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The vacuum s now understood to have arich and complex structure, characterized
by fluctuating energy fields' and a condensate of virtual quark-antiquark pairs.

The spontaneous breaking of the approximate chiral symmetry?, signalled by the
nonvanishing quark condensate{(gq7), is dynamically generated through topologically
nontrivial gauge configurations such asinstantons®. The precise mechanism linking

the chiral symmetry breaking to the mass generation associated with quark
confinement* 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 probesinto QCD confinement and the quark condensate. Here we report evidence
of spin correlations in AA hyperon pairs inherited from spin-correlated strange
quark-antiquark virtual pairs. Measurements by the STAR experiment at the
Relativistic Heavy lon 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 anew
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 phenomenais that partons cannot
exist as free particles. Instead, the strong force confines partons into
hadrons—a phenomenon known as confinement*.

Morerigorously, 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-
lider>®, was the final missing piece of the Standard Model” and helps
to explainthe origin of mass for fundamental particles such as quarks
and leptons. Notably, light quarks by themselves have masses of only
several MeV ¢, 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 ¢?, 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 spin®, in strong contrast to the
expectation from the SU(6) quark model®, 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.

QCD", the theory of strong interactions, exhibits asymptotic free-
dominwhich partonsinteract weakly in short distances. The absence
of such asymptotic states at large distances, for example, the length
scale of a hadron approximately 1fm (107 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, owingto 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 puzzles™.

Analysis method

Weintroduce 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

*A list of authors and their affiliations appears at the end of the paper.

Nature | Vol 650 | 5 February 2026 | 65


https://doi.org/10.1038/s41586-025-09920-0
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-025-09920-0&domain=pdf

Article

@ T @ A
O“ / )’, % Il A} —
g e H PoA
H oy T
[ <] L&Y
’____¢

STAR event display
p +p, Vs = 200 GeV

n P P

Fig.1|Exciting the vacuumin high-energy proton-proton collisions. lllustration of tracing the QCD evolution of the spin of astrange quark-antiquark pairtoa
AAhyperon pairand how it canbe measured by the STAR experiment at RHIC. See (1)-(5) in the text for details.

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

Owing to the quantum numbers of the vacuum, /= 0™, inwhich/, P
and Crepresent total angular momentum, parity and charge conjuga-
tion, respectively, a strong constraintisimposed on the spin configura-
tion of quark-antiquark pairs from the chiral condensate. As aresult,
these pairs are expected to have their spins parallel?in their rest frame,
which means that they arein 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 experimentaliindicationsin hadron spectroscopy™**and
lattice QCD calculations®”, 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, thatis, g > gq.
This process is expected to play a more substantial role in the high-
energy regime (also known as the perturbative regime)', 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 approachis as follows:

1. Protons are accelerated to 99.996% of the speed of light for colli-
sions that excite the QCD vacuum and liberate quark pairs from
the condensate.

2. Of these quark pairs, there are strange quark-antiquark (s3) pairs
with their spins parallel, that is, in spin-triplet states'>",

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 s§ pairs hadronize into A and A hyperon pairs, in which a
A hyperon has one strange (s), one up (z) and one down (d) quark.
(Thestructure of the A hyperon is similar but using the antiquarks).
The Ahyperonisaspin-1/2hadronwithalifetime of about10™s, for
which the spin polarization can be measured through the decay
kinematics and direction of the momentum vector of the daughter
particles’, that s, proton and pion. From the nonrelativistic SU(6)
quark model’, the spin of the A hyperonis 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
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can provide the spin polarization of the A and A hyperons, which
then allows determination of the hyperon pair spin correlation.
Anillustration of this approach is shown in Fig. 1.

This method makes use of the spin correlation of AA hyperon pairs
and compares them with their quark-level counterparts. At the moment
of s 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 Aand Ahyperons. Theinnova-
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-hadrontransitions, whichis chal-
lenging for first-principles QCD calculations to address. Tracing this
dynamicalloss of quantum coherence during hadronization represents
anew model for exploring QCD phenomena.

