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Entanglement and Bell nonlocality with bottom-quark pairs at hadron colliders
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It has been shown that entanglement and Bell nonlocality, which are key concepts in Quantum
Mechanics, can be probed in high-energy colliders via processes of fundamental particle scattering.
In fact, the ATLAS and CMS collaborations have measured entanglement using top-quark pairs
produced in proton-proton collisions at the LHC. Recently, it was shown that spin correlations can
be measured in pairs of bottom quarks at the LHC, despite the fact that bottom quarks, unlike top
quarks, hadronize before decaying. Here, we demonstrate that quantum correlations can also be
studied using bottom-quark pairs, and analyze the feasibility of the observation of entanglement and
Bell nonlocality in several collider experiments. Given the low mass of the bottom quark relative to
typical energies accessible at the LHC, many of the bottom-quark pairs are in the ultrarelativistic
regime, where they can exhibit strong spin entanglement. We find that entanglement of bottom-
quark pairs may be measurable even with the LHC Run 2 data, especially with the CMS B parking
dataset, while observation of Bell nonlocality may become feasible at the high-luminosity phase of
the LHC.

Introduction.—Entanglement is a fundamental prop-
erty of Quantum Mechanics (QM) [1, 2]: if a pair of par-
ticles is entangled, the state of the system cannot be de-
scribed by specifying the state of each particle separately.
A most remarkable manifestation of entanglement is the
violation of Bell-type inequalities [3], which addresses the
counterintuitive absence of local realism. Both concepts
are at the heart of QM, and have been probed in a variety
of systems at vastly different scales [4–12].

Particle colliders, such as the LHC, offer a unique
setup for these experiments, since they allow studying
QM at the highest energies accessible to us. The fea-
sibility of Bell tests at colliders was originally discussed
in Refs. [13–16]. Recently, it has been shown that top-
quark pairs provide a paradigmatic high-energy plat-
form to study quantum correlations [17–29]. This is be-
cause the large top-quark mass (mt ≈ 173 GeV) results
in an extremely short lifetime (τt ≈ 5 × 10−25 s), sig-
nificantly shorter than the typical time for hadroniza-
tion (1/ΛQCD ≈ 3 × 10−24 s) or spin decorrelation
(mt/Λ2

QCD ≈ 2 × 10−21 s). Therefore, the informa-
tion on the spins of the top quarks is propagated di-
rectly to the decay products, from where the polariza-
tions and spin correlations of the top-quark pair are re-
constructed. Indeed, recent analyses by the ATLAS and
CMS collaborations have observed entanglement between
top quarks [30–32]. Neutrinos [33–36], τ leptons [37–
40], or massive gauge bosons [23, 41–47] offer parallel
avenues, as reviewed in Ref. [48]. Quantum information
techniques can be used to probe nonperturbative features
of quantum chromodynamics (QCD) [49–55].

Even though lighter quarks hadronize, it has been re-
cently shown that their polarizations and spin correla-
tions can also be measured using their hadronization
products, albeit with some loss of precision [56]. In par-
ticular, bottom-antibottom-quark (bb̄) pairs were found

to be promising. Since the bottom-quark mass is only
mb ≈ 5 GeV, bb̄ pairs are copiously produced at the LHC
in the ultrarelativistic regime, Mbb̄ ≫ mb. This makes
the bb̄ system particularly attractive for the study of this
regime.

In this letter we show that the LHC experiments AT-
LAS [57], CMS [58], and LHCb [59], with either standard
or special trigger paths, are promising for detection of en-
tanglement and Bell nonlocality in bb̄ pairs. Some mea-
surements can be pursued with data already collected,
while others will become feasible at the high-luminosity
phase of LHC (HL-LHC).
General formalism.—A bb̄ pair forms a bipartite sys-

tem of two spin-1/2 particles. As such, it is described by
the density matrix

ρ =
I4 +

∑
i

(
B+

i σi ⊗ I2 + B−
i I2 ⊗ σi

)
+
∑

i,j Cijσ
i ⊗ σj

4
,

(1)
where In is the n × n identity matrix, B±

i are the com-
ponents of the Bloch vectors B± that represent the
bottom/antibottom-quark polarizations, Cij are the el-
ements of the spin-correlation matrix C, and σi are the
Pauli matrices.

