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We investigate quantum information—theoretic observables in electron-proton scattering at the Electron-
Ion Collider (EIC). Our analysis focuses on entanglement and magic, two complementary indicators of

nonclassicality in quantum states. We show that while unpolarized and longitudinally polarized beams
yield unentangled separable outcomes, transverse beam polarization enables the generation of entangled
and nonstabilizer states. This result holds for both elastic and deep inelastic electron-proton scattering in
QED. In the deep inelastic regime, the degree of quantum correlation is governed by the transversity parton

distribution functions. Moreover, in the forward limit (Q? — 0), the standard model predicts vanishing
entanglement, furnishing a clean null test: any nonzero signal would indicate new physics, especially from
helicity-flipping or chiral interactions. These results establish the EIC as a promising environment for
generating entangled and nonstabilizer states in high-energy physics, and they highlight opportunities for
future lepton-hadron colliders to extend such studies into new kinematic domains.

DOI: 10.1103/xytf-nhkh

Introduction. Quantum information (QI) theory is most
commonly studied in low-energy platforms where the basic
degrees of freedom are well-controlled qubits or qudits,
realized, for example, in trapped ions, superconducting
circuits, or photonic systems. More recently, there has been
growing interest in exploring these ideas in collider experi-
ments, since they provide the main controllable terrestrial
quantum systems with a large amount of data at the high-
energy frontier (see Ref. [1] for a recent review). In a
collider setting, a natural quantum number that can carry
quantum information is the spin of the particles partici-
pating in a scattering process. Treating each spin as a qubit,
the final state of a scattering process can be viewed as a
multiqubit quantum state, allowing a systematic study of
QI-theoretic properties that arise directly from the funda-
mental interactions of the standard model (SM).

Two key quantities that capture complementary aspects
of nonclassicality are quantum entanglement and magic.
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Entanglement characterizes the nonseparability of a quan-
tum state, distinguishing it from any classical mixture of
product states. Magic, or nonstabilizerness, measures the
departure of a state from the set of stabilizer states
generated by Clifford gates, which can be efficiently
simulated on classical computers [2]. States with nonzero
magic therefore constitute a genuine computational re-
source, essential for universal fault-tolerant quantum com-
putation. Understanding how entanglement and magic are
produced in high-energy scattering processes is the target
of current explorations: the entangling properties of SM
interactions have been studied from a theoretical perspec-
tive [3-29], but also experimentally probed at the LHC,
with a canonical example being the production of entangled
spin states of top quark pairs [30—49], as well as in future
colliders [50-60]. In contrast, the study of magic in
fundamental interactions has only just begun, with first
results emerging very recently [61-69].

An additional opportunity arises when the ability to
prepare the initial-state spin is present. While at the LHC
the colliding proton beams are not polarized, this feature is
envisaged in future colliders such as the Electron-lon
Collider (EIC) [70,71] at Brookhaven National Laboratory.
The EIC will collide polarized electron beams of up to
18 GeV with polarized protons or ions of up to 275 GeV per
nucleon, with a projected integrated luminosity of order
100 fb='. Both the electron and proton beams can be
prepared with a varying degree of polarization, allowing

Published by the American Physical Society


https://orcid.org/0000-0002-4959-2997
https://orcid.org/0000-0002-5543-0716
https://orcid.org/0000-0002-0492-1144
https://ror.org/01an3r305
https://ror.org/042nb2s44
https://ror.org/01ggx4157
https://ror.org/02crff812
https://crossmark.crossref.org/dialog/?doi=10.1103/xytf-nhkh&domain=pdf&date_stamp=2026-09-08
https://doi.org/10.1103/xytf-nhkh
https://doi.org/10.1103/xytf-nhkh
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

CHENG, HAN, and TRIFINOPOULOS

PHYS. REV. D 114, L051301 (2026)

control over the initial spin state of the system. This makes it
possible to initialize the scattering process in well-defined
quantum states, so that the amount of entanglement or magic
produced is determined by the chosen state preparation and
the structure of the SM interactions.