Experiment

This measurement is performed at the Solenoidal Tracker at RHIC
(STAR) detector®. 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
|7l <1.0 over the full azimuthal angle, O < ¢ < 2m. (Pseudorapidity is
akinematic variable related to the angle (6) between the particle’s
momentum and the positive beam axis as, n = -In(tan(6/2)). For
example, n =1corresponds to 8= 40°). The TPC also provides energy
loss per unit length (d£/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, AA, AA
and AA, are reported. The dataare measured in the two-particle sepa-
rationinrapidity, Ay, and azimuthal angle, Ag, respectively. Here rapid-
ity yis a variable that describes velocity along the beam direction
(y=1/2In((E + p,)/(E - p,))). Data from KK spin correlations and
simulations from the PYTHIA 8.3 Monte Carlo (MC) model® are com-
pared with the A measurement and used as a baseline reference.
No spin correlation is expected from either of them, as K are scalar
(spin-0) mesons and no A hyperon spin physics is included in the



PYTHIA 8.3 MC model. The signal extraction method for K2k pairs s
the same as for A 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. Atotal 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 Aand Ahyperons are reconstructed by means of their hadronic
decay A~ pt (A~ pr). The selection of AA, AA and AA pairs is done
onthebasis of a2D Gaussian fit to the 2D invariant mass (M,,,) distribu-
tions of the pmt pairs. Only A and A hyperon candidates that are at
mid-rapidity (|yl <1), with transverse momentum p; within 0.5 < p; <
5.0 GeV ¢!, areselected for the analysis. The average transverse momen-
tum (p;,) of reconstructed A hyperonsis 1.35 GeV ¢ ™.

On the basis of PYTHIA 8.2 (ref. 21) and STAR detector simulation,
only 11% of measured AA pairs contain primary Aand A hyperons. The
remaining 89% of the pairs have at least one A or A hyperon from the
decay of ahigher-mass particle. Theimpact 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 A pairs, the decay (anti)protons are boosted
into the rest frames of their parent particles and the opening angle
6* between the two boosted (anti)protons is determined. Such (anti)
proton pairs are expected to follow the angular distribution?*;

1 dN 1 "
NW = 5[1 + (XltXZPAlAZCOSG 1, )

inwhich P, 18 the spin correlation signal or the relative polarization
of the A hyperon pair and &, and a, are the weak decay parameters of
the A (a_=0.747 £ 0.009) or A (a, = -0.757 + 0.004) (ref. 7). For parallel
spins, we expect P, ,, =1/3, whereas for antiparallel spins P , =-1
and fornospincorrelation Py , =0.

The dN/dcosB* distributionis constructed for both the total hyperon
pairs, whichincludes signal and background, and the background-only
hyperon pairs. Before the signal can be extracted, the raw dN/dcos6*
distributions were corrected for detector acceptance loss and inef-
ficiency. The correction was performed using the mixed-event (ME)
technique for all dN/dcos@* distributions.

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

InFig. 2, the corrected dN/dcos6* signal distributions for AA, AAand
AA are shown. The top and bottom panels show the spin correlations
forshort-range (|Ay| < 0.5and |A¢| < 1/3) and long-range (0.5 <|Ay| < 2.0
and/or /3 <|A¢| <) A pairs, respectively. The lines are the linear fits
tothedataaccordingtoequation (1). Quality of the fits used for signal
extraction is discussed in Methods.

Figure 3 shows the A hyperon spin correlations, expressed in terms
ofthevalue ofPAlAz,for short-raEge (left) and long-range (right) pairs.
We found that the short-range AA pairs show a positive spin correlation
of P\z=0.181+0.035,,,+0.022,,, with a 4.4 standard deviation sig-
nificance with respect to zero. For details about the systematic uncer-
tainties, see Methods. The short-range AA and AA pairs and all
long-range pairs exhibit spin correlation consistent with zero. The
KK 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 A and Ain high-energy p + p collisions.
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Fig.2|Self-analysing A hyperons reveal polarization through decays.
dN/dcos8* distributions of decay (anti)protons for AA, AA and AA hyperon pairs
measured at mid-rapidity (|y| <1).a, Short-range pairs (|Ay| < 0.5and |Ag| < 1t/3).
b, Long-range pairs. Statistical uncertainties are denoted by the error bars. The
fitstothe datarepresented by lines are used to demonstrate the magnitude of
the spin-spin correlation.

