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Symmetry is the theoristOs friend:

¥Gauge symmetries
¥(Approximate) global symmetries

¥Anomalous symmetries

¥UV more symmetric than IR
| Spontaneously broken symmetries

' UV Pxed point

¥IR more symmetric than UV

' IR bxed point
' Accidental symmetries

Discovering symmetries of UV or explaining apparent
symmetries of IR tells us more about the theory
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Symmetry is the theoristOs friend:

¥Gauge symmetries
¥(Approximate) global symmetries

¥Anomalous symmetries

¥UV more symmetric than IR
| Spontaneously broken symmetries

' UV Pxed point

¥IR more symmetric than UV

' IR bxed point
' Accidental symmetries

Discovering symmetries of UV or explaining apparent
symmetries of IR tells us more about the theory

This talk:
Searching for an explanation of peculiar IR symmetries of QC|
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Emergent symmetries seen in baryon-baryon interactions:
. SU(4), SU(6) spin-l3avor symmetry
. SU(4) Wigner symmetry
lll. Schrsdinger (conformal) symmetry
Iv. SU(16) (?!) In baryon octet
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Emergent symmetries seen in baryon baryon interactions:
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Emergent symmetrles seen in baryon baryon interactions:
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Approximate SU(4), SU(6) spin-Ravor symmetry (1960s)
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¥Approximate symmetry of non-relativistic quark model
¥Approximate symmetry apparent in nature:

¥masses

¥magnetic moments & transitions

¥semi-leptonic currents

¥meson-baryon couplings

¥NN scattering
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SU(4), SU(6) spin-Ravor symmetry

¥Cannot be a symmetry of relativistic QFT (Coleman-Mandula)

¥Forbaryon-mesorcouplingsdoesfollow from QCD in large-N limit
Gervais, Sakita (1984); Dashen, Manohar (1993), Dashen, Jenkins, Manohar (1994
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SU(4), SU(6) spin-Ravor symmetry

¥Cannot be a symmetry of relativistic QFT (Coleman-Mandula)

¥Forbaryon-mesorcouplingsdoesfollow from QCD in large-N limit
Gervais, Sakita (1984); Dashen, Manohar (1993), Dashen, Jenkins, Manohar (1994
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But what aboutbaryon-baryonnteractions?
Is large-N Is evident in nuclear physics? Yes!
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¥Large-N: seems to also work in nuclear physics:
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DBK, A. Manohar (1996)

Comparison of phenomenologic:
models vs large-N predictions

¥Eand large-N. implies spin-Ravor symmetries in low energy
baryon-baryon interactionskEBk, M.J. Savage (1995)
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SU(2N) spin-Ravor symmetries in low energy baryon-baryon interactic
can from large-N

¥Nf = 2: nucleons *s in 20 dim irrep of SU(4)
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SU(2N) spin-Ravor symmetries in low energy baryon-baryon interactic
can from large-N

¥Nf = 2: nucleons *s in 20 dim irrep of SU(4)

I 11
1 n n
— u'" \2 1'% &$
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1 C DO K) = » + H#— . NJIwkwe o4 NJ dkow s N K
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¥Ns = 2 (restricted to nucleons

Le="! 2Cs(N N)?! 1Cr(N "1 N)? "' general weinberg (1990

2(a! b/27) I

Cs = 2 Cr=0 SU(4) prediction

Does this work”
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SU(4)uark impliesSU(4wm

Le =1 3Cs(N N)°! %CT(XN)Z N= #nl

[N +1 =20 of SU(4)]uark; N=4 OfSU(4)’Vigner]

Diagnostic:

Is SU(4vigner Symmetry seen in nuclear physics?

