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Motivation

¢ \We know the nucleon is not a point-like particle but in fact is composed of quarks
and gluons

e But how are these constituents distributed inside the nucleon?
e E£.9. The neutron has zero net charge, but does it have a +/- core?

e How do they combine to produce its experimentally observed properties

e For example
* “Spin crisis”: quarks carry on ~30% of the proton’s spin

¢ gluons? orbital angular momentum?

e Understanding how the nucleon is built from its quark and gluon constituents
remains one the most important and challenging questions in modern nuclear
physics.



lopics to cover

e Elastic scattering > Electromagnetic form factors

e Neutron beta decay > Nucleon axial charge

e Deep Inelastic Scattering > Structure Functions and Parton Distribution Functions

¢ Generalised Parton Distribution Functions

e Hidden Flavour, e.g. strangeness content of the nucleon

* Focus on INUC|E0ON ang PION



| ecture T

¢ A short history
e Elastic scattering
e Form Factors
e Density distributions in the nucleon

e | attice methods for computing hadronic matrix elements (3pt functions)

e A taste of some lattice results



Structure of the Proton

e Until 1932, proton was considered to be an elementary particle

¢ |n 1933, Otto Stern measured the proton’s magnetic moment

pp ~ 2.5 (today : 2.7928456(11)) :
Mp

¢ Deviates significantly from unity - the magnetic moment of point-like particle
described by Dirac’s theory of relativistic fermions

€

Hp = BD = 2m,,

> Proton is a composite particle

e The proton’s constituents were later “seen” in Deep-Inelastic Scattering experiments
at SLAC (1968)



Nucleon Structure

* Nucleon structure is studied experimentally by electron-proton scattering

¢ Electron is a good probe because:

e QED is a “well-understood” interaction

¢ Qom = 737 > perturbation theory is valid

¢ Electrons are charged and so easily accelerated

e Two types of e-p scattering:

e Elastic scattering > Tod ay

e Deep-Inelastic Scattering (DIS) > V\/ed nesday




Elastic Scattering

¢ Final state nucleon remains intact, but with recoill
e Map out charge and density distributions inside the nucleon
e Dominated by single-photon exchange

e 4-momentum transfer ¢=k— k' =P — P

> Power of the probe

e Compare cross-section with that of a point-particle P

do [ do 9\ 19
a0~ (da)poim )

\ Form Factor




Elastic Scattering

e When using a point target, '(q) = 1 and

do
df)

)point ~ 4kZsin®(0/2)

(Za)?E? (

e E Kk - energy and momentum of electron

e § scattering angle

(¢> = —4EFE'sin* 0/2)

e But experimental cross-sections deviate from this

description
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Elastic Scattering

e Considering only one-photon exchange, justified because the fine structure constant
is so small, the S-Matrix is then

S =02n)*%*(k+P—-P — k’)ﬂ(k’)(—iev”)u(k)_—;<P’|(ie)J“\P>
q
= —i(2m)**(k+ P - P — K )YM
* The electromagnetic current is N Invariant amplitude

JH = Z 67;@ﬂ“ Y; Sum over quark flavours withm, < my, (u,d,s)

(2

e Can write cross-section in terms of invariant amplitude

E’ 1
— M]|?
2EM21+%sian‘ ‘

do




Elastic Scattering

® The invariant amplitude squared is
4

€ |74 |74
|./\/l|2 — @gﬂ W’u
* | eptonic tensor hY — ﬂ(k’)w“u(k)ﬂ(k)”yyu(k’)

e Compute in QED

e Hadronic tensor

WHY = (P|J"|PT)(P'|.J"|P)

¢ with matrix element between nucleon states defining two Lorentz-invariant
form factors

(PJ#(@)IP) = a(P') [y Fi(a®) + io™ = Fa(?) | u(P)

Dirac Paull




Elastic Scattering

e Using the fact that both tensors are symmetric and conserved "¢ py = q" WW =0

® The elastic scattering cross-section in the lab frame becomes

do G%(Q?) + 7G4,(Q?) | 2 12
70— IMott 1+ - 217G (Q7) tan”

e Where
Ge(Q?) = F1(Q%) — TF2(Q%)
G (Q?) = F1(Q?) + F»(Q?) T =Q7/(4M?)

