
Spin Physics in Nuclear and Collider Experiments
- Spin as a probe of QCD matter and hadron structure -  

Takafumi Niida
(新井田  貴文)

Image from BNL newsroom (Aug. 2017)



T. Niida, HuaDa QCD school @CCNU

Contents of this lecture

Day-1: The birth of spin physics: Stern-Gerlach to Wu  

Day-2: Spin structure of nucleon and Transverse spin phenomena 

Day-3: Spin polarization in relativistic heavy-ion collisions (1) 

Day-4: Spin polarization in relativistic heavy-ion collisions (2) 

Day-5: Spin correlations and Future directions 

2



T. Niida, SPIN2025 @Qingdao

Recap of Day-4

3

Hyperon polarization mainly probes single-quark polarization
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Vector-meson spin alignment is sensitive to         spin correlation
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Fig. 5: The spin density matrix element r00 of prompt D⇤+ mesons as a function of pT in the rapidity
interval 0.3 < |y| < 0.8 compared to that of inclusive J/ mesons in the rapidity interval 2.5 < y < 4
measured in Pb–Pb collisions at

p
sNN = 5.02 TeV in the 30–50% centrality class. The bottom panel

shows the deviation of the measurements from the null hypothesis (r00 = 1/3) in units of the total
uncertainties sr00 .

conclusions about a possible common dependence with pT, proper theoretical guidance is needed.

6 Summary

In summary, the first measurement of prompt D⇤+-meson spin alignment with respect to the direction
orthogonal to the reaction plane at midrapidity in central (0–10%) and midcentral Pb–Pb collisions atp

sNN = 5.02 TeV has been presented. An evidence of r00 > 1/3 for pT > 15 GeV/c in the 0.3 <
|y|< 0.8 range has been found for midcentral (30–50%) Pb–Pb collisions. The measured spin alignment
seems to be more prominent at very high-pT where charm quarks are expected to be produced much
earlier and less likely to be thermalised. In order to understand any possible effect of early magnetic
fields created in heavy-ion collisions on charm-quark polarisation, dedicated theory predictions of charm-
quark polarisation and charm-hadron spin alignment are needed. From the experimental side, significant
precision improvements for charm-hadron measurements are expected from the large datasets that are
being collected by the ALICE Collaboration during the LHC Run 3 data-taking period, thanks to the
upgrade of the experimental apparatus [52]. This will also allow for the extension of polarisation and
spin alignment measurements of other charm-hadron species, such as L+

c baryons.
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STAR, Nature 614, 244 (2023) 
ALICE, JHEP10(2025)094

Important to understand contribution from spin-spin correlation

J.-P. Lv, Z.-H. Yu, Z.-T. Liang, Q. Wang, and X.-N. Wang,  
PRD109, 114003 (2024)
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interval 0.3 < |y| < 0.8 compared to that of inclusive J/ mesons in the rapidity interval 2.5 < y < 4
measured in Pb–Pb collisions at
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sNN = 5.02 TeV in the 30–50% centrality class. The bottom panel

shows the deviation of the measurements from the null hypothesis (r00 = 1/3) in units of the total
uncertainties sr00 .

conclusions about a possible common dependence with pT, proper theoretical guidance is needed.
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G. Wilks and Z. Ye (STAR), SQM2026

Integrated SDMEs

Gavin Wilks SQM2026, March 24, 2026 14

SDME 𝚿𝟏 𝚿𝟐

Re 𝜌10 − 𝜌0−1 < 0 2σ N/A

Im 𝜌10 − 𝜌0−1 ≈ 0 -0.2σ -1.2σ

Re(𝜌1−1) > 0 2.8σ 3.2σ

Im(𝜌1−1) ≈ 0 -0.6σ N/A

Off-diagonal elements of φ-meson spin alignment

Revisiting Quark Recombination Model

19
J.-P. Lv, Z.-H. Yu, Z.-T. Liang, Q. Wang, and X.-N. Wang, Phys. Rev. D 109, 114003 (2024)

> 0

> 1/3

Gavin Wilks SQM2026, March 24, 2026

• Using known measurements and estimations of 𝑃Λ/ഥΛ (𝑥,𝑦,𝑧) ~ 𝑃s/ ҧ𝑠 (𝑥,𝑦,𝑧) < 2%, 
spin polarization likely contributes negligibly to both terms.

• Since 𝜌00 is non-zero, it is possible that 𝑐𝑥𝑥
(𝑠 ҧ𝑠), 𝑐𝑦𝑦

(𝑠 ҧ𝑠), and 𝑐𝑧𝑧
(𝑠 ҧ𝑠)(𝑠 ҧ𝑠 spin correlations 

along beam direction, impact parameter, and angular momentum, respectively) could 
be non-zero.

• Since Re(𝜌1−1) is non-zero, it is possible that 𝑐𝑥𝑥
(𝑠 ҧ𝑠) or 𝑐𝑦𝑦

(𝑠 ҧ𝑠) could be non-zero.

Contributions from spin-spin correlation

J.-P. Lv, Z.-H. Yu, Z.-T. Liang, Q. Wang, and X.-N. Wang, PRD109, 114003 (2024)

Indication of non-zero s-sbar spin correlation
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ω =
1

2
(I + P · ε)

=
1

2

(
1 + Pz Px → iPy

Px + iPy 1→ Pz

)
P : polarization vector 
σ : Pauli matrices

Spin density matrix for spin-1/2 single particle

Spin density matrix for spin-1/2 particle pair
<latexit sha1_base64="CSO/M/tV8J6F8kuG8UsEQxJeK/Y="></latexit>

ωYY =
1

4



I → I + P1 · ω → I + I → P2 · ε +
∑

ij

Cijεi → εj



 P1, P2 : polarization vectors of particle 1&2 
σ : Pauli matrices 
Cij: spin correlation matrix

Polarization describes the spin state of a single particle. 
Spin correlation contains additional information about the two-particle systems

polarization  
of particle 1

polarization  
of particle 2 spin-spin correlationunpolarized
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How do we measure spin correlations?

Utilize weak decay as spin analyzer 
 
 

Considering the double decay,                          ,  
the combined angular distribution of daughter baryons in their respective parent rest frames 
can be written as follows

6

<latexit sha1_base64="dDyV+dCJV15gzWRaPrpzVhfduEw="></latexit>

dN

d!1d!2
→



1 + ω1P1 · p̂1 + ω2P2 · p̂2 + ω1ω2

∑

ij

Cij p̂1ip̂2j




<latexit sha1_base64="bGW1wWWiJ94ZwYaMzQZtB70IzjY="></latexit>

Cij =
9

ω1ω2
→p̂1ip̂2j↑

<latexit sha1_base64="aJGub78EDU5QjhJ7Jyj4TsATedM="></latexit>

dN

d!
=

1

4ω
(1 + εP · p̂)

Hamann, NPA558, 287-309 (1993)no net spin polarization: P1=0, P2=0 
isotropic spin correlation: Cij=PΛΛδij

<latexit sha1_base64="4WtfJWXE8UxPttrUkGQARq/GIYw="></latexit>

dN

d!1d!2
→ [1 + ω1ω2P!!p̂1 · p̂2]
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!!̄ → pω→p̄ω+
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Spin-spin correlation in pp collisions
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ΛΛ spin-spin correlation in pp collisions at √s = 200 GeV from STARー

STAR, Nature 650, 65-71 (2026)

- The QCD vacuum has quantum numbers JPC=0++ 
- Quark–antiquark pairs from the vacuum are expected  

to be in the spin-triplet state (S=1), with correlated spins. 
-

66 | Nature | Vol 650 | 5 February 2026

Article

QCD vacuum at zero temperature. It is expected that there are similar 
numbers of virtual up (u), down (d) and strange (s) quark pairs12 form-
ing the quark condensate.

Owing to the quantum numbers of the vacuum, JPC = 0++, in which J, P 
and C represent total angular momentum, parity and charge conjuga-
tion, respectively, a strong constraint is imposed on the spin configura-
tion of quark–antiquark pairs from the chiral condensate. As a result, 
these pairs are expected to have their spins parallel12 in their rest frame, 
which means that they are in spin-triplet states. Thanks to high-energy 
proton–proton collisions, these virtual quark–antiquark pairs from the 
vacuum can be liberated and materialize into real particles. Besides 
other strong experimental indications in hadron spectroscopy13,14 and 
lattice QCD calculations15, observing the correlated pairs from the 
vacuum in spin-triplet states can be direct experimental evidence of 
the quark condensate.

Alternatively, depending on the choice of final-state particles, quark–
antiquark pairs can also arise from virtual gluon splitting, that is, g qq→ . 
This process is expected to play a more substantial role in the high- 
energy regime (also known as the perturbative regime)16, offering com-
plementary insights into hadronization. Nevertheless, understanding 
the transition from quark pairs to final-state hadrons remains essential 
for tackling the fundamental problem of quark confinement.

Specifically, our approach is as follows:
1. Protons are accelerated to 99.996% of the speed of light for colli-

sions that excite the QCD vacuum17 and liberate quark pairs from 
the condensate.

2. Of these quark pairs, there are strange quark–antiquark (ss ) pairs 
with their spins parallel, that is, in spin-triplet states12,16.

3. Owing to confinement, the liberated quarks cannot exist indepen-
dently. Each quark of the ss  pair will undergo the quark-to-hadron 
transition, known as hadronization.

4. Some ss  pairs hadronize into Λ and Λ hyperon pairs, in which a  
Λ hyperon has one strange (s), one up (u) and one down (d) quark. 
(The structure of the Λ hyperon is similar but using the antiquarks). 
The Λ hyperon is a spin-1/2 hadron with a lifetime of about 10−10 s, for 
which the spin polarization can be measured through the decay 
kinematics and direction of the momentum vector of the daughter 
particles18, that is, proton and pion. From the nonrelativistic SU(6) 
quark model9, the spin of the Λ hyperon is carried 100% by the strange 
quark.

5. These decay particles, along with other particles, can be measured 
by the STAR detector. The reconstruction of the decay daughters 

can provide the spin polarization of the Λ and Λ hyperons, which 
then allows determination of the hyperon pair spin correlation.
An illustration of this approach is shown in Fig. 1.

This method makes use of the spin correlation of ΛΛ hyperon pairs 
and compares them with their quark-level counterparts. At the moment 
of ss  production, the relative spin orientation of the pair is expected 
to be parallel. During hadronization, these quarks interact with the 
surrounding QCD environment to form Λ and Λ hyperons. The innova-
tion of this approach lies in observing the degree of (de)coherence of 
the correlated ss  pairs as they transition into hadrons. The quantitative 
measurement of this (de)coherence provides direct insights into the 
nonperturbative process of quark-to-hadron transitions, which is chal-
lenging for first-principles QCD calculations to address. Tracing this 
dynamical loss of quantum coherence during hadronization represents 
a new model for exploring QCD phenomena.

Experiment
This measurement is performed at the Solenoidal Tracker at RHIC 
(STAR) detector19. Charged-particle tracking, including transverse 
momentum reconstruction and charge sign determination, is pro-
vided by the time projection chamber (TPC) positioned in a 0.5-T 
solenoidal magnetic field. The TPC volume extends radially from 
50 to 200 cm from the beam axis and covers pseudorapidities 
|η| < 1.0 over the full azimuthal angle, 0 < φ < 2%. (Pseudorapidity is 
a kinematic variable related to the angle (θ) between the particle’s 
momentum and the positive beam axis as, η = −ln(tan(θ/2)). For 
example, η = 1 corresponds to θ ≈ 40°). The TPC also provides energy 
loss per unit length (dE/dx) measurement of tracks used for particle  
identification.

This measurement was conducted in proton–proton (p + p) collisions 
at the centre-of-mass energy s = 200 GeV, using a dataset collected 
in 2012 by the STAR detector at RHIC. All three combinations, ΛΛ, ΛΛ 
and ΛΛ, are reported. The data are measured in the two-particle sepa-
ration in rapidity, ∆y, and azimuthal angle, ∆φ, respectively. Here rapid-
ity y is a variable that describes velocity along the beam direction 
( y = 1/2ln((E + pz)/(E − pz))). Data from K KS

0
S
0 spin correlations and 

simulations from the PYTHIA 8.3 Monte Carlo (MC) model20 are com-
pared with the Λ measurement and used as a baseline reference.  
No spin correlation is expected from either of them, as KS

0 are scalar 
(spin-0) mesons and no Λ hyperon spin physics is included in the 
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Fig. 1 | Exciting the vacuum in high-energy proton–proton collisions. Illustration of tracing the QCD evolution of the spin of a strange quark–antiquark pair to a 
ΛΛ hyperon pair and how it can be measured by the STAR experiment at RHIC. See (1)–(5) in the text for details.
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Extended Data Fig. 1 | 3D and 2D invariant mass distributions of pπ− pairs, paired with p π+ pairs, are shown in the top-left and top-right panels, respectively. 
The projections of the multidimensional distributions to pπ− and p π+ are shown in the bottom-left and bottom-right panels, respectively.

θ*: angle between two boosted (anti)protons in their parent rest frame
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STAR papers [22, 23]. Charged particle tracking, in-
cluding transverse momentum reconstruction and charge
sign determination, is provided by the Time Projection
Chamber (TPC) [24] positioned in a 0.5 T solenoidal
magnetic field. The TPC volume extends radially from
50 to 200 cm from the beam axis and covers pseu-
dorapidities3 |⌘| < 1.0 over the full azimuthal angle,
0 < � < 2⇡. The TPC also provides energy loss per unit
length (dE/dx) measurement of tracks used for particle
identification.

