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Measuring spin correlation between quarks 
during QCD confinement

STAR Collaboration*

The vacuum is now understood to have a rich and complex structure, characterized  
by fluctuating energy fields1 and a condensate of virtual quark–antiquark pairs.  
The spontaneous breaking of the approximate chiral symmetry2, signalled by the 
nonvanishing quark condensate qq⟨ ⟩, is dynamically generated through topologically 
nontrivial gauge configurations such as instantons3. The precise mechanism linking 
the chiral symmetry breaking to the mass generation associated with quark 
confinement4 remains a profound open question in quantum chromodynamics 
(QCD)—the fundamental theory of strong interaction. High-energy proton–proton 
collisions could liberate virtual quark–antiquark pairs from the vacuum that 
subsequently undergo confinement to form hadrons, whose properties could serve  
as probes into QCD confinement and the quark condensate. Here we report evidence 
of spin correlations in ΛΛ hyperon pairs inherited from spin-correlated strange 
quark–antiquark virtual pairs. Measurements by the STAR experiment at the 
Relativistic Heavy Ion Collider (RHIC) at Brookhaven National Laboratory reveal a 
relative polarization signal of (18 ± 4)% that links the virtual spin-correlated quark 
pairs from the QCD vacuum to their final-state hadron counterparts. Crucially,  
this correlation vanishes when the hyperon pairs are widely separated in angle, 
consistent with the decoherence of the quantum system. Our findings provide a new 
experimental model for exploring the dynamics and interplay of quark confinement 
and entanglement.

In our observable universe, hadrons, such as protons and neutrons, 
are among the fundamental building blocks of matter that form the 
physical world. Hadrons are not fundamental particles but composite 
systems made up of quarks and gluons, collectively referred to as par-
tons. One of nature’s most profound phenomena is that partons cannot 
exist as free particles. Instead, the strong force confines partons into 
hadrons—a phenomenon known as confinement4.

More rigorously, confinement arises from the disordering of gauge 
fields at large distances, such that vacuum fluctuations of the chro-
modynamic fields confine colour flux into narrow tubes. Simply put, 
this mechanism produces a linearly rising potential between static 
quarks and ensures the absence of coloured asymptotic states. This 
can be essentially illustrated as pulling two quarks apart to a cer-
tain distance at which, instead of breaking the quarks, more quarks  
are created.

The Higgs boson, discovered in 2012 at the Large Hadron Col-
lider5,6, was the final missing piece of the Standard Model7 and helps 
to explain the origin of mass for fundamental particles such as quarks 
and leptons. Notably, light quarks by themselves have masses of only 
several MeV c−2, yet protons and neutrons—each composed of just 
three valence quarks (up and down) bound by massless gluons—have 
masses on the order of 1 GeV c−2, making them about 150 times more 
massive. Where does most of the hadron mass come from? Similarly, 
the spin structure of the proton presents another puzzle: experi-
mental measurements indicate that quark contributions account 

for only about 35% of the total proton spin8, in strong contrast to the 
expectation from the SU(6) quark model9, which predicts that 100% 
of the spin arises from valence quarks. The fundamental question 
is to understand the origin of these emergent hadron structures, 
for example, mass and spin, which arise as a consequence of quark  
confinement.

QCD10, the theory of strong interactions, exhibits asymptotic free-
dom in which partons interact weakly in short distances. The absence 
of such asymptotic states at large distances, for example, the length 
scale of a hadron approximately 1 fm (10−15 m), leads to the quark 
confinement. To understand this, however, the complexity of first-
principles QCD calculations becomes difficult to solve numerically at 
present computational power, owing to the nature of low-energy self- 
interacting gluons. This challenging regime, in which simple approxi-
mations no longer work, is called nonperturbative QCD. Therefore, 
the detailed mechanisms through which confinement occurs from 
partons to hadrons, and how it manifests itself in hadron structure, 
remain unresolved puzzles11.