¢ are the Sachs electric and magnetic form factors

¢ Rewriting in terms of the virtual photon’s longitudinal polarisation
et=14+(1+7)2tan6/2
do 0 Mott

o= T GRQ) + TG (@)

e Need cross sections at fixed Q2 but different scattering angle: Rosenbluth separation



Elastic Scattering - Rosenbluth

do OMott T
o= T GRQ) + ZGh(Q)

e At fixed Q?, Geand Gu determined

from intercept and slope as a function t1
3 09F :
N : B :
o (52 0.8 - ]__:
e Drawback - reduced sensitivity to Ge o b ¥ II_:
at large Q? ; .
1.4 |
¢ Both form factors reasonably well al.2
described by the dipole form g o E
Gp ; UIZTII . 5
1 0.8 |
G%(QZ) _ M(Q ) _ - R
Hp (1+Q*/Mp) 06|
10
e with

M2 ~ 0.71 GeV?



Elastic Scattering - Rosenbluth

do O Mott

= PR TEQY) + TG

d—Q_1+T

¢ For a neutron:

e Gesmall, so extraction near impossible

¢ No neutron target so use deuterium and
¢ subtract proton contribution

e Model nuclear effects

) | Neutfon’ A

Range
allowed by
e-d elastic




Elastic Scattering - Polarisation Transfer

e Difficulties with unpolarised scattering > new techniques necessary

e Mid-"90s brought
e High luminosity, highly polarised electron beams
e Polarised targets ('H, °H, 3He)

e | arge, efficient neutron detectors

e Polarisation transfer experiments provide access to the ratio Ge/Gu directly from
ratio of polarisation transverse and parallel to the momentum of the nucleon

Gg P, E+ FE' 0
— = tan —
G P 2M 2

e Combine with previous accurate results for Gy to also determine Ge



Elastic Scattering - Polarisation Transfer

e Precise results now available up JLab, Hall A, PRC85 (2012) 045203
to 8-9 GeV?
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Elastic Scattering - Polarisation Transfer
JLab, Hall A, PRC85 (2012) 045203
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Insights into Nucleon Structure

e Gg # Gy > different charge and magnetisation distributions
o |[f VM — oo initial and final nucleons are fixed at the same location Q2 < M?

¢ |nitial and final states have same internal state

> Fourier transformation of form factors are density distributions

e But M is finite so need to consider nucleon recoil effects

¢ |nitial and final states now sampled in different frames > Lorentz contraction
e No model independent way to separate internal structure and recoil effects

e \Work around: Breit frame or infinite momentum frame



Density Distributions

e Consider the Breit frame: ‘P‘ — ‘P"

e initial and final states have momenta with equal magnitude, hence similar
L orentz contraction

e Ge(Q?) can be interpreted as the Fourier transformation of the charge distribution

Gr(Q) = [ P pr)dr

e expanding at small Q?

1
Gp(Q) = Qe — gQ°(r%) + ...
¢ defines the charge radius of the nucleon
dGE(Q%)

(r?) = =6

dQ% |0,



Size of the Proton

e > 5o discrepancy between muonic
hydrogen and e-p scattering

*,=0.84184(67) fm [Nature 466, 213 (2010]

* 1,=0.875(8)(6) fm [arXiv:1102.0318]




Transverse Spatial Distributions

¢ Model independent relation between form factors and transverse spatial distributions
occurs in the infinite momentum frame

e Quark (charge) distribution in the transverse plane

g(b?) = | d®q. e "+ Fi(q°)

Distance of (active) quark to the centre of
momentum in a fast moving nucleon

Provide information on the size and
internal charge densities




Electromagnetic Form Factors

e Can some of these questions be answered by a calculation from QCD?