This measurement was conducted in proton-proton
(p + p) collisions at the center-of-mass energy

p
s =

200 GeV, using a dataset collected in 2012 by the STAR
detector at the Relativistic Heavy-Ion Collider (RHIC).
All three combinations, ⇤⇤̄, ⇤⇤, and ⇤̄⇤̄, are reported.
The data are measured in the two-particle separation
in rapidity, �y, and azimuthal angle, ��, respectively.
Here, rapidity y is a variable that describes velocity along
the beam direction (y = 1/2 ln[(E+pz)/(E�pz)]). Data
from K0

SK
0
S spin correlations and simulations from the

PYTHIA 8.3 Monte Carlo (MC) model [25] are compared
with the ⇤ measurement and used as a baseline reference.
No spin correlation is expected from either of them, as
K0

S are scalar (spin-0) mesons and no ⇤ hyperon spin
physics is included in the PYTHIA 8.3 MC model. The
signal extraction method for K0

SK
0
S pairs is the same as

for ⇤ hyperon pairs.
Data analysis. Only events with primary vertex

within 60 cm from the center of the STAR detector along
the proton beam axis were accepted for further analysis.
A total of about 600 million minimum-bias p+p events
were selected and analyzed, requiring the coincidence of
STAR Vertex Position Detectors [26] which are located
on the upstream and downstream ends of the detector.

The ⇤ and ⇤̄ hyperons are reconstructed via their
hadronic decay ⇤ ! p⇡� (⇤̄ ! p̄⇡+). The selection of
⇤⇤̄, ⇤⇤, and ⇤̄⇤̄ pairs is done based on a 2-dimensional
(2D) Gaussian fit to the 2D invariant mass (Minv) dis-
tributions of the p⇡ pairs. Only ⇤ and ⇤̄ hyperon can-
didates that are at mid-rapidity (|y| < 1), with trans-
verse momentum pT within 0.5 < pT < 5.0GeV/c are
selected for the analysis. The average transverse momen-
tum hpT,⇤i of reconstructed ⇤ hyperons is 1.35 GeV/c.

Based on PYTHIA 8.2 [27] and STAR detector simu-
lation4, only 11% of measured ⇤⇤̄ pairs contain primary
⇤ and ⇤̄ hyperons. The remaining 89% of the pairs have
at least one ⇤ or ⇤̄ hyperon from the decay of a higher
mass particle. The impact of this so-called feed-down

3
Pseudorapidity is a kinematic variable related to the angle (✓)

between the particle’s momentum and the positive beam axis as,

⌘ = � ln [tan (✓/2)]. For example, ⌘ = 1 corresponds to ✓ ⇡ 40

degrees.
4
PYTHIA 8.2 was used for simulations including STAR detec-

tor simulations. For standalone predictions, not requiring knowl-

edge of the STAR detector response, we have used the more recent

version, PYTHIA 8.3.
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FIG. 2. dN/d cos ✓? distributions of decay (anti-)protons for
⇤⇤̄, ⇤⇤, and ⇤̄⇤̄ hyperon pairs measured at mid-rapidity
(|y| < 1). Panel a) shows the short-range pairs (|�y| < 0.5
and |��| < ⇡/3) and panel b) shows the long-range pairs.
The fits to the data are used to demonstrate the magnitude
of the spin-spin correlation.

contribution is included in the model calculations when
compared to data (Methods).
Measurement of spin correlations. After selecting

the signal ⇤ pairs, the decay (anti-)protons are boosted
into the rest frames of their parent particles and the open-
ing angle ✓? between the two boosted (anti-)protons is de-
termined. Such (anti-)proton pairs are expected to follow
the angular distribution [28–30]:

1

N

dN

d cos ✓?
=

1

2
[1 + ↵1↵2P⇤1⇤2 cos ✓

?], (1)

where P⇤1⇤2 is the spin correlation signal or the relative
polarization of the ⇤ hyperon pair and ↵1 and ↵2 are the
weak decay parameters of the ⇤ (↵� = 0.747± 0.009) or
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Extended Data Fig. 1 | 3D and 2D invariant mass distributions of pπ− pairs, paired with p π+ pairs, are shown in the top-left and top-right panels, respectively. 
The projections of the multidimensional distributions to pπ− and p π+ are shown in the bottom-left and bottom-right panels, respectively.
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STAR papers [22, 23]. Charged particle tracking, in-
cluding transverse momentum reconstruction and charge
sign determination, is provided by the Time Projection
Chamber (TPC) [24] positioned in a 0.5 T solenoidal
magnetic field. The TPC volume extends radially from
50 to 200 cm from the beam axis and covers pseu-
dorapidities3 |⌘| < 1.0 over the full azimuthal angle,
0 < � < 2⇡. The TPC also provides energy loss per unit
length (dE/dx) measurement of tracks used for particle
identification.

This measurement was conducted in proton-proton
(p + p) collisions at the center-of-mass energy

p
s =

200 GeV, using a dataset collected in 2012 by the STAR
detector at the Relativistic Heavy-Ion Collider (RHIC).
All three combinations, ⇤⇤̄, ⇤⇤, and ⇤̄⇤̄, are reported.
The data are measured in the two-particle separation
in rapidity, �y, and azimuthal angle, ��, respectively.
Here, rapidity y is a variable that describes velocity along
the beam direction (y = 1/2 ln[(E+pz)/(E�pz)]). Data
from K0

SK
0
S spin correlations and simulations from the

PYTHIA 8.3 Monte Carlo (MC) model [25] are compared
with the ⇤ measurement and used as a baseline reference.
No spin correlation is expected from either of them, as
K0

S are scalar (spin-0) mesons and no ⇤ hyperon spin
physics is included in the PYTHIA 8.3 MC model. The
signal extraction method for K0

SK
0
S pairs is the same as

for ⇤ hyperon pairs.
Data analysis. Only events with primary vertex

within 60 cm from the center of the STAR detector along
the proton beam axis were accepted for further analysis.
A total of about 600 million minimum-bias p+p events
were selected and analyzed, requiring the coincidence of
STAR Vertex Position Detectors [26] which are located
on the upstream and downstream ends of the detector.

The ⇤ and ⇤̄ hyperons are reconstructed via their
hadronic decay ⇤ ! p⇡� (⇤̄ ! p̄⇡+). The selection of
⇤⇤̄, ⇤⇤, and ⇤̄⇤̄ pairs is done based on a 2-dimensional
(2D) Gaussian fit to the 2D invariant mass (Minv) dis-
tributions of the p⇡ pairs. Only ⇤ and ⇤̄ hyperon can-
didates that are at mid-rapidity (|y| < 1), with trans-
verse momentum pT within 0.5 < pT < 5.0GeV/c are
selected for the analysis. The average transverse momen-
tum hpT,⇤i of reconstructed ⇤ hyperons is 1.35 GeV/c.

Based on PYTHIA 8.2 [27] and STAR detector simu-
lation4, only 11% of measured ⇤⇤̄ pairs contain primary
⇤ and ⇤̄ hyperons. The remaining 89% of the pairs have
at least one ⇤ or ⇤̄ hyperon from the decay of a higher
mass particle. The impact of this so-called feed-down

3
Pseudorapidity is a kinematic variable related to the angle (✓)

between the particle’s momentum and the positive beam axis as,

⌘ = � ln [tan (✓/2)]. For example, ⌘ = 1 corresponds to ✓ ⇡ 40

degrees.
4
PYTHIA 8.2 was used for simulations including STAR detec-

tor simulations. For standalone predictions, not requiring knowl-

edge of the STAR detector response, we have used the more recent

version, PYTHIA 8.3.
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FIG. 2. dN/d cos ✓? distributions of decay (anti-)protons for
⇤⇤̄, ⇤⇤, and ⇤̄⇤̄ hyperon pairs measured at mid-rapidity
(|y| < 1). Panel a) shows the short-range pairs (|�y| < 0.5
and |��| < ⇡/3) and panel b) shows the long-range pairs.
The fits to the data are used to demonstrate the magnitude
of the spin-spin correlation.

contribution is included in the model calculations when
compared to data (Methods).
Measurement of spin correlations. After selecting

the signal ⇤ pairs, the decay (anti-)protons are boosted
into the rest frames of their parent particles and the open-
ing angle ✓? between the two boosted (anti-)protons is de-
termined. Such (anti-)proton pairs are expected to follow
the angular distribution [28–30]:
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=
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2
[1 + ↵1↵2P⇤1⇤2 cos ✓

?], (1)

where P⇤1⇤2 is the spin correlation signal or the relative
polarization of the ⇤ hyperon pair and ↵1 and ↵2 are the
weak decay parameters of the ⇤ (↵� = 0.747± 0.009) or
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▪ Boost (anti-)proton from decay of the corresponding Λ0 
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▪ Measure angle 𝜃∗ between the two boosted protons
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▪ 𝛼1 and 𝛼2 are weak decay parameters of Λ0 or ഥΛ0 (𝛼− or 𝛼+)
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ACCEPTANCE EFFECT CORRECTION
▪ Measured Τd𝑁 d cos(𝜃∗) distributions have significant 

slope originating from acceptance effect
▪ Predominantly from lower 𝑝𝑇 cut on daughter 𝜋 

▪ Correction done using mixed-event (ME) hyperon pairs
▪ ME definition example:

▪ Verified using standalone PYTHIA simulation (shown on the 
right), as well as full simulation with detector effects
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PYTHIA 8.3 MC model. The signal extraction method for K KS
0

S
0 pairs is 

the same as for Λ hyperon pairs.

Data analysis
Only events with a primary vertex within 60 cm from the centre of the 
STAR detector along the proton beam axis were accepted for further 
analysis. A total of about 600 million minimum-bias p + p events were 
selected and analysed, requiring the coincidence of STAR Vertex Posi-
tion Detectors, which are located on the upstream and downstream 
ends of the detector.

The Λ and Λ hyperons are reconstructed by means of their hadronic 
decay Λ → pπ% ( pΛ → π+). The selection of ΛΛ, ΛΛ and ΛΛ pairs is done 
on the basis of a 2D Gaussian fit to the 2D invariant mass (Minv) distribu-
tions of the pπ pairs. Only Λ and Λ hyperon candidates that are at 
mid-rapidity (|y| < 1), with transverse momentum pT within 0.5 < pT <  
5.0 GeV c%1, are selected for the analysis. The average transverse momen-
tum &pT,Λ' of reconstructed Λ hyperons is 1.35 GeV c%1.

On the basis of PYTHIA 8.2 (ref. 21) and STAR detector simulation, 
only 11% of measured ΛΛ pairs contain primary Λ and Λ hyperons. The 
remaining 89% of the pairs have at least one Λ or Λ hyperon from the 
decay of a higher-mass particle. The impact of this so-called feed-down 
contribution is included in the model calculations when compared 
with data (Methods).

Measurement of spin correlations
After selecting the signal Λ pairs, the decay (anti)protons are boosted 
into the rest frames of their parent particles and the opening angle 
θ* between the two boosted (anti)protons is determined. Such (anti)
proton pairs are expected to follow the angular distribution22–24:

N
N

θ
α α P θ

1 d
dcos * =

1
2

[1 + cos *], (1)1 2 Λ Λ1 2

in which PΛ Λ1 2
 is the spin correlation signal or the relative polarization 

of the Λ hyperon pair and α1 and α2 are the weak decay parameters of 
the Λ (α% = 0.747 ± 0.009) or Λ (α+ = %0.757 ± 0.004) (ref. 7). For parallel 
spins, we expect P = 1/3Λ Λ1 2

, whereas for antiparallel spins P = % 1Λ Λ1 2
  

and for no spin correlation P = 0Λ Λ1 2
.

The dN/dcosθ* distribution is constructed for both the total hyperon 
pairs, which includes signal and background, and the background-only 
hyperon pairs. Before the signal can be extracted, the raw dN/dcosθ* 
distributions were corrected for detector acceptance loss and inef-
ficiency. The correction was performed using the mixed-event (ME) 
technique for all dN/dcosθ* distributions.

The details of the Λ reconstruction, signal extraction and the ME 
corrections are described in Methods.

In Fig. 2, the corrected dN/dcosθ* signal distributions for ΛΛ, ΛΛ and 
ΛΛ are shown. The top and bottom panels show the spin correlations 
for short-range (|(y| < 0.5 and |(φ| < π/3) and long-range (0.5 < |(y| < 2.0 
and/or π/3 < |(φ| < π) Λ pairs, respectively. The lines are the linear fits 
to the data according to equation (1). Quality of the fits used for signal 
extraction is discussed in Methods.

Figure 3 shows the Λ hyperon spin correlations, expressed in terms 
of the value of PΛ Λ1 2

, for short-range (left) and long-range (right) pairs. 
We found that the short-range ΛΛ pairs show a positive spin correlation 
of P = 0.181 ± 0.035 ± 0.022ΛΛ stat sys , with a 4.4 standard deviation sig-
nificance with respect to zero. For details about the systematic uncer-
tainties, see Methods. The short-range ΛΛ and ΛΛ pairs and all 
long-range pairs exhibit spin correlation consistent with zero. The 
K KS

0
S
0 measurements and PYTHIA 8.3 predictions are shown for com-

parison and are consistent with zero for both short-range and long- 
range pairs, as expected. This result marks the first evidence of a  
positive spin correlation between Λ and Λ in high-energy p + p collisions.

The positive polarization of short-range ΛΛ pairs corresponds to a 
parallel spin configuration25, for which this orientation of the spin is 
expected from the chiral condensate qq& ' ) 0 (ref. 12). An alternative 
scenario—gluons splitting into ss  pairs—has also been investigated. 
According to the PYTHIA 8.3 prediction, we found negligible contribu-
tions from this process for pairs within our measured momentum range. 
Furthermore, hadronic final-state interaction has been investigated 
by means of a femtoscopic-type correlator26, which is found to be neg-
ligible. Therefore, the observed spin correlation is strong evidence  
for the presence of vacuum quark pairs originating from the chiral 
condensate.

We have studied the pair kinematic dependence of this spin correla-
tion to further understand the underlying spin correlation. As the 
separation of the pairs, characterized by R y φ( = ( + (2 2 , increases, 
the spin correlation of ΛΛ is found to be weaker, as shown in Fig. 4. Also, 
we compare the results with model calculations in conjunction with 
the feed-down contributions of Λs based on prediction from PYTHIA 8.2 
and STAR detector simulation.

