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Collaborators

We present the first computation in a program of lattice-QCD baryon physics using staggered
fermions for sea and valence quarks. For this initial study, we present a calculation of the nucleon
mass, obtaining 964 4+ 16 MeV with all sources of statistical and systematic errors controlled and
accounted for. This result is the most precise determination to date of the nucleon mass from
first principles. We use the highly-improved staggered quark action, which is computationally

[ J
® Al d a E l — I(h ad r a efficient. Three gluon ensembles are employed, which have approximate lattice spacings a ~ 0.09 fm,

0.12 fm, and 0.15 fm, each with equal-mass u/d, s, and ¢ quarks in the sea. Further, all ensembles

have the light valence and sea u/d quarks tuned to reprodr-- *%- —%-=f-=1 =i~ —---
complications from chiral extrapolations. Our work opens i

b f baryon properties, which are both feasible and relevant t«
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This work continues our program of lattice-QCD baryon physics using staggered fermions for both

the sea and valence quarks. We present a proof-of-concept study that demonstrates, for the first

® Aaron Meyer time, how to calculate baryon matrix elements using staggered quarks for the valence sector. We
show how to relate the representations of the continuum staggered flavor-taste group SU(8)r7 to

those of the discrete lattice symmetry group. The resulting calculations yield the normalization

o factors relating staggered baryon matrix elements to their physical counterparts. We verify this

® James SlmOne methodology by calculating the isovector vector and axial-vector charges gy and ga. We use a
single ensemble from the MILC Collaboration with 24141 flavors of sea quark, lattice spacing

a ~ 0.12 fm, and a pion mass M, =~ 305 MeV. On this ensemble, we find results consistent with

expectations from current conservation and neutron beta decay. Thus, this work demonstrates how

([ ]
¢ Al S l h l highly-improved staggered quarks can be used for precision calculations of baryon properties, and,
eXel tre C en (O in particular, the isovector nucleon charges.

Computing Nucleon Charges with Highly Improved Staggered Quarks

e Fermilab Lattice and MILC collaborations



Neutrino: A Tale of Two Models

three generations of matter
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Standard Model of Elementary Particles

interactions / force carriers
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Neutrino Oscillation Experiments

Sanford Underground
Research Facility
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Neutrino Oscillation Experiments
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Neutrino-Nucleus Cross Section
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(cross section per nucleon, isoscalar targets)

[Formaggio, Zeller, arXiv: 1305.7513] [USQCD white paper, arXiv: 1904.09931]
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https://arxiv.org/abs/1305.7513
https://arxiv.org/abs/1904.09931

Charged Current Neutrino-Nucleon Cross Section

4 ~
(N|JHQ)IN) )
Vector FF: High statistics measurements from e- scattering
(N | JX(Q) | V) [Borah, Hill, Lee, Tomalak, arXiv:2003.13640]

Axial FF: Lacking new data, dominant uncertainty


https://arxiv.org/abs/2003.13640
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[C.C Chang et al, arXiv:1805.12130]
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Lattice QCD is a Regularization of QCD
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Visualizing Lattice QCD

LT
r f\nm

NATIONM L4 Ol ATORY

%3 USs.D
A ~aEnr
A7 al W

“nteol ) ) -=~

—
Time k

10



Measuring Observables on Lattice

C,,(1) = (0(10(0))

“source” ' ®
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Cs,,(t,7) = (O()J(1)0(0))
© Mass Czpt(t) ~ Ae™"

© Matrix element C3pt(t9 7)/ Czpt(t) ~ (N|J|N) = EV.A
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Free Market of Lattice Fermions

v

Selw. w1 = ), (P (w(n + p) — w(n — p) + my(n))
n,u
fermion doubling problem

Many alternative ways to discretize fermions:

Wilson fermion, overlap fermion, domain-wall fermion, twisted
mass fermion, staggered fermion, ...



A First Look at Staggered Fermion

2 77% one-component Spinors

|
ab -
Dstag(y ’ X) o 5 Z nﬂ(y ) (éx,yw o 5x,y—//t)5a,b T méx,yéa,b
H

® Most efficient to simulate @ Remanent chiral symmetry

® Four degenerate fermion doublers (tastes)
for each quark species in the continuum
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Valence Symmetries of Continuum Staggered Fermions

Physical QCD Staggered QCD

SU(2)F SU@)rr D SU2)F x SU4)T

QCD C Staggered QCD




Nucleon Mass

[YL, ASM, CH, ASK, JNS, AS, arXiv:1911.12250]



https://arxiv.org/abs/1911.12256

Physical States in Staggered QCD

Example: A+ resonance

Physical QCD Staggered QCD

x (i:1,2,3,4)

Single-taste baryon

Single-taste baryons must have physical masses!
[Jon Bailey, arXiv:hep-lat/0611023]



https://arxiv.org/abs/hep-lat/0611023

Physical States in Staggered QCD

Example: A+ resonance

There are more states in staggered QCD that have physical masses!

