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Haowu Duan

University of Connecticut
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Measurement of Λ hyperon polarization 
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Cold QCD & Spin Physics at RHIC
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• RHIC provides an ideal testing ground 
for a wide range of topics in spin 
physics due to its unique capability of 
colliding polarized hadrons.

• The workshop discussions include:
• PHENIX overview
• sPHENIX prospects
• STAR forward systems
• Λ-hyperon theory and experiments

Daniel Brandenburg | Ohio State University



(Transverse) Spin Physics at RHIC
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• Leading-twist collinear pQCD predicts 𝐴! ∼ 0
• Origin of 𝐴!: Non-perturbative spin-momentum 

correlation
• Fundamental TMD functions
• Twist-3 correlators

Devon’s 
talk

Daniel Brandenburg | Ohio State University



Direct Photon 𝑨𝑵 at PHENIX
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• Photons in final state
→ No final-state effects

• Clean probe of gluon 
spin-momentum 
correlations 

Devon’s 
talk

• First direct photon 𝑨𝑵 from RHIC (PHENIX)
→ 50 times reduced uncertainty from E704 Fermilab

Daniel Brandenburg | Ohio State University



Direct Photon 𝑨𝑵 at sPHENIX 
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Genki’s talk

• First direct photon 𝐴! from RHIC (PHENIX)
→ 50 times reduced uncertainty from E704 Fermilab

• Significant improvements in statistics expected from sPHENIX

Daniel Brandenburg | Ohio State University



Open Heavy Flavors at PHENIX
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• Dominated by gluon-gluon 
fusion

• Gluon transversity ~	0
→ Probe of trigluon correlations
→ Also provides access to gluon 
Sivers PDF
• PHENIX provides first 

constraints on 
phenomenological parameters 
𝜆 and 𝐾#

Devon’s 
talk

Daniel Brandenburg | Ohio State University



Open Heavy Flavors at sPHENIX

8

• Dominated by gluon-gluon 
fusion

• Gluon transversity ~	0
→ Probe of trigluon correlations
→ Also provides access to gluon 
Sivers PDF
• PHENIX provides first 

constraints on 
phenomenological parameters 
𝜆 and 𝐾#

• At sPHENIX, open charm 𝐴! 
can also be measured via 
prompt 𝐷$ reconstruction.

Genki’s talk

Daniel Brandenburg | Ohio State University



Helicity at PHENIX
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• Gluon helicity accessed via direct photon and charged-𝜋 𝐴%%
• Provide constraints for largely unknown Δ𝑔 in 𝑥 < 0.05

• Measurements of 𝐴% with 𝑊±/𝑍
• Leptonic decay channel 𝑊/𝑍 → 𝑒, 𝜇
• Access to sea quark helicity distribution in the valence region 0.1 < 𝑥 < 0.4

Devon’s 
talk

Daniel Brandenburg | Ohio State University



𝚲 −Polarization PUZZLE

Daniel Brandenburg | Ohio State University 10

▪ In the 70’s, it was discovered that Λ0 hyperons are polarized in 
collisions of unpolarized p+Be collisions [G.Bunce, et al.: Phys. 
Rev. Lett. 36, 1113-1116 (1976) ] 

▪ Over nearly 50 years, Λ0 polarization has been seen in p+p, 
p+A, e+p, e+e- collisions up to collision energies about        
40 GeV

▪ These indicate the importance of final-state effects, e.g., 
fragmentation and hadronization

06/11/2024

Λ POLARIZATION PUZZLE

Jan Vanek, AGS/RHIC AUM 2024 3

p+Be

What is the origin of the 𝚲𝟎 polarization?
▪ Does polarization of Λ0 depend on spin of the target/projectile?
▪ Is there a contribution of an initial-state effect?
▪ Will parton spin correlation and entanglement manifest in Λ0 polarization?  

[W. Gong, et al.: Phys. Rev. D 106 (2022) 3, L031501] 
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Theory of di-𝚲 correlations

11

• Non-zero spin effects in 
unpolarized collisions

• Novel platform to 
investigate flavor-
dependent 𝐺!"  FF

• Predictions for 𝑒#𝑒$, 
𝑒𝑝, 𝑝𝑝, and 
UPC/Central 𝐴𝐴

Shu-yi’s 
talk

𝑠-channel: 𝜎!" > 𝜎!! = 0

𝑡-channel: 𝜎!! > 𝜎!" > 0

Helicity correlations 
in unpolarized 𝑝𝑝 EIC: Longitudinal polarization

EIC: Transverse polarization

𝑃#$ = 𝜆
𝐺%#
𝐷%

quark polarization

spin transferSingle-inclusive

Λ-Λ

In 𝑝𝑝

Daniel Brandenburg | Ohio State University



𝚲-hyperons at STAR
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• Improved measurements of 𝐷!! and 𝐷""
• Tests of polarized FFs