Although the maximum relative polarization correlation of the 
spin-parallel ss  pair is P = 1/3Λ Λ1 2

 (ref. 24), with the feed-down contribu-
tions, for example, from *0 and other strange baryons, the correlation 
for ΛΛ pairs is expected to be less than 1/3. The expected ΛΛ spin cor-
relation from the SU(6) model is found to be (9.6 ± 0.4)% with our data 
kinematic selections (Methods). The model calculation has no interac-
tion mechanism, so the results only reflect the correlation on the had-
ron level assuming that the initial strange quark pairs are still 100% 
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Fig. 2 | Self-analysing Λ hyperons reveal polarization through decays.  
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b, Long-range pairs. Statistical uncertainties are denoted by the error bars. The 
fits to the data represented by lines are used to demonstrate the magnitude of 
the spin–spin correlation.
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Extended Data Fig. 1 | 3D and 2D invariant mass distributions of pπ− pairs, paired with p π+ pairs, are shown in the top-left and top-right panels, respectively. 
The projections of the multidimensional distributions to pπ− and p π+ are shown in the bottom-left and bottom-right panels, respectively.

θ*: angle between two boosted (anti)protons in their parent rest frame

3

STAR papers [22, 23]. Charged particle tracking, in-
cluding transverse momentum reconstruction and charge
sign determination, is provided by the Time Projection
Chamber (TPC) [24] positioned in a 0.5 T solenoidal
magnetic field. The TPC volume extends radially from
50 to 200 cm from the beam axis and covers pseu-
dorapidities3 |⌘| < 1.0 over the full azimuthal angle,
0 < � < 2⇡. The TPC also provides energy loss per unit
length (dE/dx) measurement of tracks used for particle
identification.

This measurement was conducted in proton-proton
(p + p) collisions at the center-of-mass energy

p
s =

200 GeV, using a dataset collected in 2012 by the STAR
detector at the Relativistic Heavy-Ion Collider (RHIC).
All three combinations, ⇤⇤̄, ⇤⇤, and ⇤̄⇤̄, are reported.
The data are measured in the two-particle separation
in rapidity, �y, and azimuthal angle, ��, respectively.
Here, rapidity y is a variable that describes velocity along
the beam direction (y = 1/2 ln[(E+pz)/(E�pz)]). Data
from K0

SK
0
S spin correlations and simulations from the

PYTHIA 8.3 Monte Carlo (MC) model [25] are compared
with the ⇤ measurement and used as a baseline reference.
No spin correlation is expected from either of them, as
K0

S are scalar (spin-0) mesons and no ⇤ hyperon spin
physics is included in the PYTHIA 8.3 MC model. The
signal extraction method for K0

SK
0
S pairs is the same as

for ⇤ hyperon pairs.
Data analysis. Only events with primary vertex

within 60 cm from the center of the STAR detector along
the proton beam axis were accepted for further analysis.
A total of about 600 million minimum-bias p+p events
were selected and analyzed, requiring the coincidence of
STAR Vertex Position Detectors [26] which are located
on the upstream and downstream ends of the detector.

The ⇤ and ⇤̄ hyperons are reconstructed via their
hadronic decay ⇤ ! p⇡� (⇤̄ ! p̄⇡+). The selection of
⇤⇤̄, ⇤⇤, and ⇤̄⇤̄ pairs is done based on a 2-dimensional
(2D) Gaussian fit to the 2D invariant mass (Minv) dis-
tributions of the p⇡ pairs. Only ⇤ and ⇤̄ hyperon can-
didates that are at mid-rapidity (|y| < 1), with trans-
verse momentum pT within 0.5 < pT < 5.0GeV/c are
selected for the analysis. The average transverse momen-
tum hpT,⇤i of reconstructed ⇤ hyperons is 1.35 GeV/c.

Based on PYTHIA 8.2 [27] and STAR detector simu-
lation4, only 11% of measured ⇤⇤̄ pairs contain primary
⇤ and ⇤̄ hyperons. The remaining 89% of the pairs have
at least one ⇤ or ⇤̄ hyperon from the decay of a higher
mass particle. The impact of this so-called feed-down

3
Pseudorapidity is a kinematic variable related to the angle (✓)

between the particle’s momentum and the positive beam axis as,

⌘ = � ln [tan (✓/2)]. For example, ⌘ = 1 corresponds to ✓ ⇡ 40

degrees.
4
PYTHIA 8.2 was used for simulations including STAR detec-

tor simulations. For standalone predictions, not requiring knowl-

edge of the STAR detector response, we have used the more recent

version, PYTHIA 8.3.
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FIG. 2. dN/d cos ✓? distributions of decay (anti-)protons for
⇤⇤̄, ⇤⇤, and ⇤̄⇤̄ hyperon pairs measured at mid-rapidity
(|y| < 1). Panel a) shows the short-range pairs (|�y| < 0.5
and |��| < ⇡/3) and panel b) shows the long-range pairs.
The fits to the data are used to demonstrate the magnitude
of the spin-spin correlation.

contribution is included in the model calculations when
compared to data (Methods).
Measurement of spin correlations. After selecting

the signal ⇤ pairs, the decay (anti-)protons are boosted
into the rest frames of their parent particles and the open-
ing angle ✓? between the two boosted (anti-)protons is de-
termined. Such (anti-)proton pairs are expected to follow
the angular distribution [28–30]:

1

N

dN

d cos ✓?
=

1

2
[1 + ↵1↵2P⇤1⇤2 cos ✓

?], (1)

where P⇤1⇤2 is the spin correlation signal or the relative
polarization of the ⇤ hyperon pair and ↵1 and ↵2 are the
weak decay parameters of the ⇤ (↵� = 0.747± 0.009) or
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▪ Find a Λ0 hyperon pair (any combination) in one event
▪ Decay channel Λ0 → 𝑝𝜋+ and charge conjugate

▪ Boost (anti-)proton from decay of the corresponding Λ0 
(ഥΛ) to rest frame of its mother

▪ Measure angle 𝜃∗ between the two boosted protons
▪ The distribution of pair angle is given by:

▪ 𝛼1 and 𝛼2 are weak decay parameters of Λ0 or ഥΛ0 (𝛼− or 𝛼+)

▪ A non-zero 𝑷𝚲𝟏𝚲𝟐 would indicate spin correlation 
between the two 𝚲𝟎 (ഥ𝚲𝟎) hyperons
▪ No global single Λ0 hyperon polarization expected at STAR 

at mid-rapidity
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spin aligned. We find that the data are compatible with the SU(6) quark 
model, with 100% spin aligned ss  pairs in the initial state, within the 
uncertainty at small ∆R. The Burkardt–Jaffe model predicts smaller 
polarization27 and is disfavoured by our data. The detailed calculations 
of these models, as well as the PYTHIA 8 simulations for feed-down 
contributions, are included in Methods.

Our result shows a large spin correlation at small ∆R but a correlation 
consistent with zero at large ∆R. This suggests that: (1) within uncer-
tainties, the spin correlation of short-range ΛΛ pairs are at their maxi-
mal values, consistent with inheriting 100% from their ss  counterparts 
at the quark level; (2) decoherence effects from quark and gluon inter-
actions or several initial ss  pairs might have diluted, if not washed out, 
the spin correlations when the pairs are widely separated. We expect 
that both findings will contribute to our understanding of QCD evolu-
tion and quark-to-hadron transitions.

In terms of entanglement measures, for example, the Peres– 
Horodecki criterion or positive partial transpose (PPT) test28,29, the 
case of spin-triplet ΛΛ states warrants further detailed investigation. 
In particular, it is important to evaluate both the isotropic two spin- 
1/2 configuration, for which the separability bound can be expressed 
in terms of a single correlation parameter, and the more general case 
that requires a full correlation-tensor analysis in the PPT framework. 
From the experimental side, extra care is also needed to quantify pos-
sible feed-down effects that could influence the observed spin  
correlations.

Similar measurements were performed in the past at experiment 
PS185 at LEAR, in which spin-triplet states were observed in the exclu-
sive reaction p p → ΛΛ (refs. 30,31). This fixed-target experiment was 
conducted with an antiproton beam at approximately 1.7 GeV c%1, fea-
turing kinematics that are very different from those in this study. 
Moreover, the spin correlation was measured by means of a global axis, 
that is, with respect to the production plane. At the present STAR  
kinematics, global polarization is not expected32. This was verified by 
measuring the spin–spin correlation of ΛΛ pairs that are close in φ and 
far in y (|∆φ| < π/3, |∆y| > 0.6). No spin–spin correlation is observed for 
such pairs, with P = % 0.012 ± 0.073 ± 0.022ΛΛ stat sys, which indicates  
that the observed spin–spin correlation for short-range ΛΛ pairs is not 
a result of correlation of Λ and Λ to common global production plane. 
Establishing the exact connection, however, remains an interesting 
subject for future investigation in collaboration with theoretical stud-
ies. Other noteworthy measurements, similar to ours, are those by the 
BES III Collaboration, which used hyperon spin correlations to look for 
CP symmetry violation signals in J/ψ decay33,34.

 
Discussion and applications
QCD confinement and chiral symmetry breaking
In QCD, confinement and spontaneous chiral symmetry breaking are 
rigorously defined phenomena2,4 and our very existence is, in a sense, a 
testament to their reality. What remains less well understood, however, 
is their role in the formation of hadrons—the transition from quarks 
to bound states—and how fundamental properties such as mass and 
spin emerge in this process.

In this work, we present a new experimental approach to study the 
evolution of spin correlation during the nonperturbative hadronization 
process. To our knowledge, for the first time, we trace the spin degrees 
of freedom of a quark–antiquark pair as it evolves into hadrons, demon-
strating that most, if not all, of the original partonic spin polarization is 
preserved through hadronization. By using quark’s initial spin correla-
tion, the new experimental approach may provide a more direct probe 
of the quark condensate to study QCD vacuum structure, for example, 
topological charge fluctuations, local strong charge-conjugate and 
parity violation and so on. One immediate implication is to discover 
whether chiral symmetry can be restored (see later section ‘Chiral sym-
metry restoration’). This finding provides a valuable new probe for lat-
tice QCD calculations and for future quantum computing approaches 
aimed at unravelling the nonperturbative dynamics of confinement.

Spin decomposition
The reported result provides direct experimental insight into how 
much spin the strange quark can contribute to the Λ spin. The result 
favours the nonrelativistic SU(6) quark model, leaving little room for 
contributions from gluons and orbital angular momentum. This is 
counter-intuitive given the famous ‘proton spin crisis’35, which suggests 
that valence quarks only contribute about 35% of the proton spin. STAR 
has experimentally confirmed that about half of the remaining 65% 
originates from gluons36,37. Does the hyperon spin structure exhibit a 
different decomposition to that of protons? In any scenario, the answer 
will be important for understanding nonperturbative QCD.

Λ polarization puzzle
One of the outstanding puzzles in nuclear and particle physics is the 
large transverse Λ polarization in unpolarized collisions18. Over the 
past 50 years, the question ‘How does the Λ hyperon obtain its spin?’ 
has been extensively debated. See ref. 38 for further discussions. The 
reported result provides a new experimental constraint to validate 
both initial-state and final-state driven models, especially because the 
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- A positive correlation appears for short-range ΛΛ pairs, while correlations consistent  
with zero for identical pairs
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data kinematic selections (Methods). The model calcu-
lation has no interaction mechanism, so the results only
reflect the correlation on the hadron level assuming the
initial strange quark pairs are still 100% spin aligned.
We find that the data are compatible with the SU(6)
quark model, with 100% spin aligned ss̄ pairs in the
initial state, within the uncertainty at small �R. The
Burkardt-Ja↵e model predicts smaller polarization [32],
and is disfavoured by our data. The detailed calculations
of these models are included in Methods.

Similar measurements were performed in the past at
experiment PS185 at LEAR, where spin triplet states
were observed in the exclusive reaction p̄p ! ⇤⇤̄ [33, 34].
This fixed-target experiment was conducted with an anti-
proton beam at approximately 1.7 GeV/c, featuring kine-
matics significantly di↵erent from those in this study.
Moreover, the spin correlation was measured via a global
axis, i.e., with respect to the production plane. At the
current STAR kinematics, global polarization is not ex-
pected [35]. This was verified by measuring the spin-spin
correlation of ⇤⇤̄ pairs that are close in � and far in y
(|��| < ⇡/3, |�y| > 0.6). No spin-spin correlation is
observed for such pairs, with P⇤⇤̄ = �0.012± 0.073stat±
0.022sys, which indicates that the observed spin-spin cor-
relation for short-range ⇤⇤̄ pairs is not a result of cor-
relation of ⇤ and ⇤̄ to common global production plane.
Establishing the exact connection, however, remains an
interesting subject for future investigation in collabora-
tion with theoretical studies. Other noteworthy measure-

ments, similar to ours, are those by BESIII Collaboration
which used hyperon spin correlations to look for CP sym-
metry violation signals in J/ decay [36, 37].
Discussion and Applications.

• QCD evolution and quark-to-hadron transi-

tion. We have used a new experimental approach
to study the QCD evolution and the hadronisa-
tion process. For the first time, we have traced
the spin degrees of freedom in the evolution of a
quark-antiquark pair that undergoes the hadroni-
sation process, which preserves (part of) their spin
polarization from their partonic origin.

• Spin decomposition. The reported result pro-
vides direct experimental insight into how much
spin the strange quark can contribute to the ⇤
spin. The result favours the nonrelativistic SU(6)
quark model, leaving little room for contributions
from gluons and orbital angular momentum. This
is counter-intuitive given the famous “proton spin

crisis” [38] which suggests that valence quarks only
contribute about 35% of the proton spin. STAR
has experimentally confirmed that about half of
the remaining 65% originates from gluons [39, 40].
Does the hyperon spin structure exhibit a di↵er-
ent decomposition than that of protons? In any
scenario, the answer will be important for under-
standing nonperturbative QCD.
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spin aligned. We find that the data are compatible with the SU(6) quark 
model, with 100% spin aligned ss  pairs in the initial state, within the 
uncertainty at small ∆R. The Burkardt–Jaffe model predicts smaller 
polarization27 and is disfavoured by our data. The detailed calculations 
of these models, as well as the PYTHIA 8 simulations for feed-down 
contributions, are included in Methods.