The positive polarization of short-range AA pairs corresponds to a
parallel spin configuration®, for which this orientation of the spin is
expected from the chiral condensate (qq) # O (ref. 12). An alternative
scenario—gluons splitting into 5 pairs—has also been investigated.
Accordingto the PYTHIA 8.3 prediction, we found negligible contribu-
tions from this process for pairs within our measured momentumrange.
Furthermore, hadronic final-state interaction has been investigated
by means of afemtoscopic-type correlator®, 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 AR = ./Ay? + A¢?, increases,
thespin correlation of AAis found to be weaker, as shown in Fig. 4. Also,
we compare the results with model calculations in conjunction with
thefeed-down contributions of Asbased on prediction from PYTHIA 8.2
and STAR detector simulation.

Although the maximum relative polarization correlation of the
spin-parallel s§ pairis Py ,, = 1/3(ref. 24), with the feed-down contribu-
tions, for example, from 2°and other strange baryons, the correlation
for AA pairs is expected to be less than 1/3. The expected AA spin cor-
relation from the SU(6) modelis found tobe (9.6 + 0.4)% with our data
kinematicselections (Methods). The model calculation hasnointerac-
tionmechanism, so theresults only reflect the correlation on the had-
ron level assuming that the initial strange quark pairs are still 100%
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spinaligned. 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 AR. The Burkardt-Jaffe model predicts smaller
polarization? andis 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.

Ourresult shows alarge spin correlationat small ARbutacorrelation
consistent with zero at large AR. This suggests that: (1) within uncer-
tainties, the spin correlation of short-range AA pairs are at their maxi-
malvalues, consistent withinheriting100% from their s5 counterparts
atthe quarklevel; (2) decoherence effects from quark and gluoninter-
actions or several initial s§ 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) test?®*%, the
case of spin-triplet AAstates 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
interms of asingle correlation parameter, and the more general case
thatrequiresafull correlation-tensor analysis in the PPT framework.
Fromthe experimental side, extra careis 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
PS185at LEAR, in which spin-triplet states were observed in the exclu-
sive reaction pp > AA (refs. 30,31). This fixed-target experiment was
conducted with an antiproton beam at approximately 1.7 GeV ¢, fea-
turing kinematics that are very different from those in this study.
Moreover, the spin correlation was measured by means of aglobal axis,
that is, with respect to the production plane. At the present STAR
kinematics, global polarization is not expected®. This was verified by
measuring the spin-spin correlation of AApairs that are close in ¢ and
fariny (|A@| <1/3,|Ayl > 0.6). No spin-spin correlationis observed for
such pairs, with P\z=-0.012£0.073,,,+0.022,,, which indicates
that the observed spin-spin correlation for short-range AA pairs is not
aresult of correlation of A and A 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 Ill Collaboration, which used hyperon spin correlations to look for
CP symmetry violation signals in J/i decay®>*.
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and PYTHIA 8.3 predictions. Statistical uncertainties are denoted by the error
barsand the systematic uncertainties are represented by the shaded boxes.

Discussion and applications

QCD confinement and chiral symmetry breaking

In QCD, confinement and spontaneous chiral symmetry breaking are
rigorously defined phenomena**and our very existenceis, inasense, 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 aquark-antiquark pair asit evolves into hadrons, demon-
strating that most, if not all, of the original partonic spin polarizationis
preserved through hadronization. By using quark’sinitial spin correla-
tion, the new experimental approach may provide amore direct probe
ofthe 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 canberestored (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 A 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*, 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®*. Does the hyperon spin structure exhibita
different decomposition to that of protons? Inany scenario, the answer
will beimportant for understanding nonperturbative QCD.