In this work we investigate how entanglement and magic
can be generated and characterized in electron-proton
scattering at the EIC. We focus on the case where both
beams are transversely polarized,' corresponding to coher-
ent superpositions of helicity eigenstates. This choice is
motivated by the fact that longitudinally polarized or
unpolarized beams only lead to classical correlation in
the final state, as we demonstrate explicitly below. From the
scattering amplitudes one finds that maximal entanglement
occurs in kinematic regions where elastic scattering is not
realized at EIC energies. Consequently, the relevant setting
is deep inelastic scattering, where the outgoing state
includes hadronic fragments and the entangled subsystem
is formed by the electron and the partonic quark. In this
regime, the degree of entanglement is controlled by the
transversity parton distribution functions, making trans-
verse polarization at the EIC an important asset for probing
quantum information in SM processes. Beyond this, the
same polarization control also sharpens sensitivity to
possible new physics (NP) effects by isolating spin-azimu-
thal interference structures, providing a clean way to
disentangle SM and NP contributions.

This Letter is organized as follows. In Sec. II we briefly
review the QI concepts relevant for our study, namely
entanglement and magic. Section III presents the frame-
work for polarized e p scattering, including the treatment of
spin density matrices and scattering amplitudes. In Sec. IV
we perform the analysis of deep inelastic scattering, where
partonic degrees of freedom enter through transversity
distributions. Finally, in Sec. V we summarize our main
findings and comment on future directions for quantum
information studies at the EIC and beyond.

Quantum essentials.

Quantum entanglement: A bipartite quantum state p is
called separable if it can be expressed as a convex
combination of product states [75,76],
> pn=1.
n

P = P ®pL. Pa20, (1)
n

where pfi-® are the states in the two subsystems A and B. If a
state cannot be written in the form of Eq. (1), it is entangled.

For two-qubit systems, a widely used measure of
entanglement is the concurrence [77],

"The scattering with a transversely polarized nucleon target or
beam has been considered at RHIC [72], HERMES [73],
COMPASS [74], and the EIC [71].

Clpl =max (0,4 — 4y — A3 — Ay), 0<%l <1, (2)

where {4;} are the eigenvalues in decreasing order of the
matrix //pp /p, with p = (6, ® 6,)p* (0, ® 6,) and p*
the complex conjugate of p. Concurrence vanishes for
separable states, is positive for entangled states, and reaches
unity for maximally entangled Bell states.

Quantum magic: To formalize the notion of nonstabilizer-
ness, it is useful to recall the algebraic structure underlying
qubit systems. For an n-qubit Hilbert space, one defines the
set of Pauli strings
Pn:P1®P2®...®Pn, Pie{ﬂ,61,02,63}, (3)
which generates the Pauli group. The subgroup of unitaries
that map Pauli strings to each other in conjugation forms
the Clifford group C,. Acting with Clifford gates on the
reference state |0...0) produces the set of stabilizer states,
which admit efficient classical simulation by the Gottesman-
Knill theorem.

A convenient way to diagnose whether a general state p
is a stabilizer or not is through its Pauli spectrum, the
collection of expectation values {Tr[Pp],P€P,}. To
quantify deviations from the stabilizer set, one may
introduce the stabilizer Rényi entropies [78],

U e (e
e ( S (Te[Pp) ) @

defined for integer k > 2. These measures vanish for stabi-
lizer states, increase as the state departs from the Clifford
subspace, and are also additive when combining quantum
systems. In practice, the k = 2 case, known as the second
stabilizer Rényi entropy (SSRE), is widely used as a robust
probe of magic. Magic isolates the part of the quantum
structure that cannot arise from Clifford circuits and stabilizer
measurements alone [2]. It is a necessary resource for
universal and fault-tolerant quantum computation through
state injection or other non-Clifford operations. A nonzero
SSRE signals failure of efficient classical simulation by
stabilizer methods, and thus reveals computational power in
the state beyond what entanglement alone certifies.

M (p) =

Polarized ep scattering.

Initial and final state density matrices: In the following, we
focus on the case where both electron and proton initial
beams are transversely polarized along the x direction, with
their spin density matrices given by

pelp
12+bl 0|
=, 5
5 (5)

pe/ P

respectively, where I, is the two-dimensional identity
matrix, 6, = (6}, 0,) is the Pauli matrix in the transverse
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FIG. 1. Elastic e™ p (inelastic e™q) scattering at the EIC.

plane, and Ej/p is the transverse polarization vector of the
electron or proton beam. For simplicity, we consider the
case that the electron and proton have the same direction of
transverse polarization, which we choose as the x-direction
corresponding to o;. A transversely polarized electron/

proton state is a coherent superposition of the spin state
with positive and negative helicity. In the case of |l§ =1,
the state corresponds to the pure state (|1) + []))/v/2.