Our result shows a large spin correlation at small ∆R but a correlation 
consistent with zero at large ∆R. This suggests that: (1) within uncer-
tainties, the spin correlation of short-range ΛΛ pairs are at their maxi-
mal values, consistent with inheriting 100% from their ss  counterparts 
at the quark level; (2) decoherence effects from quark and gluon inter-
actions or several initial ss  pairs might have diluted, if not washed out, 
the spin correlations when the pairs are widely separated. We expect 
that both findings will contribute to our understanding of QCD evolu-
tion and quark-to-hadron transitions.

In terms of entanglement measures, for example, the Peres– 
Horodecki criterion or positive partial transpose (PPT) test28,29, the 
case of spin-triplet ΛΛ states warrants further detailed investigation. 
In particular, it is important to evaluate both the isotropic two spin- 
1/2 configuration, for which the separability bound can be expressed 
in terms of a single correlation parameter, and the more general case 
that requires a full correlation-tensor analysis in the PPT framework. 
From the experimental side, extra care is also needed to quantify pos-
sible feed-down effects that could influence the observed spin  
correlations.

Similar measurements were performed in the past at experiment 
PS185 at LEAR, in which spin-triplet states were observed in the exclu-
sive reaction p p → ΛΛ (refs. 30,31). This fixed-target experiment was 
conducted with an antiproton beam at approximately 1.7 GeV c%1, fea-
turing kinematics that are very different from those in this study. 
Moreover, the spin correlation was measured by means of a global axis, 
that is, with respect to the production plane. At the present STAR  
kinematics, global polarization is not expected32. This was verified by 
measuring the spin–spin correlation of ΛΛ pairs that are close in φ and 
far in y (|∆φ| < π/3, |∆y| > 0.6). No spin–spin correlation is observed for 
such pairs, with P = % 0.012 ± 0.073 ± 0.022ΛΛ stat sys, which indicates  
that the observed spin–spin correlation for short-range ΛΛ pairs is not 
a result of correlation of Λ and Λ to common global production plane. 
Establishing the exact connection, however, remains an interesting 
subject for future investigation in collaboration with theoretical stud-
ies. Other noteworthy measurements, similar to ours, are those by the 
BES III Collaboration, which used hyperon spin correlations to look for 
CP symmetry violation signals in J/ψ decay33,34.

 
Discussion and applications
QCD confinement and chiral symmetry breaking
In QCD, confinement and spontaneous chiral symmetry breaking are 
rigorously defined phenomena2,4 and our very existence is, in a sense, a 
testament to their reality. What remains less well understood, however, 
is their role in the formation of hadrons—the transition from quarks 
to bound states—and how fundamental properties such as mass and 
spin emerge in this process.

In this work, we present a new experimental approach to study the 
evolution of spin correlation during the nonperturbative hadronization 
process. To our knowledge, for the first time, we trace the spin degrees 
of freedom of a quark–antiquark pair as it evolves into hadrons, demon-
strating that most, if not all, of the original partonic spin polarization is 
preserved through hadronization. By using quark’s initial spin correla-
tion, the new experimental approach may provide a more direct probe 
of the quark condensate to study QCD vacuum structure, for example, 
topological charge fluctuations, local strong charge-conjugate and 
parity violation and so on. One immediate implication is to discover 
whether chiral symmetry can be restored (see later section ‘Chiral sym-
metry restoration’). This finding provides a valuable new probe for lat-
tice QCD calculations and for future quantum computing approaches 
aimed at unravelling the nonperturbative dynamics of confinement.

Spin decomposition
The reported result provides direct experimental insight into how 
much spin the strange quark can contribute to the Λ spin. The result 
favours the nonrelativistic SU(6) quark model, leaving little room for 
contributions from gluons and orbital angular momentum. This is 
counter-intuitive given the famous ‘proton spin crisis’35, which suggests 
that valence quarks only contribute about 35% of the proton spin. STAR 
has experimentally confirmed that about half of the remaining 65% 
originates from gluons36,37. Does the hyperon spin structure exhibit a 
different decomposition to that of protons? In any scenario, the answer 
will be important for understanding nonperturbative QCD.

Λ polarization puzzle
One of the outstanding puzzles in nuclear and particle physics is the 
large transverse Λ polarization in unpolarized collisions18. Over the 
past 50 years, the question ‘How does the Λ hyperon obtain its spin?’ 
has been extensively debated. See ref. 38 for further discussions. The 
reported result provides a new experimental constraint to validate 
both initial-state and final-state driven models, especially because the 
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Fig. 3 | Comparison between data spin correlations with the MC model.  
Spin correlation PΛ1Λ2 of short-range (a) and long-range (b) ΛΛ, ΛΛ and ΛΛ 
hyperon pairs. The hyperon pair PΛ1Λ2 is compared with K KS

0
S
0 measurements 

and PYTHIA 8.3 predictions. Statistical uncertainties are denoted by the error 
bars and the systematic uncertainties are represented by the shaded boxes.

- A positive correlation appears for short-range ΛΛ pairs, while correlations consistent  
with zero for identical pairs

ー

STAR, Nature 650, 65-71 (2026)

- The correlation seems to vanish at larger pair separation
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Extended Data Fig. 2 | Relative contribution to ΛΛΛΛ hyperon pair feed-down 
from PYTHIA 8.2 event generator events, which are simulated through the 
STAR detector. The Λ and Λ hyperons are selected using selection criteria from 
Extended Data Table 1. The pairs are divided into groups based on the origin of 
the single Λ (Λ) hyperons in the pair: primary Λ, Λ from decay of Σ0 and Λ from 
decay of any other hyperon species (labelled as ‘other f.-d.’ in the axis labels).

- Quark-antiquark pairs from QCD vacuum (JPC=0++) are expected to be spin triplet-state (3P0) 
 

 

- Feed-down (PYTHIA8) + Spin transfer from s-quark (→ Σ/Ξ) → Λ based on SU(6) or BJ model

<latexit sha1_base64="oa7sgvfMf6UJiAqMBBlLWQpEd/8=">AAACA3icbVA9SwNBEJ3zM8avqKXNYhAsJNxJUJtA0EbEIqL5gOQIe5u9ZMne3rm7J4QQO3+DrdZ2YusPsfSfuJdcYRIfzPB4b4YZnhdxprRtf1sLi0vLK6uZtez6xubWdm5nt6bCWBJaJSEPZcPDinImaFUzzWkjkhQHHqd1r3+Z+PVHKhULxb0eRNQNcFcwnxGsjeTelZzjp5ukXZfsdi5vF+wx0DxxUpKHFJV27qfVCUkcUKEJx0o1HTvS7hBLzQino2wrVjTCpI+7tGmowAFV7nD89AgdGqWD/FCaEhqN1b8bQxwoNQg8Mxlg3VOzXiL+5zVj7Z+7QyaiWFNBJof8mCMdoiQB1GGSEs0HhmAimfkVkR6WmGiT09QVLxiZTJzZBOZJ7aTgnBaKt8V8+SJNJwP7cABH4MAZlOEKKlAFAg/wAq/wZj1b79aH9TkZXbDSnT2YgvX1Cy7tlyE=</latexit>

S = 1, L = 1, J = 0

<latexit sha1_base64="exexllCBJn9v2cHoLW11J4BIFew="></latexit>

|1,+1→ = | ↑↑→

|1, 0→ = 1↓
2
(| ↑↔→+ | ↔↑→)

|1,↗1→ = | ↔↔→

Considering the z-axis, Czz = (+1-1+1)/3 = 1/3. 
For an equally populated mixture of three triplet substates,  
PΛΛ = 1/3

Article
Extended Data Table 3 | Model predictions for Λ hyperon 
polarization. Shown are the expected s quark contributions 
from primary Λ production and the leading feed-down 
components in the SU(6) and Burkardt–Jaffe models.  
Values are taken from ref. 59

Values are taken from ref. 59.

Ellis et al., EPJC2, 283-294 (2007)

Feed-down fraction with detector effect  
estimated by PYTHIA+GEANT

s-quark contribution to Λ spin 
& spin-transfer in feed-down

The BJ model estimates the quark spin content  
of the Λ using polarized proton DIS data, hyperon  
β-decay constants, and flavor SU(3) symmetry 

Burkardt and Jaffe, PRL70, 2537 (1993)
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ΛT,
p〈

FIG. 4. Spin correlation P⇤1⇤2 as a function of pair separation �R. The data are compared with predictions from the SU(6)
quark model [12] and the Burkardt-Ja↵e model [32]. Statistical uncertainties are denoted by the error bars, and the systematic
uncertainties are represented by the shaded boxes. The blue and yellow arrows are used to illustrate the separation of the ⇤⇤̄
pairs.

data kinematic selections (Methods). The model calcu-
lation has no interaction mechanism, so the results only
reflect the correlation on the hadron level assuming the
initial strange quark pairs are still 100% spin aligned.
We find that the data are compatible with the SU(6)
quark model, with 100% spin aligned ss̄ pairs in the
initial state, within the uncertainty at small �R. The
Burkardt-Ja↵e model predicts smaller polarization [32],
and is disfavoured by our data. The detailed calculations
of these models are included in Methods.

Similar measurements were performed in the past at
experiment PS185 at LEAR, where spin triplet states
were observed in the exclusive reaction p̄p ! ⇤⇤̄ [33, 34].
This fixed-target experiment was conducted with an anti-
proton beam at approximately 1.7 GeV/c, featuring kine-
matics significantly di↵erent from those in this study.
Moreover, the spin correlation was measured via a global
axis, i.e., with respect to the production plane. At the
current STAR kinematics, global polarization is not ex-
pected [35]. This was verified by measuring the spin-spin
correlation of ⇤⇤̄ pairs that are close in � and far in y
(|��| < ⇡/3, |�y| > 0.6). No spin-spin correlation is
observed for such pairs, with P⇤⇤̄ = �0.012± 0.073stat±
0.022sys, which indicates that the observed spin-spin cor-
relation for short-range ⇤⇤̄ pairs is not a result of cor-
relation of ⇤ and ⇤̄ to common global production plane.
Establishing the exact connection, however, remains an
interesting subject for future investigation in collabora-
tion with theoretical studies. Other noteworthy measure-

ments, similar to ours, are those by BESIII Collaboration
which used hyperon spin correlations to look for CP sym-
metry violation signals in J/ decay [36, 37].
Discussion and Applications.

• QCD evolution and quark-to-hadron transi-

tion. We have used a new experimental approach
to study the QCD evolution and the hadronisa-
tion process. For the first time, we have traced
the spin degrees of freedom in the evolution of a
quark-antiquark pair that undergoes the hadroni-
sation process, which preserves (part of) their spin
polarization from their partonic origin.

• Spin decomposition. The reported result pro-
vides direct experimental insight into how much
spin the strange quark can contribute to the ⇤
spin. The result favours the nonrelativistic SU(6)
quark model, leaving little room for contributions
from gluons and orbital angular momentum. This
is counter-intuitive given the famous “proton spin

crisis” [38] which suggests that valence quarks only
contribute about 35% of the proton spin. STAR
has experimentally confirmed that about half of
the remaining 65% originates from gluons [39, 40].
Does the hyperon spin structure exhibit a di↵er-
ent decomposition than that of protons? In any
scenario, the answer will be important for under-
standing nonperturbative QCD.

Expected correlation for triplet-state (PΛΛ = 1/3) 
with Feed-down + spin-transfer (SU6)

PΛΛ = 1/3

PΛΛ = 1/3 + Feed-down + spin-transfer (BJ model)
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Spin correlation of Λ"Λ pairs
pp 13TeV
pp 200GeV
pPb 8.16TeV  

pPb results similar to pp 
Average multiplicity for pPb ~101, where collectivity behavior emerges

J. Wang (CMS) @DIS2026

        in 13 TeV pp collisions is consistent with zero,  
unlike the case for 200 GeV. 
Indication of slight negative values in 8.16 TeV pPb collisions 
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P!!̄
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◉ First Λ spin correlation measurement in pp and pPb at LHC
◉ ΛEΛ spin correlation consistent with zero, with a hint of negative value

◉ different from STAR measurements
◉ Negative correlations found for ΛΛ and EΛEΛ at small ΔR

◉ converge to zero for large ΔR
◉ The underlying mechanism remains an open question

Summary

Plenty of new experimental results, need of theoretical input
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Liu and Tu, arXiv:2606.17240
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the case of two-pair channel, where a system of sss̄s̄ car-
ries vacuum quantum number JPC = 0++. Note that the
identical-particle symmetry requires the total wave func-
tion to be antisymmetric under exchange of the two iden-
tical s (s̄) quarks. A convenient way to implement this
constraint is to organize the full system into a diquark–
antidiquark configuration, such as ss and s̄s̄.

The spin and color wave function must be correlated
such that their product is antisymmetric under identical
particle exchange. The detailed calculations are provided
in the Appendix. Consequently, this gives rise to two
allowed spin configurations.

Configuration (a): the state |sss̄s̄; 6c → 6̄c↑, where
ss (s̄s̄) is in the symmetric color-(anti) sextet state and
in the spin singlet. The wave function is given by

|sss̄s̄; 6c → 6̄c↑(2) =
1

2
(|↓↔↑ ↗ |↔↓↑) (|↓↔↑ ↗ |↔↓↑) (7)

The spin correlations between ss (s̄s̄) and ss̄ are

P (2)

ss(s̄s̄),(a) = ↗1 and P (2)

ss̄,(a) = 0, respectively.