At hadron colliders, at leading order (LO) in QCD,
bottom-quark pairs are produced from quark-antiquark
(qq̄ → bb̄) or gluon-gluon (gg → bb̄) interactions.
Kinematically, a bb̄ pair in its center-of-mass (COM)
frame is specified by the invariant mass Mbb̄ and the

b-quark direction k̂. For fixed (Mbb̄, k̂), the spin quan-
tum state of the bb̄ pair is described by the density ma-
trix ρ(Mbb̄, k̂), which is the weighted sum of the den-

sity matrices ρI(Mbb̄, k̂) arising from the initial states
I = qq̄, gg [17, 20],

ρ(Mbb̄, k̂) =
∑

I=qq̄,gg

wI(Mbb̄)ρ
I(Mbb̄, k̂) , (2)
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where the weights wI are determined by the parton dis-
tribution functions (PDFs) that effectively describe the
content and structure of the colliding hadrons. Gluon
radiation from the final-state b quarks is not expected
to affect their spin significantly [60, 61]. More gener-
ally, higher-order QCD corrections to bb̄ spin correlations
are likely to be small, as was found for tt̄ spin correla-
tions [62].

The orthonormal basis customarily used to evaluate
B±

i and Cij is the helicity basis (e.g., Ref. [63]), defined

in the bb̄ COM frame in terms of the vectors {k̂, n̂, r̂}.

Here r̂ = (p̂ − cos Θ k̂)/ sin Θ and n̂ = r̂ × k̂, where p̂ is

the proton-beam axis, and cos Θ = k̂ · p̂. At LO in QCD,
the bb̄ quantum state is unpolarized (B±

i = 0), and the
only nonvanishing spin-correlation matrix elements are
Ckk, Cnn, Crr, Crk = Ckr. The analytical expression for
ρI is the same as in the tt̄ case [63–65], and solely function

of (β, cos Θ), with β =
√

1 − 4m2
b/M

2
bb̄

the bottom-quark

velocity in the COM frame.
The polarization and spin correlations for bb̄ pairs can

be measured using events in which the b quarks hadronize
into baryons. The lightest, most commonly produced b-
baryon is the Λb, which in the simple quark model con-
tains a spin-singlet, isospin-singlet combination of the
light quarks u and d in addition to the b quark, which
carries the baryon spin. Since mb ≫ ΛQCD, Λb baryons
are expected to carry a large fraction of the original b-
quark polarization [66–69]. The baryon polarization can
be measured from the kinematic distribution of its de-
cay products. This has been done, although with large
statistical uncertainties, in Z → bb̄ decays at LEP, using
semileptonic decays of the Λb [70–72].

Spin-correlation measurements can be performed with
both the Λb and Λb decaying semileptonically via Λb →
Xcℓ

−ν̄ℓ, where Xc denotes a charmed state containing a
baryon, usually the Λ+

c . The angular distribution of the
neutrinos from the two semileptonic decays is approxi-
mately [56]

1

σ

dσ

dxij
=

1

2
(1 − cijxij) ln

(
1

|xij |

)
, (3)

where xij = cos θ+i cos θ−j , the angles θ+i (θ−j ) describe
the directions of the antineutrino (neutrino) from the Λb

(Λb) decay in the respective parent rest frames with re-
spect to the i (j) axis, and

cij = α2rirjCij . (4)

Here, α ≃ 1 is the spin analyzing power of the
(anti)neutrino in the semileptonic Λb decay. The fac-

tors ri and rj are the longitudinal (rL, for the k̂ axis) or
transverse (rT , for the n̂ and r̂ axes) polarization reten-
tion factors [68, 69]. They describe the fraction of the
original quark’s longitudinal or transverse polarization
that is retained in the baryon and are rough approxima-
tions of the spin-dependent fragmentation functions (e.g.,