Apolarization puzzle

One of the outstanding puzzles in nuclear and particle physics is the
large transverse A polarization in unpolarized collisions'®. Over the
past 50 years, the question ‘How does the A hyperon obtain its spin?’
has been extensively debated. See ref. 38 for further discussions. The
reported result provides a new experimental constraint to validate
bothinitial-state and final-state driven models, especially because the
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large transverse polarization has been observed in A production but
not Aproduction®.

Spin transfer

This experimental approach provides valuable insights into spin-
transfer measurements carried outin the past**~**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-
tumstate L = lisexpected for the s5 pairs. Fromthe 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 = 1would exhibit
different momentum dependence’. Thisis 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 AA spin correlations
may reveal quantum decoherence effectsinthe p + p collision system.
We know that there is entanglement from top quark pairs***¢. In this
case, the initial state s5 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 tolong-range pairs, the relative reduction in spin correla-
tion may be sensitive to quantum decoherence effect from the initial
states. Similarly, according toref. 22, building on Tornqvist’s work??*,
this could test Bell'sinequality and pair nonlocality to study QCD string
spin dynamics. This leads anew model for exploring hadronizationin
the context of quantum information science and the quantum-to-
classical transitions®.

Chiral symmetry restoration

Athigh temperatures, QCD matter—such as the quark-gluon plasma—
isexpected to undergo chiral symmetry restoration owing to the disap-
pearance of the quark condensate. However, experimental evidence
for this phenomenonin heavy-ion collisions remains inconclusive*®*,
The observation of a distinct AA spin correlation, particularly in spin
singlet states (for example, 'S,)*, 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 s5 pairs are expected to be 100% spin aligned. How-
ever,asthe Amomentum increases, the gluonsplitting 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 A hyperon momentum, toAasa
fragment of a high-momentum parton (called jet) or to higher rapidi-
ties and/or centre-of-mass energies. Also, momentum correlation
function studies® ™’ in conjunction with spin correlations (this work)
between A 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 A hyperon pairs
inhigh-energy p + p collisions at RHIC, measured across different kin-
ematic regimes. Notably,among all possible combinations of A hyperon
pairs, short-range AA pairs exhibit a near-maximal expected relative
polarization, P\z=0.181+0.035,,+0.022,, 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 thatis expected tobe 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 tounder-
standing the complex dynamics of QCD.
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Methods

Reconstruction of A hyperons

Forreconstruction of Ahyperons, the first step of the analysis is selec-
tion of puresamples of m*, ", pand p. The charged tracks are selected

onthebasis of their kinematics—transverse momentum p_ = W

and pseudorapidity n = -In(tan(8/2))—in which 8 is the angle between
the particle momentum and the positive direction of the protonbeam
(zaxis), and their number of hit pointsinside the TPC (N5 rpc, Nmaxpc)-
These charged tracks are then identified on the basis of their energy
loss in the TPC gas by limiting the no variable, which quantifies the
difference betweenthe 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 A and A hyperon candidates.

The full selections on A reconstructionare summarized in Extended
Data Table 1. Six topological selection variables are defined as fol-
lows: DCA,, DCA,, distance of the closest approach of the proton
or pion track to the primary vertex; DCA,,;,, distance of the closest
approach of the proton and pion tracks; DCA,, distance of the closest
approachof A candidateto the primary vertex; L., reconstructed decay
length of the hyperon candidate; cos6, cosine of the pointing angle 6,
inwhich fismeasured between the reconstructed momentumand the
vector connecting the primary vertex to the decay point.

Last, the K2 candidates are reconstructed using a similar topological
method. For details, see refs. 40,58.

A pairs signal extraction
Toextract the signal of A candidates, two sets of distributions are filled
for each of the A hyperon pairs.

