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STAR Highlights 

Outline: 
•  Cold QCD results 
  
•  Heavy ion results 
 
•  Future perspectives from STAR 

•  Conclusions 

 
Lijuan Ruan for the STAR Collaboration  

(Brookhaven National Laboratory) 
 



06/22/2017 RHIC and AGS Users Meeting 2017, Lijuan Ruan (BNL) 2 

STAR detector 
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Mid-rapidity dijet ALL 

RHIC and AGS Users Meeting 2017, Lijuan Ruan (BNL) 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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FIG. 3. Values of gluon x1 and x2 obtained from the PYTHIA
detector level simulation for the same-sign (upper) and opposite-
sign (lower) dijet topologies, compared to the gluon x distribution
for inclusive jets scaled by an additional factor of 20 in
each panel.
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FIG. 4. Dijet ALL vs parton-level invariant mass for the same-
sign (top) and opposite-sign (bottom) topological configurations
measured by the STAR experiment. The uncertainty symbols and
theoretical curves are explained in the text.
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contribution from the UEH to the dijet mass is from the
individual jet masses [32], which are typically treated as
massless in NLO calculations. The UEH correction was
estimated from simulation by taking the ratio of the
particle-level over parton-level dijet yields. The ratio ranges
from 1.44 at low mass to 1.22 at high mass and is used as a
multiplicative correction to the NLO predictions.
The systematic uncertainty on both the UEH correction

(double-hatched red band) and the theoretical cross section
itself took into account the uncertainty on the PDF set used
as well as sensitivity to the variation of the factorization and
renormalization scales, which were altered simultaneously
by factors of 0.5 and 2.0. The factorization and renorm-
alization scales were also varied independently between the
limits above, but the resulting deviation was always less
than the simultaneous case. The systematic uncertainty on
the UEH correction ranged between 39% and 7% from low
to high mass, respectively, while the uncertainty on the
theory was between 19% and 43%. The height of the blue
hatched band represents the quadrature sum of the theo-
retical and UEH systematics. Note that neither systematic
uncertainty is symmetric about its nominal value.
Systematic uncertainties on the extracted cross section
are smaller than the theoretical uncertainties for all mass
bins, meaning these data have the potential to improve our
understanding of UEH effects (at low mass) and unpolar-
ized PDFs in our kinematic regime.

Sorting the yields by beam spin state enables a deter-
mination of the longitudinal double-spin asymmetry ALL,
evaluated as

ALL !
P

"PYPB#"N$$ ! rN$!#P
"PYPB#2"N$$ $ rN$!#

; "2#

where PY;B are the polarizations of the yellow and blue
beams, N$$ and N$! are the dijet yields from beam
bunches with the same and opposite helicity configurations,
respectively, and r is the relative luminosity of these
configurations. The sum is over individual runs, which
ranged from 10 to 60 minutes in length and were short
compared to changes in beam conditions. The factor r was
close to unity on average, varying between 0.8 and 1.2.
As noted previously, the advantage of a correlation

observable over inclusive measurements lies in the former’s
superior ability to constrain initial state kinematics based
on, for example, invariant mass and dijet topological
configurations. The asymmetry ALL is presented for two
distinct topologies: “same-sign” in which both jets have
either positive or negative pseudorapidity, and “opposite-
sign” in which one jet has positive and the other negative
pseudorapidity. The opposite-sign topology selects events
arising from relatively symmetric (in x) partonic collisions,
whereas same-sign events select more asymmetric colli-
sions. The most asymmetric, high-pT collisions are pref-
erentially between a high momentum (high x and therefore
highly polarized) quark and a low momentum gluon. The
control over initial kinematics achievable with dijets can be
seen in Fig. 3 which presents the partonic momentum
fraction distributions (weighted by partonic ALL) of the
gluons as obtained from PYTHIA for a sample of detector
level dijets with 19.0 < M < 23.0 GeV=c2, as well as for
inclusive jets with 8.4 < pT < 11.7 GeV=c. The increase
in x resolution achievable with dijets compared to inclusive
jets is evident from the much narrower dijet x distributions.
The asymmetric nature of the collisions in the same-sign
events (upper plot) can be seen in the separation of the
high- and low-x distributions, whereas the opposite-sign
events (lower plot) sample an intermediate x range. Other
dijet mass bin choices sample different gluon x regions.
Values of ALL extracted from the data via Eq. (2)