Refs. [73, 74]). Their values are expected to be roughly in
the ranges 0.4 ≲ rL ≲ 0.8, 0.5 ≲ rT ≲ 0.8 [69] (see Sup-
plemental Material for additional details [75]), where the
dominant polarization loss arises from Λb baryon produc-

tion in Σ
(∗)
b decays [68, 69]. An approximate combination

of the LEP measurements [70–72] gives rL = 0.47± 0.14.
It is also possible to measure rL with competitive level of
precision with the data already available in ATLAS and
CMS, using the highly polarized b quarks from pp → tt̄
events [69]. In addition, both rL and rT can be measured
in pp → bb̄ events [56]. This can be done independently of
the entanglement measurement using a dedicated control
region of phase space where significant entanglement is
not expected while some of the elements Cij are sizable.

Measuring Cij requires reconstructing the momenta of
the two b-quarks, the Λb baryons, and the neutrinos. This
can be approximately done as outlined in Refs. [69, 76–
80]. The approximations involved will need to be ac-
counted for in interpreting the data and will lead to a
reduction in sensitivity, the evaluation of which is be-
yond the scope of the current work.
Entanglement and Bell nonlocality.—A quantum state

in a composite Hilbert space is said to be separable if it
can be written as a convex sum of product states. For
a bipartite system such as a bb̄ pair, separability implies
that

ρ =
∑
n

pnρ
b
n ⊗ ρb̄n ,

∑
n

pn = 1 , pn ≥ 0 , (5)

where ρbn, ρb̄n are density matrices in the bottom,
antibottom-quark subspaces. Entanglement is defined
as the nonseparability of a quantum state, i.e., that the
state cannot be written in this form. A quantitative mea-
surement of entanglement is provided by the concurrence
C [81], which satisfies 0 ≤ C ≤ 1, where C > 0 is a
sufficient and necessary condition for entanglement and
C = 1 corresponds to a maximally entangled state. At
LO QCD, the concurrence is given by C = max(∆, 0) [20],
where

∆ ≡ −Cnn + |Ckk + Crr| − 1

2
. (6)

In general, ∆ > 0 is a sufficient condition for entangle-
ment and can then be used as an entanglement marker.

Highly entangled states may violate Bell inequalities.
These states are denoted as Bell nonlocal and, through-
out this work, we generally refer to this property as Bell
nonlocality. Although current collider setups do not al-
low for proper Bell tests using particle spins, it is still
possible to observe quantum states that exhibit Bell non-
locality. For spin-1/2 particles, a useful form of Bell in-
equality is the Clauser-Horne-Shimony-Holt (CHSH) in-
equality [82]. A quantum state can violate the CHSH
inequality iff µ1 +µ2 > 1, with 0 ≤ µ2 ≤ µ1 ≤ 1 the two
largest eigenvalues of CTC [83]. In practice, a simple suf-
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FIG. 1. Concurrence C of the bb̄ quantum state ρ(Mbb̄, k̂)
for pp collisions at a COM energy of

√
s = 13 TeV, as a

function of the invariant mass Mbb̄ and the production angle
Θ of the bottom quark in the bb̄ COM frame, computed at
LO. Entanglement (Bell nonlocality) takes place in the regions
outside the solid white (dashed black) lines.

ficient condition for CHSH violation is V > 0, where [84]

V ≡ C2
kk + C2

rr − 1 ≤ µ1 + µ2 − 1 . (7)

This observable is expected to accurately capture the Bell
nonlocality of the bb̄ quantum state in the ultrarelativistic
regime, Mbb̄ ≫ 2mb, in which Ckr ≃ 0 (so then C is
diagonal), and C2

kk, C
2
rr > C2

nn [63].

Figure 1 shows the concurrence of the bb̄ spin quantum
state at the LHC, computed analytically from Eq. (2)
with the NNPDF3.0 LO PDFs [85], as a function of Mbb̄

and cos Θ; all relevant quantities are even functions of
cos Θ. Entanglement (Bell nonlocality) takes place in the
regions outside the solid white (dashed black) lines. Due
to the dominance of the gg production channel, we can
understand the entanglement structure in similar terms
to that of tt̄ production [17, 20]. Close to threshold,
Mbb̄ ≃ 2mb, the bb̄ system is in a spin singlet, maximally
entangled. However, in contrast to the tt̄ case, the thresh-
old region is small relative to the range of Mbb̄ achievable
at the LHC. In the ultrarelativistic regime, the bb̄ are in
a maximally entangled spin-triplet state for transverse
production (cos Θ ≃ 0).