Configuration (b): the state |sss̄s̄; 3̄c → 3c↑, where
s̄s̄ (ss) is in the antisymmetric color-(anti) triplet state
and in the spin triplet. The wave function is given by,

|sss̄s̄; 3̄c → 3c↑(2) =
1↘
3
|S = 1↑ss |S = ↗1↑s̄s̄

↗ 1↘
3
|S = 0↑ss |S = 0↑s̄s̄ +

1↘
3
|S = ↗1↑ss |S = 1↑s̄s̄

=
1↘
3

[
|↓↓↑ |↔↔↑+ |↔↔↑ |↓↓↑

↗ 1

2
(|↓↔↑+ |↔↓↑)(|↓↔↑+ |↔↓↑)

]
. (8)

The spin correlations between ss (s̄s̄) and ss̄ are

P (2)

ss(s̄s̄),(b) =
1

3
and P (2)

ss̄,(b) = ↗ 2

3
, respectively.

Di!erent color configurations give rise to distinct pat-
terns of spin correlation. In general, the state of two-pair
channel is expected to contain mixtures of both color
configurations. For detailed calculations of the density
matrices and the corresponding spin correlations, see Ap-
pendix.

Decoherence: the Witness E!ect. In a Gedanken
double-slit experiment, particles passing through the slits
without observation would produce the well-known inter-
ference pattern on the screen; once an observer monitors
which slit each particle traverses, the interference disap-
pears and only two classical strips remain [28]. Moni-
toring of the system by the environment thus destroys
quantum coherence.

Here we take the ss̄ pairs as the system of interest
and the other particles (partons or hadrons) produced
during string breaking as the environment. Immediately
after the vacuum excitation, the strange-quark pair is
described by

|sys↑ = |ω1↑+ |ω2↑ , (9)

where |ω1(2)↑ denote the spin components of the entan-
gled state. At this stage, environmental degrees of free-
dom are absent, but they progressively emerge through
successive string breakings. Since the color string is itself
a highly entangled quantum state [15], distinct environ-
mental states are expected to couple to distinct system
states, evolving the combined state into,

|sys→ env↑ = |ω1↑ |E1↑+ |ω2↑ |E2↑ , (10)

where |E1(2)↑ is the environmental state coupled to
|ω1(2)↑. The environment can be described in either a
partonic or a hadronic basis, complementary representa-
tions connected through nonperturbative QCD dynam-
ics, and we adopt the hadronic basis, as hadrons are what
experiments measure. The environmental state then
decomposes into a direct product of individual hadron
states,

|E1(2)↑ =
(

n∏

i=1

→
)
|e(i)

1(2)
↑ , (11)

where |e(i)
1(2)

↑ is the state of the i-th hadron coupled to

|ω1(2)↑. Tracing over the environment yields a reduced
density matrix for the system whose o!-diagonal ele-
ments are suppressed by a decoherence factor

εn = ≃E1|E2↑ =
n∏

i=1

≃e(i)
1
|e(i)

2
↑ , (12)

where n is the number of environmental hadrons. Since
in the SU(6) quark model [38] the ” spin is fully carried
by its strange quark, the spin correlation of the parent
strange-quark pairs is directly accessible through the ”
pairs.

As a phenomenological approximation, each environ-
mental hadron is assumed equally capable of distinguish-

ing the system states, ≃e(i)
1
|e(i)

2
↑ = ϑ for all i, giving

εn = ϑn. We further assume that the number of en-
vironmental hadrons within the #R interval between the
” pair follows a Poisson distribution, p(n) = ωn

n! e
→ω with

mean ϖ. The averaged decoherence factor is then,

ε(#R) =
∑

n

ϑn p(n) = exp [↗(1↗ ϑ)ϖ] , (13)

with ϖ = k#R, where k is the average number of en-
vironmental hadrons per unit #R. The observed spin
correlation of the ” pair is therefore,

P (#R) = ε(#R)P = Pe→k→
!R, (14)

where P is the initial spin correlation at production and
k↑ = (1 ↗ ϑ)k. Since the multiplicity of environmen-
tal hadrons has not been directly measured by STAR or
CMS, we use the charged-hadron yield per unit pseudo-

4

rapidity as a proxy for scaling the environment size,

k→ → dN

dω
, (15)

which enables a prediction from RHIC to LHC energies.
Combining the VSC and the decoherence model, three

free parameters are used to describe the data [30, 39]:
(i) F , the relative fraction of the one-pair channel with
respect to the two-pair channel; (ii) f , the fraction of the
color-symmetric configuration in the two-pair channel;
and (iii) k→, the strength of the decoherence e!ect, as
summarized in Tab. I. Both (i) and (iii) can in principle
be independently measured, providing an independent
validation of the model. The spin correlation between
hyperon pair ”1”2 is given by

P!1!2(#R) = Afd↑[
F · P (1)

s1s2 + (1↓ F ) ·
(
f · P (2)

s1s2,(a)
+ (1↓ f) · P (2)

s1s2,(b)

)]

↑ exp(↓k→#R) (16)

where ”i ↔ {”, ”̄} (i = 1, 2), and similar for strange
quarks. Here Afd is the dilution factor accounting for
feed-down e!ect, which is based on an estimate from the
PYTHIA 8 [40] simulation. We find that the feed-down
fraction does not change significantly from RHIC to LHC
energies, so the corresponding dilution factor remains ap-
proximately unchanged. We therefore take Afd = 1/3 as
suggested in Ref. [30]. For ””(”̄”̄), the F is taken to be
0, as one-pair channel does not contribute.

Results. Our strategy is first to perform a fit with
all three parameters to the STAR ””̄ spin correlation
data [30]. The extracted decoherence factor k→

RHIC
is then

used to predict the decoherence factor at LHC energy
using the scaling relation in Eq. 15 as

k→
LHC

= k→
RHIC

dN/dω|ω=0,LHC

dN/dω|ω=0,RHIC

, (17)

where dN/dω|ω=0,LHC(RHIC) is the charged hadron yields
at LHC (RHIC) energy [41, 42]. As a result, only two
free parameters remain for the description of CMS pre-
liminary data [39]. Then, a simultaneous fit to the ””̄
and ”” data is performed. The results are given in Fig. 2,
with extracted parameters summarized in Tab I. Notably,
the decoherence factor k→ at the LHC energy, extrapo-
lated from RHIC through Eq. (17), quantitatively repro-
duces the observed decoherence rate with increasing #R,
supporting the scaling behavior in Eq. (15). We find that
this model can describe simultaneously the ””̄ and ””
spin correlation data at two very di!erent energies, pro-
viding the first experimental signatures on quarks spin
entanglement in the vacuum and their quantum decoher-
ence during hadronization.

The extracted parameter F , although subject to large
uncertainties, suggests that the one-pair channel con-
tributes significantly at
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FIG. 2. Spin correlation of ! hyperon pairs in pp collisions
of 200 GeV and 13 TeV measured at STAR and CMS exper-
iment, respectively. The STAR data are taken from [30], and
the CMS preliminary data are taken from [39]. For STAR
data, systematic uncertainties are added in quadrature with
statistical uncertainties, while only statistical uncertainties
are shown for CMS preliminary data.

13 TeV, indicating that higher-energy collisions favor the
coherent excitation of multiple strange-quark pairs, con-
sistent with the enhanced multi-strange hadron produc-
tion observed at the LHC [43]. With the one-pair channel
dominating at RHIC, the color-configuration fraction f
is constrained only by the CMS data, which indicate a
mixture of two color configurations in the two-pair chan-
nel, dominated by the color-symmetric state in Eq. (7).
This can be understood from the one-gluon-exchange po-
tential [44]: the quark-quark interaction is repulsive in
the color-symmetric sextet (6c) but attractive in the an-
titriplet (3̄c), so sextet quarks tend to hadronize into sep-
arate hadrons, whereas antitriplet quarks form a compact
diquark and enter the same hadron. Alternative fits with
di!erent numbers of free parameters are presented in the
Appendix.

Discussion. While other mechanisms, such as gluon
splitting and dihadron fragmentation [45, 46], may in
principle also generate spin correlations, the observed en-
ergy dependence and the interplay between spin-singlet
and spin-triplet configurations in ”” and ””̄ are di$-
cult to reproduce through these e!ects; the STAR and
CMS data together thus strongly support our proposed
framework.

Moreover, the framework yields distinctive predictions.
First, the spin state in the one-pair channel is fully con-
strained by the vacuum quantum numbers, Eq. (5), which

More particles in the environment leads to stronger decoherence

4

rapidity as a proxy for scaling the environment size,

k→ → dN

dω
, (15)

which enables a prediction from RHIC to LHC energies.
Combining the VSC and the decoherence model, three

free parameters are used to describe the data [30, 39]:
(i) F , the relative fraction of the one-pair channel with
respect to the two-pair channel; (ii) f , the fraction of the
color-symmetric configuration in the two-pair channel;
and (iii) k→, the strength of the decoherence e!ect, as
summarized in Tab. I. Both (i) and (iii) can in principle
be independently measured, providing an independent
validation of the model. The spin correlation between
hyperon pair ”1”2 is given by

P!1!2(#R) = Afd↑[
F · P (1)

s1s2 + (1↓ F ) ·
(
f · P (2)

s1s2,(a)
+ (1↓ f) · P (2)

s1s2,(b)

)]

↑ exp(↓k→#R) (16)

where ”i ↔ {”, ”̄} (i = 1, 2), and similar for strange
quarks. Here Afd is the dilution factor accounting for
feed-down e!ect, which is based on an estimate from the
PYTHIA 8 [40] simulation. We find that the feed-down
fraction does not change significantly from RHIC to LHC
energies, so the corresponding dilution factor remains ap-
proximately unchanged. We therefore take Afd = 1/3 as
suggested in Ref. [30]. For ””(”̄”̄), the F is taken to be
0, as one-pair channel does not contribute.

Results. Our strategy is first to perform a fit with
all three parameters to the STAR ””̄ spin correlation
data [30]. The extracted decoherence factor k→

RHIC
is then

used to predict the decoherence factor at LHC energy
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where dN/dω|ω=0,LHC(RHIC) is the charged hadron yields
at LHC (RHIC) energy [41, 42]. As a result, only two
free parameters remain for the description of CMS pre-
liminary data [39]. Then, a simultaneous fit to the ””̄
and ”” data is performed. The results are given in Fig. 2,
with extracted parameters summarized in Tab I. Notably,
the decoherence factor k→ at the LHC energy, extrapo-
lated from RHIC through Eq. (17), quantitatively repro-
duces the observed decoherence rate with increasing #R,
supporting the scaling behavior in Eq. (15). We find that
this model can describe simultaneously the ””̄ and ””
spin correlation data at two very di!erent energies, pro-
viding the first experimental signatures on quarks spin
entanglement in the vacuum and their quantum decoher-
ence during hadronization.

The extracted parameter F , although subject to large
uncertainties, suggests that the one-pair channel con-
tributes significantly at
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FIG. 2. Spin correlation of ! hyperon pairs in pp collisions
of 200 GeV and 13 TeV measured at STAR and CMS exper-
iment, respectively. The STAR data are taken from [30], and
the CMS preliminary data are taken from [39]. For STAR
data, systematic uncertainties are added in quadrature with
statistical uncertainties, while only statistical uncertainties
are shown for CMS preliminary data.

13 TeV, indicating that higher-energy collisions favor the
coherent excitation of multiple strange-quark pairs, con-
sistent with the enhanced multi-strange hadron produc-
tion observed at the LHC [43]. With the one-pair channel
dominating at RHIC, the color-configuration fraction f
is constrained only by the CMS data, which indicate a
mixture of two color configurations in the two-pair chan-
nel, dominated by the color-symmetric state in Eq. (7).
This can be understood from the one-gluon-exchange po-
tential [44]: the quark-quark interaction is repulsive in
the color-symmetric sextet (6c) but attractive in the an-
titriplet (3̄c), so sextet quarks tend to hadronize into sep-
arate hadrons, whereas antitriplet quarks form a compact
diquark and enter the same hadron. Alternative fits with
di!erent numbers of free parameters are presented in the
Appendix.

Discussion. While other mechanisms, such as gluon
splitting and dihadron fragmentation [45, 46], may in
principle also generate spin correlations, the observed en-
ergy dependence and the interplay between spin-singlet
and spin-triplet configurations in ”” and ””̄ are di$-
cult to reproduce through these e!ects; the STAR and
CMS data together thus strongly support our proposed
framework.

Moreover, the framework yields distinctive predictions.
First, the spin state in the one-pair channel is fully con-
strained by the vacuum quantum numbers, Eq. (5), which
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17200 GeV, and Pbþ Pb collisions at
ffiffiffi
s

p
NN ¼ 2.76 TeV for

ηv=s ¼ 0.08. Both the amplitude and the offset of the
transverse spin correlation increase with a decreasing
colliding energy because the transverse vorticity is bigger
due to larger longitudinal fluctuations at lower beam
energies or larger rapidities. They also have a strong
centrality dependence and become very small in central
collisions. The longitudinal spin correlation in the central
rapidity region, however, does not have a strong energy
dependence because of the geometric and fluctuating nature
of its origin. It has a strong dependence on the centrality. In
noncentral collisions, the vortex pairing is dominated by the
dipole structure of the elliptic flow, and the opening angle
Δϕ ∼ 3π=8 indicates the scale of the vortex pair. In central
collisions, the vortex pairing is dominated by hot spots, and
the angular structure of the longitudinal spin correlations
indicates the size and the distance between these hot spots.
Summary and discussions.—In this Letter, we study the

vortical structure of the sQGP fluid in high-energy heavy-
ion collisions using the CLVisc hydrodynamic model, with
fluctuating initial conditions from the AMPT-HIJING model.
The transverse vorticity has a right-handed toroidal struc-
ture around each beam direction, in addition to the average

net vorticity along the reaction plane due to global orbital
angular momentum in noncentral collisions. The longi-
tudinal vorticity has a vortex-pairing structure in the
transverse plane. We propose using the Λ spin correlations
to measure these vortical structures. We predict both the
transverse and longitudinal spin correlations as functions of
the azimuthal angle difference of two Λs’ momenta.
Measurements of these spin correlation functions can give
us a detailed picture of the flow and vortical structure and
provide important constraints on the initial condition and
the transport properties of the dense matter in high-energy
heavy-ion collisions. We limit our predictions to high-
energy heavy-ion collisions, where one can neglect the
finite baryon chemical potential. For collisions at the beam
scan energies at the RHIC, one has to include baryon
number conservation and an EOS with a finite baryon
chemical potential in hydrodynamic simulations. Our
simulations indicate, however, that the magnitude of the
local spin polarization will increase at lower beam energies.
We also do not include the vorticity term in the shear stress
tensor or viscous corrections to the phase-space distribution
of the final hadrons. We neglect the effect of the magnetic
field on the spin polarization, which should be small during

(b)

(a)

FIG. 2. (a) Transverse and (b) longitudinal spin correlation of
two Λ’s as a function of the azimuthal angle difference (of
their momenta) in different rapidity regions of semiperipheral
(20%–30%) Pbþ Pb collisions at

ffiffiffi
s

p
NN ¼ 2.76 TeV with the

shear viscosity to entropy density ratios ηv=s ¼ 0.08 (solid
curves) and 0.0 (dashed curves). Shaded areas indicate statistical
errors with 200 hydroevents.