Analysis method
We introduce a new experimental approach to investigate quark con-
finement by studying parton evolution and the transition of virtual 
quarks from the QCD vacuum to final-state hadrons. Similar to the 
Higgs mechanism, chiral symmetry is spontaneously broken in the 
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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 < 2π. (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, Δy, and azimuthal angle, Δϕ, 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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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 (|Δy| < 0.5 and |Δϕ| < π/3) and long-range (0.5 < |Δy| < 2.0 
and/or π/3 < |Δϕ| < 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 ϕΔ = Δ + Δ2 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 Σ0 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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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 ΔR. 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 ΔR but a correlation 
consistent with zero at large ΔR. 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 (|Δϕ| < π/3, |Δy| > 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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large transverse polarization has been observed in Λ production but 
not Λ production39.

Spin transfer
This experimental approach provides valuable insights into spin- 
transfer measurements carried out in the past40–43 to measure the quark 
helicity and transversity distributions (how much of the longitudinal 
and transverse polarization of the proton propagates to its quarks, 
respectively). For more information about these distributions, see 
ref. 44.

Orbital angular momentum
Owing to quantum numbers of the vacuum, the orbital angular momen-
tum state L = 1 is expected for the ss  pairs. From the final-state hyperons, 
we can measure the momentum distribution in the centre-of-mass 
frame of the pair, for which the scenarios of L = 0 and L = 1 would exhibit 
different momentum dependence9. This is of great interest for future 
measurements and may link to the problem of quark orbital angular 
momentum inside the proton.

Quantum decoherence
We find that the kinematic dependence of the ΛΛ spin correlations 
may reveal quantum decoherence effects in the p + p collision system. 
We know that there is entanglement from top quark pairs45,46. In this 
case, the initial state ss  pairs could be in a mixed triplet state, which 
may require a general PPT test that goes beyond just measuring the 
relative polarization, to perform the entanglement measure. Nonethe-
less, using pairs measured after hadronization and going from 
short-range to long-range pairs, the relative reduction in spin correla-
tion may be sensitive to quantum decoherence effect from the initial 
states. Similarly, according to ref. 22, building on Tornqvist’s work23,24, 
this could test Bell’s inequality and pair nonlocality to study QCD string 
spin dynamics. This leads a new model for exploring hadronization in 
the context of quantum information science and the quantum-to- 
classical transitions47.

Chiral symmetry restoration
At high temperatures, QCD matter—such as the quark–gluon plasma—
is expected to undergo chiral symmetry restoration owing to the disap-
pearance of the quark condensate. However, experimental evidence 
for this phenomenon in heavy-ion collisions remains inconclusive48–54. 
The observation of a distinct ΛΛ spin correlation, particularly in spin 
singlet states (for example, 1S0)16, could serve as a new experimental 
probe for investigating quark–gluon plasma dynamics.

Among future opportunities, one of the most important steps in 
further understanding the QCD evolution from parton spins to hadron 
spins is the experimental control of the quark–antiquark spin con-
figuration and its origins. As discussed earlier, the low transverse 
momentum region is sensitive to the chiral condensate in the QCD 
vacuum, in which ss  pairs are expected to be 100% spin aligned. How-
ever, as the Λ momentum increases, the gluon splitting process, g ss→ , 
becomes more important. This momentum dependence will be of 
great interest in the future. Experimental measurements can further 
constrain these scenarios to higher Λ hyperon momentum, to Λ as a 
fragment of a high-momentum parton (called jet) or to higher rapidi-
ties and/or centre-of-mass energies. Also, momentum correlation 
function studies55–57 in conjunction with spin correlations (this work) 
between Λ hyperons (or with other hyperons) can be carried out to 
explore hadronic final-state interactions, especially in heavy-ion col-
lisions. All of the above directions are promising possibilities in the 
STAR experiment.