First, aninvariant mass, M,,,, distribution thatincludes an unlike-sign
(US) pmt pair matched with a different US pmt pair from the same event
is obtained. An example of this distribution for AA pair candidates is
shown in Extended Data Fig. 1. The US-US M,,,, distribution has three
components: (1) the main peak, in which two pairs of prt decayed from
two A particles from the same event; (2) two ridges that correspond to
apm pairfroma A decay paired witha combinatorial background pair;
(3) a continuum that originates from a combinatorial background ptt
pair matched to a different background pt pair.

Second, a M,,, distribution is constructed by a US pm pair and a
like-sign (LS) pmt pair. The US-LS mass distribution is to estimate the
two background contributions. It is then subtracted from the US-US
distribution, leaving an M,,, distribution containing only the A hyperon
candidates. The subtracted M,,, distributionis subsequently fitted with
a 2D Gaussian function. Only pairs within +2g around the mean are
selected for further analysis. The same selection procedureisrepeated
for K2 mesons. All of the aforementioned distributions are constructed
using four distinct particles.

Only A and A hyperon candidates that are at mid-rapidity (ly| <1),
with transverse momentum p; within 0.5 < p; < 5.0 GeV c'are selected
for the analysis. The average transverse momentum {p;) of the recon-
structed A hyperons is 1.35 GeV ¢ (for K mesons, it is 1.14 GeV ¢ ™).
Furtherinthe analysis, the selected pairs are divided into groups based
ontheir relative kinematics (Ag and Ay). 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 7 < S/By; < 8
for AApairs and in the range 3 < S/B,, < 4 for both AA and AA pairs.

ME correction

Before the correlation signal can be extracted, the raw dN/dcos6*
distributions have to be corrected for detector acceptance loss and
inefficiency. The dominant detector effect originates from the low-
momentum cut-off on pion p. The correction is performed using the
ME technique for all dV/dcos6* distributions, in which the basic

assumptionis that all detector effects relevant for the dV/dcos6* 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 A
(A) in the pair originates from two different events. For example, for
one AASE pair, we use the A particle as a reference and loop over other
events that have a A particle. (We also perform the reverse by using the
Aparticle asreference). The ME pairs are selected such that their rela-
tive kinematics matches the SE pairs (|Ap;| < 0.1GeV ¢, |A¢)| < 0.1and
|Ay| < 0.1). This is essential in describing the detector effect because
therelative 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 pairis used.

After mixing particles (A or KQ) from different events, the ME distri-
bution of dN/dcos6* 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. Theresult was used as an estimate of the systematic uncertainty
ofthe ME technique, discussed in the ‘Systematic uncertainty’ section.

Extracting spin correlation signal

After correcting the detector effects, the corrected dNV/dcos@* distribu-
tions are fitted by equation (1) and the polarization parameter Pp, IS
extracted. The quality of the fits was checked by calculating y*/NDF
(NDF is number of degrees of freedom of the fit). The resulting fits all
have similar y>/NDF values, with an average of x>/ NDF = 0.7 over all
performed fits. The total and background-only dN/dcos6* distributions
providethespin correlation for amixture of signal + background (Ps,)
and the background only (Py), respectively. The signal polarization (Ps)
isobtained by using the relation:

Pop=f xPs+(1-£) xR, (2)

inwhichf, and 1 -, are the signal and background fractions, respec-
tively. All background contributions P were found to be consistent
with zero. The same analysis procedure is performed for KKS pairs.

