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Matrix elements

We are interested in QCD matrix elements S@
(N1, $)|OIN D, 1) <>
ty t t;
where

@ |N(py, s¢)), IN(pi, si)) are nucleon states with final (initial) momentum
pr(pi) and spin s¢(s;)
@ O is an operator, e.g.

» (conserved) vector current
» axial current
» operator emerging from OPE of a (non-local) light-cone operator
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Form factors

QCD symmetries restrict the matrix element to a few possible terms. The g2

dependent coefficients are the (generalized) form factors. In the
vector-current case:

(N(pr, s1)| Vi (0)IN(pi, si)) = Ulpr, 87)Tu(pi, i)

i0,,q"
Tu = M +£TNF2(Q2)

q = pr — pi is the momentum transfer
, F> are the Dirac and Pauli form factors.

G 2 _ q2 F. 2
(q°) = - W 2(9%)
Gu(q®) = + F2(q?)

Gg, Gy are the electric and magnetic Sachs form factors.
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(Generalized) form factors

Similarly for other operators

° 677/175(7
= Axial form factors G4 and G,
_ —
° q'y{u D u}q
= Generalized form factors Axgy, Bog and Cog

° @757{,L<Bu}q o
= Generalized form factors Asg, Boo
In the limit of zero momentum transfer
® Ge(g?) — 1, charge
@ Gu(g?) — magnetic moment
@ Ga(g?) — ga, axial charge
@ Ax(g?) — (x)q 1st moment of density distribution
@ Ax(q?) — (x)ag 1st moment of helicity distribution
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Measure two-point and three-point functions

G(G.t) = Ze-'Wr0 Jo(tr, X)J5(0))

GH(”,q,t) = Z %G1 5, (o (1r, X)OM (8, X)J 5(0))

XXf

M = I(1+10) and [ some 4 x 4 matrix

=y

@ Sourceatt;=0,X=0
@ Sinkatt; =12,6; =0
@ Operator O* at t, G = —f5;

ty t t;




Ratios
Leading time dependence and overlap factors cancel in ratios:
“r.g Gt — 0 0
i rg - a0 \/ G, t: — 1)G(0, H)G(O, t;)

G(0. /) G(0, t — t)G(B;, ) G(B;, ty)

If the separation between t; and {; sufficient: R* has a plateau
The plateau value is

R 2 —ip,+m _ —ip.+m
I—I/l,(r’ q) _ 2m |:r pf j/z, pl

EE+m" |  2m om

Types of sequential propagators

We do not want to make 16 x 24 inversions for all components of I
instead chose a few useful combinations

@ type 1: T = I [1 + o]
o type 2: I = Y%, 1 [1 + 0] ivsk
@ type 3: T = 22:1 [T+ ] ?

—N*(r.q)
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Plateaus

1.4} ‘o p=(0,0:0) 2mL
* p=(1,0,0) 2m/L
1.2} > p=(0,1,1) 21L{
O p=(2,0,0) ZTVL
1 o o ? s e ] o
2
OE 06l £ % & nFEoaE
0.4F % E :E
0.2} [} g g
()
oF - I-
02 2 4 6 8 10

t
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Data analysis

e for a given g2 calculate M#(T', g) for all I', x and g. Call that vector b
@ calculate the Jackknife errors of b: Ab

@ get coefficients from trace algebra and summarize them in matrix A such
that (example Axial FF)

@ SVD: A= Ux VT therefore pseudo-inverse: "A~"" = V¥ —"Uf
= solution in the least squares sense

min Z(A,-,-x,- — b;)?
I

@ or better: b; — b;/Ab;, Aj — Aj/Ab; = minimize x>
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Electric Sachs form factor

1.2r ® 1=0.0085

@ iso-vector current

@ a=0.089(1) fm
from my

@ L=213fm

@ m, = 447 MeV

_0.2.