Summary
We present the first evidence for spin correlations with Λ hyperon pairs 
in high-energy p + p collisions at RHIC, measured across different kin-
ematic regimes. Notably, among all possible combinations of Λ hyperon 
pairs, short-range ΛΛ pairs exhibit a near-maximal expected relative 
polarization, P = 0.181 ± 0.035 ± 0.022ΛΛ stat sys, with a significance of  
4.4 standard deviations. As separation of the pair increases, the spin 
correlation decreases substantially, probably because of quantum 
decoherence or other interaction mechanisms. By examining the QCD 
evolution of a strange quark–antiquark pair that is expected to be spin 
aligned from the vacuum condensate, this new hadron-level measure-
ment provides insights into the underlying mechanisms of QCD con-
finement. The observation of this relative polarization, alongside the 
methodology established for spin correlation measurements of 
hyperon pairs, paves the way for a transformative approach to under-
standing the complex dynamics of QCD.
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Article
Methods

Reconstruction of Λ hyperons
For reconstruction of Λ hyperons, the first step of the analysis is selec-
tion of pure samples of π+, π−, p and p. The charged tracks are selected 
on the basis of their kinematics—transverse momentum p p p= +T x

2
y
2 

and pseudorapidity η ≡ −ln(tan(ϑ/2))—in which ϑ is the angle between 
the particle momentum and the positive direction of the proton beam 
(z axis), and their number of hit points inside the TPC (Nhits,TPC, Nmax,TPC). 
These charged tracks are then identified on the basis of their energy 
loss in the TPC gas by limiting the nσ variable, which quantifies the 
difference between the measured energy loss and the expected energy 
loss for the hypothesized particle type. The selected proton and pion 
candidates are then paired and the pair topology is constrained to 
identify Λ and Λ hyperon candidates.

The full selections on Λ reconstruction are summarized in Extended 
Data Table 1. Six topological selection variables are defined as fol-
lows: DCAp, DCAπ, distance of the closest approach of the proton  
or pion track to the primary vertex; DCApair, distance of the closest 
approach of the proton and pion tracks; DCAΛ, distance of the closest 
approach of Λ candidate to the primary vertex; Ldec, reconstructed decay 
length of the hyperon candidate; cosθ, cosine of the pointing angle θ, 
in which θ is measured between the reconstructed momentum and the 
vector connecting the primary vertex to the decay point.

Last, the KS
0 candidates are reconstructed using a similar topological 

method. For details, see refs. 40,58.

Λ pairs signal extraction
To extract the signal of Λ candidates, two sets of distributions are filled 
for each of the Λ hyperon pairs.

First, an invariant mass, Minv, distribution that includes an unlike-sign 
(US) pπ pair matched with a different US pπ pair from the same event 
is obtained. An example of this distribution for ΛΛ pair candidates is 
shown in Extended Data Fig. 1. The US–US Minv distribution has three 
components: (1) the main peak, in which two pairs of pπ decayed from 
two Λ particles from the same event; (2) two ridges that correspond to 
a pπ pair from a Λ decay paired with a combinatorial background pair; 
(3) a continuum that originates from a combinatorial background pπ 
pair matched to a different background pπ pair.

Second, a Minv distribution is constructed by a US pπ pair and a 
like-sign (LS) pπ pair. The US–LS mass distribution is to estimate the 
two background contributions. It is then subtracted from the US–US 
distribution, leaving an Minv distribution containing only the Λ hyperon 
candidates. The subtracted Minv distribution is subsequently fitted with 
a 2D Gaussian function. Only pairs within ±2σ around the mean are 
selected for further analysis. The same selection procedure is repeated 
for KS

0 mesons. All of the aforementioned distributions are constructed 
using four distinct particles.

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 momentum ⟨pT⟩ of the recon-
structed Λ hyperons is 1.35 GeV c−1 (for KS

0 mesons, it is 1.14 GeV c−1). 
Further in the analysis, the selected pairs are divided into groups based 
on their relative kinematics (Δϕ and Δy). The numbers of selected sig-
nal hyperon pairs is summarized in Extended Data Table 2. The signal-
to-background ratios (S/B) of the selected hyperon pairs do not heavily 
depend on this relative kinematics and are in the range S B7 < / < 8ΛΛ   
for ΛΛ pairs and in the range 3 < S/BΛΛ < 4 for both ΛΛ and ΛΛ pairs.

