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Why study hyperon-nucleon interactions?

Understanding NN and YN interactions is essential for having a
comprehensive picture of nuclear dynamics and strong interactions.

* Understand hypernuclear structures and hyperon matters

* NN and YN interactions together give a unified understanding of baryon-
baryon interactions.

* The formation of heavy neutron star 2 The hyperon puzzle



Neutron stars offer a uniqgue window into fundamental
matters and interactions under extreme conditions.
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The inner core is modeled
as a uniform liquid in
equilibrium w.r.t. weak
interactions.

As a consequence, the
inverse process of hyperon
decaying into nucleons must
also occur.

The appearance of hyperons
softens the equation of
state (EOS) and reduces the
mass of the neutron star.



Under these assumptions, neutron stars are expected to be
lighter than (1.5 — 2) Solar masses:
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But we have observed neutron stars heavier than two solar masses.
This is the hyerpon puzzle!



 So we don’t quite understand YN interactions, because there’s been
very few measurements historically.
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On the theoretical side, there’s been continuous efforts to understand NN,
YN and YY interactions. Three major approaches are

 Meson-exchange Potential models (Nijmegen and Julich potentials)
e the Chiral Effective Field Theory (XEFT)

e Lattice QCD simulations
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A major challenge: How to best incorporate SU(3) breaking effects amid
constraints from the NN sector?



Parallel to the new experimental efforts, there’s a new approach to
understand nuclear dynamics from the quantum information-theoretic
perspective:

PHYSICAL REVIEW LETTERS 122, 102001 (2019)

Entanglement Suppression and Emergent Symmetries of Strong Interactions

Silas R. Beane,1 David B. Kapl:;m,2 Natalie cho,l’2 and Martin J. Savage2
'Department of Physics, University of Washington, Seattle, Washington 98195-1560, USA
*Institute for Nuclear Theory, University of Washington, Seattle, Washington 98195-1550, USA

® (Received 20 December 2018; published 14 March 2019)

Entanglement suppression in the strong-interaction § matrix is shown to be correlated with
approximate spin-flavor symmetries that are observed in low-energy baryon interactions, the Wigner
SU(4) symmetry for two flavors and an SU(16) symmetry for three flavors. We conjecture that

This raises the intriguing possibility of understanding nuclear interactions
and the associated emergent symmetries from quantum entanglement!

arXiv:1812.03138



Entanglement is quantum world’s most prominent feature:

* It refers to the situation where a measurement on a subsystem will
improve our knowledge on the rest of the system.

* A guantum state of a system is entangled if it cannot be written as a
tensor-product state of its subsystems.

* Consider a bipartite system Ho = H; ® Ho , a state vector
1) € Hia is entangled if there is NO |1)1) € Hiand|ys) € Ha such

that

V) = |11) @ |12)



To quantify the amount of entanglement, we need entanglement
measure.

Many possibilities for Entanglement Measure. For bipartite systems:

von Neumann entropy: FE(p) = —Tr(p;1np;) = —Tr(py In ps)

Linear entropy: E(p) = —Tr(pi(p1 — 1)) = 1 — Trp?

p = Y)Y p1/2 = Tra/1(p)

The common property is that the entanglement measure vanishes for a
product state [¢¥) = |11) ® |¥2), but attains the maximum for maximally
entangled states (such as the Bell states.)



Entanglement is a property of the quantum state. But we are more

interested in the ability of a guantum-mechanical operator (i.e. the S-
matrix) to entangle.
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Entanglement is a property of the quantum state. But we are more
interested in the ability of a guantum-mechanical operator (i.e. the S-
matrix) to entangle.

The “entanglement power” deals with this issue is by averaging over the

initial states:
EU) = EU [¢1) ® |42)),

It is @ measure of the ability of an operator U to generate entanglement
on product states.