When the initial state is a mixed state, generally the final
spin state is also a mixed state. Up to a normalization factor,
the spin density matrix of the final state pair ep [or the pair
eq for deep inelastic scattering (DIS)] is

pustit % Y MK (M K)'. (6)
yYvioe

where M denote the perturbative scattering amplitudes.
Here, the initial electron and proton beams are prepared
separately with no correlation, so that their density matrix is
in separable form.

Scattering amplitudes: We start from the elastic e™p
scattering, as shown in Fig. 1, with a center of mass energy
\/s. The formalism presented in this section is equally
applicable to the e~ ¢ scattering when considering the deep
inelastic process. When the proton is boosted to high
energies (/s > m,), vector interactions guarantee that
the outgoing proton (electron) has the same helicity as
the  incoming  proton  (electron).  Then  via

t-channel photon exchange, there are only four nonzero
amplitudes M‘;ﬁﬂ, = M(e (a)p(B) = e~ () p(B)) in the
helicity basis,

2s+tei¢

MM ~2 , 7
M Qpe : ( a)
s
M} = M{§~20,¢. (7b)
.
Miﬁ ~ 2Qpe2 St e, (7c)

where Q, = +1 is the proton charge, s, t are the
Mandelstam variables, and ¢ is the azimuthal angle of
the outgoing electron scattering plane with respect to a
transverse direction to be specified later. The amplitudes
with massive proton and form factors are given in

Supplemental Material [79]. Here, the upper indices 1
and )|} denote the spin of the initial electron and proton,
both quantized along the direction of the electron beam.
The lower indices 1| and {}| denote the spin of the
outgoing electron and proton, both quantized along the
direction of the outgoing electron.

We observe that the transition matrix is diagonal.
Consequently, with the left- or right-handed polarized
initial state e~, the spin state |ep) of the outgoing state
pair e~ p is in a separable form

) ®1p'), (8)

where the helicity state of the outgoing e is the same as the
initial state. Similarly, if the initial electron beam is
unpolarized, i.e., an incoherent mixture of left- and
right-handed polarized states, then the final state e p is
a mixture of the states in Eq. (8), which is still a separable
state that can be written in the form of Eq. (1).
Although the f¢-channel scattering of unpolarized or
longitudinally polarized beams only produces separable
final states, quantum entanglement can arise with a trans-
verse polarization. If the initial state is a coherent super-
position of different helicity states, then the final state is
also a coherent superposition of the two states in Eq. (8)
and could be entangled. For example, if both ¢~ and p
beams are pure states given by %(M) +[{)), from the

1) ®|p) or

amplitudes in Eq. (7), the final state vector is

s—0%\, . A
ep) o (“58) @11+ 1) + 114) + 1L,
©)

where Q% = —t is the momentum transfer in the scattering,
and ¢ is defined with respect to the transverse polarization
of the initial beams. The concurrence and magic of the final
state produced from 100% transversely polarized initial
states are shown in Fig. 2. In the forward elastic scattering
region when Q2 — 0, the final state ep pair is separable

10F ' ' g
c
sl Loy b5 =b"=100% |
0.6} ]
0.4f ]
Ms[p]
02¢ ]
0.0} ) ) -
-1.0 -0.5 0.0 0.5 1.0
cos 6

FIG. 2. The concurrence and stabilizer Rényi entropy as a
function of scattering angle for elastic ep scattering with 100%
transversely polarized beams.
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because the spin configuration of the initial state is left
unchanged after the scattering. In the backward scattering
region with maximal momentum transfer Q° ~ s, the spin
state of ep is a maximally entangled spin triplet.

Deep inelastic scattering. The scattering between the
electron and proton introduces sizable quantum entangle-
ment only when the momentum transfer Q? is comparable
to s. However, in the high-energy limit with Q* > m3, the
elastic scattering is negligible and the DIS becomes the
dominant process. Therefore, we next focus on the parton
level scattering of e”¢ — e~ ¢, with the quark carrying a
fractional energy x of the protons. The helicity amplitudes
are obtained by replacing the proton charge Q, with the
respective quark charges Q, in Eq. (7). The outgoing quark
q hadronizes into a jet.