ME correction
Before the correlation signal can be extracted, the raw dN/dcosθ*  
distributions have to be corrected for detector acceptance loss and 
inefficiency. The dominant detector effect originates from the low- 
momentum cut-off on pion pT. The correction is performed using the 
ME technique for all dN/dcosθ* distributions, in which the basic 

assumption is that all detector effects relevant for the dN/dcosθ* shape 
affect both the same-event (SE) and the ME in the same way. The ME 
pairs are defined analogously to the SE distributions, except each Λ  
(Λ) in the pair originates from two different events. For example, for 
one ΛΛ SE pair, we use the Λ particle as a reference and loop over other 
events that have a Λ particle. (We also perform the reverse by using the 
Λ particle as reference). The ME pairs are selected such that their rela-
tive kinematics matches the SE pairs (|ΔpT| < 0.1 GeV c−1, |Δϕ| < 0.1 and 
|Δy| < 0.1). This is essential in describing the detector effect because 
the relative kinematics of the SE hyperon pairs dictates the magnitude 
of the acceptance effect. To not create a bias that some SE pairs will 
find more ME counterparts than others owing to the relative kinematic 
selections, the ME pairs are weighted by the inverse of the number of 
times each SE pair is used.

After mixing particles (Λ or KS
0) from different events, the ME distri-

bution of dN/dcosθ* can be used to apply as a correction to the SE dis-
tribution. First, the ME distributions are normalized to the same 
number of pairs as the SE. Then the SE distribution is divided by the 
ME distribution and the resulting, corrected, distribution is rescaled 
to the same statistics as the original, uncorrected, SE distribution.

This acceptance correction method was verified using simulated 
minimum-bias p + p collisions at s = 200 GeV  generated by the 
PYTHIA 8.3 event generator in the default tune. This closure test was 
performed both for default PYTHIA 8.3, with no expected spin–spin 
correlation, as well as for PYTHIA 8.3 with an artificially introduced 
signal. The result was used as an estimate of the systematic uncertainty 
of the ME technique, discussed in the ‘Systematic uncertainty’ section.

Extracting spin correlation signal
After correcting the detector effects, the corrected dN/dcosθ* distribu-
tions are fitted by equation (1) and the polarization parameter PΛ Λ1 2

 is 
extracted. The quality of the fits was checked by calculating χ2/NDF 
(NDF is number of degrees of freedom of the fit). The resulting fits all 
have similar χ2/NDF values, with an average of χ2/NDF = 0.7 over all 
performed fits. The total and background-only dN/dcosθ* distributions 
provide the spin correlation for a mixture of signal + background (PS+B) 
and the background only (PB), respectively. The signal polarization (PS) 
is obtained by using the relation:

P f P f P= × + (1 − ) × , (2)S+B s S s B

in which fs and 1 − fs are the signal and background fractions, respec-
tively. All background contributions PB were found to be consistent 
with zero. The same analysis procedure is performed for K KS

0
S
0 pairs.

Systematic uncertainty
Different sources of systematic uncertainty on the spin correlation of 
Λ hyperon and KS

0 pairs are considered. The low pT cut-off on the pion 
momentum selection is varied from pT > 150 MeV c−1 to pT > 170 MeV c−1, 
which results in an absolute systematic uncertainty of 0.010 in the 
extracted signal of PΛ Λ1 2

. The systematic variation of the topological 
selection of the secondary vertex is modified from the default values 
DCApair < 1.0 cm, 2 cm < Ldec < 25 cm and cosθ > 0.996 to DCApair < 0.9 cm, 
3 cm < Ldec < 25 cm and cosθ > 0.997. This leads to an absolute uncertainty 
of 0.013 in PΛ Λ1 2