represent an admixture of the asymmetries produced from
the three dominant partonic scattering subprocesses: qq,
qg, and gg. The STAR trigger is more efficient for certain
subprocesses [13], altering the subprocess fractions in the
data set and thereby shifting the measured ALL. Further
distortions can arise due to systematic shifts caused by the
finite resolution of the detector coupled with a rapidly
falling invariant mass distribution. Corrections were
applied to the raw ALL values to compensate for these
effects. A trigger and reconstruction bias correction was
determined by comparing ALL from simulation at the
detector and parton levels using several polarized PDFs
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FIG. 2. The particle-level dijet differential cross section mea-
sured by the STAR experiment (points plotted at bin center). The
lower panel provides a relative comparison to theory, as described
in the text.
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Gluon Polarization: integral of Δg(x) for 0.05<x<1 is 0.2+0.06 

                                                                                                                              
-0.07  

Phys. Rev. D 95, 071103(R) (2017) 200 GeV p+p  
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Extend to lower x 

RHIC and AGS Users Meeting 2017, Lijuan Ruan (BNL) 
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First forward di-jet ALL results 

 

Extend to low x by going to forward rapidity, or higher energy: 
 

Further constrain ΔG with improved statistical precision  

200 GeV, forward  
510 GeV, mid-rapidity  

New Run 12 results ready for final release, not shown here. 
Run 13 preliminary on inclusive jet and dijet ALL, see A. Quintero and D. Olvitt ‘s posters.  
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W AL 

RHIC and AGS Users Meeting 2017, Lijuan Ruan (BNL) 

Consistent with published  
2011+2012 results, 
uncertainty reduced by 40%. 
 
Further confirmed the 
preference of positive Δubar 
  
Can provide further 
constraints for Δubar 
 and Δdbar. 

See A. Kraishan and J. Zhang‘s posters.  
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Open charmed hadrons with the HFT 
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Mass ordering NCQ scaling 

Strangeness enhancement Baryon enhancement 

PRL118 (2017) 212301  
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B production 
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Bàe is less suppressed than Dà e  (2 σ effect) 
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J/ψ suppression pattern with the MTD 

J/ψ through its dileptonic decay: indicator of deconfinement 
 
consistent with more significant contribution from ccbar recombination at LHC energies 
 
Interplay between color screening and recombination: describe the J/ψ suppression  
pattern and flow measurements 
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Different ϒ states suppression 

0.28, 0.56, 0.78 fm for ϒ(1S), ϒ(2S), ϒ(3S).  
Negligible contribution from b and bbar recombination at RHIC  
A better probe to study color-screening feature of QGP. 
 
ϒ(1S): Similar magnitude of suppression at RHIC and LHC. 
 
A hint of ϒ(2S+3S) less suppressed at RHIC than at LHC! 
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h-triggered recoiled jet 

RHIC and AGS Users Meeting 2017, Lijuan Ruan (BNL) 

Removal  the combinatorial 
background using mixed-event 
technique, allows to access  
low-pT jets. 
 
Hadron triggered recoiled jets: 
ICP shows strong suppression 
for R=0.3. arXiv: 1702.01108, accepted by PRC  

Trigger  
γ,Z, h 

Recoil jet(s) 
search area 

Δϕ 
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Dijet asymmetry AJ 

RHIC and AGS Users Meeting 2017, Lijuan Ruan (BNL) 

Dijet asymmetry:  
•  Au+Au di-jet more imbalanced than p+p for “hard core” selection 
•  p+p balance recovered in matched di-jet for R=0.4 when soft particles included 
 
•  p+p balance not-recovered in matched di-jet for R=0.2 even when soft particles 

included 
Energy shifted outwards, but remains inside R=0.4. 

R=0.2 R=0.4 

arXiv: 1609.03878, accepted by PRL, Editors’ Suggestion  
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Shared momentum fraction 

RHIC and AGS Users Meeting 2017, Lijuan Ruan (BNL) 

Jesse Thaler — Lessons from Jet Substructure for Heavy Ions 22

Soft Drop on One Slide

⇒

[Larkoski, Marzani, Soyez, JDT, 1402.2657]
[see also Butterworth, Davison, Rubin, Salam, 0802.2470; Dasgupta, Fregoso, Marzani, Salam, 1307.0007]  

Recursively drop
wide-angle soft radiation

energy
threshold

angular 
exponent

z > zcut !
!

Based on declustering an
angular-ordered tree

β parameter gives nice handle

zg

1–zg
θg

Final jet looks like
QCD splitting function

!
d!

