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Results for ma: ~ 800 MeVI N

Results for m, ~ 45(_




= [o constrain the low-energy coefficients from EFTs, we need
data

EQC’D[Q)G) A7 m(paS] LE'FT[TFyN) ey Mg, MMN, - - 702]

= Do we have experimental data for baryonic systems that
contain strange quarks (A/2Z/2)7?



Motivation
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Motivation -
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“Normal” nuclei >103 (p-+n)

+ new constraints from momentum correlation functions (femtoscopy)
at STAR (RHIC), ALICE (LHC) and HADES (GSI).



Motivation

= Implications in several fields,

with the hyperon puzzle
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Nuclear physics with Lattice QCD

= To complement experimental data, we can use lattice QCD

But why most of the results are obtained with heavier-than-
ohysical guark masses”

(NPLQCD, PACS-CS, Callat, Mainz, HAL QCD)
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Nuclear physics with Lattice QCD

= To complement experimental data, we can use lattice QCD

But why most of the results are obtained with heavier-than-
ohysical guark masses”

(NPLQCD, PACS-CS, Callat, Mainz, HAL QCD)
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Nuclear physics with Lattice QCD

Signal-to-noise problem

v
3

My — imﬁ ~ 700 MeV @ phys
3

My — oM ~ 400 MeV @ m, ~ 800 MeV
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Unphysical quark masses |«

Increase statistics
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Compute more propagators: M??b — 7
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m

Contract propagators to form correlation functions
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Nuclear physics with Lattice QCD

= A world with m, ~ 800 MeV and exact SU(3); symmetry:
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Nuclear physics with Lattice QCD

= What if we want to go beyond 4-body systems?

NPLQCD, Phys. Rev. D 87 (2012)
Barnea, Contessi, Gazit, Pederiva, van Kolck, Phys. Rev. Lett. 114 (2015)
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Davoudi, Detmold, Shanahan, Orginos, Parrefio, Savage, Wagman, Phys. Rept. 900 (2021)
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Baryon-Baryon Interactions and Spin-Flavor Symmetry
from Lattice Quantum Chromodynamics

Michael L. Wagman,"'? Frank Winter,> Emmanuel Chang, Zohreh Davoudi,*
William Detmold,* Kostas Orginos,”3 Martin J. Savage,’? and Phiala E. Shanahan*

(NPLQCD Collaboration)

Phys. Rev. D 96 (2017)

(Re-analysis and extension of Phys. Rev. D 87 (2013), Phys. Rev. C 88 (2013))

Low-energy Scattering and Effective Interactions of Two Baryons at
m, ~ 450 MeV from Lattice Quantum Chromodynamics

Marc Illa,! Silas R. Beane,? Emmanuel Chang, Zohreh Davoudi,> *
William Detmold,® David J. Murphy,® Kostas Orginos,% ” Assumpta Parrefio,
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(Re-analysis and extension to the 3-flavor sector of Phys. Rev. D 92 (2015))
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My = Mg = Mg —> M, = M ~ 300 MeV

Phys. Rev. D 96 (2017)

(Re-analysis and extension of Phys. Rev. D 87 (2013), Phys. Rev. C 88 (2013))

My = Mg 7 Mg — My ~ 450 MeV, mg ~ 600 MeV
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m, ~ 800 MeV m, ~ 450 MeV
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EFT for two-baryon s

== At very low energies, we can use pionless EFT to study the
pbaryon-baryon interaction

At leading order:

L9557 = — e\ Te(B] B, B! B;) — ¢ Tv(B! B; B! B;) — 3 Tr(B] Bl B; B))
— esTe(B] B! B;B;) — esTx(B] B;)Tr(BI B;) — csTr(B] B;) Tr(B! B;)

Y A
(Zt%w 2 op )
B = 2T 7§+75 n Z,]E{T,i}
S N A
27 8a
C1,...,Cp > C( ),...,C( )

Savage and Wise, Phys. Rev. D 53 (1996)
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EFT for two-baryon s

== At very low energies, we can use pionless EFT to study the
pbaryon-baryon interaction

At next-to-leading order:
L0 = & Te(BIV?B;BIBj + h.c.) — &Tr(BV2B; BIB; + h.c.)
— &Tr(B] BIV?B;B; + h.c.) — &Tr(B]BIV®B;B; + h.c.)
— &[Tr(B]V?B;)Tr(B]B;) + h.c.] — &[Tr(B] V?B;)Tr(B!B;) + h.c.