SRl

NOT a single-taste baryon

@ @ SU(S)FT can also rotate states | ’

jl
to different i isospin irrep |

e — — = — -

SU(S)FT ‘rotation”
[Jon Bailey, arXiv:hep-lat/0611023] 18



https://arxiv.org/abs/hep-lat/0611023

spin flavor

SU(Z)S X SU(3)F

irrep notation:
SU(2) group - spin notation

other group - dimension + possible subscript

spin flavor-taste

168-fold Way of Staggered Nucleons

Baryons in the
octet are
degenerate

/ contains
| single-taste

nucleons '
Staggered QCD

Baryons in the
168-plet are
degenerate

e
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[Jon Bailey, arXiv:hep-lat/0611023]



https://arxiv.org/abs/hep-lat/0611023

Two-point Correlators of Isospin-3/2, 16 Irrep

0.15 fm, physical pion

A-like

N-like



Continuum Extrapolation of Nucleon Masses
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[YL, ASM, CH, ASK, JNS, AS, arXiv:1911.122560]
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https://arxiv.org/abs/1911.12256

Nucleon Charges

YL, ASM, SG, CH, ASK, JNS, AS, arXiv:2010.10455|


https://arxiv.org/abs/2010.10455

Matrix Elements are More Complicated
Physical QCD Staggered QCD

z isospin-3/2, 16 irrep

W,

Q: How to extract physical
charges gay from staggered
matrix elements?
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Physical ME in continuum Staggered QCD

(i =123.4)

- isospin-1
single-taste
| current |

isospin-1/2 |
single-taste
i nucleon '

But there are no smgle taste currents due to mlxmg

SU(2)F analogy
ATT, A” Smgle ﬂavor baryons zY: \g(uﬁ — dc?)
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Physical ME in Staggered QCD
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Physical ME in Staggered QCD

(i=1,2,3,4)

What we want
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On the Generalized Wigner-Eckart Theorem

SU(2) Wigner-Eckart Theorem
: - AERYRT ) : : Je y
(om| T8 |1 m') = G m' kg, m) GG IT )
: CG coeff. reduced ME
Matrix Element .
\ (group theory) (physics) )
.

! SU(N) Wigner-Eckart Theorem

</1, c| T'?

Matrix Element Group theory physics

As 0’> =G, 0,a,7,4",0) x P(A, T, })

WV,

(4,2, a — irrep labels, ¢, 6,7 - component labels)
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Physical ME in Staggered QCD

(i=1.23.4)

What we want

isospin-1/2 |
single taste
\ nucleon ]

ISOSpIn-1
taste-diagonal
. current |
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Physical ME in Staggered QCD

What we want

X 7B
.v .
{
r._'. RA-Z - a~Y- .-; - > ,-' TR 2 S oty 2P - R0y LDy . aar s Ral -2 2o BV, (DD
. .

= ?N -
\:‘
T _

30



[Hecht and Pang, |
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https://aip.scitation.org/doi/10.1063/1.1665007

Physical ME in Staggered QCD

My +0 T <N16 +0 JV‘NI6 +O>cont. — — 8v
M1V6 0 <N16 o‘ JV‘NM O>cont. — —8v
Mf% +0 T <Nl6 o] J° ‘Nl6’+0>cont. - g3_A
Mis,_o = <Nl6 —0‘ J! ‘Nl6’_0>c0nt — 5A



Results

LYL, ASM, SG, CH, ASK, JNS, AS, arXiv:2010.10455|



https://arxiv.org/abs/2010.10455




Two-point Correlators

gafit| M. = 1141(10) MeV
~ 800 MeV + m,

[André Walker-Loud,: arXiv:hep- la1z1401 8259] )

0.12 fm, mz = 300 MeV

4 6 8 10 12
t/a

14
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https://arxiv.org/abs/1401.8259

Three-point Correlators: gv

= va=5] gy =Z,gy = 1.02(2) 1
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Summary and Outlook

— ? —— . A . - — 4 —

| * Feasible to calculate matrix elements with staggered fermions |
t » Extending ga to multiple lattice spacings at physical pion masses {

f » Extending to nonzero momentum transfer for the form factors
I (ongoing!)
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