-0.4f

1
Q%in GeV?
5\ 2
One parameter dipole fit: Ge(Q?) =1/ (1 + /%)
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Electric Sachs form factor

12| ' ' ® 11=0.0085
> | =0.0064
@ iso-vector current 1t
from my
0.6}
@ L=213fm
o 04
@ m, = 447 MeV 0.2} ‘ [»-
@ m, = 390 MeV | % ------ ¢
_0.2.
-0.4}f
0 05 15 2

1
Q%in GeV?
5\ 2
One parameter dipole fit: Ge(Q?) =1/ (1 + /%)
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Electric Sachs form factor

12l ' ' ® 11=0.0085

> 1=0.0064

@ iso-vector current 1t = 1=0.004

from my
0.6}
@ L=213fm
o 04
@ m, = 447 MeV 0.2r
e m, =390 MeV 0
@ m, =313 MeV —02}
-0.4f
0 0.5 1.5 2

1
Q%in GeV?
0N 2
One parameter dipole fit: Ge(Q?) =1/ (1 + /%)
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Electric Sachs form factor

1.2} ® 1=00085
» p=0.0064
@ iso-vector current 1t " 1=0.004
@ a= 0_089(1) fm A p=0.004, L/a:32_
from my
@ L=213fm y
/ 2.84fm O

@ m, = 447 MeV
e m, =390 MeV
e m, =313 MeV
e m, =297 MeV

1
Q%in GeV?
0N 2
One parameter dipole fit: Ge(Q?) =1/ (1 + /%)

T. Korzec (University of Cyprus) Form factors and GPDs Autrans 2009 9/19



Electric Sachs form factor

. > oo
@ iso-vector current L = 1=0004
@ a=0.089(1) fm A 11=0.004, L/a =32

from my 0.8r 0 W=0.003, L/a = 32-
@ L=2131fm 0.61

/ 2.84fm o o0al
@ m, = 447 MeV ool e ]
@ m, =390 MeV 0* ég#i
e m, =313 MeV
@ m, =297 MeV 02
® m, =268 MeV 04 , , . .

0 0.5 1 1.5 2

N 2
One parameter dipole fit: Ge(Q?) =1/ (1 + Q)
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Magnetic Sachs form factor

3 @ 11=0.0085

@ iso-vector current

@ a=0.089(1) fm
from my

@ L=2131m

@ m, = 447 MeV

Q%in GeV?
. . @?\?
Two parameter dipole fit: Gy(Q?) = Gu(0)/ (1 + —)

N
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Magnetic Sachs form factor

T ' ' e n=0085
3.5t
@ iso-vector current at
@ a= 0089(1) fm 2.5}
from my ;|
@ L=213fm
OE 1.5F
@ m, = 447 MeV g ]
o m, — 390 MeV 0.5¢ }
N N S [
-0.5}
15 0.5 1 15 2

2
Two parameter dipole fit: Gy(Q?) = Gu(0)/ (1 L Q)

N
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Magnetic Sachs form factor

Y ' ' e 11=0.0085
350 > =0.0064
@ iso-vector current A = §1=0.004
@ a=0.089(1) fm
from my
@ L=213fm

@ m, = 447 MeV
@ m, =390 MeV
@ m, =313 MeV

2
Two parameter dipole fit: Gu(Q?) = Gu(0)/ (1 + %)
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Magnetic Sachs form factor

o ;o
@ iso-vector current 3l k = =0.004
@ a=0.089(1) fm 2l ) £ n=0004,La=32)
from my |
@ L=213fm
/ 2.84fm o L5
@ m, = 447 MeV g
e m, =390 MeV 05[ 1} b f
e m, =313 MeV R EEEEEEEEEEEEED! T
e m, =297 MeV -0.5f
15 0.5 1 15 2

2
Two parameter dipole fit: Gu(Q?) = Gu(0)/ (1 + %)
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Magnetic Sachs form factor