= = ~(27 ~(8q
C1,...,Cq > C( ),...,C( )

Petschauer and Kaiser, Nuc. Phys. A 916 (2013)
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EFT for two-baryon systems

= At very low energies, we can use pionless EFT to study the
pbaryon-baryon interaction

At next-to-leading order:

L0 = & Te(BIV?B;BIBj + h.c.) — &Tr(BV2B; BIB; + h.c.)
— &3 Tr(B! B;VQBZ-BJ- +h.c.) — é&Tr(B] B;VQBJ-BZ- +h.c.)
— &[Tr(B]V?B;)Tr(B]B;) + h.c.] — &[Tr(B] V?B;)Tr(B!B;) + h.c.

LT — — T (BIxB; B By) — e Tv(B! xB; BI B;) — cTr(B! Bix B! B;)
— eXTr(B]BjxBB;) — cXTr(B[xBIB;B; + h.c.) — c§Tr(B{ xBI B;B; + h.c.)
— &XTv(B}BIxB;B;) — ¢y Tr(B] BIxB; B;) — ¢ Tr(B] B! B, B;x)
— e Tr(BI BIB; Byx) — ¢}y Tr(BI xB;)Tx (B B;) — ¢, Tr(B] xB;) Tr(B! B;)

Petschauer and Kaiser, Nuc. Phys. A 916 (2013)
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EFT for two-baryon syste

= At very low energies, we can use pionless EFT to study the
pbaryon-baryon interaction

At next-to-leading order:

mz2 0 0
=1 0 m? 0
0 0 2m3% —m?2

LT — — T (BIxB; B By) — e Tv(B! xB; BI B;) — cTr(B! Bix B! B;)
— eXTr(B]BjxBB;) — cXTr(B[xBIB;B; + h.c.) — c§Tr(B{ xBI B;B; + h.c.)
— &XTv(B}BIxB;B;) — ¢y Tr(B] BIxB; B;) — ¢ Tr(B] B! B, B;x)
— e Tr(BI BIB; Byx) — ¢}y Tr(BIxB;) Tx(B] B;) — ¢, Tr(B] xB;) Tr(B! B;)

Petschauer and Kaiser, Nuc. Phys. A 916 (2013)
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EFT for two-baryon syste_

= At very low energies, we can use pionless EFT to study the
pbaryon-baryon interaction

In the limit of large number of colors, there is an SU(6) spin-
flavor symmetry

ngSU(6) _ —CL(\IJT \Ij,ul/p)2 . b\IﬂL \IJ,LWT\IJI];(ST\IJ,O(SJ

LUp Qv o
L 1
vp _ (i kvy) __ a  w B wya wao
e — glie)[G8)(ky) _ i (Bw,z-e Mep + BE % + B e 5&7‘)

(in the 2-flavor sector, the SU(4) Wigner symmetry is observed)

Kaplan and Savage, Phys. Lett. B 365 (1996)
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EFT for two-baryon

= How can we compute the values of the coefficients?

_ - —1 —_ / C>J§132 (m%{ o m72r)
1 | L MBl By ¢ (irrep) X
e - ) (C + CBl BQ)
_ 49 —
"5 B, 1 Mg 5, (irrep) caplan, Savage end uice
2 | M - 2 C Nuc. Phys. B 534 (1998)
- aBlBQ - 7-‘- Nucl. Phys. A \6722 Iicl)ég];;

= Are the baryon-baryon channels natural?

NN (8;) :r/a ~ 0.32 NN (3Sp) : r/a ~ —0.12
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Rosultsfor m.: ~ 800 MeV. S N

ne =3, my =3806(5) MeV, b=0.145(2) fm
Le{34, 45, 6.7} fm T €{6.7, 6.7, 9.0} fm
Different smearings: SP and SS

Boosted systems (d) and back-to-back momenta

3 ¥ i
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Results for m, ~

ne =3, my =3806(5) MeV, b=0.145(2) fm
Le{34, 45, 6.7} fm T €{6.7, 6.7, 9.0} fm
Different smearings: SP and SS