Feasibility study.—We study the feasibility of measur-
ing ∆ and V at the LHC with Run 2 data, as well as at
the future HL-LHC [86, 87], assuming that similar trig-
gers will be employed there. We consider the datasets of
ATLAS/CMS (using the ATLAS parameters for our esti-
mates) and LHCb, as well as the Run 2 CMS B parking
dataset [88–91]. We use the estimated signal and back-
ground event counts from Ref. [56] for ATLAS, and per-
form additional simulations to estimate the event counts
for LHCb and the CMS B parking dataset. We also com-
pute the spin correlations for all cases.

We generate pp → bb̄ events at NLO QCD using
the MadGraph5 aMC@NLO [92] Monte Carlo (MC)
generator, using NNPDF3.1 NLO PDFs with nf = 4
and αs(mZ) = 0.118 [93]. We then pass them through
Pythia 8.3 [94] for parton showering, hadronization and
decays. We use the anti-kT algorithm [95, 96] with
R = 0.4 for jet clustering and consider only the two
leading-pT b-jets in each event. Jets are required to be in
the pseudorapidity range 2 < η < 5 for LHCb, |η| < 2.4
for Run 2 ATLAS and CMS, and |η| < 2.5 for HL-LHC
ATLAS and CMS. To estimate the event counts and spin
correlations of the signal alone, we require the selection
cuts on muons described below to be satisfied by muons
produced directly in b-hadron decays and not in charmed-
hadron decays or other sources, using truth-MC informa-
tion. We then use the binned truth parton-level values
of Mbb̄ and cos Θ in the selected events to analytically
compute the bb̄ spin correlation components for each bin.
At NLO, in addition to gg and qq̄ initial states, gq and gq̄
also contribute. However, their contribution was found
to be negligible, so we omitted these events from our cal-
culations.

In the analyses proposed for ATLAS, we rely on event
selection via the double-muon trigger, which requires a
pair of muons with pT > 15 GeV and |η| < 2.4 in Run 2
or pT > 10 GeV and |η| < 2.5 at the HL-LHC [97, 98].
Backgrounds from processes with prompt or mildly dis-
placed muons (originating from charm or τ decays) are
assumed to be eliminated by a b tagging requirement,
which needs to be satisfied by at least one of the jets,
with an ϵb ≈ 80% efficiency for b jets. Backgrounds from
c-hadron decays in b jets, where the muons are typically
softer than those produced directly in b-hadron decays,
are assumed to be eliminated by applying the require-
ment pµT/p

jet
T > 0.2 to at least one of the muons. Fi-

nally, to reduce the background due to the semileptonic
B-meson decays, we require one of the two jets to contain
a fully reconstructed Λ+

c baryon (via one of its fully re-
constructible decay modes, such as Λ+

c → pK−π+) [75].
We estimate the number of signal events that will be
available for the analysis as

N = 2σϵµµ L f2(b → Λb) BR2(Λb → Xcµ
−ν̄µ)

× BR(Λ+
c → reco.) ϵreco. ϵb,2 ,

(8)

where L is the integrated luminosity and σϵµµ is the
bb̄ production cross section times the muon cuts effi-
ciency, with the branching and fragmentation fractions
factored out. We take the fragmentation fraction to be
f(b → Λb) ≈ 7% for Λb with pT > 25 GeV [69]. For
pT < 25 GeV, we implement a pT-dependent enhance-
ment of the Λb fragmentation fraction [99, 100] based
on the results of Ref. [99]. We take the branching frac-
tions BR(Λb → Xcµ

−ν̄µ) ≈ 11% and BR(Λ+
c → reco.) ≈

18% [101], assuming the list of Λ+
c decay channels in-

cluded in Ref. [56]. The factor ϵreco. ≈ 50% is our rough
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σϵµµ [pb] L [fb−1] N Ckk Crr Cnn ∆ V rL σstat
∆ σstat