: ® |1Z0.0085
. 35t % » | =0.0064
@ iso-vector current g = 1=0004 _
@ a=0.089(1) fm A 11=0.004, L/a =32
from my 25} ¢ u=0.003, L/la=324
@ L=213fm 2r
/ 2.84fm & 18
® m, = 447 MeV i} ’ - ]
e m, =390 MeV osl 90 é’%ﬁf
e m, =313 MeV ob oo .. ? A XS
o m, =297 MeV os _
o m, =268 MeV L . . . .
0 05 1 15 2
Q?in GeV?
. . @?\?
Two parameter dipole fit: Gy(Q?) = Gu(0)/ (1 + /\T>
M
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piv = GM(O)2 i = GM(O) m‘a‘ MN

The Dirac (Pauli) radius is given by

o 6 dF(®)
KR () A
3Gu(0) —
B 6 2Gu(0) 2

Or «F» «Z» «=» = DAl
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O ETMC

o RBC & UKQCD
0 "

0 0.2

0.4 0.6 0.8
m_ [GeV]

chiral extrapolation: [T.Hemmert, W. Weise, 2002], fit 3 parameters

«0O0>» «F»r» «E» «E = A
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Axial form factors: Ga

@ local iso-vector ' ' ' e 1=00085
axial current,
Zy=0.76 L

@ a=0.089(1) fm
from my

@ L =213 fm o

@ m, = 447 MeV

-0.5

@ 2
Two parameter dipole fit: Ga(Q?) = ga/ (1 n /Tz)
A
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Axial form factors: Ga

@ local iso-vector ' ' ' ® |=0.0085
axial current, > p=0.0064
Zy=0.76 15

@ a=0.089(1) fm
from my

@ L =213 fm <
(O]

@ m, = 447 MeV
@ m, =390 MeV

-0.5

@ 2
Two parameter dipole fit: Ga(Q?) = ga/ (1 n /Tz)
A
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Axial form factors: Ga

@ local iso-vector
axial current,
Zy=0.76

@ a=0.089(1) fm
from my

@ L=2131fm

@ m, = 447 MeV
@ m, =390 MeV
e m, =313 MeV

<
O]

1.5¢

@ 1=0.0085
> 1=0.0064
® p=0.004

-0.5

1
Q2 in GeV?

@ 2
Two parameter dipole fit: Ga(Q?) = ga/ (1 4 Ti)
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Axial form factors: Ga

@ local iso-vector
axial current,

Zp=0.76
@ a=0.089(1) fm
from my
@ L=2131fm
/ 2.84fm
@ m, = 447 MeV
@ m, =390 MeV
e m, =313 MeV
e m, =297 MeV

@ 2
Two parameter dipole fit: Ga(Q?) = ga/ (1 i Ti)
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Axial form factors: Ga

@ local iso-vector
axial current,

Zy = 0.76
@ a=0.089(1) fm
from my
@ L=2131fm
/ 2.84fm
@ m, = 447 MeV
@ m, =390 MeV
e m, =313 MeV
e m, =297 MeV
@ m, =268 MeV

<

1.5¢

-0.5

U =0.0085

u =0.0064
u=0.004
u=0.004, L/a=32
W =0.003, L/a=232

L I A )

0.5

1 15 2

@ 2
Two parameter dipole fit: Ga(Q?) = ga/ (1 i Ti)
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Axial form factors: Ga

@ local iso-vector

=0.008
axial current, : ﬁ - O,OOGi
Zy=0.76 15t = 1=0.004
A p=0.004, L/a=32
@ a=0.089(1) fm ¢ n=0003 Lia=3
from my e UKQCDm =670 Me
@ L=213fm 1 » UKQCD . = 560 Me
o< a UKQCD m =420 Me
@ m, = 447 MeV 05r 51 ]
o m, =390 MeV - éih
@ m, =313 MeV ) e ]
@ m, =297 MeV
o m, =268MeV 05 i ; s ;
@ UKQCD/RBC data Q%in GeV?

i i @)?
Two parameter dipole fit: Ga(Q?) = ga/ (1 + /TZ)
A
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Axial form factors: Gp