A minimally entangling operator has E(U) =0, i.e.,

el YS])el )

Two operators have the same entanglement power if they differ by
single-qubit operations:

Un~U it U=UeU)U(VieW)



Using these tools, the Seattle group found the S-matrix in NN scattering
tends to minimize entanglement in the far infrared region with the
nucleons as fundamental degrees of freedom:
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Pionless EFT!

arXiv:1812.03138



Moreover, regions of entanglement suppression coincides with the
appearance of emergent symmetries such as the spin-flavor symmetry
and the non-relativistic conformal invariance:
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Emergent symmetries in NN scattering:

* Schrodinger symmetry (non-relativistic conformal invariance)

* Spin-flavor symmetries




We would like to stuy the information-theoretic property of the S-matrix.

In the scattering process the S-matrix acts on the IN-state:

lout) = S |in)

For 2-to-2 scattering of spin-1/2 fermions, the S-matrix can be viewed as a
guantum logic gate acting on the spin-space:

|p1, s1,{a}) S |P’1,81,{al}>

‘pZa 52, {b}> |pf’2’ 52, {b/}>

Ip1,81,{a}) Uta S Uar- Py, s1,{a’})

‘pz, S2, {b}) Uap Upa |p/2’ 82, {b/}>

Low, Mehen: 2104.10835



It turns out that, modulo the equivalent class, there are two and only two
minimally entangling operators,

(10 0 0) (10 0 0)

0100 0 010
1= , SWAP =

0 01O0 0100

\0 0 0 1) \0 00 1)

|Identity gate: do nothing.
SWAP gate: interchange the qubits.

SWAP ~ —1 as [SWAP]? =1
In terms of Pauli matrices,
SWAP = (1+0-0)/2, a-azZa“@a“.

Low, Mehen: 2104.10835



Consider the scattering of two qubits, Alice and Bob, in the low-energy:
* Only the s-wave channel dominates.

* The S-matrix can be decomposed into 1S, and 3S; channels = there
are two phase shifts: 6, and 6, , respectively.

 Rotational invariance and Unitarity then uniquely fix the S-matrix:

G — 2ib0 1=0w0) | 2i6, (3+0-0)

t4 i
Spin-projector Spin-projector
into 1S, channel into 35, channel




In terms of quantum logic gates,

L
2

(627351 i 627160) 1+ 1 (822'51 . 821150) SWAP,

S = 5

Low, Mehen: 2104.10835



In terms of quantum logic gates,

L
2

(62’551 i e2i5o) 1 4 1 (e2i51 . 62i50) SWAP,

S = 5

The appearance of emergent symmetries in NN scattering is a
consequence of the S-matrix minimizing entanglement!

Low, Mehen: 2104.10835



* Nucleons are part of spin-1/2 octet baryons:

In the SU(3) flavor-symmetric limit :

20/v2+A/V6 >+

p

B = N ~X0/V24+A/V6  n

— =0

e

(1]

A low-energy effective field theory:

L8 = f2<BTBB’fB> f2<BTB B} B;) — 72
_ %(BTB ){(B!B;) — P<B§Bj><B}Bi>,

e

(BTBTB B;) —

1) =T

< :

y=Tr( )
7 (BTBTB B;)

Savage, Wise (1995)



Lattice QCD could compute the six Wilson coefficients under some special

circumstances:

INT-PUB-17-017, MIT-CTP-4912, NSF-ITP-17-076

Baryon-Baryon Interactions and Spin-Flavor Symmetry
from Lattice Quantum Chromodynamics

Michael L. Wagman,'? Frank Winter,> Emmanuel Chang, Zohreh Davoudi,*
William Detmold,* Kostas Orginos,>* Martin J. Savage,"? and Phiala E. Shanahan*
(NPLQCD Collaboration)
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In the limit where all coefficients but c; are vanishing:

The remaining operator can be re-written,

B = (nT7n~L7pT7pJ«7"') ) L= —Cx (BTB)z

which is invariant under an SU(16) spin-flavor symmetry
U=16x16

unitary matrix!

B—UB, Ut =1

There is no large N. explanation!