V
∆

σstat
∆

V
σstat
V

∆

σtot
∆

V
σtot
V

Run 2,
√
s = 13 TeV

ATLAS 1.9× 104 140 2.7× 104 0.94 0.57 −0.56 0.54 0.21
0.75 0.14 0.33 3.9 0.6 3.1 0.6

0.45 0.23 0.78 2.3 0.3 2.1 0.3

LHCb, ∆ > 0.2 3.9× 106 5.7 1.8× 104 0.55 0.67 −0.56 0.39 −0.24
0.75 0.17 0.34 2.2 −0.7 2.0 −0.7

0.45 0.29 0.62 1.3 −0.4 1.3 −0.4

CMS B parking, ∆ > 0.2 7.9× 105 41.6 1.8× 105 0.76 0.63 −0.59 0.49 −0.03
0.75 0.055 0.120 8.9 −0.3 4.4 −0.3

0.45 0.092 0.256 5.3 −0.1 3.6 −0.1

HL-LHC,
√
s = 14 TeV

ATLAS, V > 0.3 9.9× 104 3000 1.0× 106 0.91 0.85 −0.83 0.79 0.55
0.75 0.02 0.06 > 10 8.7 4.9 4.3

0.45 0.04 0.13 > 10 4.3 4.9 3.3

LHCb, V > 0.3 4.3× 106 300 8.2× 104 0.79 0.88 −0.81 0.74 0.43
0.75 0.080 0.215 9.2 2.0 4.4 1.8

0.45 0.135 0.406 5.5 1.0 3.7 1.0

CMS B parking, V > 0.2 8.4× 105 800 1.2× 106 0.83 0.82 −0.78 0.71 0.35
0.75 0.021 0.055 > 10 6.4 4.9 3.9

0.45 0.036 0.110 > 10 3.2 4.9 2.7

TABLE I. The bb̄ cross section times the muon cuts efficiency, σϵµµ (with the branching and fragmentation fractions factored
out), integrated luminosity L, number of expected signal events N (after the full selection), expected values for the diagonal
spin correlation matrix elements, the quantities ∆ and V, as well as their statistical uncertainties and significances. In the last
two columns, we also show their total significance for a scenario with 20% systematic uncertainty. We present the statistical
uncertainties for two values of the polarization retention factors ri from Eq. (4): we fix rT = 0.7 and take an optimistic case of
rL = 0.75 in the first subrow and a pessimistic case of rL = 0.45 in the second subrow. When a cut is applied to the expected
values of ∆ or V, this is indicated in the first column.

estimate for the average Λ+
c decay reconstruction effi-

ciency, and ϵb,2 ≡ 2ϵb−ϵ2b is the efficiency for at least one
of the two jets to pass the b-tagging condition.

The CMS B parking dataset of Run 2 [88–91] is based
on a trigger requiring a displaced muon with |η| < 1.5 and
pT above thresholds between 7 and 12 GeV. The informa-
tion on the integrated luminosity for each pT threshold is
available in Refs. [89, 90]. Our proposed analysis requires
the presence of an additional muon (in another jet) with
an opposite charge, pT > 5 GeV and |η| < 2.4. The ad-
vantage of this dataset is the higher statistics thanks to
the low pT thresholds relative to the typical ones used in
CMS and ATLAS. We calculate the number of expected
signal events accounting for the fact that a muon is al-
ready required on one side:

N = 2f2(b → Λb) BR(Λb → Xcµ
−ν̄µ) ϵµ2

× BR(Λ+
c → reco.) ϵreco N0 ,

(9)

where N0 ≈ 1010 is the number of bb̄ events in the CMS B
parking dataset [88–91], and ϵµ2 ≈ 36% is the efficiency
of selecting the muon on the nontriggering side of the
event (found by our simulation). We also estimate the
expected reach for the HL-LHC, assuming that such a
trigger will be implemented. For concreteness, we assume
an integrated luminosity of L = 800 fb−1 and rescale
N0 also by the ratio of our simulated cross section times
efficiency at

√
s = 14 vs. 13 TeV.