Consider the realistic case where the initial states are
partially transversely polarized, the spin density matrix of
the final state ¢~ ¢ pair from Eq. (6) in the limit of backward
scattering (cos@ = —1) is given by

bt 0 0

14 + Ci iO; ® O ;
Pbk :#, Cl] - O bibj{ O )
0 0 -1
(10)
where bi/q is the degree of transverse polarization of the

initial electron/quark state defined in Eq. (5), and the
concurrence is simply given by

% = b4 bl (11)

For general scattering angles, the spin density matrix of the
final state eq pair is given in Eq. (S11) in Supplemental
Material [79], and the concurrence as a function of initial
beam polarization and scattering angle is shown in Fig. 3,
where we fix the transverse polarization of the electron beam
to be 70% and vary the polarization of the initial quark.2
We see that the entanglement of the final state crucially
maximizes in the backscattering region, and increases with
the degree of transverse polarization of the initial state. The
dependence of the entanglement on the polarization gives
us the opportunity to control the state production by
changing the initial state polarization. Although the polar-
izations of initial electron and proton beams are usually

*We adopt transverse polarization for both beams, consistent
with the EIC design value [71]. Although the baseline configu-
ration delivers longitudinally polarized electrons at the interaction
point through spin rotators, electrons are injected and accelerated
transversely polarized to mitigate synchrotron-driven depolari-
zation. A future operational mode preserving the transverse
polarization could therefore realize the same nominal polarization
degree.

1.0

05+

SS
2 00
Q
-05
-10 : —— : —
00 02 04 06 08 1.0
b1 (b5 =70%)
FIG. 3. Concurrence of final state eq pair as a function of parton

level scattering angle and the transverse polarization of the quark.
The transverse polarization of the electron beam is fixed to
be 70%.

fixed during the collision, as we introduce below, the
transverse polarization of quarks from a proton beam with a
fixed transverse polarization can vary with the kinematics x
and Q2. Therefore, we are able to choose different quark
polarizations from the kinematics.

The transverse polarization of quarks inside a proton is
described by the transversity parton distribution functions
(transversity PDFs) h;(x) [80-84], which is the number
density of quarks polarized in a transverse direction -+
with a given longitudinal momentum fraction x minus the
number density of quarks polarized in the opposite direc-
tion —#1, when the hadron spin points in the direction +7.

Therefore, the transverse polarization vector l;i of the
quark from a transversely polarized proton with polariza-

tion vector b% is b7 :}}“"(Ecx)) b", where fq(x) is the
q

unpolarized PDF. Since the light quarks are indistinguish-
able, we should treat the spin state of quarks as a mixed
state including all the flavors. Effectively, the average
transverse polarization of quarks that participate in DIS is

2 g€qhiq(x)
Dgeafq(x)

The second-generation quarks contribute only to the unpo-
larized PDF and do not contribute to the transversity PDF.

We show the center value and the uncertainty of the
factor a in Fig. 4 with the transversity PDF from JAMDIiFF
(W/LQCD) [85]. Given the transverse polarization of the
proton beam, we see that overall the transverse polarization
of the quarks increases with the momentum fraction x.
However, the uncertainty Aa diverges in large x because
both h;(x) and f(x) approach zero. Due to the large
uncertainty, the effective polarization fraction a easily
violates the unitarity bound a <1 when x — 1.

l;@:al;p, a=

(12)
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0=20Ge

FIG. 4. Center value and uncertainty of the effective transverse
polarization fraction of the proton carried by initial state quarks.

Therefore, as a conservative estimate, we use the 16 lower
limit of £ (x) to calculate the factor a, and cut the region
where the uncertainty is too large, Ah;(x) > |h;(x)].

With Eq. (12), the dependence of concurrence on the
transverse polarization of the initial quark in Fig. 3 can be
translated into the dependence on the DIS kinematics Q?
and x. In Fig. 5, we show the concurrence of the eq pair
produced from DIS at a 20 GeV EIC.

