PHYSICAL REVIEW D 113, L031504 (2026)

Spin-spin entanglement in diffractive heavy-quark production
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We calculate the spin density matrix of a heavy-quark-antiquark pair (bb, cc or s3) diffractively
produced in deep inelastic scattering and ultraperipheral collisions. We show that the Pomeron exchange
leaves characteristic imprints on the entanglement pattern between the quark and the antiquark. For the
longitudinally polarized virtual photon, the pair always exhibits maximal entanglement and maximal
violation of the Bell-Clauser-Horne-Shimony-Holt inequality. For the transversely polarized photon, the
pair is always entangled and Bell violating, reaching maximal entanglement and maximal violation
simultaneously when the transverse momentum approximately equals the quark mass.
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Introduction. The recent experimental measurements of the
spin-spin entanglement in top-antitop (¢7) quark pairs by the
ATLAS [1] and the CMS [2] Collaborations at the LHC
have garnered significant attention amid a surge of interest
in the intersection between collider physics and quan-
tum information science [3—-5]. While quantum entangle-
ment among elementary particles such as electrons and
photons has been studied since the early days of quantum
mechanics [6-10], the direct observation of spin entangle-
ment for quarks in QCD is highly nontrivial due to con-
finement. The top quarks are special because they decay by
the electroweak interaction t— b+ W', 7> b+ W~
before the strong interaction kicks in. The information
about the spin state of the ¢f pair can be recovered by
measuring the angular distribution of the leptons £+
produced in the subsequent decays W' — £7 + vy,
W~ = ¢~ + 1, [11-15].

Another related paradigm is the test of Bell’s inequality
[9] or, more specifically, the Clauser-Horne-Shimony-
Holt (CHSH) inequality [10]. Bipartite states that violate
the Bell-CHSH inequality are said to exhibit “Bell non-
locality,” a phenomenon that reflects more subtle and
intricate quantum correlations than entanglement. In gen-
eral, Bell nonlocality means entanglement, but the reverse
is not true. As a result, establishing Bell nonlocality usually
requires much stricter experimental tests [16,17] and has
not yet been achieved in the top quark sector.
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These quantum phenomena of course exist also in lighter
quark systems such as bottom (bb), charm (c¢), and
strangeness (s5) pairs. However, the corresponding mea-
surements are more challenging because the pair first
fragments hadronically. Fortunately, the spin state of the
pair is partially retained when fragmenting into heavy
baryons ¢ — A, and g — /_\q [18,19] which then decay
semileptonically. (See also an alternative approach [20].)
Although such processes suffer from small branching
ratios, measurements may still be possible [21,22] given
the high luminosity of the LHC. The recent AA measure-
ment at RHIC [23] is also encouraging.

It is natural to consider initiating similar experimental
programs in deep inelastic scattering (DIS) at the Electron-
Ion Collider (EIC) [24] that offers high luminosity and a
cleaner experimental environment due to lepton scattering.
While top quarks cannot be produced at the EIC, at least c¢
and s5 pairs are copiously produced, and bb events can also
be measured depending on kinematics. A related process
is ultraperipheral collisions (UPCs) [25] where a heavy
nucleus acts as a source of real photons. This mimics the
photoproduction limit of DIS and can be studied already at
the existing experimental facilities such as RHIC and the
LHC. The spin density matrix of the gg pair from the
lowest order process y* + g — g + g has been recently
calculated [26]. Remarkably, for the longitudinally polar-
ized virtual photon y; , the produced gg pair is found to be
always maximally entangled, and at the same time, the
Bell-CHSH inequality is maximally violated.

The 2 — 2 process y* 4+ g— g+ g corresponds to
inclusive production where the target proton/nucleus breaks
up. At the EIC, one can also study the exclusive diffrac-
tive production of gg pairs where the target stays intact.
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This arises from the underlying process y* +P — g + g
where P denotes ‘“Pomeron,” the color-singlet gluonic
exchange in the t-channel. Despite decades of intense
scrutiny, the nature of the QCD Pomeron and the associated
high density gluonic matter is not fully understood. In this
Letter, we investigate the quantum informational aspect
of the Pomeron by calculating the spin density matrix in
v+ P — g+ g. We will be particularly interested in to
what extent the Pomeron entangles the gg pair in spin space
and whether the pair observes the Bell-CHSH inequality.
Our finding provides theoretical motivation for a new
interdisciplinary research direction that can be explored
at the existing and future facilities. For previous works on
different types of entanglement in the context of high
energy QCD, see [27-39].

Heavy-quark pair production in diffractive DIS. Consider
exclusive heavy-quark pair production in unpolarized
electron-proton (or electron-nucleus) scattering e + p —
ety +p—-e+q+gtp.