!
dz P (z)

z
1–z θ

Soft Drop Condition:

AP splitting function

Di-jet Selection: 
•  Jet pT

Trig > 20 GeV/c  
•  Jet pT

Recoil > 10 GeV/c 
•  |ΔΦ-π| < 0.4 

 Hard core di-jets: 
•  zg: no significant splitting 
modification on near- or away-side 

pT
Trig,Recoil: Calculated with pT,cut > 2 GeV/c 

zg: on matched jets with pT,cut > 0.2 GeV/c 



Electron positron emission mass spectrum in 200 GeV Au+Au  
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Significant excess  
is observed for 
0.3<Mee<0.8 GeV/c2, 
representing the hot, 
dense medium 
contribution.   

 
 

Phys. Rev. Lett. 113 (2014) 22301 
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A broadened ρ spectral function consistently describes the low mass 
electron-positron excess for all the energies 19.6-200 GeV.  
 
 
 
           
           
 

PLB750(2015)64  
PRL113 (2014) 22301  



The low mass measurements 
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Low-mass electron-positron production, normalized by dNch/dy, is proportional 
to the life time of the medium from 17.3 to 200 GeV. 
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Direct virtual photon  

Models describing the 
low-mass e+e- pairs agree 
with our photon data. 

          
 

PLB770(2017)451 
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Small system v2 

RHIC and AGS Users Meeting 2017, Lijuan Ruan (BNL) 

ln(v2/ϵ2) scales with Nch-1/3 for all systems 

See N. Magdy‘s talk  

STAR Preliminary  



Results from BES I 
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QGP turn off signatures 
•  jet quenching feature is gone for Nbin scaled particle yields as a function of Npart at 
√sNN < 14.5 GeV. 

•  ϕ meson v2 ~ 0 at √sNN=11.5 and 7.7 GeV with large uncertainties. 
•  Higher harmonics v3 ~ 0 at Npart < 50 at 7.7 GeV. 

First order phase transition 
•  When scaled by entropy density, v3 shows a minimum near 15 GeV consistent with 

an increased bulk viscosity and decreased effective pressure. 
•  Non-monotonic behavior seen in net-proton v1 slope as a function of √sNN. 
•  Particle <mT>-m0 and  transverse energy per particle show a flat pattern At √sNN > 

8 GeV and increases again. 
 
Critical point: 
•  Non-monotonic trend is seen in moments of net proton distributions in central Au+Au 

as a function of collision energy   
•  Non-monotonic trend is seen in the HBT radii as a function of collision energy   
            See Terry Tarnowsky’s talk in detail  
  

 
 
 



STAR preliminary 

Spectra and flow from fixed target	

Dedicated fixed-target run in 2015: √sNN = 4.5 GeV   
•  1 M events in 30 minutes!  
•  Excellent PID using dE/dx and ToF 
•  dN/dy and v1 for charged particles and V0s    
  are in good agreement with published results 

06/22/2017 RHIC and AGS Users Meeting 2017, Lijuan Ruan (BNL) 19 
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Lambda global polarization 

RHIC and AGS Users Meeting 2017, Lijuan Ruan (BNL) 

Lambda and anti-Lambda polarized. 
Most vortical system! 

Accepted by Nature, still under embargo.  
  

arXiv: 1701.06657  



 ρ and J/ψ in ultra-peripheral A+A collisions 

21 06/22/2017 RHIC and AGS Users Meeting 2017, Lijuan Ruan (BNL) 

=	 +	

ρ: characteristic diffractive dips observed  

V=ρ , ω  , φ ,  J/ψ	


Ann. Rev. Nucl. Part. Sci.
55:271 
(2005)	

Two-photon  photonuclear  

J/ψ signal   

arXiv:1702.07705 
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Large enhancement of J/ψ yield observed in peripheral A+A collisions! 
 
Prominent centrality and pT dependence. 

Very low pT J/ψ in heavy ion collisions 



J/ψ yield :t=pT
2 and centrality dependence 

23 06/22/2017 RHIC and AGS Users Meeting 2017, Lijuan Ruan (BNL) 

Slope parameter consistent with the size of the Au nucleus. Interference 
structure observed. Coherent photon-nucleus interactions!  
 