. Similarly, daughter topological selection was varied 
from DCAp > 0.1 cm and DCAπ > 0.3 cm to DCAp > 0.2 cm and DCAπ >  
0.4 cm, which gives an absolute systematic uncertainty of 0.001. The 
last selection criteria variation was done for DCAΛ from the analysis 
value of DCAΛ < 1.0 cm to DCAΛ < 0.8 cm and DCAΛ < 1.2 cm, which gives 
an absolute systematic uncertainty of 0.004. Another systematic uncer-
tainty source comes from the ME correction for the detector effect. This 
is performed on the basis of a MC simulation using the PYTHIA 8.3 model. 
The ME-corrected PΛ Λ1 2

 in PYTHIA 8.3, expected to be zero as there is 
no genuine spin correlation in the MC model, is checked against the null 
expectation. A residual polarization value of 0.014 is observed after the 



ME correction, which is quoted as an absolute uncertainty. Finally, the 
uncertainties in the quoted values of the weak decay constants are 
propagated to the final results. The total systematic uncertainty is 
obtained by adding individual uncertainty sources in quadrature.

Calculations of the SU(6) and Burkardt–Jaffe models
On the basis of p + p events at s = 200 GeV generated using PYTHIA 
8.2, filtered through the STAR detector simulation, we obtain the com-
position of all Λ particles in terms of primary Λs and their feed-down 
contributions. The dominant feed-down contribution is from Σ0, which 
rapidly decays into Λ + γ. With this information, we make a total of six 
categories of Λ hyperon pairs, shown in Extended Data Fig. 2. The plot-
ted percentage is the relative fraction of the total number of ΛΛ pairs 
that are predicted by the simulation.

We then calculate the maximum expected ΛΛ pair spin–spin cor-
relation using the relative contributions from Extended Data Fig. 2 and 
the expected single Λ hyperon’s polarizations based on the SU(6) and 
Burkardt–Jaffe models27. The single Λ hyperon polarization, depending 
on its parent, is summarized in Extended Data Table 3. To simplify the 
calculations, except for Σ0, other feed-down contributions are roughly 
57% and −37% for the SU(6) quark model and the Burkardt–Jaffe model, 
respectively. The maximum expected pair spin–spin correlation, based 
on these two models, is then calculated according to the following 
formula:

∑P R P P=
1
3

× , (3)
i

iΛΛ,SU(6)/BJ Λ,SU(6)/BJ Λ,SU(6)/BJ

in which Ri are the relative feed-down contributions of the ΛΛ pairs and 
PΛ,SU(6)/BJ and P Λ,SU(6)/BJ are the corresponding single Λ polarizations 
from Extended Data Table 3. The factor 1/3 comes from the maximum 
relative spin polarization given our experimental method24. We also 
assign an uncertainty on these values, which comes from the composi-
tion of different feed-down contributions in different kinematic 
regions. In this way, we have estimated the maximum expected spin–
spin correlation from the SU(6) to be:

P = 0.096 ± 0.004, (4)ΛΛ,SU(6)

and similarly for the Burkardt–Jaffe model:

P = 0.015 ± 0.002. (5)ΛΛ,BJ

Also, we should note that the PYTHIA 8 MC model generally describes 
the hyperon productions in proton–proton collisions, whereas the 

specific intrinsic uncertainty on the feed-down estimate is unknown 
and thus not considered here.

Data availability
All raw data for this study were collected using the STAR detector at 
Brookhaven National Laboratory and are not available to the public. 
Derived data supporting the findings of this study are publicly available 
in the HEPData repository (https://www.hepdata.net/record/159491) 
or from the corresponding author on request.

Code availability
The codes to process raw data collected by the STAR detector are pub-
licly available on GitHub (https://github.com/star-bnl). The codes to 
analyse the produced data are not publicly available.
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Article

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.



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).
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Extended Data Table 1 |  Selection criteria for Λ and Λ 
hyperons. Reconstruction relies on track quality, proton  
and pion identification in the TPC, and the characteristic  
Λ decay topology



Extended Data Table 2 | Counts of selected ΛΛ, ΛΛ  
and ΛΛ signal pairs. Both short-range and long-range  
pairs included in the analysis are listed



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.
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