¢ Form factors are nonperturbative quantities

::> Lattice QCD

e Need to determine

@, S I@lp, ) =, ') |74 Fi(q) + io"” S F



Calculating Matrix Elements

(H'|O|H)




Calculating Matrix Elements

Splﬂ-o q2 _ _Q2 _ (p/ _p)z
)P D (D) = PPE. (¢) P =yl
Spin-1/2

(NG, $)I@ING, 5) =a(, ) [ Fi(a) +iom 22 Fa?)| u(p, s)

Spin-
(p(p', s")|J*(Q)|p(p,s)) =
P,U

~ (" QPAGIQY) = (€ @) — (e ) HIGa(@) + (e )€ ) g 33 Cs(@)

Spin-3/2

(A, )T Ap, s)) =
% B
ua<p',s’>{—g“5 [ an Q) + — 11

2 P
2M A 22(@7)] - (2Ma)

5 [VMCI(QQ) + dQMA CQ(Q2)} }u5 (p, S)




L attice 3pt Functions

<

¢ Create a state (with quantum numbers of the proton) at time t=0



L attice 3pt Functions

¢ Create a state (with quantum numbers of the proton) at time t=0

® |nsert an operator, O, at some time T



L attice 3pt Functions

0 Lo

¢ Create a state (with quantum numbers of the proton) at time t=0

® |nsert an operator, O, at some time T

e Annihilate state at final time t



L attice 3pt Functions

G(t,7,p,p) = Y e P T PN, (QIT (Xo &2, t) O

L2,r1

0 T, = 0

¢ Create a state (with quantum numbers of the proton) at time t=0

® |nsert an operator, O, at some time T

e Annihilate state at final time t



L attice 3pt Functions

G(t,r,p,p) =Y e P @A, (QIT (xalE2,t) O(F1, 7) X5(0)) |2)

52751 /
e Insert complete set of states I= Y |B.p, W Bp.s| 1= |B,ps)B,ps
B’p’;s’ B,p;s
* Make use of translational invariance X(Z,t) = eMte P Ty (0)e T Te !

G(t,T,ﬁ,ﬁ,) p— S: S:e_EB’(ﬁ,)(t_T)e_EB(ﬁ)TFBa
B,B’ s,s’

X (Q]xa(0)|B',p',s')(B',p', s'|O(q)|B.p, s){B,p, s|x3(0)|Q2)

¢ Evolve to large Euclidean times to isolate ground state 0 < 7 < ¢



Lattice 3pt Functions pion

e Consider a pion 3pt function
Gt,r,p.p) =Y e 7 BT TT(QIT (y (i, t) O(F, 7) X' (0)) |Q)

T2,T1
¢ \With interpolating operator X(:L') — J(x)*y5u(x)

@ : Combination of 7Y
e And insert the local operator (quark bi-linear) g(z)Oq(x) matrices and derivatives

—d(2)ysu(zs) (1 ) Oulz )u(0)y5d(0) u-quark



Lattice 3pt Functions pion

e Consider a pion 3pt function
G(t,7,p.p) = Y _ e P BP) e PTQIT (x(&, t) O(F1, 7) X' (0)) |2)

T2,T1
¢ \With interpolating operator X(x) — J(x)*y5u(x)

@ : Combination of 7Y
e And insert the local operator (quark bi-linear) g(z)Oq(x) matrices and derivatives

—d(2) s () (21 ) Oulz )u(0)y5d(0) u-quark



Lattice 3pt Functions pion

—dj(22)¥56,u5 (#2) 1, (1) p5us (1) g (0)V50de (0)

e all possible Wick contractions



Lattice 3pt Functions pion

_d5($2)75ﬁvu (z2)u b(xl)rpcwg(xl) (0)75£adc(0)