Q S Q S Q S
nn 0 0 XX | =2 | =2 Y= | =2 -3
np 1 0 YA y-=Y
p 2 0 » 20 | -1 | =2 =70 | -1 | -3
ny- -1 -1 n=" ="
nA DD =%t
nx0 0 | -1 »0320 Z0A 0 | -3
Py~ AX° =0y0
pA AA 0 | —2 =yt [ 1 [ -3
px0 1 | -1 n=° EE | -2 | —4
nyt pE” E 20 | -1 [ —4
put 2 | -1 XA =0=0 0 | —4
Y0 |1 | =2
pZE°
>t |2 | =2

Liu, Low, Mehen: 2210.12085



Q[ S Q S Q S
1-d sector an | 0 | 0 SY- | —2 | =2 S = | —2 | —3 4=
) np 1 0 YA y—=0
p 2 0 » 0 | -1 | -2 =30 | -1 | -3
m) nX- | -1 | -1 n=" E°A
nA yTE- =2t
ny? 0 | —1 »0%0 Z0A 0 | -3
Y- AX? =Z0y0
DA AA 0 | -2 205t | 1 | -3 <4
px0 1 | -1 n=° EE | -2 | —4
n3t pE" E20 | -1 | -4 <
) prt 2 | -1 YA =020 [ 0 | —4
Y0 |1 | =2
pZE’
STt 2 | =2

The S-matrix is block-diagonal among different (Q,S) sectors.

Liu, Low, Mehen: 2210.12085



Q| S Q| S Q| S
3-d sector an | 0 | 0 Sy | —2 | —2  S= | —2 | =3
np 1 0 YA »-=0 )
op 2 0 {220 —1 | -2 =0 | -1 | -3
ne= | -1 ] -1 | n=- =-A I
— 1A SFe- =t =
— n0 0 —1 »0370 =0A 0 -3 -
oy AXO =050
—  pA AA 0 | -2 =7 S N R
— px? 1 | -1 n 20 == | -2 | —4
Xt pE~ = =0 | -1 | —4
put 2 —1 YA =0=0 0 —4
S0 | 1 | =2
pZE’
StTEF 2 [ =2

The S-matrix is block-diagonal among different (Q,S) sectors.
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6-d sector

Q S Q S Q S
nn 0 0 XX | =2 | =2 Y= | =2 -3
np 1 0 YA y-=Y
p 2 0 » 20 | -1 | =2 =70 | -1 | -3
ny- -1 -1 n=" ="
nA —y - =%t
nx0 0 | -1 »0320 Z0A 0 | -3
Py~ AX° =0y0
pA AA 0 | —2 =yt [ 1 [ -3
px0 1 | -1 n=° EE | -2 | —4
nyt — pE~ E 20 | -1 [ —4
put 2 | -1 XA =0=0 0 | —4
Y0 |1 | =2
pZE°
>t |2 | =2
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We are able to obtain conditions on the scattering phases under which

each (Q, S) sector is minimally entangled:

Minimal Entanglement Conditions

(Q,S) sectors
np
Yom=- (527 = 5m or 527 = 5ﬁ + %
y+E0
nx-
p2+0 097 =019 or Oy =0d10E 5
(pA, pX°, nEY)
(nA, nX0 pX- )
(XA, X~ EO nZ") 07 =08y =010 £ 5 =01t 5 =05, £ 3
(ZFA, Z+§]0, pZ2) “or
(E_EO, E_ZO,E_ZO) 527 = 585 = 510 = (5E = (SgA
(E-X+, 207, E0%9)
(T, X989 AYX0 E7p, %, AA) g7 = 0gg = 01 = 510 = 015 = 08,
Or dg7 =0gg =01 =010 5 =0t 5 =08, = 5

TABLE III. Conditions in each flavor sector for the S-matrix to be minimally entangling. An
Identity gate is achieved when all the phases are equal, while a SWAP gate is when the phases

differ by 7 /2.
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A summary table on possible emerging symmetries:

Flavor Subspace Symmetry of Lagrangian
np
YTET SU(6) spin-flavor symmetry
y+=0 or conformal symmetry in 27 and 10 irrep channels
ny-
pXTt conjugate of SU(6) spin-flavor symmetry
=-=0 or conformal symmetry in 27 and 10 irrep channels
(pA, pX°, nXT)
(nA, nX°, p¥~)
(XA, 27X nE) SO(8) flavor symmetry
(ZFTA, 2320 pE9) or conformal symmetry in 27, 85, 84, 10 and 10
(X220, 270 =-x%9) irrep channels
(E-x+,E0A, 2050)
(23—, X080 AXY, E7p, Z%, AA) SU(16) symmetry
or SU(8) and conformal symmetry

TABLE V. Symmetries predicted by entanglement minimization in each flavor sector.