We also consider LHCb, which has lower integrated
luminosity than ATLAS or CMS, but also lower trigger

thresholds and better reconstruction capabilities. Moti-
vated by Refs. [102, 103], we consider a trigger requiring
a muon with pT > 1.8 GeV and 2 < η < 5, a two-,
three- or four-track secondary vertex with a significant
displacement from any primary vertex (consistent with a
b-hadron decay), with at least one charged particle with
pT > 1.6 GeV inconsistent with originating from a pri-
mary vertex. We simulate only the muon pT and η re-
quirements, assuming that the rest of the conditions will
be satisfied for bb̄ events with an efficiency close to 1. Our
proposed analysis requires the presence of a second muon
(in another jet) with an opposite charge, pT > 0.5 GeV
and 2 < η < 5. The number of expected signal events is
computed with Eq. (8).

Our results are presented in Table I. In some of the
cases, as indicated in the table, we applied an additional
cut on the expected parton-level value of ∆ or V for the
event to increase the significance of ∆ or V in the sample.
In these cases, for LHCb we also required Mbb̄ > 20 GeV
at the parton level to focus on the relativistic entangled
regime.

We find that the CMS B parking dataset is the most
promising for detecting entanglement in Run 2 data, with
a statistical significance of above 5σ, the exact num-
ber depending on the values of the polarization reten-
tion factors rL and rT . This leaves room for obtaining
high significance even after accounting for the system-
atic uncertainties. At the HL-LHC all the experiments
are promising for detecting entanglement with high sig-
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FIG. 2. The expected statistical significance of entanglement
in Run 2 CMS B parking dataset with the ∆ > 0.2 cut (left)
and Bell nonlocality in the ATLAS HL-LHC dataset with the
V > 0.3 cut (right) as a function of the polarization retention
factors rL and rT . The white dotted polygons approximately
indicate the region of plausible values for rL and rT [68, 69,
75]. The vertical yellow lines show the central value of rL
(thick line) and its ±1σ uncertainties (thin lines) from an
approximate combination of the LEP measurements [70–72].

nificance, and ATLAS and CMS show potential for de-
tecting Bell nonlocality as well. In Fig. 2 we show how
the statistical significance depends on rL and rT for the
measurement of entanglement with the CMS B parking
dataset of Run 2 and for the measurement of Bell nonlo-
cality with the ATLAS HL-LHC dataset.

Conclusions and discussion.—We propose methods to
measure entanglement and Bell nonlocality at the LHC
with pairs of bb̄ quarks. This system is especially attrac-
tive given the large cross section for ultrarelativistic bot-
tom quarks at the LHC. We find that the observation of
entanglement is possible with high significance with the
currently available CMS B parking data. Bell nonlocal-
ity is still beyond our current reach, but will be accessible
using the full HL-LHC data. We find that, in addition to
ATLAS and CMS, entanglement observation will also be
possible using LHCb data, further motivating the study
of quantum correlations at this detector.

In future work, it will be useful to extend the pre-
dictions for bb̄ spin correlations beyond LO QCD. It will
also be interesting to explore the possibility of measuring
entanglement and Bell nonlocality using bottom quarks
in future colliders, such as the FCC-ee and the FCC-
hh [104–106]. Furthermore, additional QM concepts,
such as discord and steering [22], can also be addressed
in bb̄ pairs. In general, our work paves the way to study
quantum correlations in hadronizing systems. Among
others, this could have impact on the characterization
of the quark-gluon plasma, whose vortical structure can
lead to nontrivial spin properties [107–111]. The direct
access to the ultrarelativistic regime provided by bot-
tom quarks can also be of interest for the study of the
relativistic behavior of the spin operator, a fundamen-
tal question in QM that is still open [112–119]. Finally,
it could be interesting to consider even lighter quark-
antiquark systems, such as cc̄ or ss̄, which however seem

more challenging [56].
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SUPPLEMENTAL MATERIAL