FIG. 3. (a) Transverse (jYj ∈ ½2; 3$) and (b) longitudinal
(jYj ∈ ½0; 1$) spin correlation of two Λ’s as a function of the
azimuthal angle difference (of their momenta) in semiperipheral
(20%–30%) and central (0%–5%) Auþ Au collisions atffiffiffi
s

p
NN ¼ 62.4, 200 GeV, and Pbþ Pb collisions at

ffiffiffi
s

p
NN ¼

2.76 TeV with ηv=s ¼ 0.08. Shaded areas indicate statistical
errors with 200 hydroevents.
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decorrelation of anisotropic flow of final hadrons with large
pseudorapidity gaps [32,33].
Convective flow and vorticity distribution.—The initial

conditions constructed from the AMPT-HIJING model con-
tain fluctuations in the local fluid velocity [32] due to string
breaking and minijets. These fluctuations in fluid velocity
and the energy density lead to nonvanishing local vorticity
as well as global net vorticity along the orbital angular
momentum of noncentral collisions [13].
According to the definition of the vorticity ωμ, it has

contributions from convection (the spatial gradient of the
fluid velocity), acceleration (the temporal gradient of the
fluid velocity), and conduction (the spatial and temporal
gradient of the temperature). Within the CLVisc calculations,
we find that the vorticity is dominated by convection. The
system develops large longitudinal fluid velocity quickly
along the beam directions in the early time, while the
transverse gradient in the initial energy density also leads to
a buildup of a radial component of the fluid velocity. This
convective fluid velocity field gives rise to a transverse
vorticity distribution that has a right-handed toroidal
structure (ringlike) around each beam direction. Shown
in Fig. 1 as arrows are distributions of ~ω⊥ðx; yÞ in the
transverse plane at a spatial rapidity η ¼ 4 and a proper
time τ ¼ 3 fm=c in a semiperipheral (20%–30%) Auþ Au
collision at

ffiffiffi
s

p
NN ¼ 200 GeV from the CLVisc simulations.

One can clearly see the right-handed toroidal structure
(module fluctuations) around the beam direction (out of the
transverse plane). The total net vorticity h

P
ωyi projected

to the reaction plane is nonzero for noncentral collisions.

The magnitude of the local transverse vorticity ~ω⊥ and the
net total vorticity h

P
ωyi should both increase with

centrality, spatial rapidity, and decreasing energy [13].
Similarly, the collective flow of the hot spots (denoted by

dashed arrows in Fig. 1) can also lead to convective flow in
the radial direction. Because of approximate local boost
invariance of the fluid, this leads to pairings of the positive
and negative longitudinal vorticity ωη’s, or vortex pairings,
in the transverse plane at a given spatial rapidity, shown as
colored contours in Fig. 1. Such vortex pairing is essen-
tially a 2D manifestation of a 3D toroid of vorticity
elongated in the longitudinal direction. Since the longi-
tudinal vorticity is caused mainly by transverse fluctua-
tions, its magnitude and structure should depend on
centrality but not on colliding energy and rapidity. The
average value over the entire transverse plane h

P
ωηi,

however, should vanish.
Hyperon spin correlation.—Since the spin polarization is

directly proportional to the local vorticity, the spatial
structure in Fig. 1 is expected to show up in the azimuthal
correlation of Λ spin polarization due to radial expansion,
which correlates the spatial azimuthal angle of the fluid
cells to the azimuthal angle of final hadron’s transverse
momentum. Therefore, we propose using the spin corre-
lations of two Λ’s to study the vortical structure of the
expanding fluid in high-energy heavy-ion collisions.
Shown in Fig. 2 are the transverse and longitudinal spin
correlations of two Λ’s, h~P⊥ðϕ1Þ · ~P⊥ðϕ2Þi and
hPηðϕ1ÞPηðϕ2Þi, respectively, as functions of the azimuthal
angle difference jϕ1 − ϕ2j of their momenta. In our CLVisc

hydrosimulations of semicentral (20%–30%) Pbþ Pb col-
lisions at

ffiffiffi
s

p
NN ¼ 2.76 TeV, we have set the shear

viscosity to entropy density ratio to ηv=s ¼ 0.08 (the solid
lines) and 0.0 (the dashed lines). As expected, the trans-
verse spin correlation in azimuthal angle has an approxi-
mate cosine form due to the toroidal structure of the
transverse vorticity around the beam direction plus an
offset due to the global spin polarization. Both the
amplitude of the oscillation (the local polarization) and
the offset (the global polarization) increase with rapidity as
well as with ηv=s. The longitudinal spin correlation, on the
other hand, displays a different behavior. The oscillation in
jϕ1 − ϕ2j is the result of vortex pairing in the transverse
plane, as illustrated in Fig. 1. The sign change at jϕ1 −
ϕ2j ≈ 1 indicates the typical opening angle of the vortex
pairs from the convective radial flow due to transverse
geometry and fluctuations. The rise of the correlation at
large angles is the result of spin correlations from different
vortex pairs in the transverse plane. The amplitude of the
longitudinal spin correlation increases slightly with rapidity
but decreases slightly with ηv=s.
In Fig. 3, we show (a) the Λ transverse spin correlations

in the rapidity range Y ∈ ½2; 3& and (b) the longitudinal spin
correlation in Y ∈ ½0; 1& in semiperipheral (20%–30%) and
central (0%–5%) Auþ Au collisions at

ffiffiffi
s

p
NN ¼ 62.4,

(fm)

(f
m

)

(GeV)

(GeV)

FIG. 1. Transverse (arrows) and longitudinal vorticity (contour)
distributions in the transverse plane at η ¼ 4 in semiperipheral
(20%–30%) Auþ Au collisions at

ffiffiffi
s

p
NN ¼ 200 GeV with shear

viscosity to entropy density ratio ηv=s ¼ 0.08. Dashed arrows
indicate the radial flow of hot spots. A cutoff in energy density
ϵ > 0.03 GeV=fm3 is imposed. The direction of the beam (target)
is out of plane (⊙) [into the plane (⊗)]. The orbital angular
momentum of the collision is along −ŷ.
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Spin correlations reflecting  
the vortical structure of QGP

event-by-event calculation would exceed present compu-
tation-time resources.
Numerical results—We present in Fig. 1 the diagonal

components of the ΛΛ spin correlation (2) as functions
of the colliding energy. The calculations are carried out
for Auþ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 7.7, 14.5, 27, 39, and
62.4 GeV, within the centrality class of 20%–50%, and are
averaged over hyperons at central rapidity jYj < 1 with
transverse momentum pT ∈ ð0.5; 3Þ GeV=c. The spin cor-
relation is stronger at lower energies, showing the same
behavior as the ϕ meson spin alignment [23]. For the xx
and zz components, the correlation is governed by SFF
fluctuations, which are parametrized as decreasing func-
tions of the collision energy in order to fit the experimental
data for ρ00 of the ϕ meson. Furthermore, the SFF has
nearly the same contribution to cxxΛΛ and cyyΛΛ. The splitting
between them in Fig. 1 is mainly a consequence of the
global spin polarization of quark and antiquark induced by
the vorticity field. The zz component of the spin correlation
appears to be smaller than the transverse components,
reflecting the asymmetry between the fireball’s longitudinal
and transverse expansion.
Figure 2 displays the yy component of the spin corre-

lation and its uncertainty. The absolute values of the spin
correlations reach their maximum at δϕ ¼ 0 and decrease
toward zero as δϕ → π, suggesting that two hyperons are
more (less) correlated if they move in the same (opposite)
direction. A slight difference is observed between the spin
correlation of ΛΛ and that of Λ̄ Λ̄ as a consequence of

different space-time distributions of Λ and Λ̄ when the
baryon chemical potential is nonzero. Even in the absence of
SFF fluctuations (shown as the green dash-dotted line), there
still exist nonzero spin correlations, which are mainly
attributed to the global rotation of the QGP. When
δϕ ¼ 0, spin correlations between hyperons are also domi-
nated by SFF, much like the vector-meson spin alignment.
When δϕ ¼ π, the hydrodynamic fields, especially the
vorticity field, become the dominant source for the spin
correlation, while the magnitude is approximately equal to
the product of Λ’s and Λ̄’s global polarizations, PΛPΛ̄ ∼
Oð10−4Þ. The shaded areas in Fig. 2 show the variations due
to the uncertainty of the correlation length σt;x. A larger σt;x
corresponds to larger absolutevalues for the spin correlation.
A key unique feature of the hyperon spin correlation

caused by the SFF is that the spin correlation ofΛΛ and Λ̄ Λ̄
has the opposite sign as theΛΛ̄ spin correlation, as shown in
Fig. 2. In order to separate the SFF contribution from others,
we introduce the following net spin correlation:

cabnet ≡
1

2
ðcabΛΛ þ cabΛ̄ Λ̄Þ − cabΛΛ̄; ð12Þ

which denotes the difference between the same-sign pairs
(ΛΛ or Λ̄ Λ̄) and the opposite-sign pairs (ΛΛ̄). We show in
Figs. 3 and 4 its dependence on the azimuthal-angle differ-
ence and the rapidity difference between the two hyperons.
When the SFF is taken into account, the xx, yy, and zz
components of cnet peak at δϕ ¼ 0 or δY ¼ 0 and approach
zero when δϕ or δY increase. In the absence of SFF, cnet
becomes 1 or 2 orders of magnitude smaller than in the case
with SFF, shown in the insets in Figs. 3 and 4. This behavior
arises because the SFF has an opposite effect on the
polarizations of Λ and Λ̄, as described by Eq. (5), leading
to opposite contributions to the spin correlations of ΛΛ and

FIG. 2. The spin-correlation component cyy12 as a function of the
azimuthal-angle difference between particles 1 and 2 in the range
jYj < 1, pT ∈ ð0.5; 3Þ GeV=c. Correlations in the presence of
SFF for ΛΛ,ΛΛ̄, and Λ̄ Λ̄ are denoted by orange long-dashed, red
short-dashed, and cyan solid lines, respectively. The contribution
from hydrodynamic fields to cyyΛΛ̄ is shown by the green dash-
dotted line, while cyyΛΛ and cyyΛ̄ Λ̄ in absence of SFF are nearly
identical with cyyΛΛ̄ and thus are not shown in this figure. The lines
are calculated with σt;x ¼ 0.6 fm, while the uncertainty bounds
shown by the shaded areas are determined by σt;x ¼ 0.3, 0.9 fm,
respectively.

FIG. 3. Components of the net spin correlation cabnet as functions
of the azimuthal-angle difference in the range jYj < 1,
pT∈ð0.5;3ÞGeV=c for Auþ Au collisions at

ffiffiffiffiffiffiffiffi
sNN

p ¼ 27GeV.
Results with the SFF are shown by the orange, red, and cyan
lines, while the other lines are results in the absence of the SFF.
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A fluctuating strong-force field (SFF)  
polarizes quarks and antiquarks  
in opposite directions, leading to  
negative ΛΛ spin correlations but  
positive ΛΛ and ΛΛ correlations.ˉ ˉ
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FIG. 1. Transverse view of a Pb+Pb collision at
→
sNN =

5.02 TeV. Each nucleon within the colliding ions is associated
with a random spin projection, either up or down. As total
angular momentum must vanish for 208Pb, each ion is consti-
tuted of A/2 spin-up and A/2 spin-down nucleons. The spins
are globally oriented in space, following the random quantiza-
tion axis of the angular momenta of the colliding nuclei. The
event shown corresponds to

∫
x
S(x) = 6 ⊋/2 and P = 0.032.

random in every event and independently sampled from
a Woods-Saxon density profile. Each nucleon carries an
intrinsic spin in agreement with the ground-state wave
function of the ion which, within this framework, is un-
derstood to collapse at the time of collision. For J = 0
nuclei like 208Pb, there must be A/2 nucleons with spin
up and A/2 nucleons with spin down. We consider that
the quantization axis of the spin has an orientation that
is random with respect to the direction of the impact
parameter, and that this direction is the same for both
the incoming ions. For a collision at impact parameter
b = 8 fm, two nuclei prepared this way are shown in Fig.
1. The collision occurs between pairs of nucleons, which
defines the number of participants, Npart. The partici-
pant nucleons are highlighted with colors (red for spin
up, and blue for spin down). From Npart and the spins,
we construct the spin density at mid-rapidity

S(x) → S0
⊋
2

Npart∑

i=1

si ws(x ↑ xi), (1)

where x is a coordinate in the transverse plane, ws(x↑xi)
is a two-dimensional profile which tells us how the spin
is distributed around the participant location, si is the
participant’s spin projection onto the chosen quantiza-
tion axis, which takes values si = ±1, and S0 is a (di-
mensionless) normalization. An example of S(x) corre-
sponding to the collision in Fig. 1 is shown in Fig. 4 in the
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FIG. 2. Standard deviation of the polarization parameter, P,
as defined by Eq. (4), in 208Pb+208Pb collisions (empty cir-
cles) and 129Xe+129Xe collisions (full squares) as a function
of the collision centrality. Statistical uncertainties are smaller
than the symbol sizes. The inset displays the probability den-
sity of P in two centrality classes for 208Pb+208Pb events.