Systematic uncertainty

Different sources of systematic uncertainty on the spin correlation of
Ahyperon and K2 pairs are considered. The low p; cut-off on the pion
momentum selection is varied from p; >150 MeV ¢ 'to p; >170 MeV ¢,
which results in an absolute systematic uncertainty of 0.010 in the
extracted signal ofPAlAZ. The systematic variation of the topological
selection of the secondary vertex is modified from the default values
DCA,,;;<1.0cm,2cm <Ly <25cmand cosf>0.996toDCA,,; < 0.9 cm,
3cm<Lg.<25cmandcosf >0.997. This leads to anabsolute uncertainty
0f 0.013in P, , . Similarly, daughter topological selection was varied
fromDCA,>0.1cmand DCA, > 0.3cmtoDCA,>0.2cmand DCA, >
0.4 cm, which gives an absolute systematic uncertainty of 0.001. The
last selection criteria variation was done for DCA, from the analysis
valueof DCA,<1.0cmtoDCA, < 0.8 cmand DCA, < 1.2 cm, whichgives
anabsolute systematic uncertainty of 0.004. Another systematic uncer-
tainty source comes fromthe ME correction for the detector effect. This
is performed on the basis of aMC simulation using the PYTHIA 8.3 model.
The ME-corrected P, ,, in PYTHIA 8.3, expected to be zero as there is
nogenuine spin correlationin the MC model, is checked against the null
expectation. Aresidual 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 A particles in terms of primary As and their feed-down
contributions. The dominant feed-down contribution is from °, which
rapidly decays into A + y. With this information, we make a total of six
categories of Ahyperon pairs, shownin Extended Data Fig. 2. The plot-
ted percentage is the relative fraction of the total number of AA pairs
that are predicted by the simulation.

We then calculate the maximum expected AA pair spin-spin cor-
relation using the relative contributions from Extended DataFig. 2 and
the expected single A hyperon’s polarizations based on the SU(6) and
Burkardt-Jaffe models?. The single A hyperon polarization, depending
onits parent,is summarized in Extended Data Table 3. To simplify the
calculations, except for X°, 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:

1
Piasuerm=3 > Z RiPy suey/sy PA,sute) /sy 3)
l

inwhich R;are the relative feed-down contributions of the AA pairs and
Py suye and P5 sy p) are the corresponding single A polarizations
from Extended Data Table 3. The factor 1/3 comes from the maximum
relative spin polarization given our experimental method®. 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:

Pyx suie) = 0-096+0.004, @

and similarly for the Burkardt-Jaffe model:

Py py=0.015£0.002. )

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
inthe HEPData repository (https://www.hepdata.net/record/159491)
or from the corresponding author on request.

Code availability

The codesto 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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Extended DataFig.1|3D and 2D invariant mass distributions of pr pairs, paired with p 1’ pairs, are shownin the top-left and top-right panels, respectively.
The projections of the multidimensional distributions to prt”and p1t* are shownin the bottom-left and bottom-right panels, respectively.
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Extended DataFig. 2| Relative contribution to AA hyperon pair feed-down
from PYTHIA 8.2 event generator events, whichare simulated through the
STARdetector. The Aand A hyperons are selected using selection criteria from
Extended Data Table 1. The pairs are divided into groups based on the origin of
thesingle A (A) hyperonsin the pair: primary A, A from decay of 2°and A 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 Aand A
hyperons. Reconstruction relies on track quality, proton
and pion identification in the TPC, and the characteristic
A decay topology

pr > 150 MeV /¢
Inl <1
Nhits, TPc > 20
Nhits, TPC /Nmax,TPC > 0.52

|nox| <3
|nop| < 2

DCA; > 0.3cm
DCAp > 0.1cm
A topology DC Apair < 1.0cm
DCA) < 1.0cm
2cm < Lgee < 25cm
cos > 0.996

Track selection

Particle identification




Exteﬂged Data Table 2 | Counts of selected AR, AN
and AA signal pairs. Both short-range and long-range
pairs included in the analysis are listed

Pair kinematics Nax  Naa Njij

/

|Ay| < 0.5, |A¢| < 7/3 8,994 1,119 786
|Ay| > 0.5, or |A¢| > 7/3 20,051 6,231 4,029
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Extended Data Table 3 | Model predictions for A hyperon
polarization. Shown are the expected s quark contributions
from primary A production and the leading feed-down
components in the SU(6) and Burkardt-Jaffe models.
Values are taken from ref.59

A’s parent SU(6) Burkardt-Jaffe

s quark 1 0.63
»0 1/9 0.15
=0 0.6 -0.37
5~ 0.6 -0.37
> 5/9 N/A

Values are taken from ref.59.
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