We have in mind bottom, charm, and strange quarks
q = b, c, s. First we work in a frame in which the virtual
photon with momentum ¢* and virtuality ¢g> = —Q? moves
fast in the +x® direction and a ¢g pair is created in the
photon fragmentation region with momenta

where m is the quark mass. z (Z = 1 — z) is the momentum
fraction of the photon carried by the (anti)quark. It is
related to the rapidities y,y as z =e"/(e” +¢”). The
light-cone coordinates p* = (p™, p~,p) are defined by

pt= % (p® £ p?) and two-dimensional transverse vectors

are denoted by boldface letters p = (p', p?) with p, = |p|.
The pair has invariant mass
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For simplicity, the proton recoil momentum A =
—k — k' ~ 0 has been neglected.

We assume the “Regge” kinematics where the y* + p
center-of-mass (c.m.) energy W? = (p + ¢)? is large. In the
eikonal approximation, for the longitudinally polarized

virtual photon, the cross section is given by [40—44],

daszz//)’/)” :aemegjzzQ2 / dZPT(p) 2
dzdkd®A|yy  No(g)? | ] (k=p)?+ 42

x By (K )y T up()ig (k)ytog (K).  (2)

where ? = z20” + m? and e, is the quark electromagnetic
charge in units of |e|. a, & and f, ' denote the spin states of
the gg pair in the amplitude and the complex-conjugate

amplitude, respectively. Since our goal is to compute the
spin density matrix, these indices have not been summed
over [11,45,46]. The T-matrix of the ¢g pair (“color
dipole”) T represents the Pomeron exchange in the present
context. Our normalization is such that, in the Golec-
Biernat—Wusthoff (GBW) model [47],
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T

where oy is the effective transverse area of the proton and R
depends on W and Q [47]. In the following, we use the
notations

_ [ d&pTp)
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To evaluate (2), we first go to the pair’s c.m. frame via a
Lorentz boost k* = eXk*, k'T = e*k'* with the boost

factor ¢’ = g, [ 2%

In this frame, the quark has velocity

ki—}—mz'
H=Mp o1 (5)
2 o M?

and propagates in the direction

K (z-z)M
cosl = o =—— | ¢ = arg(k' +ik*), (6
VAT =t i@

in the polar coordinates measured from the +x° axis.
The resulting spinor bilinear &(k)y*v(k’) is most conven-
iently analyzed in the coordinate system spanned by
the orthonormal basis {7, 7, lAc} [11,12] where k=
(sin @ cos ¢, sin @ sin ¢, cos §) and

- #3—kcosO )
=
sin @

Bxk

n=—
sing ’

We can then use the helicity basis along the k direction [48]
and express (2) in the form

dGﬁa’ BB L . .
Gzdkda — 4 Carday + Clykac Spnyo’ny). (8)

where a, b = n, r, k, and ¢“ are the Pauli matrices. &,  are
the two-component quark and antiquark spinors, respec-
tively. We find

2,222
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AL %, 9)

and
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CcL =1,
1 — (2= p*)cos?0
CL — —CL, — —
" kk 1 — fPcos’d
. . V1= p?sin20
Ch=ch=- Yoo (10)

Note that (CL.)? + (CL)? = 1. The sign convention of C,,
is such that the matrix C,, represents the correlation
between the spin projections of the quark and the antiquark
along the +k axis. For the antiquark moving in the —k
direction, this is opposite to the helicity. It turns out that the
matrix elements C%, do not depend on Q and are exactly the
same as for the “one-gluon exchange” process y; + g —
q+ g [26]. This is somewhat surprising because the
Pomeron exchanged in the t-channel consists of an arbi-
trary number of gluons P = gg, ggg, - - - in an overall color-
singlet state. It also means that CL, carries no information
about the property of the target proton. As observed in [26],
the states represented by the density matrix (10) are
maximally entangled pure states. In the relativistic limit
f — 1 and/or for the symmetric configuration z = % (mean-
ing cos@ = 0 in the c.m. frame), it reduces to one of the
Bell states.

Another measure of quantum correlation is the violation
of the Bell-CHSH inequality [10]

Max 5,y (1§ Cyp (n5 + nb) + n§Coy(nh — nf{)‘ <2,  (11)
for unit vectors |17, =1 (i =1, 2, 3, 4). This inequality
is violated if the largest two of the three eigenvalues
iy < pi < py of the matrix C7 C (the symbol 7 denotes
“transpose”) satisfy [49]

L <py+pp <2 (12)

In the longitudinal case, we find (C*)7 Ct = diag(1,1,1)
so that y; +u, =2 and the inequality is maximally
violated, with the left-hand side of (11) reaching 2+/2.
Therefore, the gg pair always exhibits maximal entangle-
ment and maximal Bell nonlocality both in single- and
multiple-gluon exchanges.