• First experimental search for Λ# spin-spin correlations
→ New approach to access intial-state parton spin 
effects

Longitudinal Spin Transfer 𝐷"" Transverse Spin Transfer 𝐷"" Spin-Spin Correlator 𝑃%!%"

Jan’s talk

STAR, PRD 109, 12004 (2024)
Daniel Brandenburg | Ohio State University



STAR Forward Systems
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• Forward Meson Spectrometer 
(FMS) and Roman Pot (RP) 
detectors provided coverage in the 
forward (𝜂 > 2.5) regime from 2011 
to 2017.

• One of the most intriguing findings is the 
surprisingly large 𝐴$ in the forward region.

• Possible contributions include twist-3 
correlators associated with the Sivers, 
Collins, Diffractive processes.

STAR, PRD 103, 092009 (2021)
𝑝 + 𝑝 → 𝜋! + 𝑋

Xilin’s talk

Daniel Brandenburg | Ohio State University



STAR Highlights: Diffractive-AN
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• 𝐴$ measured from Single-Diffractive, Rapidity 
Gap and Semi-Exclusive events, each 
consisting differing fraction of diffractive 
processes.

• The size of 𝐴$ from these processes is similar 
to that of the inclusive process, ruling out 
diffractive processes as the potential driver of 
the large 𝐴$.

Semi-ExclusiveRapidity GapSingle-Diffractive

Xilin’s talk

Daniel Brandenburg | Ohio State University



STAR Forward Upgrade
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• STAR forward upgrade has 
been installed and 
running on time and on 
budget!

• Current efforts focus on 
software and detector 
calibration works of Run 
22

• Stay Tuned for new 
results!

Xilin’s talk

Daniel Brandenburg | Ohio State University



Ultra-Peripheral Collisions

Diffractive Processes
Entanglement Enabled Spin Interference
Investigating Baryon Number Transport (Baryon Junction)

Daniel Brandenburg | Ohio State University 16



Diffractive 𝑱/𝝍 Production @ 200 GeV
• Measured for coherent and 

incoherent contributions for 
different neutron emission in ZDCs 

• Systematic unc. in incoherent to 
coherent cross-section ratio are 
largely cancelled 

• Sensitive to the nuclear structure 
and deformation 

• Important to constrain 
theoretical models 

/257

 J/ψ measurements in 200 GeV Au+Au UPCs

 
distribution

pT

 
distribution

mee

 => Coherent and incoherent contributions can be 
disentangled via the combined fit of mass and  pT

STAR, arXiv:2311.13632


Ashik Ikbal, RHIC/AGS AUM 2024, BNL, USA

STAR, arXiv:2311.13637 

Daniel Brandenburg | Ohio State University 17
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Diffractive 𝑱/𝝍 Production @ 200 GeV
• Measured for coherent and 

incoherent contributions for 
different neutron emission in ZDCs 

• Systematic unc. in incoherent to 
coherent cross-section ratio are 
largely cancelled 

• Sensitive to the nuclear structure 
and deformation 

• Important to constrain 
theoretical models 

 Rapidity dependence J/ψ production cross-section  

/258

๏ Measured for coherent and incoherent 
contributions for different neutron 
emission in ZDCs


๏ Systematic unc. in incoherent to 
coherent cross-section ratio are largely 
cancelled


๏ Sensitive to the nuclear structure and 
deformation

J/ψ production Vs |y|

 => Important to constrain theoretical 
models related to nuclear geometry 

STAR, arXiv:2311.13637 

Ashik Ikbal, RHIC/AGS AUM 2024, BNL, USA

STAR, arXiv:2311.13637 

Daniel Brandenburg | Ohio State University 19



Incoherent 𝑱/𝝍 production cross-section vs 𝒑𝑻𝟐 
Incoherent J/ψ production cross-section vs  p2

T

/259

 => Strong nuclear suppression and sub-
nucleonic fluctuations in Au nucleus

๏ Incoherent production compared with H1 
data with free proton 


๏ Strong nuclear suppression (~49%) seen


๏ Models found H1 data supports sub-
nucleonic fluctuations 

๏ STAR data shows the bound nucleon has 
similar shape  as the free proton — similar 
sub-nucleonic fluctuations in heavy nuclei