Polarization retention factors

As analyzed in [68] and developed further in [69], in
the heavy-quark limit, the polarization retention factors
in b → Λb fragmentation can be expressed in terms of
two nonperturbative QCD parameters, A and w1, as

rL ≈ 1 + A (0.23 + 0.38w1)

1 + A
, (10)

rT ≈ 1 + A (0.62 − 0.19w1)

1 + A
. (11)

These quantities, rL and rT , are the fractions of the ini-
tial b-quark polarization (in the longitudinal and trans-
verse directions, respectively, relative to the fragmenta-
tion axis, i.e., the b quark momentum direction) that are
retained in the final Λb polarization. The above expres-
sions describe the dominant polarization loss effect, due

to the contribution to the Λb sample from Σ
(∗)
b → Λbπ

decays. The parameter

A =
prob (Σ

(∗)
b )

prob (Λb)
= 9

prob (T )

prob (S)
(12)

is the ratio of the Σ
(∗)
b -decay and direct Λb production

rates. It is related to the probability for the two light
quarks in the baryon to form any of the nine spin-triplet,
isospin-triplet diquark states T and the probability to
form the spin-singlet, isospin-singlet diquark state S.
The statistical hadronization model (for a brief overview,
see [120]) predicts A ≈ 2.6 [69], but it is unclear how ac-
curate this number is. The parameter

w1 =
prob (T±1)

prob (T )
(13)

accounts for the possibility that the fragmentation axis
breaks the rotational symmetry in the spin-triplet di-
quark production. It describes the probability for the
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diquark to be produced with spin component +1 or −1
(but not 0) along the fragmentation axis. The isotropic
case is obtained for w1 = 2/3. The value of w1 can be
determined from the angular distributions of the pions in

the Σ
(∗)
b → Λbπ decays [68, 69]. Measurements of both A

and w1 can certainly be done at LHCb [121] and perhaps
even at ATLAS and CMS. The white dotted polygons in
Fig. 2 of the main text correspond to the range

1 ≤ A ≤ 5 , 0 ≤ w1 ≤ 1 , (14)

where the chosen range for A reflects a large systematic
uncertainty.

Background due to semileptonic B-meson decays

An important background to the semileptonic Λb de-
cays is due to semileptonic decays of B mesons. Refer-
ence [69] proposed three possible approaches to dealing
with this background. The first approach (“Inclusive Se-
lection”) does not attempt to reduce it. This results in
low sample purity, but keeps the signal efficiency high.
The B-meson background can be reduced (with a corre-
sponding cost in signal statistics) by requiring the jet to
contain a reconstructed Λ+

c baryon (via one of its fully re-
constructible decay modes, such as Λ+

c → pK−π+) or a Λ
baryon (reconstructed via its Λ → pπ− decay). These are
referred to as “Exclusive Selection” and “Semi-Inclusive
Selection”, respectively [69]. Each of these requirements
can be applied to either one or both sides of the event,
leading to six possible analysis channels, all of which
were analyzed in [56]. The statistical uncertainty was
found to be the lowest for the inclusive/exclusive chan-
nel (although the other channels turned out rather com-
parable). The sample purity obtained in this channel is
∼ 4.9%. A higher sample purity of ∼ 44% is possible in
the exclusive/exclusive channel at the price of lowering
the signal efficiency by a factor of ∼ 22 and increasing
the statistical uncertainty for the spin correlation com-
ponents by a factor of ∼ 1.6. We base our estimates in
this Letter on the inclusive/exclusive channel, while not-
ing that sensitivity can be improved by combining all six
channels or by utilizing electrons in addition to muons,
which we do not pursue here.

Statistical uncertainty estimation

The expected statistical uncertainty in a measurement
of the spin correlation matrix components Cij , using a fit
of the data to Eq. (3) from the main text and the relation
in Eq. (4) therein, is approximately [56]

σstat
Cij

≃ 3

rirjα2
√
fN

, (15)

where N is the expected number of signal events after the
full event selection, f is the sample purity N/(N + NB),
with NB being the number of background events, and
we have approximated the angular distribution of the
background to be similar to that for Cij = 0.
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