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Goal: Determine baryon spectra in lattice QCD.

How?: Need a set of baryon operators that couple to
states of interest.
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Outline of Talk

1. Baryon operator design for lattice QCD simulations
Phys. Rev. D72, 074501 (2005); Phys. Rev. D72, 094506 (2005).

e Local operators @

e One-link operators @ o

2. Lattice results of N* and A* spectra
e Observation of degeneracy patterns
e Volume dependence of masses

3. Summary and Future



Variational Method

A matrix of correlation functions is constructed using baryon interpolating
operators Eﬁlm()‘c’,t).
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Solve the generalized eigenvalue equation
(M. Lischer and U. Wolf, Nucl. Phys. B339, 222 (1990)).
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Local baryon operators

(A1)

v (X,1) = Copy

Eabe QapC qga(fvt) ng(fat) qgc(fvt)v

(AA)

apy

€upbe - color antisymmetry
Oapc : quarkflavors

coefficients tying Dirac indices to yield overall irrep A and row A

baryon operator ¢=1) color flavor space spinindex num.
N (uadp — doup)uy A MA S MA 20
A UoUplly A S S S 20
Q SaSpSy A S S S 20
A (uodp —doup)sy A MAA S MA,A 24
by UolpSy A S,MS S S,MS 40
= A  SMS S S,MS 40

SaSBu'y



One-link baryon operators

Define a covariant displacement operator d; acted on ;' (¥,¢) as

—_ — A,?\, — c/ — A C/C -
A (X) = ey Bane Qane 70 (%) g8 (3) 457 (V4 a8 U “(3).

o

— {dy,dy,d-,d_,d_y,d_.} transform amongst themselves.

The spatial part is reduced into A;(1),77(3), and E(2) (single-valued) irrep
of the octahedral group. Define

[ A ) ( T AV + G+ d G +d -+ d_y§ +d_. ) \
D,y 25 (AW — d ) +i(dy§ — d—, )]
by | _ —33[(dV — d—x§) — i(dy§ — d_ )]
Doy | - ﬁ (d¥ —d_. V)
Eoy 575 AV +d W) — (dF+d ) — (dy§ +d )]
\ &v )\ P [( e+ d_F) — (G +d ) )



basis operators irrep (spatial) spherical harmonics wave

Ay Aj Yoo S
DiV, Doy T Y141, Yo P
EoW, Exy E Y20, (Yo +Y2-2) D

One-link operators EQ with irrep A and row A are given by

“J — L—'—S”

—A A

B, = Ay,

20 A Ty N\ pon

B o= Yoy i a)bw
A\

A A E AN\ p-n

B, = ZC(A ; N)E,,\pﬁ,
r\

A A// A/ o
where C V! k’) are the Clebsch-Gordan coefficients of the
octahedral group.
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T, one-link operators

G, sources (s=1/2,7/2,...) P wave .
—\fm Vit 1/2+ ] Dow(f/ff/)z T pp 12
\/7D lI’1/21/2 1D0w(1f:k)1/2 T opp 12

LDt D) D, F iy 12
_\%Dﬂ_’g]ﬁ)—yz—\%ﬁ (/2%/2+\FDOW$;) 12 T P12 —1/2
G, sources (s=5/2,7/2,--+) P wave J,

_%f “_’g/z %/2Jr lfD ‘Vg/z) 12 \lfDO‘Vg/z) 32 T

A (H) A () (HY)
%D V32,32~ \@D+‘|’3/2,1/2 }D0W3/23/2 +




H sources (S — 3/2,5/2,7/2,..) wave J
ﬁ+w§7; 1/)2 p32  +3/2

%D “_’17; 1/2+\/7D0‘|’1(/;;1/2 p3pp +1/2

D “_’/21/2+\/7D0‘4’1/2 ~1/2 psp —1/2

15_\4157; k)l P psj2 —3/2
_\/7D+‘|’3/21/2+\/7D0‘V3/23/2 P32 +3/2
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fD+W3/2 3/2+\/7D W3/21/2 : DO‘Vg/z)l/z P32 —1/2
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(H* k)
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Lattice results of
N & A baryon spectra

using local & one-link operators
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Simulation Setup

e Quenched, anisotropic lattices using Wilson gauge action with § =6.1.
o Lattice size 16° x 64 and 24° x 64 with renormalized anisotropy & = 3.0.
e a,'=2.0GeV,q, ' =6.0GeV. = spatial volume ~ (1.6fm)?; ~ (2.4 fm)".
e Anisotropic Wilson fermion action with M, ~ 490 MeV.

e Smeared quark fields are used to improve overlapping with low-lying
states.

e Smeared gauge links are used in sinks and sources.
e Operators from local and one-link constructions are used:

— N operators: 23 G, 28 H, and 7 G, for a given row and parity.
— A operators: 12 Gy, 17 H, and 4 G, for a given row and parity.
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I\/Ieff

Effective masses obtained by matrix diagonalizations

Cim()V(2,10) =

[=1/2, G/, 10 x 10 matrix
JP=1/2t7/2%,.