Boosted systems (d) and back-to-back momenta

@ At the SU(3) flavor-symmetric point, all baryons have the
same mass
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Results for m;

ne =3, my =3806(5) MeV, b=0.145(2) fm
Le{34, 45, 6.7} fm T €{6.7, 6.7, 9.0} fm
Different smearings: SP and SS

Boosted systems (d) and back-to-back momenta
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Results for m, ~
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Results for m, ~ 80

> Use LUscher’s formalism

Lischer, Commun. Math. Phys. 105 (1986), Nucl. Phys. B 354 (1991) + many more

“cotd = - !
=S 2 B ad)P - (2R

n€Z3 27

In the negative k™2 region, it can be expanded to find the binding

rT]()rTWEErWt (CXD)' Beane, Bedaque, Parrefio, Savage, Phys. Lett. B 585 (2004)
a R ) Davoudi and Savage, Phys. Rev. D 84 (2011)

B=m1+mg— \/m% — K(0)2 \/mg—ﬁ;(w)?

B (+1.8)(+2.8) o (+3.3)(+1.8)
327 = 20'6(—2.4)(—1.6) MeV B10 = 6°7(—1.9)(—6.2) MeV

B (4+3.1)(+2.2) B (4+2.1)(+2.4)
By =27.9 531 MeV B, =40.770 ") MeV

= All systems are bound
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Results for m, ~

> Use LUscher’s formalism

Lischer, Commun. Math. Phys. 105 (1986), Nucl. Phys. B 354 (1991) + many more

Since all points are below the t-channel cut (k* = %= ), we can use the
effective range expansion (ERE) to extract the scattering parameters

1 1
k" cot = ==+ 574«*2 + Pk** + O(k*°)

- 00O d = (0,0,0)
021 27 irrep ooo d=(0,0,2)

p—— 243 x 48 : stat. 68% C.1I.

0.1 ——— 32° x 48 : stat. 68% C.L
=R —— 48% x 64 : stat. 68% C.L.
o 00 b 24% x 48 stat.+syst. 68% C.L.
S 4 323 x 48 : stat.fsyst. 68% C.I.
2 -0l 48% X 64 : stat.+syst. 68% C.I.
~
lllllll — _k*2
-0.2
- Two-parameter ERE: stat.
Two-parameter ERE: stat.4syst.
_03 1 : : : 1 : : : : . . 1 . . . 1 . . . 1 ;
-0.04 -0.02 0.00 0.02 0.04 0.06 - Three-parameter ERE: stat.
2
k* [l.u.] Three-parameter ERE: stat.4syst.

21


https://doi.org/10.1007/BF01211097
https://doi.org/10.1016/0550-3213(91)90366-6
https://doi.org/10.1007/BF01211097
https://doi.org/10.1016/0550-3213(91)90366-6
https://doi.org/10.1103/PhysRevD.96.114510
https://doi.org/10.1103/PhysRevD.96.114510

Results for m;
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All systems show unnaturalness
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Results for m
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Results for m, ~ 80

== With the SU(6) coefficients, we can compute all LO SU(3) LECs:
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Natural case Unnatural case
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zz % % I % % 1'0 SU (1 6)J
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iz~ But where does SU(16) come from?

Beane, Kaplan, Klco, Savage, New conjecture: entanglement suppression
Phys. Rev. Lett. 122 (2019) is a dynamical property of QCD

(A similar idea was previously used to constrain QED and weak interactions, but by imposing maximal entanglement)
Cervera-Lierta, Latorre, Rojo, Rottoli, SciPost Phys. 3 (2017) o4
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https://doi.org/https://doi.org/10.21468/SciPostPhys.3.5.036
https://doi.org/10.1103/PhysRevD.96.114510
https://doi.org/10.1103/PhysRevD.96.114510

Results for m. ~ 450 MeV

ng=2+1, m; =450(5) MeV, b=0.117(2) fm
Le{28, 3.7, 5.6} fm T € {7.5, 11.2, 11.2} fm
Different smearings: SP and SS

Boosted systems (d) and back-to-back momenta
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Results for m. ~ 450 MeV
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ng=2+1, m; =450(5) MeV, b=0.117(2) fm
Le{28, 3.7, 5.6} fm T € {7.5, 11.2, 11.2} fm
Different smearings: SP and SS

Boosted systems (d) and back-to-back momenta

= With SU(3) flavor symmetry being explicitly broken, the
baryons will have different mass

