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Motivation

Do measures of entanglement provide
interesting "new” information about
scattering processes?

Can we learn something about few-body interactions at low
energies that is solely due to entanglement and may not be
captured in effective field theory?




Baryon-baryon scattering

e Baryons are highly-entangled,
strongly-coupled, many-body
gquantum systems

e Baryons at very-low energies
are, to first approximation,
structureless spin one-half
fermions




Nucleon-nucleon scattering

At very-low energies, the unitary NN S-matrix is constrained by Fermi
statistics, spin and isospin:




The leading order (LO) EFT "action’ for NN scattering at very low energies is
constrained by general principles: Galilean invariance, spin, isospin, etc.
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NN scattering from EFT:
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Why work with the S-matrix?

e \We want a unitary operator that characterizes
the interaction

e The S-matrix is, in some sense, the most
fundamental object for discussing entanglement
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There is a multiplicity of explanations for this:

. Large-N QCD: SU(4)sr — SU(4)w

° Schrodinger symmetry: SU (4)y

. Vanishing spin entanglement? SU(4)w




What about strange physics?
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Here lattice QCD simulations are needed!

Theory expectations:
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Schrodinger symmetry:  scattering lengths near unitarity?
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Lattice QCD agrees with predictions from vanishing entanglement:

Need a measure of the entanglement of interaction

SU(16)sr




e Baryons as qubits

CP' ~ 82 ws(3)I1 + s3] 14

Scattering of qubits

p1)@n L) ll alpty@lnl) + Blpl)®nt)




Re-express the S-matrix as:
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The entanglement power (EP) of the S-matrix gives a state-

independent measure of spin entanglement
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Do measures of entanglement provide
iInteresting "new” information about
scattering processes?

At threshold, minimization of the EP recovers Wigner
symmetry and, in the three-flavor case, the spectral

pattern observed in lattice QCD simulations, and a new
SU(16) spin-flavor symmetry.
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e Beyond threshold, minimization of the EP is observed at
NLO in the EFT of NN scattering. However, the structure
of the momentum dependence is mysterious...

e The EFT of NN scattering relies on the locality of the
spacetime description. Is it possible to obtain the S-matrix
from a spacetime-independent geometric formulation?



S-matrix basics |

Consider single-channel s-wave scattering
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Very near threshold the scattering length dominates
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Consider RG flow of EFT contact operator coupling
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The beta function exhibits the two RG fixed points
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Geometry of the S-matrix

In NN s-wave scattering, there are four RG fixed points
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At leading order (LO) in the ERE
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Geometry of the S-matrix

S-matrix coordinates:

Unitarity:
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Parametric representation:
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Isotropic S-matrix coordinates can be embedded in
four-dimensional Euclidean space R*

ds® = dx* + dy* + dz° + dw?

Compact Riemannian manifold: flat torus

ds* = 5 (d¢* + db?)
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Geometry of the flat torus

Isometry group is:

SO(2) ® SO(2) ® Z5
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With vanishing entanglement power there is no manifold:
2D surface is a lattice with fixed points as vertices and special geodesics as links
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Trajectories on a Riemannian manifold are governed by the action
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Minimizing the action gives geodesics modified by a conservative force
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Consider leading-order in the effective-range expansion vs data
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Conformal invariance!




Equi-potential surfaces

lapas|

V(g,0) = 5 tan® (5(¢ + €0))

(lao| + |a1])” e




Equi-entanglement surfaces
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UV/IR symmetry!
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Causality on the flat torus (Wigner bounds)
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Inelasticity and holography

Now allow Inelastic loss
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Assumption: both channels couple to single source
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Embedding in four-dimensional Euclidean space R?
ds® = dr* + %1% (d¢* + db?)

This is a hyperbolic space with curvature and Einstein tensor
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There is a singularity at the maximal violation of unitarity

The trajectory equations are:
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Is it possible to engineer a bulk potential which will
reproduce LO in the effective range expansion while
allowing for inelastic lossiness?



Yes, but with an intrinsic error
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The flat torus is the boundary of the hyperbolic space

.
Y
Y
'
[}
[}

-
-
-
T s

~
-~

In usual holographic duality, CFT on the boundary is unitary. Here

e
boundary is in some sense unitarity itself.



Summary

+ In baryon-baryon scattering, minimization of the EP implies
new symmetries in the strange sector which simplity the
effective field theory. Lattice QCD simulations agree with
these predictions. Entanglement constrains scattering.

+ Fermion-Fermion (qubit-qubit) scattering has a geometric
formulation in which the S-matrix propagates in a theory
space generated by entanglement and bounded by unitarity.
With inelastic loss, it is a simple toy model of holography.

+ Minimization of the EP in pion-pion (qutrit-qutrit) and pion
-nucleon (qubit-qutrit) scattering leads to consequences that
are indistinguishable from large-N QCD implications.
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