Yes!
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Example of evidence for SU(#jner: ! -decay In A=18 isobars

E(MeV) J I EMeV) J I EMeV) J I
1.98 2" 1 3.06—— 2" 1 1.89 2" 1
[1.23] 0,1 1o 01 T (1.10] 01
185 v E 1870
+ 17,0 /
| 18

A D. B. Kaplan L attice 2019 18/6/19




Example of evidence for SU(#jner: ! -decay In A=18 isobars

E(MeV) J I EMeV) J I EMeV) J I
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Example of evidence for SU(#jner: ! -decay In A=18 isobars

E(MeV) J 1 E(MeV) J 1 E(MeV) J 1
1.98 2" 1 30— 2" 1 1.89 2" 1
[1.23] 0,1 10401 \ [L.10] 01
185 IRV
\ ; /
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+(0,1) = 6 of SU(4)

Gamow-Teller weak transition! (decay): " i #+! SU(4)
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Example of evidence for SU(#jner: ! -decay In A=18 isobars

EMeV) J | EMeV) J .1 EMeV) J |

1.08 2" 1 306—— 2,1 1.89 2" 1

SU(4igner disallowed transitions

123 01 1.044,1\_‘ [110] 0.1
+ 1,0 N
| 18 SU(4)vigner allowedtransitions

+(0,1) = 6 of SU(4)

Gamow-Teller weak transition! (decay): " i #+! SU(4)
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Example of evidence for SU(#jner: ! -decay In A=18 isobars

EMeV) J | EMeV) J .1 EMeV) J |

1.08 2" 1 306—— 2,1 1.89 2" 1

SU(4igner disallowed transitions

123 01 1.044,1\_‘ [110] 0.1
+ 1,0 N
| 18 SU(4)vigner allowedtransitions

+(0,1) = 6 of SU(4)

Gamow-Teller weak transition! (decay): " i #+! SU(4)

SU(4igner allowedmatrix elements 40 x greater than SU(4vigner disallowed
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So far: no surprises? N emergent spin-Ravor symmetries can be
explained by large-N
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So far: no surprises? N emergent spin-Ravor symmetries can be
explained by large-N

First surprise : unnaturally large scattering lengths in NN scattering

give approximate Schrsdinger symmetry (nonrelativistic conformal
symmetry)
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So far: no surprises? N emergent spin-Ravor symmetries can be
explained by large-N

First surprise : unnaturally large scattering lengths in NN scattering
give approximate Schrsdinger symmetry (nonrelativistic conformal
symmetry)

1S scattering length = -23.7 fm ~ 1/8 Me

35 scattering length= +5.4fm ~1/35 M
A~ 4 1

e

1/a is very small for botl

:|Very low scales for QCI

Who ordered
that??
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Second surprise arises for N=3:

Baryon-baryon interactions N3;
SU(6) spin-RBavor symmetry predicted by large-N

A D. B. Kaplan L attice 2019 18/6/19




Second surprise arises for N=3:

Baryon-baryon interactions N3;
SU(6) spin-RBavor symmetry predicted by large-N
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Second surprise arises for N=3:

Baryon-baryon interactions N3;
SU(6) spin-RBavor symmetry predicted by large-N

— 1 "2 10/ "&$
= | _2 Nt | M )< + bl 1S | K70 "&%!
# $
| ( |)((J)} + #_ BI m, }Bin’("mkl II)' + Brl;’)"mij ".(
baryon decuplet baryon octet

General low-energy EFT for just the octet: M.J. Savage, M.B. Wise (19

L = ! clrB, BiBj Bi ! c;Tr B, B; Bj Bi! c3Ir B, Bj BiB;
l C4Tr B, Bj BiBi! csTr B; BiTr Bj Bi ! cIrB;,BjTr Bj Bi

S I | + P v
B n 2| ) 6 I 0 ) 00
i = # | [ SR n :
2 6 —
n " n( I lgg I 11‘
i
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Low energy octet-octet interactions:

L = !¢clrB, BiBj Bi ! cTr B; B;j Bj Bi! c3Ir B, Bj BiB,;
L Cc4Tr B, Bj BiBi! csIr B, Bi Ir Bj Bi ! cIr B, BjTr Bj Bi

SU(6) prediction:

4 1 10
- | - _ =
14 2 1
= | = + — = | _
C4 81b G=a 9b G 9b

Does this work? Look at lattice data
¥NPLQCD collaboration, 2015
¥equal quark masses
¥m- = 806 MeV
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PHYSICAL REVIEW D 96, 114510 (2017)

Baryon-baryon interactions and spin-flavor symmetry from lattice
guantum chromodynamics

Michael L. Wagmari;? Frank Winter Emmanuel Chan§Zohreh Davoudf, William Detmold?
Kostas Orginod;? Martin J. Savagé? and Phiala E. Shanatan