What does the data say?



* [t turns out there are global fits of scattering phases using YN data,
based on the meson-exchange potential models and xEFT.

* E40 collaboration at J-PARC also fitted the scattering phases in
(Sigma+, p) scattering:

A arXiv: 2203.08393 5oc0
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Fig. 28. Obtained phase shifts ds5, and 81 as a function of the incident momentum. The black dashed,
green solid, and blue dotted lines represent the calculated phase shifts of ESC16 [16], NSC97f [8], and
fss2 [6], respectively.
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based on the meson-exchange potential models and xEFT.

* E40 collaboration at J-PARC also fitted the scattering phases in
(Sigma+, p) scattering:
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81p, as a function of the incident momentum. The black dashed,
sent the calculated phase shifts of ESC16 [16], NSC97f [8], and

Data do not yet have the discriminating power to
break the sign degeneracy in 3S1 channel, which is
crucial for understanding the hyperon puzzle!




. Q -1 0 1 2
We considered the S=-1 Flavor > n|An,>n,% p|Ap, 200, 5 n | 2T p
, Total 2137 An : 2055 Ap: 2054 | 2128
hyperons: Mass (MeV) 20 :2132 | ©n:2129
Y p:2136 | X% :2131
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We considered the S=-1 Flavor > n|An,>n,% p|Ap, 200, 5 n | 2T p
: Total 2137 An : 2055 Ap: 2054 |2128
hyperons: Mass (MeV) $0n:2132 | £n:2129
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Entanglement power in /\p scattering We stay below the pion production
¥ j Threshold:
0455 i o --ee- N?LO i
' i+ ; K . _ NSC97 ] Pion production process | pcnm (MeV/c) | pias (MeV/c)
= | An — Apr— 382.8 893.9
= ESC16 _ Stp o St 390.3 943.4
DO_ L EE .......... np
= 0.10-52 1
£ |i
% Reall (Lambda, p) and
5 . R (Lambda, n) are related
+ 0.05r:: : . . .
5 HE by isospin invariance.
They share similar features.
S
0.001+%
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cil

The same observation apply to (Sigma-,p), (Sigma0, p) as well as
their isospin partners (Sigma+,n) and(Sigma0,n):

1.0F; =
¥ 1 (NSC97¥)
08¢ % T aeees SWAP (NSC97f)-
NG e - 1(p)
L} > %
: A — SWAP
0. (np)
0.4+ :
0.2}
0.0t *

100 200 300 400

pcm (MeV/

0.8 ¢

0.2 4

0.0F *
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.......................
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-t
-
'

+ — 1(NSC9Tf) - 1(p)
- - SWAP (NSC97f) -~ SWAP (np)

-
o"
o

-----

.......

pcm (MeVic)

Entanglement suppression!
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One outlier is (Sigma+, p) channel, where differing global fits give
different results:

Entanglement power in Z'p scattering
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Entanglement Power
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One outlier is (Sigma+, p) channel, where differing global fits give
different results:

Entanglement power in Z'p scattering
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One outlier is (Sigma+, p) channel, where differing global fits give
different results:

Entanglement power in 'p scattering
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= suppression
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For (Lambda+, p), we proposed a “qguantum observable” which could
break the degeneracy among different global fits:

polarization
polarization

Pcm (MeVic)

FIG. 4. Predicted polarizations of the recoiling X+ (recoil)
and the recoiling p (target) in X1 p scattering, assuming an
unpolarized proton target and a 25% polarized hyperon beam.
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Outlook

* QIS provides new tools and perspectives to understand
nuclear dynamics.

* In the NN sector, emergent symmetries can be viewed as
consequences of entanglement suppression.

e Existing global fits on YN scattering provide hints of
entanglement suppression. Need more data!

* New “Quantum Observables” could provide insights into
the long-standing hyperon puzzle.