@ local iso-vector
axial current

@ a=0.089(1) fm
from my

@ L=213fm

@ m, = 447 MeV

Two parameter dipole fit: Go(Q?) = Gp(0)/ (1 +
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Axial form factors: Gp

70 ® 1=0085
@ local iso-vector > p=0.0064
axial current 60r
@ a=0.089(1) fm s0f
from my
40f
@ L=213fm o
30t
@ m, = 447 MeV 2ol
@ m, =390 MeV
10}
T P )
Op--=-=-=-=-=-=-=-===-=-- bl IL ) R E SR _.._‘.._‘_,‘__}.I
0 05 1 15 2

Q%in GeV?

5\ 2
Two parameter dipole fit: G,(Q?) = Gp(0)/ (1 + @ )

a3
o
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Axial form factors: Gp

701 ® 11=0.0085

@ local iso-vector . > i =0.0064
axial current 6or ¢ = §=0.004
@ a=0.089(1) fm 50
from my '
40t 1
@ L=213fm o> '
30}
@ m, = 447 MeV 2ol
@ m, =390 MeV
@ m, =313 MeV 101

5\ 2
Two parameter dipole fit: G,(Q?) = Gp(0)/ (1 + @ )
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Axial form factors: Gp

of T ® 11=0.0085
@ local iso-vector : > ﬁjg'ggi“
axial current eor A W=0004, La=32]
@ a=0.089(1) fm sof
from my :
o L =213 fm e
/ 2.84fm 0l .
o m, =447 MeV ol v}
@ m, =390 MeV .
® m, =313 MeV 17
o m, =297 MeV Of - === < - - - - T LTI TR Pass e
0 0.5 15 2

5\ 2
Two parameter dipole fit: G,(Q?) = Gp(0)/ (1 + @ )
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Axial form factors: G,

I ® 100085
@ local iso-vector oo > p= 8-8864
. 1 = 1 =0.004
axial current 6of A 1=0004, Ua=32
@ a=0.089(1) fm ol ! ¢ n=0.003, L/a=32]
from my i
o L=213fm a0
/ 2.84fm o
@ m, = 447 MeV
@ m, =390 MeV 207
e m, =313 MeV 10}
()] mTr = 297 Mev ob--meeoo ol -_'_ _._ : = !—Q‘& '6’*‘]
@ m, =268 MeV : . . : -
0 05 1 15 2
Q2 in GeV?
2
Two parameter dipole fit: Gp(Q?) = Gp(0)/ (1 + %g)
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GPDs: trouble with ©°°

O = Fn{uﬁy}q irreducible under O(4) but not under the hyper-cubic group.

_ — 1 — — —
@ O =q {’Yo Do—35(v1D1+vD2+13 Ds)} q
Coefficient matrix has rank 1 = not possible to solve for Az, Bog and Cyog
without additional sources (if any exist)

° OOk:EI[’YO D+ Dol q
Coefficient matrix has rank 2 = not possible to solve for Ay, Bog and Coo
without additional sources. In principle possible with type 1, type 2 and
type 3.

If renormalization constants are known, a solution using both operators is
possible with just type 1 and type 2 sequential propagators.
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Bare generalized form factors of operator quv{oﬁ”}q

30
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Bare generalized form factors of operator quv{oﬁ”}q

30
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Bare generalized form factors of operator quv{oﬁ”}q

30
0.8 ® =0.0085 20 ® |1=0.0085
> |1=0.0064 > |=0.0064
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Final remarks

@ Vector form factors Gg and Gy
» compatible with experiments
» reasonable chiral behavior
» no significant finite volume effects
@ Axial form factors G4 and Gy,
» ga reasonable
» Ga(g?) in agreement with UKQCD/RBC
@ GPDs
» g2 = 0 limit (structure functions) OK
» need non-perturbative renormalization urgently
» maybe worthwhile creating more types of sequential propagators
@ todo
finalize form factor calculation and write up
independent analysis
look at disconnected contribution to iso-scalar form factors
finer lattices
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