(NPLQCD Collaboration) %a;-‘ %}ﬁ =5
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B, Bj ! c;Tr BB, B B ! CgTXBj BiB;
9(& B, E
NPLQCD results:

25 Ir B; Bi Tr B; Bj N Cs Tr B;
¥Only s# 0
¥cs near critical value for large scattering lengths

Similar to N=2 large-N result: L : %CT)(‘ N)?
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L = | ¢clIr iB;Bj! cIr BB B.B; ! chXBjB-Bj
I c4Tr B, iBi! esTrB; B Tr Bj B! C6TrBi9<I'r BjE

NPLQCD results:
¥Only s# 0
¥cs near critical value for large scattering lengths

Similar to N=2 large-N result: L : %CT)(‘ N)?

But:

¥EFT possessedU(16) analog of SU(4igner
¥+ near critical value for large scattering lengthsddnformal symmetry

NOT large-N: predictions
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low energy symmetries of spin 1/2 baryons

N =y, N=%

N
t 0

SU(4)wigner SU(16NpLocD *

g N
~conformal ~conformal
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low energy symmetries of spin 1/2 baryons

N =y, N=%

N
t 0

SU(4)wigner SU(16NpLocD *

g N
~conformal ~conformal

No known reason for these symmetries
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low energy symmetries of spin 1/2 baryons

N =y, N=%

N
t 0

SU(4)\Nigner SU(16)\IPLQCD '

g N
~conformal ~conformal

No known reason for these symmetries

Ebut: these symmetries correlated with low entanglemer
v D. B. Kaplan Lattice 2019 18/6/19




MAY 15, 1935 PHYSICAL REVIEW VOLUME 47

Can Quantum-Mechanical Description of Physical Reality Be Considered Complete?

A. EINsTEIN, B. PopoLsky AND N. RosgEN, Institute for Advanced Study, Princeton, New Jersey
(Received March 25, 1935)

DISCUSSION OF PROBABILITY RELATIONS BETWEEN
SEPARATED SYSTEMS

By E. SCHRODINGER

[Communicated by Mr M. BORN]

[Received 14 August, read 28 October 1935]
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DISCUSSION OF PROBABILITY RELATIONS BETWEEN
SEPARATED SYSTEMS

By E. SCHRODINGER

[Communicated by Mr M. BORN]

-

[Received 14 August, read 28 October 1935]

When two systems, of which we sSpec
representatives, enter into temp v Y Je to
known forces between them, an \ A }

InBuence the systems separate / ger [
described in the same way as before, viz. by endowing each of
with a representative of its own. | would not call tbaébut rather
the characteristic trait of guantum mechanics, the one that enfor
entire departure from classical lines of thought. By the interactio

two representatives (or wave-functions) have becemangled
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How to quantify entanglement?
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How to quantify entanglement?
Quantum entropy:

S=-T$ logp$, I = density matrix
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How to quantify entanglement?
Quantum entropy:

S=-T$ lop$, $ =density matrix
E.g.pure state:  |¢) =| Tz y)
=" I"" |

1 0 ... $ rank1

;#o 0 ...‘g
. S=0
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How to quantify entanglement?
Quantum entropy:

S=-T$ logp$, I = density matrix

E.g.pure state:  |¢) =| Tz y)

b: ‘II !IIII‘
10 ; $ rank1
#O 0 é
L S=0
1.0 0 ...
| I_155010“_?$rank2
E.g. mixed state: =540 00 ..¢ g=1
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How to quantify entanglement?
Quantum entropy:

S=-T$ logp$, I = density matrix

E.g.pure state:  |¢) =| Tz y)

b: ‘II !IIII‘
10 ; $ rank1
#O 0 é
L S=0
1.0 0 ...
| I_155010“_?$rank2
E.g. mixed state: =540 00 ..¢ g=1
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Factorizable Hilbert space: H=HaXxHs

Reduced density matrix: la=Trpg!
lg =Tr 5o !
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Factorizable Hilbert space: H=HaXxHs

Reduced density matrix: la=Trpg!
lg =Tr 5o !