08 |

06 |

£y o) I
Q4°99mﬂﬂ¢¢ﬂg$@i% 1
.E 4
02 "FEEpEpEEEEREEy EE g

5 10 15 20 25
Time
ground 0.193(3) 19<r <2
first 0.398(6) 8 <r<12
second 0.399(7) 10<r <15

( ) (i IQ)Clm(tO)

I\/Ieff

W(t,10), ol (1,19) ~

ground 0.231(3)
first
second 0.370(25)

e_Mn(t_tO)

I=3/2, H", 4 x 4 matrix
=3/2%,5/2%,7/2%F,---

1 ————————————————————————r
ground —8&—
first —oe—
——i
0s | second
0.6 |

&
0.4 | Qéég(i@&@m s 2 &g

0.2 r

PA?A 4
EIIEIIEI|§| & (o) ®
EE EEEEEEEEEHH M E ey

5 10 15 20 25
Time

0.326(7)
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I =3/2, H" eigenvectors:

FEEEEEEHEEEEENEEEEEEEEE R EEER

1

IN A aaaaava V'V

without changing the spectrum (next page).

ZE: : Zz% @®®®®®®®®®®®®®®®®®®®®®¢OéZE: vvv
04 f 1 oaf AAAAAAAAAAALI;Z}Z}@‘}‘}‘}A- 04l <H; o)
02 f 1 o02f 445&4; 1 o2f ]
®dd
0 ZZZZZZZVvvvvvvvvvvvvvvvvvvvvvv 0 '{7{7{71@‘7vavwvvvw“’"‘?w‘f’@‘l’{"{"{”{’%v'7 0 %%%%§$@@§$%$¥iii§i i%% 53[][]_
02 é@@@@e@gAAAAAAAAAAAAAAAAAAAAAAs 0.2 mé Y o2k AH:A{: 1 53
04l SElelcleleleleleleleloleloleTeTTe T TCT: S o 20 104l Al
el __Q6§ EEEEEEEEEEEEEEEEEEEEEE@@@@06_
ground state first excited state second excited state
e Eigenvectors are stable for low-lying states. O A
272
e Important operators are identified. O 2D AV -\ 2R
e Less important operators can be eliminated A DAYy
22
V
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Stability of M. —Diagonalization of matrices of different dimensions

N*, G N*, GS N*, H* A*, G} A*, H*
e S e |
B e

1 3 5 7 9113 1 2 3 4

N*, Gy

N*, G5

1 2 3 4 5 6 123456172829

A%, Gy N

1 3 5 7 9 11 13

1 2 3

No diagonalization on A*, G, /, is performed.
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Nucleon
spectra
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Delta baryon —+
spectra
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Summary and outlook

Group theoretical constructions of baryon operators (N, A, AL, E,Q7)
are outlined.

— Local operators are classified into two irreps: G(2),H(4).

— One-link operators are constructed by taking linear combinations of
displacements and spins. Clebsch-Gordan coefficients of the group
are used.

Matrices of correlation functions are computed in each symmetry
channel. A few low-lying masses are obtained by the variational
technique.

The Ordering of lowest-lying masses calculated in each irrep agrees
with the empirical data within error.

Baryon spectra are analyzed in two volumes: (1.6fm)? and (2.4fm)>.
Volume dependence of N and A baryon spectra is not strong at the
pion mass we used (490 MeV), except the N*G,.
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e More complicated spatial distributions of valence quarks need to be
considered to have richer orbital structures.

e Next LHPC project: Full QCD simulations with lower pion masses
with tadpole-improved, anisotropic clover fermion action, using more
sources.

e Applications of operators:

— Hybrids by adding chromo-electric/-magnetic fields.
— Multihadrons.
— Hadron-hadron interactions.
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v—tuning : 16'x64 : £=3.0

v—tuning towards lower pion masses
0.10 — 1 3.60
0.08 2.88
0.06 2.16
~~
Q
(¢
<
N’
8]
T S m— 1.44
O m,=-0.280,v=0915
—— Cont. disp. relation
[ my=-0290,v=0910 | i
— - Cont. disp. relation
< my=-0.305, v=0.902
—— Cont. disp. relation o
m, =-0.308, v=0.901 0.72
Cont. disp. relation |
‘ ‘ ; 3 ; ; */ m,=-0.313,v=0.898 3
3 3 77| —— Cont. disp. relation I
== L T T T
0.00 : : : 0.00
0.0 1.0 2.0 3.0
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