Transverse photon. The calculation is significantly more
complicated for the transversely polarized virtual photon.
Again we write the y; 4 p cross section in the form (8)
with L — T. The same cross section in the photoproduction
limit Q = 0 is relevant to proton-nucleus UPCs [50-53].
The unpolarized cross section is well known

20,62

AT N, (& + 2T, + To)* +m?T7). (13)

The result for CT, is new but lengthy, and we present it in
Supplemental Material [54] together with a brief outline of

FIG. 1. CT-matrix at z = 1/2 as a function of k, (in units of
GeV) for the bottom quark m = 4.18 GeV. We used the GBW
model [47] with Q> =9 GeV? and W = 100 GeV.

the calculation. In contrast to the longitudinal case (10),
CT, is neither symmetric nor antisymmetric. (However,
Cl. =-CI, for z=1) Yet, we noticed the following
nontrivial identities for generic values of z:

(CL?+(CR? +(CL)?* +(Ch)* — (Cr)* =1 (14)
cl, = —CLcl, + CrCr. (15)

In fact, the same identities hold in the longitudinal case (10)
but in a more trivial manner. Figure 1 illustrates the beha-
vior of the coefficients C”, as a function of k, at z =1.
Each curve shows a characteristic behavior around k| = u.

In contrast to the one-gluon exchange studied in [26],
CT, now depends on the structure of the target proton
through the dipole T-matrix 7' ,. Remarkably, however,
the criterion for entanglement does not depend on T ,.
Consider the following two quantities:

Ay =/(Ch = CLY + (Ch+ CL = 1+ Ch,

By = \/(Ch+ CL)2 + (Ch — Ly~ 1=CL. (16)

According to the Peres-Horodecki criterion [56,57], if one
of the A’s is non-negative, the ¢g pair is entangled [4,12]. It
follows from (14) and (15) that

Therefore, the gg pair is always entangled except when
CI' =0, i.e., on the kinematical end points z =0, 1, or
exactly at the threshold k;, = 0, or in the ultrarelativistic
limit f — 1 (k; — o). Again, this is in contrast to [26] (see
also [22]) where there is a region of no entanglement (i.e.,
the system is separable), and entanglement grows stronger
near the threshold or in the ultrarelativistic limit. A, is
plotted as a function of z and k, in Fig. 2. For a fixed value
of k|, A, has a peak at z :% where
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FIG. 2. A, in the (z,k,) plane at Q% =9 GeV?,
m=4.18 GeV, and W = 100 GeV.
k3 (T, +T,)?
CZ;n — J_( 1 2) (18)

KT + Ta)? +2mPT3

This takes the minimum value C?, = —1 and A, = 2 takes
the maximal value if and only if 7, = 0. [Naively, C?, also
approaches —1 in the ultrarelativistic limit k; — oo.
However, CT, vanishes in this limit (cf. Fig. 1) due to a
cancellation between T and 7,.] Interestingly, in heavy-
quark production, 7'; does cross zero. This can be shown
model independently by expanding the integrand of (4) in
Ip|. Using the color transparency condition [ d*pT(p) = 0,
we find

@ -

T, z(kzl_i_i:w/dlppzT(p). (19)

Therefore, T, vanishes at k, ~u = \/Q%/4 + m?, and at
this point the CT-matrix takes the form

1
cgb(/qzm,zzi)z 0 0 1], (20
-1 0

where we have taken the heavy-quark mass limit. The
corresponding density matrix can be written as

=181+t @)~ W)W, (21)
with
¥ = %<|+>:;|—>z S, (22)

This is a maximally entangled state, with the superscript n
indicating that the spin quantization axis is taken along the
+7 direction (not the +k direction).

Next, we test the CHSH inequality. With the help of (14)
and (15), it is easy to check that the three eigenvalues of the
matrix (CT)TCT are

py =1, Hy = M3 = (CrTm)z- (23)
Therefore, the CHSH inequality is violated as long as
CT, <0, which is remarkably the same condition as for
nonvanishing entanglement. This coincidence can be attri-
buted to the identities (14) and (15). In particular, when
CT = —1 where p; + pu, = 2, the inequality is maximally
violated. We therefore find that, even in the transversely
polarized case, entanglement necessarily entails Bell non-
locality and vice versa. This is in sharp contrast to the
situation in the one-gluon exchange [26] or, more generally,
in typical two-qubit problems where Bell nonlocality is
more nontrivial to realize than entanglement.

