 STATUS OF LATTICE STRUCTURE.
- FuncTion CALCULATIONS

G- Schierbolz



 With

 M.Gdckeler, R.Horsley , E-. Tigenfiitz , H. Celrich,
" H.Perlt, PRokow , A.Sohiller , S.Gapitani

C. Best, A.Schafer , S.Schramm

Ackietal.  JLQCD
~ Luetal .
~ Negele et ol

Capitant & Rosst



Th;eoretical frqmcoork o
 Lattice calculation . |

’Opemtors & renormalization
Results | results, ...

Summary % outlook



| Qa= _ ?'a
Wi == ity €N 93100,0,00173>

et
+ eureg S 8, +igme Ui e



. 2
- ¥ + S ',‘"'u\’)b
b 6(fv t’m " :
v ~
’a

3 (Spo-Uw) by + # (S -tuv) by
+ 2 .

st-4
ba,b* ‘&ks&



IR €GP 5 €p=0, €=-m"

e [ - 4Pl ge
o= Gl en -0 iy

o tF“ =2{&[e§@e?+g,§.) +eq(a.€f+n.¢)
-§e9°np]

U e 66468 + §ulige- D]

Hoodbhoy Jafe,
Monohor



 Mucleon

I P e
93690 =, 6 =9,6,a)

6D =qfed) = 9,60

Rho

?;M') =9, 6603

9, 068D = G 65D

9568 = 956,



- OFPE . | dn(g quarks , leadling bt

Spthhindcpendmt': ~ matching

r
'ajdxx Fora) -Z c,,,cp/a 9 & G
z—;'

fax x“i;«,a’) -2 .cz,»mw Ty g0

®
52_;. S O}r. P = 2%, [;7. - tmees]

0,({)_ %J},s’ - traces

(’ - '< 'n-l>ff) dex” 966,03
= Sbex™ (g, 0005+9,60%)



! F) o 2 )
2 [l x"g,(x,az) = ;L 2 e,,f,q;«/a,sw a.f @ nio,
0 f Quen
! g ® o= )
2 jdxx 9.%Q) = 5."-?72 ez,n?'/ R [%9"‘“»9"]
¢ f "2,
' eoen
) » )
<P ,3' a{i—;tr"]lp ,\3) =;:'; aﬂ [su" F, “h‘* -WBS]
g S(f) -y (p
P81 O 1 punt P07 oy IS5, 2 g
| {} + - ~traces]
bt 3

a,l = 2 Jdalg,68)-9,60%)






o o ®,, @

2 fdex o = 3 b (R dn

, o S -
) { dx x 252(,@) = % hgtﬁ%g(p)) d, @

b o, = 9-9e0

?r?k) = 3 (9;"&) + ?r&))



- Gtuons , higher tuist

(9) -(g) 7? er,c.'bf« B(, n® - traces.
‘DI‘

q;‘?..;,;(é) "

" LFM?;,”,, tmces

A O AR TS N AR Y

. M= '_ -
0%, = (5 FLhA, Tl -t

mixtng , renormalons



. lattice calculation

S 6 _ P ﬁv(l- "‘ Re'lr qm) , U’n, egg?‘;m
o - Bs 9‘ | 0® corrections
Wilson fermions -

“S Z{aczfsbé)«-l)qms%p |
Q P 1) Yubef P«yoMmﬂwJ

: 'In?a 205 (s¢ -;&:) 0(a) corrections

. Quenched  p=6o, Iwn76ev
| 16332 24332
e m— - - ™N

R Q.ISIS QI3 OIS QIS O.ASB 0583
m M B ™ P 4o 25 MY
~ chiml Uimit 2



_.-'_" v /)e
- &moue 0(0) cul-of qﬁis by t? &ﬁﬁes“
Sp > S 5,3.‘-’9‘_”9,,‘ ;?%Fg? | Sluethdnhn%
. T T , Lusther, Weise, .-

O 0sa0 %

%- ﬁ=6.0 jl f;=6-2 ;.g&?&V

24348

Evolution



 Correlation functions
o B : _ia§ ) . S
By, P e Cuthwluboladi]
¢ - | o
neutron: u «>d.
‘C,-.(tﬁ') pi <&((t,p)3ﬁrop>> < e “Ep
TP =L, <3<(t,3) o) Byopr>
- 'I" i‘-(ua;) ‘unpolarieed,
=4 0+%) ixg%, polanved 1n 2-dir:

R&TP) = Creex,Pr/cy gy @& P

. Ep
Z&& Ehv,nv

Tr[l"Na'N_]

<P.Sl o IP,S> uQs) 0’ u( ,S) N-“"EE 'H'P*m,,



o=d
L

pa a1 os oo sl s ua by

-F:P—-.--—-

g-01

NOILINNA NOILY13H¥S80D

45@ 8:8 I2470S

120=% ‘05 ="y

o=y

6, (T® L= d<d

10-3THLITD —+ 10+ 9TL 0 T0-2000L6K°0 —+ 1O-TEREZL0
TO-ILTTPET0 —+00+IIRTH'D T0-2109909'0 —+00+LIZTHZO
zo+30ezzio [az'v)

MO0 019 LWV
Soo.o.ooq.vnm_._
(000'0°000' 1) = [0'0.

@1 43SEISLT 0= = 015C) UONOEROUKIOY

0012005 0012008

0SS0 = 0ddey QD09 w 018

1esou 1 3 (00 O)bwow (00 Qfwsow LD

1zva

CBEL L3N LSHSISL # VOr Pon

sdy 001 By ey



Rour dao

AR

.0

ol = 0./§3

-
E T T 1 T T T r I ?10 ~— T T T YT T
3 ] o] 3
‘ I B¢ Y -
T T T T Ll S o o o e SR BN RS | T
i} 4 8 F W 12 14 1§ 8 W0 Bz 4 6 B 0 12 4 1 ¥ W
T T
] b

T T

T

-3

—yy

6 21 4

&, -

T TTT T T T T
& 8 0 12 t4 6 1B 20
T
e

03
B

r—17 177

15 -
<X
2 o
-5 E
-X T T T 1 T T T
1] 4 [ ] B 12 14 ‘N
.
=]
-
'D_ 8 1 T T T T T
:

T T
4 6 B 10 12 1% 1%

T

w20



b6p00cip769_V_0_u.p0q0

30.0 — | . 7

uE ‘ :
200 11 | i\ | ]

F o . " \ ! | :I 1 , | '. .] I-:iII | :
10-0 L_! | ! ‘ -I i i |\ ‘ l]|[1 ]‘J ‘ r'l 1[| ( | | | J'I L ’ |‘ |1 \R‘ 'I I‘LI .l ||| '|I|1 :| i ‘j
i t ‘ ‘ i ~ L | ol LT !

00 Lo 1
0.0 200 400 600 800 1000 1200 % &

configs.

Tue Apr 8 20:05:30 1997



b6p00c1p769_V_0_u.p0q0

(running average)
150 LSMAEL AL S ALY NLNLALEL AL SL RSN BLELELAL AL AL BLAL LS LA AL B AL LA AL

=6

Re

50 | >

_5.0 U B U B U S Y R TP U N SAP U T S AT TUVINY T TR S S T T T MUY N VO U S S S MR A |
00 200 400 600 800 1000 1200x%8

Wed Apr 9 18:18:08 1997

{SCHEHYDRA. AFRI0Y B:45



plcture: figi 3960.pe

Tue Nov V4 18:08:48 MET 1903

fot.21 B

beia = B.000 kappo = 0.1515

xib+g mom:{0.0.0) memg(0.0.0) 11 nonrer
80 0.2100 80 0.2100 1+gom:l man-L

Cpt{13) = ~0.136713E413

<q> = (~0.8072E~01 4~ 0.7523E~01,-0.31 15E~08+— 0.1116E-08)

e

DW 32 2834 0 RE WCO

[ &.18] 0.252309€+01

0428837400+~ 0.103M8E+00 0.100000E4+01 4~ O.14142VE400

0.000000F 4+ 00+~ 0.000000€+00 0.000000E +00+ — 0.000000€+00
[ & 18] D.2800%E+01

—D.417106E+00+—~ 0.941881E-01 0.100000E+01+4- 0.141421E+00

©.000000€ 400+ - 0.000000E +00 0,000000€ +00+ — 0.000000£+00
[ 0.17) 0.279793E+01 :

—0.4017 796400+~ 0.875598E-01 0.100000E+01+= 0.141429E4+00

0.000000E +00+ -~ 0.000000E+0C 0.000000£ 400+ - 0.000000€+00
[ 5.18] 0.347310c+01