Pure state orH N typically $a, $& will represent mixed states, reRected i

entropy:.
by S:O, SA:SB!:O

Shows that systems A and B azetangled
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How to quantify entanglement of a N-N scattering process?

One way: PRL$122, 102001 (2019), arXiv: 1812.03138;
A simpler way: in preparation;

Rough description

¥Compute reduced density matri®1 for 2-particle state

¥Debne entanglement for pure 2-particle state as [1-$1)]

¥Compute entanglement power of the S-matrix as di%erence
entanglement between%s,> and Yoour>

¥average over Initial spin-3avor orientations
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Entanglement power in s-wave nucleon-nucleon scattering
Function of two phase shifts fo¥S and1S channels

I 11 I 1
QZ %.3€i2!1+ei2!0 g? + %'eiZ!l#eiZ!o 9 46

E(S) = % sin (2("1 # "0)) Entanglement power of S
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Entanglement power in s-wave nucleon-nucleon scattering

Function of two phase shifts fo¥S and1S channels
| " | "
QZ }'Bei2!1+ei2!o g? + }.eiZ!l#eiZ!o 9 46
4 4 o

E(S) = % sin (2("1 # "0)) Entanglement power of S

Vanishes when 1.& =& << SU(4)igner SYymmetry

or: 2.&1=0o0r"2 < conformal symmetn
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Entanglement power in s-wave nucleon-nucleon scattering
Function of two phase shifts fo¥S and1S channels

I 11 I 1
QZ %.3€i2!1+ei2!0 g? + %'eiZ!l#eiZ!O 9 46

E(S) = % sin (2("1 # "0)) Entanglement power of S

Vanishes when 1.& =& << SU(4)igner SYymmetry

or: 2.&1=0o0r"2 < conformal symmetn
Look at the low energy EFTs foep< m/2 :
Le="! 2Cs(N N)?! ZCr(N "1 N)?

'Sy @& =(Cs! 3Cr) Fit Co, Cyto
scattering lengths
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Le="! 2Cs(N N)?! ZCr(N "1 N)?

'S : @, =(Cs! 3Ct)
3S; @ =(Cs+ Cr)

E(8) = 7 si? (2" # "0)

Conformal bxed points
(zero or inPnite scattering

lengths,& = 0, "/2)

SU(4igner Symmetry line
(&0 = &)
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Minimal entanglement in scattering occurs at points
of enhanced symmetry

Real world: Fit G, C; to scattering lengths
3> Cr/Cs = 0.08 E~ SU4 symmetric

> Co =.94 G,
L Cp =1.35(F pretty close to conformal
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OK, what about N=37?

Find entanglement power of S-matrix is minimized for
¥SU(16) symmetry
¥Conformal symmetry

Eexactly the results found by LQCD, with no known QCD explanatior
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OK, what about N=37?

Find entanglement power of S-matrix is minimized for
¥SU(16) symmetry
¥Conformal symmetry

Eexactly the results found by LQCD, with no known QCD explanatior

Could enhanced symmetries be evidence for
entangle-phobia as a property of strong interactions?
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Is there a connection between entanglement and dynamics?
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Is there a connection between entanglement and dynamics?

Observed that ground states
seem to obeyarea-lawentanglement

Sp = Sg | area of shared boundar
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Not a general feature of wave function
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Entanglement seems to know about dynamics - e.g. correlation leng

In a strongly coupled system with composite particles (eg, QCD) cal
might their wave functions and interactions (and hence their
symmetries) adjust to minimize entanglement?
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ENTANGLEMENT
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LOW ENTANGLEMENT
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DYNAMICS
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LOW ENTANGLEMENT HIGH ENTANGLEMENT

F: 'sq ¥
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Conclusions:

In pursuit of a new paradigmE

Empirical approximate symmetries w/o explanation in the strong
Interactions:

¥non-quark spin-Ravor symmetries
¥NR conformal (Schrsdinger) symmetries

Entanglement is minimized for Bavor & spin diagonal interactions, as
well as for conformal Pxed points

Can some symmetries be explained by dynamical systems Owantingc
to minimize entanglement?

Need to look at multi-nucleon interactions, e.g. 3-body terms
Need to Pnd other examples, models; perhaps gravity duals?
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