #()*
+" # +" #()* cos / Ψ" # − Ψ" #()*

• Measures relative fluctuation between +" −# and +" #
• Sensitive to longitudinal flow asymmetry and event plane twist
• Decorrelation in preliminary STAR data from existing forward detector larger than seen at LHC
• Models with viscosity correction describe !1 fairly well but discrepancies in !2
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Physics Opportunities in A+A

2018/5/15 17Qian Yang, Quark Matter 2018, May 13th - 19th 2018, Venice

9 Studying the correlation at forward rapidity will constrain the longitudinal structure of initial conditions

9 Discern different scenarios of vorticity by Lambda global polarization vs rapidity 

9 Probe small x PDF with forward jets and forward-backward jet correlations

9 Forward jet quenching and QGP tomography

See Maowu Nie’s talk
#332, May 15 19:10

credit: B. Schenke

!" # = %" −# %"∗ #()*
%" # %"∗ #()*

= +" −# +" #()* cos / Ψ" −# − Ψ" #()*
+" # +" #()* cos / Ψ" # − Ψ" #()*

• Measures relative fluctuation between +" −# and +" #
• Sensitive to longitudinal flow asymmetry and event plane twist

• Decorrelation in preliminary STAR data from existing forward detector larger than seen at LHC

• Models with viscosity correction describe !1 fairly well but discrepancies in !2

Forward Upgrade:
• Higher statistics and improved detectors

• Additional probes: decompose in Legendre 

polynomials, i.e. 34" coefficients

• Lower s
- Energy-dependence of long. fluctuations

- Constrain hadronic transport models
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Related Studies at Midrapdity
• Fragmentation functions in pp and pA, 

e.g. through hadrons within jets
• Nuclear modification of hadronization, 

e.g. through Collins effect in !"

Diffractive Physics
• Ultra-peripheral #/% to access spatial 

gluon dist.
• Dijets in UPC to access gluon Wigner 

function

Much, much more!
https://drupal.star.bnl.gov/STAR/starnotes/public/sn0669

https://drupal.star.bnl.gov/STAR/starnotes/public/sn0669
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questions in nuclear and particle physics
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• STAR has played a leading role in hot and cold-QCD studies over the last 

two decades

• The midrapidity plan beyond BES II and forward upgrade proposals 

present a compelling opportunity for continuing to address tantalizing 

questions in nuclear and particle physics

• The forward upgrade builds upon the strengths of STAR to establish 

innovative and precision probes

- to address critical questions, now

- fully realize the scientific promise of the future EIC
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35The STAR Forward Upgrade

• STAR has played a leading role in hot and cold-QCD studies over the last 

two decades

• The midrapidity plan beyond BES II and forward upgrade proposals 

present a compelling opportunity for continuing to address tantalizing 

questions in nuclear and particle physics

• The forward upgrade builds upon the strengths of STAR to establish 

innovative and precision probes

- to address critical questions, now

- fully realize the scientific promise of the future EIC

In the words of the RHIC PAC:
• As the physics program that is foreseen for forward physics is substantial, 

full utilization of future polarized proton beam time must be made to 
realize the proposed forward physics program.  

• RHIC management is encouraged to find a way to enhance and include a 
forward physics program at RHIC.