~0.377287E400 4+~ D.823303£-01 0.100000E+01+- 0, 141421E+D0

0.000000F +00 + = 0.000000E+00 D.000000E-+ 00+ - 0.000000E +00
[ 9,13 0.140781E+00

—0, 4502835+ 00+ 0.105028E+00 0.100000E+01+~ 0.141421E+00

0.000000E +00+ - 0.000000E+00 0.000000€ +00+ — 0.000000€+00
{ 9,18) ©.133868E+01

~0.434807E+00+— 0. 956R95E=01 0.100000E+01+- 0.141421E400

0.000000E + D0+~ 0.000000E+00 0.000000E 400+~ 0.000000€ +00
[ $.17] 0.180008E+01

=0.418333E+00+~ 0.887836E-01 0.100000E+01+- 0.141421E+00

0.000000E +00+ ~ 0.000000€+00 D.000000E+00+ — 0.000000E+00
[9,98) O.288808E+01 .

—0.389581 76400+ ~ 0.332289E-01 0_1DOD00E+01+4~ 0. 141421E+D0

0.000000€ + 00+ - 0,000000E+00 0,000000E+00+— 0.000000€+00
[16.13] 0.130338E+01

=0. 450435 400+~ 0. 1087926400 0.100000€+01 +~ 0. 141421E£+00

0.000000€ + 00+~ D.D00COOE+DD C.00D000E+ 00+~ 0.000000E +00
[10,18) 0.145952E+01 )

—0.441191E4+ 00+~ 0.085008E~01 0.100000E+01 +- 0.141421E+00

0.000000¢ +004+ ~ 0.000000E+00 Q.OCO000E + 00+ — 0.000000E +00
[10,17] 0.174548E+01

- 0. 421019400+~ 0.810008E-01 0.100000E+01+- 0.141425E+00)

0.000000F +00+ - 0.000000E+00 0.0C0000E +00+ — 0.000000€+00

[10,18) 0.254177E+01

—0.392423(4+00+ = 0.831714E-01 0.100000E+014+- 0.141421E+00

0.000000€ +00+ ~ B.000000E+00Q ©,000000€ 400+~ 0.000000€ +00

BEY N

2.0

3pt / 2pt RATIO

1.5]

1.0

-1.5]

-2.0

-—.--qq--uw_--—--_—__-—“-
' -

gle <o

f=6.000

0

q..ﬂ.-_-_-hu-___—q.-d-_-.-_—--_m-

5 10 15 20 25 30




ven vaiy
U.2|: 015+
8.95¢ 0.1
Q.14 .45
0.05 -]
2 &
£ X
~-05 e 0.1
oy 1 018
$A5¢ az agar
<zt
1} 5 4] 5 LU B LI 30
T

15 0 3 m
T

W
0.08
0.02
0.0t
£ 0 —
2 -0.01 ]
0.02
0.03
.04

051015202511
t

rta fal'}
-0.4 | 1 H
0.6 05
o 08 & oL .
J 4 , .
) 05
12 1 ”
~1|
14 S
. —J
1] 5 10 15 20 28 0 u
T

510!5202530
T

-~ -~ ~

Figure 2: The ratios Rs3 and Ry, for the rho operators O,,,, Ouop, Oz, O,

»

Or1a, and Opyy (left to right, top to bottom) at x = 0.153,

17



o 04 £ HW)

Representation
(O) Components
Ref. [13] | Ref. [14] | C
{‘ V2.0 0{14} Tée) 6(+)( +
+)
o || vab | Opaay — 3(001y + Oy + Opazy) 7 B:D +
V3 Oy — %(0{224} + Ofaae}) 71(8) g+ -
2) (+)
vy | Ofraar + Oaz3n — Opaazy — Ofazany 7 EB +
a o3 n? G |+
(4 1
4z 0?214} T3 ) (3 %)(ﬂ +
d; O% i) & g+ | 4

Table 2: The lattice operators and their representation. The momentum is taken to be
p=(27/16,0,0) = {(py,0,0) in the case of vy,,v3, vy, a2, dz2 and F= 0 elsewhere.

3 Lattice Operators and their Renormalization

The bare lattice operators, O(a), are in genergPivergent. We define finite operators O(u),
renormalized at the scale u, by

O(p) = Zo((ap), g(a))Ola), ] | (19)

where -
(Q(P)lo(g]!dp)) = {q(p}|O{a)le(p)) [ 2.2 (20}
with ig(p)) being a quark state of fnomentum p. In the limit a — 0 this defimition amounts

to the continuum, momentum subtraction renormakization scheme.