According to Gisin’s theorem [58], for any two-qubit
system that is a pure entangled state, the Bell-CHSH
inequality is violated. Indeed, in the longitudinally polar-
ized case, the density matrix satisfies the pure state condi-
tion (pL)? = pt. However, the transverse density matrix p’
does not in general represent a pure state since (p’)? # p’.
The equality holds only if C,, = —1, in which case the
state becomes pure and maximally entangled (22). This is
depicted in Fig. 3 (bottom), to be compared with the nesting
structure for generic two-qubit systems (top).

Finally, we briefly discuss prospects for measurements
using UPCs as an example, while leaving detailed feasibil-
ity studies for future work. In order to access spin
information, the following channels have been identified
as promising [21]:

7.0% 11%
bS5 Ay — X +u~ +1,,

64% ., 3.5%
c— A S A+pt 4y,

SﬂAﬂp—Fﬂ'_, (24)

and their charge-conjugate counterparts for b,¢,5. The
numbers above the first arrow are the fragmentation
probabilities. The spin of the (anti)quark is largely inherited
by the daughter (anti)baryon [18]. Similarly, especially for
heavy quarks, roughly 78" gy Zhadion g (99K o hadron ¢,
first approximation. The numbers above the second arrow
are the branching ratios. Once these events have been
identified and the baryon and antibaryon momenta have
been reconstructed from their decay products [18,21,22],
one goes to their respective rest frames by first moving to
the pair’s c.m. frame and then boosting along the £k
directions. In each rest frame, the angular distribution of
one of the decay particles can be measured. In order to
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separable

entangled

Bell-nonlocality

pure entangled

maximally entangled

entangled &
Bell-nonlocality

pure & maximally entangled

FIG. 3. Top: Venn diagram for generic two-qubit systems.
Bottom: Venn diagram of a ¢g pair produced in y; + P — g + §.
The “separable” region is the boundary of the entangled region. If
the photon is longitudinally polarized, only the shaded (“pure and
maximal”) region is present.

access the component CI,, one needs the polar angle
distribution of each decay particle with respect to the 7
axis in the form

1 doYP¢ _ 1+a,a_rjcosf, cosd_Cr, (25)
cdcos@ dcosO_ 4 '
where o, and a_ = —a, are the spin analyzing power of

the measured particle and antiparticle, and r7 is the trans-
verse polarization retention factor [18]. Equivalently,

Cl, =——(cos 6, cosf_). (26)

a,a_ry

Since CI,, < 0, we predict that (cos @, cos§_) > 0, and this
signifies both entanglement and Bell nonlocality, although
the effect of hadronization should be carefully investigated.
To give a rough idea about the expected yield, we consider
UPCs with the lead nucleus (A = 208, Z = 82) at the LHC
energy /syy = 8.1 TeV. According to [53], do 2 /dk | ~
O(100 pb/GeV) at k| ~ m,.. We have confirmed this result

and moreover predict that oy /dk, ~ O(10 nb/GeV) at

ki ~my, and do'FC¢/dk, ~O(100 pb/GeV). (Here we
quote the value at k; = 1 GeV since, for the s-quark,

the region k; ~ mg is nonperturbative.) The fragmentation
and branching probabilities (24) bring in a suppression
factor of order 10~ for the s5 pair and 107° for the c¢, bb
pairs. Further considering a.., r; ~ O(1) [18], we find the
signal cross sections of order 10 nb, 100 pb, 0.01 fb for the
55, c¢, bb channels, respectively. Assuming 1 ~ 10 pb~! of
proton-lead collision data at the future high-luminosity
LHC experiment [59], our rough estimates indicate that the
s5-channel is feasible, while the c¢-channel is marginal and
the bb-channel is impractical at the LHC. In future, the
discussion will be extended to light quarks [60] that have
larger cross sections. Also, other methods to measure the
spin correlation without relying on weak decays should be
explored [20].

Conclusions. We have calculated the spin density matrix of
a gq pair originating from the Pomeron, the color-singlet
gluonic exchange in the #-channel that governs QCD
amplitudes at high energy. In the longitudinally polarized
case, we find maximal entanglement and maximal violation
of the Bell-CHSH inequality. This agrees with the result
from the one-gluon exchange in [26], although such an
agreement is nontrivial. More strikingly, the transversely
polarized photon in DIS or UPCs always leads to entan-
glement and Bell nonlocality in the produced ¢g pair. In
other words, in the present system, entanglement is a
necessary and sufficient condition for Bell nonlocality.
This remarkable feature of the Pomeron, revealed in this
Letter for the first time, to the best of our knowledge, is
quite peculiar from the viewpoint of quantum information
science (see Fig. 3) and certainly deserves further
investigation.
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