No significant centrality dependence of the excess yield!  
W. Zha et al., arXiv: 1705.01460 
 

30 – 40%	



Very low pT  electron-positron excess  

06/22/2017 24 RHIC and AGS Users Meeting 2017, Lijuan Ruan (BNL) 
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Towards isobar collisions in 2018 

RHIC and AGS Users Meeting 2017, Lijuan Ruan (BNL) 

Decisive test of role of magnetic field in charge separation 
measurements 
 
1.2 billion MB events  
in each species: 
96Zr+96Zr, 96Ru+96Ru  
40        40        44           44 

  
 
5 sigma significance  
if 80% observed correlation  
is background  
 
 
 
Further study the photo-nuclear and photon-photon processes in J/ψ 
and e+e- measurementsà constrain the initial EM field in heavy ion 
collisions 
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Towards BESII in 2019 and 2020 

Many interesting features have been observed 
for the signatures of  
•  QGP turn off 
•  First-order phase transition  
•  Critical point 
 
 
 
Turn the qualitative features to quantitative 
understandings. 
•  exciting results from the future BESII 

program including FXT program 
•  BEST Theory Collaboration 
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Beyond 2020+ 

RHIC and AGS Users Meeting 2017, Lijuan Ruan (BNL) 

Mid-rapidity: e+e- measurement at µB~0 
Connection to chiral symmetry restoration 
Thermal radiation from QGP 
 
Forward rapidity upgrade: vn, rn 
Longitudinal structure of initial condition;  
η/s vs. temperature 
 
Cold QCD in pp, pA: AN for charged 
hardons and jets, ALL for dijet and jets, 
AUT for Collins observables, RpAu for 
direct photos and Drell-Yan, … 
Subprocess driving the large AN at high xF & η 
Δg(x) at small x 
TMDs at low and high x 
The nature of initial state and hadronization in 
nuclear collisions 
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Summary 

RHIC and AGS Users Meeting 2017, Lijuan Ruan (BNL) 

Many exciting results from cold QCD program and heavy ion collisions 
•  W AL and dijet ALL à sea quark and gluon polarization 
•  HF, quarkonium àheavy quark dynamics, QQbar potential in the medium 
•  Jets à jet quenching  
•  e+e- and photon: thermal radiation, in-medium modification of vector mesons 
•  Lambda(anti-Lambda) polarization: spin-orbit coupling, vorticity  
•  Interesting results on small system v2 … 
•  UPC and low-pT J/ψ and e+e- in heavy ion collisions … 
 
Look forward to isobar runs in 2018, BESII in 2019 and 2020, and pp, 
pA and AA program beyond 2020+. 
 
SN0669: The STAR midrapidity pp, pA, AA physics program beyond BES-II 
https://drupal.star.bnl.gov/STAR/files/STAR_Midrapidity_Beyond_BESII.pdf 
 
SN0648: The STAR Forward Calorimeter System and Forward Tracking System 
beyond BES-II: https://drupal.star.bnl.gov/STAR/files/ForwardUpgrade.v20.pdf 
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Backup 
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Lambda transverse spin transfer 

RHIC and AGS Users Meeting 2017, Lijuan Ruan (BNL) 

SPIN2016, UIUC, Jincheng Mei 

DTT Results from STAR measurement

! < 0! > 0

✦ Most precise measurement on    (   ) polarization in P+P collision at RHIC, which reach pT 
~8 GeV/c within statistical error of 0.04 .

✦ The dominant source of systematic uncertainty is from relative luminosity.
✦ DTT  of     and    are consistent with each other and consistent with zero within uncertainty.

✦ Results of transverse spin transfer DTT of    and     in P+P collision at 200GeV.

STAR Preliminary STAR Preliminary

11

⇤ ⇤̄

⇤ ⇤̄

⇤ ⇤̄

feed-down contribution included feed-down contribution included 

Sensitive to transversely polarized fragmentation function 
and transversity distribution. 



06/22/2017 RHIC and AGS Users Meeting 2017, Lijuan Ruan (BNL) 31 

J/ψ suppression pattern with the MTD 

J/ψ through its dileptonic decay: indicator of deconfinement 
STAR Collaboration, SQM2016 

  
 
consistent with more significant contribution from ccbar recombination at LHC energies 
 
Interplay between color screening and recombination: describe the J/ψ suppression  
pattern and flow measurements 
           
           
 

STAR Collaboration, 1607.07517, accepted by PLB 
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Large enhancement of J/ψ yield observed in peripheral A+A collisions! 
 
Prominent centrality and pT dependence. 

Very low pT J/ψ in heavy ion collisions 

PRL116(2016)222301 
  



Very low pT  electron-positron  
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Large enhancement of e+e- yield observed in peripheral A+A collisions! 
 
 