The upper limit of Q? corresponds to the backward
scattering where a largely entangled pair eq can be
produced if the initial states are transversely polarized.
As we can see from Fig. 4, the transverse polarization of the
initial quarks has a mild dependence on Q? and is basically
determined by x. When x is around 0.6-0.8, the transverse
polarization of the initial quark maximizes, and so does the
concurrence of the final state. This region is shaded in

20 GeV EIC
0.8
0.6
=
04
0.2
70% polarized e~ beam
70% polarized p beam
5 10 15 20
0 [GeV]

FIG. 5. Concurrence of the eq pair from the DIS process at a
V/s =20 GeV EIC. The kinematic limit Q? = x(20 GeV)?
corresponds to backward scattering with cos @ = —1. Using an
integrated luminosity of 10 fb~!, the EIC yield in the shaded
region is more than 2 million events.

Fig. 5, and we also calculate the corresponding event yield
expected at the EIC. In particular, with the selective cuts
0 > 12 GeV and x < 0.85, we obtain more than 2 million
events with an integrated luminosity of 10 fb~! (notice that
the target is 100 fb~! [71]).

Discussions and conclusions. In this work, we have
explored how QI properties emerge in polarized elec-
tron-proton scattering at the EIC. We demonstrated that
nontrivial quantum correlations arise only when both
beams are transversely polarized, leading to final states
with measurable entanglement and magic. Since the elastic
kinematics is not favorable at higher energies, deep
inelastic scattering provides the relevant environment,
where the strength of quantum correlations is governed
by the transversity parton distribution functions and reaches
its maximum in the backward-scattering region.

Unlike other collider measurements that typically infer the
spins of heavy particles through decay distributions, illus-
trated for the EIC in the DIS process [58], we formulated the
entanglement observables of the final state e~ ¢ pair (with the
quark hadronizing into a jet) by identifying the initial state
polarization from the DIS kinematics. This is similar to the
kinematic approach described in Ref. [86], but additional
polarization information needs to be constructed from
scattering kinematics with the transversity PDF. A comple-
mentary approach, which also allows the transversity PDF
itself to be extracted, is to measure the quark spin directly
from fragmentation [87], where the chiral-odd interference
fragmentation function combines with the transversity PDF
to form an azimuthal asymmetry. A coincidence measure-
ment of the full e~¢g spin correlation would additionally
require future electron polarimetry.

We note that at low-momentum transfer Q ~ 1 GeV, one
may include a momentum-dependent form factor, as given
in Eq. (S5) in Supplemental Material [79]. This would only
slightly modify the numerical results, but would not change
the qualitative behavior. There are also inelastic contribu-
tions in low-momentum transfer with multiple hadrons in
the final state [88—-90]. However, in this region, a two-qubit
final state is no longer well defined. We thus focused on the
elastic and the DIS processes.

Although we have limited our analysis to the initial low
energy of the EIC /s = 20 GeV, we expect our conclusions
to hold at higher EIC energies near 100 GeV, namely, that the
entanglement is present only with beam transverse polari-
zation and reaches the maximum in the backscattering
region. At even higher energies above the electroweak scale,
the contribution to ep collisions from the neutral-current Z
exchange becomes significant, and chiral couplings modify
the helicity amplitudes in Eq. (7) accordingly.

Beyond the intrinsic quantum information interest, these
observables offer a distinctive opportunity to disentangle
SM from possible new physics effects. In the SM, the
concurrence vanishes in the forward elastic limit (Q*> — 0),
providing a sharp null test: new helicity-flipping or chiral
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interactions could produce nonzero concurrence or alter the
phase structure of the final spin density matrix. The con-
trollable transverse polarization of the EIC beams thus serves
as a tunable interferometer, enhancing NP sensitivity
through spin-azimuthal interference patterns, as recently
proposed in Ref. [91] for lepton-lepton machines.

Looking to the future, one avenue of progress would be the
development of techniques for direct spin measurements of
stable particles at colliders. This would bring high-energy
experiments closer to low-energy quantum platforms where
spin readout is standard. Emerging ideas, such as the use
of nitrogen-vacancy centers in diamond [92], hint at possible
paths forward, although their realization in collider environ-
ments remains speculative. Although challenging on EIC
timescales, such technologies could become natural ingre-
dients for detectors of next-generation lepton-ion colliders at
higher energies, such as the TeV-scale Muon Synchroni-
zation Ion Collider [93-95], where new kinematic regimes of
quantum tomography can be probed.
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