(Mäntysaari et. al, Phys. Rev. Lett. 117 (2016) 5, 052301)

(Mäntysaari et. al, Phys. Rev. D 106 (2022) 7, 074019)

STAR, arXiv:2311.13632


Ashik Ikbal, RHIC/AGS AUM 2024, BNL, USA
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Entanglement Enabled Spin Interference
• STAR observed spin 

interference in diffractive 
𝜋7𝜋8 production (recently 
confirmed by ALICE)
• Precise measurement of 

strong-interaction radius at 
high-energy

Angular correlation of ⇡+⇡�

• p1,p2 are ⇡
+
⇡
� transverse momenta

•

q =p1 + p2

P =(p1 � p2)/2

• Data suggests that P likes to be align (or
anti-align) with q Sci.Adv. 9 (2023) 1, eabq3903

arxiv.2204.01625

4

Daniel Brandenburg | Ohio State University 21



⇢0 production in UPC

WW(Weizsacker-Williams) photon + nuclear target ! ⇢ in mid-rapidity

3

Entanglement Enabled Spin Interference

• Goal: understood 
interference effect in a 
model-independent 
way
• Quantum mechanical 

description – intensity 
interferometry via 
entanglement 

Where is entanglement?

⇢(q = p1 + p2) ! ⇡
+(p1)⇡

�(p2) + ⇡
+(p2)⇡

�(p1)

• h⇡+(p1)⇡�(p2)|⇡+(p2)⇡�(p1)i = 0

• Similar to a Bell state: 1p
2
(|10i+ |01i)

S. Klein and J. Nystrand Phys. Rev. Lett. 84, 2330 (2000)

Is this observable? Would this be destroyed after decay?

• Whether wave function collapses can be tested through the decay product of two well
separated and coherent source of ⇢
S. Klein and J. Nystrand Phys.Lett.A 308 (2003) 323-328

• ⇢ decays quickly but the state of ⇡+
⇡
� maintain coherence and could be observed.

5

Daniel Brandenburg | Ohio State University 22



Entanglement Enabled Spin Interference

• Model independent formalism – manuscript in preparation, coming soon!
• Observable allows direct access to spin states : Potential for observation of 

Tensor Pomeron, Odderon etc. depending on channel

Daniel Brandenburg | Ohio State University 23

Model independent formulation

Figure: �K? net momentum transfer from the target/ momentum of the Pomeron.

(k ⌘ ~k?, |~k?| ⌘ k?)

M
⇢

A1A2!⇡+⇡� (p1,p2) = MA1A2!⇢(q) ⌦ M⇢!⇡+⇡� (q;p1,p2)

The ⇢ production amplitude can be decomposed into three general factors,

MA1A2!⇢(q) = FPhoton(q � �K) ⌦ PPomeron(�K) ⌦ M�P!⇢(q � �K,�K; q)

12



EESI Measurement in 𝑱/𝝍 production 

• Interference signal shows 
strong pT dependence 
and rises toward positive 

• Diffractive+interference 
with additional soft γ 
radiation predicts 

• Negative at low pT and 
rises towards positive 
value at higher pT 

The -dependent interference of J/ψpT

24/25

๏ Interference signal shows strong  
dependence and rises toward 
positive

๏ STARLight predicts zero

๏ Diffractive+interference calculations 
are negative at low and high  


๏ Diffractive+interference with 
additional soft γ radiation predicts 
negative at low  and rises towards 
positive value at higher 

pT

pT

pT
pT

=> Modulation strength in data positively increases with  in the measured kinematicspT

Diff+Int predictions : Mäntysaari et al. Phys.Rev.C 109 (2024) 2, 024908

Diff+Int+Rad predictions : Brandenburg et. al, Phys. Rev. D 106, 074008 (2022)     

Ashik Ikbal, RHIC/AGS AUM 2024, BNL, USA

Daniel Brandenburg | Ohio State University 24



Understanding Baryon Transport at High-Energies
• 50 Years of investigating baryon transport
• Puzzlingly large baryon number observed in central rapidity (high 

energy)

P. Tribedy, RHIC AGS AUM, June 11-14, 2024, BNL

What traces the baryon number?