Supplemental Material. The resulting transverse density
is reminiscent of recent evaluations of conserved-charge
density distributions in 208Pb+208Pb collisions [85–87].

With this spin profile, we assign to the event a certain
degree of polarization, given by the net-spin of the initial
condition. From the total spin at midrapidity

S =

∫
d2xS(x) = S0

⊋
2

Npart∑

i=1

si, (2)

where we have considered
∫
x ws(x ↑ xi) = 1, we define

the polarization of the event

P =
1

Npart

Npart∑

i=1

si, ↑1 ↓ P ↓ 1. (3)

In this picture, an average over events leads to ↔P↗ =
0. On the other hand, the standard deviation of the
distribution is nontrivial as it follows the event-by-event
fluctuations of Npart. To show this, we perform minimum
bias 208Pb+208Pb collisions, and compute the value of P
event-to-event. We evaluate its standard deviation,

std(P) =
√

↔P2↗, (4)

as a function of the collision centrality, defined from
the total entropy of the collisions following the default
TRENTo model [88]. The result is shown in Fig. 2.
We see, as expected, that the standard deviation of the
polarization increases by one order of magnitude from
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Figure 2. Left: Standard deviation of the polarization parameter,P, as defined by Eq. (2) with S 0 = 1, in
PB+Pb collisions (circles) Xe+Xe collisions (squares), and O+O collisions (Triangles) as a function of
the collision centrality. Right: Xe+Xe (squares) and O+O (triangles) results normalized by the Pb+Pb
result, and rescaled by a factor

→
208/A, where A is either 129 or 16.

3 Observable spin correlation

How is this analysis of relevance for experiments? Our point is that, if the net spin is con-
served during the expansion of the QGP [12–14], the polarization per particle, P, driven by
the event-to-event net-spin fluctuations, should be carried over to the final states. The stan-
dard deviation

√
↑P2↓ can be measured through an appropriate two-particle spin correlation.

We start from the generic angular distribution of a proton emitted in a Λ decay, dN
dω ↔

1+εP cos ω, where ω is the angle between the proton momentum and the chosen quantization
axis, ε is the weak-decay parameter, whileP is the polarization of the hyperon. Consider now
a pair of Λ, both having the same polarization P, and emitting protons independently (in their
respective rest frames) with momenta ϑk1 and ϑk2, respectively. Denoting cos(∆ω) = ϑk1 ·ϑk2, the
pair distribution differential in the relative angle can be written as:

d2N
d cos ω1d cos ω2

↗↘ dN
d cos(∆ω)

↔ 1 + D cos(∆ω), D = 3↑cos(∆ω)↓ , (3)

where D does not depend on the specific choice of Cartesian axes defining the quantization
axis in the Λ rest frame, and has been measured in high-energy physics analyses to probe
quantum entanglement in top–antitop pairs [15, 16].

The average leading to the value of D is for all Λ hyperons measured in an individual
event. Averaging over events, we extract an event-averaged spin–correlation coefficient,

D = ε1ε2P2 ↗↘ v2Λ ≃
9
ε1ε2

↑↑cos(∆ω)↓↓ = 3
ε1ε2

↑D↓ = ↑P2↓, (4)

where double brackets denote an average over all pairs in an event followed by an average
over all events. This observable isolates the event-by-event fluctuation of the magnitude of
the polarization, P. Note that v2Λ will also capture final-state effects related to the fluctuations
of the vorticity field. However, at the highest collision energies, the latter effects are very
small [17], while even for S 0 ⇐ 0.1, we would still generate percent-level signals.

In addition, it would be crucial to establish whether the spin–spin correlation is a long-
range effect. Existing studies of spin correlations typically focus on local phenomena at

Giacalone and Speranza, arXiv:2502.13102, 2509.26424

Initial-state spin fluctuations 
- larger in smaller systems 
- long range correlation
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ATLAS, Nature 633, 542 (2024) 
CMS, PRD110, 112016 (2024)Top quark pairs are produced from gluon-gluon fusion 

 

At the near-threshold energy, most top-quark pairs are  
in the spin-singlet state 

Because of the low relative momentum, they are in S-wave state 

Therefore, their spin states are expected to be maximally entangled 
The top-quark spin can be analyzed using the charged lepton's 
momentum direction 

Nearly perfect spin analyzing power due to the V−A weak interaction

−
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t̄ → b̄W→ → b̄ω→ε̄
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polarization of the top and the antitop quarks, where σi are the cor-
responding Pauli matrices and the real numbers Bi

± characterize the 
spin polarization of each particle. The third term describes the spin 
correlation between the particles, encoded by the spin correlation 
matrix Cij. In all expressions, an orthogonal coordinate system is rep-
resented by the indices i, j = 1, 2, 3.

At hadron colliders, tt  pairs are produced mainly by the strong inter-
action and thus have no intrinsic polarization (that is, ≃B 0i

± ) because 
of parity conservation and time invariance in quantum chromodynam-
ics (QCD)21. However, the spins of these pairs are expected to be cor-
related, and this correlation has already been observed by both the 
ATLAS and CMS experiments at the LHC22–26. Entanglement in top-quark 
pairs can be observed by an increase in the strength of their spin  
correlations.

Owing to their short lifetime, top quarks cannot be detected directly 
in experiments. In the standard model, the top quarks decay almost 
exclusively into a bottom quark and a W boson, and the W boson sub-
sequently decays into either a pair of lighter quarks or a charged lepton 
and a neutrino. In this measurement, only W bosons decaying into 
leptons are considered because charged leptons, especially electrons 
and muons, are readily detected with high precision at collider experi-
ments. To a good approximation, the degree to which the leptons carry 
the spin information of their parent top quarks is 100% because of the 
maximally parity-violating nature of the electro-weak charged current. 
The angular direction of each of these leptons is correlated with the 
direction of the spin of their parent top quark or antitop quark in such 
a way that the normalized differential cross-section (σ) of the process 
may be written as27

σ
σ

Ω Ω
C1 d

d d
=

1 + ⋅ − ⋅ − ⋅ ⋅
(4π)

,
+ −

+
+

−
− + −

2
B q B q q q̂ ̂ ̂ ̂

where q̂+ is the antilepton direction in the rest frame of its parent top 
quark and ̂

−q  is the lepton direction in the rest frame of its parent anti-
top quark; and Ω+ is the solid angle associated with the antilepton and 
Ω− is the solid angle associated with the lepton. The vectors B± deter-
mine the top-quark and antitop-quark polarizations, whereas the 
matrix C contains their spin correlations. These terms are the same as 
those that appear in the general form for ρ. As the information about 
the polarizations and spin correlations of the short-lived top quarks 
is transferred to the decay leptons, their values can be extracted from 
a measurement of angular observables associated with these leptons, 
allowing us to reconstruct the tt  spin quantum state.

The experiments at the LHC ring, such as ATLAS, are the only ones 
currently taking data that are able to produce and study the properties 
of the top quark. At the LHC, tt  pairs are produced mainly by gluon–
gluon fusion. When they are produced close to their production thresh-
old, that is, when their invariant mass mtt  is close to twice the mass of 
the top quark (m m~ 2 ⋅ ~ 350tt t   GeV), approximately 80% of the produc-
tion cross-section of tt  pairs arises from a spin-singlet state28–30, which 
is maximally entangled. After averaging over all possible top-quark 
directions, entanglement only survives close to the threshold because 
of the rotational invariance of the spin-singlet. This invariance implies 
that the trace (the sum of all of the diagonal elements) of the correlation 
matrix C, in which each diagonal element corresponds to the spin cor-
relation in a particular direction, is a good entanglement witness. It is 
an observable that can signal the presence of entanglement, with tr(C) + 
1 < 0 as a sufficient condition for entanglement18. It can be understood 
as a violation of a Cauchy–Schwarz inequality, a notable entanglement 
criterion in fields such as quantum optics, condensed matter or ana-
logue gravity31–34.

It is more convenient to define an entanglement marker by using 
D = tr[C]/3 (ref. 18), which can be experimentally measured as

D φ= − 3"cos #,

where $cos φ% is the average value of the cosine of the angle (dot prod-
uct) between the charged-lepton directions after they have been sub-
jected to Lorentz boosting into the tt  rest frame and then the rest frames 
of their parent top-quark and antitop-quark, which can be measured 
experimentally in an ensemble dataset. The existence of an entangled 
state is demonstrated if the measurement satisfies D < −1/3, derived 
from the Peres–Horodecki criterion35,36 and is independent of the order 
of the calculation. It should be noted that the CMS collaboration has 
already measured D = −0.237 ± 0.011 (ref. 26) inclusively, showing no 
signal of entanglement.

The standard model is a quantum theory, and entanglement is implic-
itly present in its predictions. Nevertheless, a demonstration of spin 
entanglement in tt  pairs is challenging because of the inability to con-
trol the internal degrees of freedom in the initial state19. Currently, 
entanglement can be detected only with the help of a dedicated analy-
sis in a restricted phase space such as the one presented here.

The ATLAS detector and event samples
The ATLAS experiment37–39 at the LHC is a multipurpose particle detec-
tor with a forward–backward symmetric cylindrical geometry and a 
solid-angle coverage of almost 4π. It is used to record particles pro-
duced in LHC collisions through a combination of particle position 
and energy measurements. The coordinate system is defined in the 
section ‘Object identification in the ATLAS detector’. It consists of 
an inner-tracking detector surrounded by a thin superconducting 
solenoid providing a 2 T axial magnetic field, electromagnetic and 
hadronic calorimeters, and a muon spectrometer. The muon spec-
trometer surrounds the calorimeters and is based on three large super-
conducting air-core toroidal magnets with eight coils each providing 
a field integral of between 2.0 T m and 6.0 T m across the detector. An 
extensive software suite40 is used in data simulation, the reconstruc-
tion and analysis of real and simulated data, detector operations, 
and the trigger and data acquisition systems of the experiment. The 
complete dataset of pp collision events with a centre-of-mass energy 
of √s = 13 TeV collected with the ATLAS experiment during 2015–2018 
is used, corresponding to an integrated luminosity of 140 fb−1. This 
analysis focuses on the data sample recorded using single-electron 
or single-muon triggers41.

A unique feature of particle physics is that very precise simulations 
of the standard model can be realized through the use of Monte Carlo 
event generators. These simulations replicate real collisions and their 
resultant particles on an event-by-event basis, and these events can 
be passed through sophisticated simulations of the ATLAS detector 
to produce simulated data. Comparing these simulated events with 
those recorded by the detector is one way to test the predictions of 
the standard model. Another is to use the simulated data to model how 
the ATLAS detector responds to a particular physics process, such as 
the pair production of top quarks, and to use these data to create cor-
rections to undo the effect of the detector response on real data and 
then to compare these corrected data with theoretical predictions. 
This measurement uses the latter strategy.

Three distinct types of real and simulated data are used, each with 
associated physics objects. Detector level refers to real data before 
they have been corrected for detector effects and simulated data after 
they have been passed through simulation of the ATLAS detector. Par-
ton level refers to simulated Monte Carlo events in which the particles 
arise from the fundamental interaction being simulated, such as quarks 
and bosons, or to real collision data that have been corrected to this 
level. Particle level refers to simulated data with physics objects that 
are built only from the stable particles that remain after the decay of 
the particles that exist at parton level, that is, particles that live long 
enough to interact with the detector, or to real data that have been 
corrected to this level. This measurement relies on the selection and 
reconstruction of muons, electrons, quarks and gluons as hadronic 
jets, neutrinos as missing transverse momentum (pT

miss), W bosons and 
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Entanglement marker D
Statistical mixture 
anti-parallel in z, but uncorrelated along x, y
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Spin correlation does not necessarily imply quantum entanglement

Angular distribution of the two charged leptons
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defined with m > 500 GeVtt . Each of the regions has a tt -event purity 
of more than 90%. The dominant sources of background processes 
arise from tW and fake-lepton, accounting for 56% and 27% of the back-
ground in the signal region, respectively. The remaining 17% of back-
ground events arise from tt X+  and the production of dileptonic events 
from either one or two massive gauge bosons. The distribution of cos φ 
in the signal region and the detector-level Ddetector value, built from the 
cos φ at the reconstructed detector level and after background subtrac-
tion, are shown in Fig. 1a,b.

To compare the data with calculations and correct for detector 
effects, we must also define an event selection using the ‘truth’ informa-
tion in the Monte Carlo event record. This selection uses particle-level 
objects to match as closely as possible the selection at the detector 

level and is called a fiducial particle-level selection. Particle-level 
events are required to contain exactly one electron and one muon 
with opposite-sign electric charges and at least two particle-level jets, 
one of which must contain a b-hadron. The cos φ distribution is then 
constructed from the particle-level top quarks and charged leptons in 
the same manner as at the detector level.

The response of the detector, the event selections and the top-quark 
reconstruction distort the shape of the cos φ distribution. The observed 
distribution is corrected for these effects with a simple method: a 
simulation-based calibration curve that connects any value at the detec-
tor level to the corresponding value at the particle level. We correct 
the data for detector effects by using a unique calibration curve built 
for each signal and validation region based on the expected signal 
model, after subtracting the expected contribution from background 
processes. Owing to the limited resolution of the reconstructed mass 
of the tt  system, some events that truly belong to the validation regions 
can enter the signal region at the detector level. These events are treated 
as detector effects.

To build these curves, Monte Carlo event samples are created with 
alternative values of D by reweighting the events, following the proce-
dure described in the section ‘Reweighting the cos φ distribution’. The 
calibration curve corrects the value Ddetector measured at the detector 
level to a corresponding value Dparticle at the particle level. To construct 
the calibration curve, several hypotheses for different values of D, 
denoted by D′particle with a corresponding D′detector  value, are created 
corresponding to the changes in the expected value of entanglement.