My ~1.23 GeV  Mp ~1.31 GeV  Ms ~1.35 GeV M= ~ 1.41 GeV
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Results for m. ~ 450 MeV

AEgz(T) [111] Ezz(T) [111]

ng=2+1, m; =450(5) MeV, b=0.117(2) fm
Le{28, 3.7, 5.6} fm T € {7.5, 11.2, 11.2} fm
Different smearings: SP and SS

Boosted systems (d) and back-to-back momenta

arXiv:2009.12357 [hep-lat]

== Noisier correlation functions, so a more elaborated fitting
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Results for m. ~ 450 MeV

AEgz(T) [111] Ezz(T) [111]

fiX Tmin and Tmax

model selection (AIC)

tests

e
E :éinff_l;”T
n=0

arXiv:2009.12357

[hep-lat]

accept fit
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C reject fit J

== Noisier correlation functions, so a more elaborated fitting

strategy
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Results for m. ~ 450 MeV

arXiv:2009.12357 [hep-lat]

= A total of 12 kinematic .| .
points per system e .

= Not all systems show m W
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Results for m. ~ 450 MeV
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== Again, we use Luscher’s formalism to compute binding energies
and scattering parameters.

H———T— T T

| VN (%51) ] |22 (1S0) ;

30 | % 8 30 | . (

: : i ] 0) (1)
o : : ' Biin(mx) = By, + By, M
E 20 - - 20 - % -
=N % : : ; (0) (1) 2
m 10f ] wf 0 . Bquad(mﬁ) = Bquad + Bquadmﬂ

o X - o
~10 I R T T IS ST S —10 I EET Y R R
0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6
m?2 [GeV?] m?2 [GeV?]

40 ‘T T T r . 1 T T Tt T T ] N1 7]
== (190) : F|EN (°S1) ;
30 F 1 4f o
o 1  30F :
> 20 % - ' 0 ]
Z f 0 1 20F ;
™ 10f . : :

[ ] 10 7

0 : ! of
—10 I T R BRI —10 F T R T R TR T R
0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6
m?2 [GeV?] m?2 [GeV?]
o1 NPLQCD n; = 3 Li trapolation i + NSC97 XEFT LO

Q ng = inear e>.< rapolation .1n TT'LW . Bhime ++ YEFT NLO

HH NPLQCD ny =2+1 Quadratic extrapolation in m <« ESC % Experimental

28


https://arxiv.org/abs/2009.12357
https://arxiv.org/abs/2009.12357

Results for m. ~ 450 MeV

arXiv:2009.12357 [hep-lat]

== Again, we use Luscher’s formalism to compute binding energies
and scattering parameters.

Now not all the kinematic points fall inside the t-channel cut...
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Results for m. ~ 450 MeV

a"![Lu.]

arXiv:2009.12357 [hep-lat]

Systems with resolved r/a show unnaturalness \
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= Compared to m, ~ 800 MeV, we have now less points to fit
with larger uncertainties

Can also compute the scattering length as: a~ ! = k(>

2T )

A= —
M k*cotd — ik* B+ — ()

» Lk¥cotd

k* =ik (o) + H’(OO) =0
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Results for m. ~ 450 MeV

@ If we want to study SU(6), first we have to check SU(3)

For the 27-plet systems:
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Results for m. ~ 450 MeV
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@ If we want to study SU(6), first we have to check SU(3)

L1 o _J |

[N = Similarities between the binding energies and scattering X )]
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= The violation of the Gell-Mann-Okubo mass relation is an
order of magnitude smaller compared to the experimental
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Results for m.. ~
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Results for m. ~ 450 MeV
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Summary

LQCD can be used to help constrain EFTs when there are no experimental data

%

Although calculations are not @ physical point, they are useful to reveal the
symmetries more clearly

At 800 MeV, there is an accidental SU(16) symmetry, and at 450 MeV, despite
the quarks having different masses, SU(3) and SU(6) are still approximate

%

1> Discrepancies between different methods (variational, HAL QCD) need to be
understood

= Calculations near the physical pion mass are being performed

Other projects:

> Interaction of hadrons with external currents: momentum fraction, axial charge...
arXiv:2009.05522 arXiv:2102.03805

> Spectrum of 3-body hypernuclei
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