6

https://en.wikipedia.org/wiki/Proton 
https://en.wikipedia.org/wiki/Baryon 

No experiment has conclusively established either scenarios

Flow of 
B & Q Flow of B

Flow of Q1963-70 1975-

P. Tribedy, RHIC AGS AUM, June 11-14, 2024, BNL
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Flow of 
B & Q Flow of B

Flow of Q1963-70 1975-

XP. Tribedy, RHIC AGS AUM, June 11-14, 2024, BNL 13

2

Npart

dNp�p̄

dy

����
A+A

= NB e��B(Ybeam�Ycm)

Fit to global data on central A+A:

NB = 1.1 ± 0.1, �B = 0.61 ± 0.03

Lewis et al., arXiv:2205.05685 Henry Klest (SBU) HERA data

0.42 � �B � 1

Midrapidity baryon density slope is consistent with baryon junction prediction

Predictions form Regge theory & 
baryon junction picture:

Rapidity distribution of baryon production: 

Daniel Brandenburg | Ohio State University 25

P. Tribedy, RHIC AGS AUM, June 11-14, 2024, BNL 9

How a baryon is transported at midrapidity?
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Valence quarks: difficult to stop near y~0 & associated with electric charge stopping
Baryon junction: easier to stop near y~0 & NOT associated electric charge stopping

P. Tribedy, RHIC AGS AUM, June 11-14, 2024, BNL 9
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Baryon Transport in Ultra-Peripheral Collisions

P. Tribedy, RHIC AGS AUM, June 11-14, 2024, BNL

Search for non-zero net-baryon in photon-ion collisions near central-rapidity

Probing baryon structure with photon-induced processes

✓

✓
✓
✘

✓

Q ~ 0
Eγ < 2 GeV

EN = 27 GeV

19

We trigger on γ+Au events in Ultra-
peripheral collisions of Au+Au at 54.4 GeV

Fig: Lewis et. al, arXiv: 
2205.05685, Sweger,  
CA EIC consortia meet

Approximate γ+Au √sγN~10 GeV

UPC photons have very low 
stopping power 

P. Tribedy, RHIC AGS AUM, June 11-14, 2024, BNL 20

Junction 
stopping

Baryon 
stopping in 
PYTHIA

PYTHIA 6: Quark carries baryon
PYTHIA 8: Quark + mimic string-junction

RHIC 
photonuclear  
kinematics

Models with various different carriers 
predict different rapidity dependence 

of net-proton yield

Baryon-Junction

Quark
 + str

ing-junctio
n

Qua
rk/

di-
qu

ark

20

Probing baryon structure with photon-induced processes Lewis et. al, arXiv:2205.05685 
Dumitru, CFNS workshop on 
target fragmentation, 2022 

Daniel Brandenburg | Ohio State University 26

P. Tribedy, RHIC AGS AUM, June 11-14, 2024, BNL 8

Gluonic junction as a carrier of baryon number

Regge theory can predict rapidity dependence of baryon stopping for junctions
Larger transport to mid-rapidity for gluonic junction than valence quarks as baryon carrier

Junction-Junction

Junction-Pomeron

Kharzeev, Phys. Lett. B, 378 
(1996) 238-246, Lewis et. al, 
arXiv:2205.05685

Baryon junction: 

PYTHIA 6 (Quarks): 

0.42 � �B � 1
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Baryon Production at mid-rapidity

P. Tribedy, RHIC AGS AUM, June 11-14, 2024, BNL

Rapidity slope of net-proton: Global data

Slope γ+Au >~ Slope Au+Au: 

25

Rapidity dependence of net-proton in γ+Au collisions compatible with junction picture

Closer to the fit to BRAHMS + NA49 
data slope to ~1 for Ybeam < 2 
(NA49 energy ~17 GeV closer to 
γ+Au cm energy ~ 10 GeV) 

Consistent with Regge theory 
baryon-junction prediction but 
smaller than PYTHIA/HERWIG

Au+Au slope same for all centrality

X. Artru, M. Mekhfi, Nucl. Phys. A 532 (1991) 351 
BRAHMS+NA49: Videbaek, 1st workshop on  
baryon dynamics, SBU 2024 

Slope has Ybeam (energy) dependence  
αB = αB (|y-Ybeam|)

• Rapidity slope (𝛼-) of net-
protons ~ constant for all 
centralities in Au+Au collisions

• Larger slope observed in UPC - 
Consistent with Regge theory 
baryon-junction prediction but 
smaller than PYTHIA/HERWIG 

Daniel Brandenburg | Ohio State University 27



Summary
• Productive workshop ~ 35 attendees!
• Exciting opportunities ahead with sPHENIX 

and STAR forward Upgrade

Daniel Brandenburg | Ohio State University 28



Further Opportunities at sPHENIX

29

Genki’s talk

Sivers Effects at 
STAR/sPHENIX

Transversity via IFF

Transversity &
Collins 
Effects

Daniel Brandenburg | Ohio State University