The pairs of D′detector and D′particle are plotted in Fig. 2a. A straight line 
interpolates between the points. With this calibration curve, any value 
for Ddetector can be calibrated to the particle level.

Three categories of uncertainties are included in the calibration 
curves: uncertainties in modelling tt  production and decay, uncertain-
ties in modelling the backgrounds and detector-related uncertainties 
for both the tt  signal and the standard model background processes. 
Each source of systematic uncertainty can result in a different calibra-
tion curve because it changes the shape of the cos φ distribution at the 
particle level and/or detector level. For each source of systematic 
uncertainty, the data are corrected using this new calibration curve, 
and the resultant deviation from the data corrected by the nominal 
curve is taken as the systematic uncertainty of the data due to that 
source. Systematic uncertainties from all sources are summed in quad-
rature to determine the final uncertainty in the result.

For all of the detector-related uncertainties, the particle-level quan-
tity is not affected and only detector-level values change. For signal 
modelling uncertainties, the effects at the particle level propagate to 
the detector level, resulting in shifts in both. Uncertainties in modelling 
the background processes affect how much background is subtracted 
from the expected or observed data and can, therefore, cause changes 
in the calibration curve. These uncertainties are treated as fully corre-
lated between the signal and background (that is, if a source of system-
atic uncertainty is expected to affect both the signal and background 
processes, this is estimated simultaneously and not separately).

A summary of the different sources of systematic uncertainty and 
their impact on the result is given in Table 1. The size of each systematic 
uncertainty depends on the value of D and is given in Table 1 for the 
standard model prediction, calculated with POWHEG + PYTHIA. The 
systematic uncertainties considered in the analysis are described in 
detail in the section ‘Systematic uncertainties’.

To compare the particle-level result with the parton-level entangle-
ment limit D < −1/3, the limit must be folded to the particle level.  
A second calibration curve is constructed to relate the value of Dparton 
to the corresponding Dparticle. The definitions of parton-level top quarks 
and leptons in the Monte Carlo generator follow ref. 24 and correspond 
approximately to those of stable top quarks and leptons in a fixed-order 
calculation. Only systematic uncertainties related to the modelling of 
the tt  production and decay process are considered while building this 
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Fig. 2 | Summary of results. a, Calibration curve for the dependence between 
the particle-level value of D and the detector-level value of D in the signal 
region. The yellow band represents the statistical uncertainty, and the grey 
band represents the total uncertainty obtained by adding the statistical and 
systematic uncertainties in quadrature. The measured values and expected 
values from POWHEG + PYTHIA 8 (hvq) are marked with black and red circles, 
respectively, and the entanglement limit is shown as a dashed line. b, The 
particle-level D results in the signal and validation regions compared with 
various Monte Carlo models. The entanglement limit shown is a conversion 
from its parton-level value of D = −1/3 to the corresponding value at the 
particle level, and the uncertainties that are considered for the band are 
described in the text.
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D = →3↑q̂ω+ · q̂ω→↓

D= -0.537 ± 0.002(stat) ± 0.019(syst)　< -1/3 
for 340 <mtt< 380 GeV-

The measured spin correlation exceeds the separable-state limit  
by more than 5σ, providing evidence of quantum entanglement

The model predictions include spin entanglement  
arising from QCD top-quark pair production
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C(q) = 1± �e�q2R2

＋ for bosons, ー for fermions 
due to (anti)symmetrization of wave-function 

Padula, BJP35 (2004)

72 Brazilian Journal of Physics, vol. 35, no. 1, March, 2005

by the same source is negligible, we would be forced to con-
clude that only possible solution to this problem that would
satisfy this criterium is that the average over phases is null,
in the case of observation by a single detector. We see then
that Pi(ki) = 1 in this case and then the result on Eq.(5)
follows.

Already from the very simple example discussed above,
se can see that, in the case of two identical bosons (fermi-
ons), we expect to see that C(q = k1 ° k2 = 0) = 2 (0)
for completely chaotic sources. On the contrary, in the case
of total coherence C(q = k1 ° k2) = 1 for all values of the
momentum difference. For large values of their relative mo-
menta, however, the correlation function should tend to one,
which is clearly not the case in Eq. (5). But this is merely
the consequence of considering an oversimplified example
of only two point sources.

1.4 Extended sources

More generally, for extended sources in space and time, if
Ω(x) is the normalized space-time distribution, we have

P2(k1, k2) =

= P1(k1)P1(k2)
Z

d4x1

Z
d4x2 |A(k1, k2)|2Ω(x1)Ω(x2)

= P1(k1)P1(k2)[1 ± |Ω̃(q)|2], (7)

where

Ω̃(q) =
Z

d4x eiq
µ

xµΩ(x) (8)

is the Fourier transform of Ω(x). Conventionally, we denote
the 4-momentum difference of the pair by qµ = (kµ

1 ° kµ

2 ),
and its average by Kµ = 1

2 (kµ

1 + kµ

2 ).
Then, the two-particle correlation function can be writ-

ten as

C(k1, k2) =
P2(k1, k2)

P1(k1)P1(k2)
= 1 ± ∏ |Ω̃(q)|2. (9)

In Eq.(9) we added, as historically done, the parame-
ter ∏, later called incoherence or chaoticity parameter.
This was introduced by Deutschmann et al.[6], in 1978, as
a means for reducing systematic errors in the experimental
fits of the correlation function. The origin of the large sys-
tematic errors was the Gaussian fit. The reason was that the
experimentalists tried to fit the data points with Gaussian
functions whose maxima in q = 0 were 2, although the data
never reached that maximum value. This led to discrepan-
cies and to large systematic errors. The easiest way out of
this apparent inconsistency was to add a fit parameter, ∏,
thus reducing the systematic errors by the introduction of
this extra degree of freedom.
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Figure 4. Simple illustration corresponding to the ideal Gaussian
source. The upper curve represents to the bosonic case, while the
lower curve, the fermionic one. The parameter R is the r.m.s. ra-
dius of the emitting region.

To illustrate the correlation function as written in Eq.(9)
with a simple analytical example, let us consider the
Gaussian profile, i.e.,

Ω(x) = e°x
µ

xµ/(2R)2
°! Ω(q) = e°q

2
R

2
/2 . (10)

Consequently, in this very simple example, a typical corre-
lation function is written as

C(k1, k2) = 1 ± ∏ e°q
2
R

2
. (11)

In equation (11), as we denoted before, the plus sign
refers to the bosonic case, and the minus sign to the fermi-
onic one. We easily see that, in this simple example, we
would expect experimental ideal HBT data to behave as
sketched in Fig. 4, where the upper part refers to bosons and
the lower one, to fermions. We see that, in the two-boson
(two-fermion) case, there is an enhancement (depletion) of
the correlation function in the region where the relative mo-
menta of the pair are small. In both cases of this simple
example, the typical size of the emission region corresponds
to the inverse width of the C(k1, k2) curve, plotted as a func-
tion of q = k1 ° k2.

Returning to the discussion of the fit parameter ∏, I
would like to point out that there is a very simple explanation
to reconcile this apparent inconsistency, without the need to
introduce this extra degree of freedom. Limited statistics
is behind it, since it is virtually impossible to measure two
identical particles with exactly the same momenta. This led
the experimentalists to split the momenta of the particles in
small bins. In more recent times, these bins can be projected
in two or more dimensions. For instance, along the income
beam direction in fixed target heavy ion collisions (qL), and
in the direction transverse to it (qT ). Good quality data al-
low the experimentalists to consider very small bin sizes.
Nevertheless, their range is finite. Being so, when the corre-
lation function is projected along, say, the qT direction, the
smallest value of qL is not zero, but within the first (smaller)
bin size, in case of high enough statistics. Consequently,
we immediately see that the correlation function plotted as
a function of qT , will not reach the maximum (minimum)

q
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C(q) =

Z
S(r)| (r, q)|d3r

Femtoscopy: two-particle momentum correlations
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C(q) = 1± |S̃(q)|2

= 1± e�q2R2

! 1± �e�q2R2

S(r): source function 
Ψ(r): two-particle wave function 
r: relative distance 
q: relative momentum 
R: Gaussian source size

assume Gaussian source->

Bose-Einstein or Fermi-Dirac statistical effects

＊without final-state interactions
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”HBT” correlations
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STAR preliminary p+p
R ~ 1 fm
d+Au
R ~ 2 fm

Au+Au
R ~ 6 fm

Pion HBT correlations in three systems 
The width of C(q) is proportional to the inverse of source size R
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C(q) = 1± �e�q2R2
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Spin correlations as a femtoscopic probe
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C(q) =

Z
S(r)| (r, q)|d3r

S(r): source function 
Ψ(r): two-particle wave function 
r: relative distance 
q: relative momentum 
R: Gaussian source size

Final-state interactions, e.g. 
Coulomb, strong interaction, are also included

Therefore, recently the femtoscopy has been actively used to  
study hadron-hadron interactions
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C(q) =

Z
S(r)| (r, q)|d3r

S(r): source function 
Ψ(r): two-particle wave function 
r: relative distance 
q: relative momentum 
R: Gaussian source size

Final-state interactions, e.g. 
Coulomb, strong interaction, are also included

Therefore, recently the femtoscopy has been actively used to  
study hadron-hadron interactions

5

Identical pairs:  
- Quantum Statistics- QS   
- Final State Interactions- FSI: Coulomb, Strong 

Non-identical pairs: 
- Final State Interactions- FSI: Coulomb, Strong 

Two-particle correlations 
 

 - space-time sizes (and dynamics)  
(can not be measured directly)  

Close velocity correlations  
(HBT + FSI)  

 - momenta and momentum difference  
(can be measured directly) 

Single- and two-particle distributions: 

 

 

 

The correlation function: 
    

            

x1, x2
→

p1, p2

P1(p) = E
dN
d3p

= ∫ d4xS(x, p)

P2(p1, p2) = E1E2
dN

d3p1d3p2

P2(p1, p2) = ∫ d4x1S(x1, p1)d4x2S(x2, p2)Φ(x2, p2 |x1, p1)

C(p1, p2) = P2(p1, p2)
P1(p1)P1(p2)

UrQMD

UrQMD

H. Zbroszczyk, Zymanyi School (2021)

(repulsive) Coulomb interaction →

Fermi-Dirac statistical effect →

Attractive interaction at intermediate distance →
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Spin correlations as a femtoscopic probe
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C(q) =

Z
S(r)| (r, q)|d3r

S(r): source function 
Ψ(r): two-particle wave function 
r: relative distance 
q: relative momentum 
R: Gaussian source size

Final-state interactions, e.g. 
Coulomb, strong interaction, are also included

Therefore, recently the femtoscopy has been actively used to  
study hadron-hadron interactions
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C(q) = 1 + ω
∑

S

psεse
→q2R2

εs = (→1)S (fermion)

εs = 1 (spin–0 boson)

ps: population fraction of spin state S

Conventional femtoscopic measurements are spin-averaged. 
Spin-resolved femtoscopic correlation functions have yet to be measured. 
For certain particle pairs (e.g. hyperons), spin-decomposition of hadron interaction is possible

Alexander and Lipkin, PLB352(1995)162 
Lyuboshitz and Lyuboshitz, Phys.Atom.Nucl.73, 805 (2010)
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Spin decomposition of ΛΛ pairs
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OPAL Collaboration, PLB384(1996)377
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e+e→ → Z0 → qq̄ → !!,!!̄, !̄!̄+X

LEP e+e- collisions at √s = 91 GeV

<latexit sha1_base64="ARjvRPtqHGcXiOh5gPfcgCxWqVk="></latexit>

dN

d cos ω12
= (1→ ε)

dN

d cos ω12

∣∣∣∣
S=0

+ ε
dN

d cos ω12

∣∣∣∣
S=1

θ12: angle btw daughter proton and antiproton in their parent rest frame 
ε: fraction of S=1 state

fit function:
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!!̄ :
dN

d cos ω12

∣∣∣∣
S=0

= 1 + ε2 cos ω12,
dN

d cos ω12

∣∣∣∣
S=1

= 1→ ε2

3
cos ω12

!!(!̄!̄) :
dN

d cos ω12

∣∣∣∣
S=0

= 1→ ε2 cos ω12,
dN

d cos ω12

∣∣∣∣
S=1

= 1 +
ε2

3
cos ω12

Spin-resolved femtoscopy can provide constraints on  
spin-dependent interactions

- ΛΛ: An indication of a suppressed spin-triplet fraction  
at low relative momentum, consistent with Pauli exclusion 
- ΛΛ: ε~0.75, consistent with statistical spin mixture−
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Summary of day-5

Spin-spin correlations 
Weak-decays of hyperons allow us to measure the correlation between particle pairs 

STAR observed a positive ΛΛ spin correlation at small pair separation in 200 GeV pp collisions, 
while preliminary CMS results show different behavior at LHC energies 

Spin correlations offer new probes of the QCD vacuum, hadronization and the vortical structure of 
the QGP. 

Quantum entanglement and femtoscopy 
Entanglement has been observed in top-quark pairs at the LHC  

- Spin correlation does not necessarily imply quantum entanglement 

Spin-resolved femtoscopy could provide new constraints on spin-dependent hadron–hadron 
interactions
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Summary of 5-day lectures
Day-1: The birth of spin physics  
From Stern–Gerlach to parity violation: spin as a fundamental quantum property and weak 
decay as a spin analyzer 

Day-2: Nucleon spin structure and transverse spin 
Global and local hyperon polarization as probes of QGP vorticity and spin dynamics 

Day-3: Spin polarization in heavy-ion collisions (1) 
DIS, the proton spin puzzle, gluon and sea-quark polarization, and transverse spin 
phenomena 

Day-4: Spin polarization in heavy-ion collisions (2) 
Vector-meson spin alignment and its sensitivity to quark–antiquark spin correlations 

Day-5: Spin correlations and future directions 
Hyperon spin correlations, quantum entanglement and spin-resolved femtoscopy
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Spin provides a unique probe of hadron structure and QCD matter,  
from individual quarks to the collective dynamics of the QGP