The lattice operators transform under the discrete hypercubic group H({4) [13, 14]. They
must be constructed such that they belong to a definite irreducible representation of the
latter. Moreover, they must not mix with lower-dimensional operators. This is prerequisite
to the operators being multiplicatively renormalizable. Furthermore, from the more practical
point of vicw, the operators should only requirc a non zero spatial momentum in at most
one direction. We have considered the operators listed in Table 2. For the group theoretical
classification of the lattice operators see Ref. [15]. The calculation of vy, vs, ve, a2 and
d, requires non-vanishing nucleon momenta. Note that for the quenched theory there is
no mixing with gluon operators. In the continuum limit the matrix elements v2,4 and w2
should be equal. At finite lattice spacing this provides us with a consistency check and gives
information about possible lattice artifacts.

We have computed the renormalization constants for our operators in the quenched
approximation for Wilson fermions in perturbation theory to one loop order. For this task
we have developed packages of computer algebraic programs using Matheinatica and Maple,

7



{0) Yo Bo Zo(l.g = 1.0) | BXS
vaa %) -3.165(6) 1.0267(1) -8
V2h &1 .1.8926) 1.0160(1) -
ma M) | £ | -19.572(10) 1.18533(1) -&
{o:{ 0 | 0.370(10) ] -0.0031(1)
vy 187 | -37.16(30) 1.314(3) | -&¢
o 0 | 15.795(3) 0.8666(0) 0
az B 1-19.560(10) 1.1652(1) -8
da I |-15.680(10) L1341 | -8

glve b 1.29¢

Table 3: The renormalization constants in the quenched approximation. The errors quoted
are a conservative estimate of the uncertainties in the numerical evaluation of the integrals
involved. The numbers in the rightmost column tepresent. the contribntion of the cantinnum

operators computed in the M5 scheme.

we have developed packages of compurter algebraic programs using Woelhernalica and Maple
to such a level that all what is needed as input is to state the Feynman rules in symbolic
form. both for the continuum and the lattice part of the calculation. We will summarize our

results here. A detailed account of our calculation will be given elsewhere [16].
In the case of vs it turns out that the operator OQyyy4) — -;—((9{224} + O(3343) mixes with

the operator [13]

o l * o r ra L )
gy — 5[0(224] + Opag)s Opwy = Oupe + Qe — 20, (21)
under renormalization. This operator is of mixed symmetry, is traceless and corresponds to
the representation 8(+),C — — as well. Thus we have
Oplr) = ZyOpla) + 2y Opla). (22)

where we have used a short-hand notation for the operators in Table 2 and eq. (21). We
write (Cr = 1/3)
2

Zo((ap)tg) = 1 - lgﬁ(?p[wln(a,‘pr Bo). (23)

This is to be interpreted as a matrix equation in the case of v3. Our results for the anomalous
dimensions o and the Bp's are given in Table 3 for r = 1. The renormalization constants
Z,,, and Z,, have been given before in the literature [17, 18, 1¥]. We agree with the results
of these authors. In the case of vs the off-diagonal component of Z is negligibly small.
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AlL tuist-2 & turist-3 opemtors
with J<¢t |

plus Z's

Lattice Experiment

(quenched, p* = 5GeV?) (4* = 4GeV?)
() 0.369(26) -
oo | 0.440(22) }ocost vl s
{z)@ 0.169(13) 0102 val
D 0.187(10) ' : L
(z) D 0.200(39) .
(z)ie? 0.253(32) }oooe *
() 0.538(59) } 0561 (utd+S) |+
()9 0.627(32) '
(z3)¥) 0.108(16) 0.083 wval. *
(2519 0.036(8) 0.025 val. .
(=) 0.620(10) 0.032 val.
(Y | 0.000(6) . - 0.008 val.
()¢ 0.52(22) 0.441

wal. CTEQ3M



Lattice Experiment

{quenched, y® = 5GeV?) | (u? = 4GeV?)
Au 0.841(52) 0.323 val. | =
Ad —0.245(15) 0.303 val. | «
g 1.086(67) 1.26 X
Au 0.822(1) 0.823 val. | +»
Ad ~026209) -0.303 val. | »»
A 1.034(2 %) 1.26 %
It 0.176(14) 0.163(17) | x#
A 0.22(2) 0.14 val. | =
A d 0.05(1) —0.06 wval. -
[z} 0.0150(32) 0.012(1)
[T ~0.0012(20) ~0.004(3)
[ ot -0.0261(38) ~0.006(2)
[ g 0.0004(22) 0.005(8)
Az = Ad ~0.07(2) 0.0
A3 ~-0.06(2) -0.05
AT 0.18(3) 0.223

| Improved

JLQCD p=57

wql  Cehrmannx Stirting



chirol limit

| [k =0.1515 | k=0.153 | £=0.155 | k= s, = 0.15717 |

PION

U0 = (Z)e | 0.301(20) [ 0.204(28) | 0.290(71) 0.279(83)
vy = {2)y | 0.3239(70) | 0.3150(71) | 0.2010(75) 0.273(12)
vaup = {Z)ay | 0.319(23) | 0.316(33) | 0.325(84) 0.318(98)
vy = {z%) 0.1222(83) ; 0.116(12) | 0.117(31) 0.107(35)
vy = {x%) 0.0619(45) | 0.0580(63) | 0.054(18) 0.048(20)
RHO

az = {z} 0.3555(R0) | 0.3531(93) | 0.340(14) 0.334(21)
a3 = {z%) 0.1398(93) | 0.144(14) | 0.182(48) 0.174(47)
ay = (z%) 0.0725(72) | 0.069(12) | 0.074(41) 0.066(39)
da 0.107(52) | 0.128(75) | 0.29(20) 0.29(23)
ds 0.0145(32) | 0.0135(49) | —0.002(14) 0.001(15)
dy 0.0109(100) | 0.004(17) | 0.007(62) —0.009(58)
TlLa 0.709(56) | 0.715(97) | 0.42(34) 0.57(32)
" n.721(17) | 0.702(20) | 0.627(32) 0.590(46)
T'Lbp 0.680(56) | 0.62(13) | 0.32(44) 0.33(42)
24 0.2743(62) | 0.2631(70) | 0.231(12) 0.212(17)
T2.ap 0.257(17) | 0.243(25) | 0.216(69) 0.198(76)
Tap U.242(20) | 0.232(30) | 0.210(89) 0.199(95)
rs 0.1067(71) | 0.099(11) | ©0.087(33) 0.077(34)

Exp.
} 0.20(1)

Tn - a.n-l

Table 2: Result overview for a single flavor. The numbers refer to the MS
scheme with a renormalization scale g =~ 2.4 GeV. The last column gives the
result of the extrapolation to the chiral limit.

faxbeo = Sdx(gw-qe0)
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Fig. 3 Reconstruction of the u-quark distribution function using the lattice results for
the first two moments [7] and the experimental normalization at small . The solid
line is the CTEQ parametrization [12] at p* = 2.5 GeV?.

Weigl, Monkiewica
Higher tuist e

13



AR

TUM/T39-96-21

1.25 ' ' i

1F . CTEQ3 -
__. LatticeQCD
0.75F -

— 0.5
0.25

0 0.25 0.5 0.75 1

Fig. 4 Reconstruction of the d-quark distribution function, dashed line, using the lattice
results for the first two moments [7] and the experimental normalization at small z.
The solid line is the CTEQ parametrization [12] at ut=25 GeV2.
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Fig. 8 Reconstruction of the valence d-quark distribution function using the lattice QCD
[7] resuits for the first non-trivial moment and the experimental normalization at
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a2 (proton, neutron)
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d2 (proton, neutron)
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Local vector current
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Aq (p=(0,0,0), g=(0,0,0) )

(B=62,¢c_=1614)
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proton

-0.0/61(16) - 0.0100(22) = - 0.026/(38)
~0.0013 @)+ 0.000903) = - 0.0001@2)

ﬁ neutron
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AT = Au +Ad, + 2(40+4d+4S) = 0.18(8)
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Summary & outlook

- Precision aalculation feasible

' By and large agreement siith experiment &
theoretical considerations

J)q’sagree on <x>;, for nucleon & pton
Room for b@ér busist

Finish %% calculation of walence
distribution functions

Gluon distrbutions, T
Higher st renormalons

| 1 \\Dynamtcul fermions (%*x) reqwre
| z’:emﬂop computer