A S Ry s

e all possible Wick contractions

e connected

Sﬁig(oa x2)V567332p (2, x1>Fp5SZfS£ (1, 0)75504



Lattice 3pt Functions pion

. - — u-quark
—dp(@2)V58yUq (%2) U, (21)T psus (1) g (0)y5¢0de (0)

L L J T |

e all possible Wick contractions

e connected

Sdaﬁ(oa $2)V5m532p($27 xl)FP(SSZ%f (xlv 0)75504

¢ disconnected

— 552 5(0, 22) V58,50 ¢ (%2, 0) V560 Sns,, (1, 1)1 ps Q



Lattice 3pt Functions pion

. - — u-quark
—dp(@2)V58yUq (%2) U, (21)T psus(21) g (0)y5e0de (0)

e all possible Wick contractions

e connected

Tr [Sa(0, 22)75Su (2, 21)TSu (21, 0)y5)

¢ disconnected

O
Tr | — Sa(0,22)75Su (22, 0)ys5 | Tr | Sy (21, 21)T ] Q



Lattice 3pt Functions pion

—dj(22)¥56,u5 (#2) 1, (1) p5us (1) g (0)V50de (0)

Ys-hermiticity
e all possible Wick contractions

e connected

Tr [S1(22,0)S, (22, 21)T'S,(21,0)]

¢ disconnected @

Tr [ — ST (29,0)S,(22,0)| Tr [Sy (21, 21)T]

4

¢ all-to-all propagators



L attice 3pt Functions proton

Gr(t, s, p) = » e P (ErTe=Bh Ty (QT [xal(t, #2) O(7,71) X5(0)] |2)

T2,T1
¢ Use the following interpolating operator to create a proton
Xa(z) = € (u"*(z) Os d’(x)) ug(z)

e And insert the local operator (quark bi-linear) cj(x)@q(x) @O : Combination of 7Y
matrices and derivatives

e Perform all possible (connected) Wick contractions u_quark (4 termS)

etV (ul (22) Crs d’(32)) ua<x2>u<x1>0£<x1>u6’<o> (@ (0)Csa"™ (0))

1 | |

D




L attice 3pt Functions proton

Gr(t, s, p) = » e P (ErTe=Bh Ty (QT [xal(t, #2) O(7,71) X5(0)] |2)

T2,T1
¢ Use the following interpolating operator to create a proton
Xa(z) = € (u"*(z) Os d’(x)) ug(z)

e And insert the local operator (quark bi-linear) cj(x)@q(x) @O : Combination of 7Y
matrices and derivatives

e Perform all possible (connected) Wick contractions u_quark (4 termS)

| | ]

g@beea't'e’ (u'*(x2) Cys d°(x2)) ugé(xg)?_:(xl)Ou(xl)ﬂc (0) (Jb/(O)C%fELTa/(O))

T T | |




L attice 3pt Functions proton

Gr(t, s, p) = » e P (ErTe=Bh Ty (QT [xal(t, #2) O(7,71) X5(0)] |2)

T2,T1
¢ Use the following interpolating operator to create a proton
Xa(z) = € (u"*(z) Os d’(x)) ug(z)

e And insert the local operator (quark bi-linear) cj(x)@q(x) @O : Combination of 7Y
matrices and derivatives

e Perform all possible (connected) Wick contractions u_quark (4 termS)
eabcea’b/cl (uTa(xz) 075 db(ili'g)) U(C)é ($2)

T T | |

| —
b
|




L attice 3pt Functions proton

Gr(t, s, p) = » e P (ErTe=Bh Ty (QT [xal(t, #2) O(7,71) X5(0)] |2)

T2,T1
¢ Use the following interpolating operator to create a proton
Xa(z) = € (u"*(z) Os d’(x)) ug(z)

e And insert the local operator (quark bi-linear) cj(x)@q(x) @O : Combination of 7Y
matrices and derivatives

e Perform all possible (connected) Wick contractions u_quark (4 termS)

| |

gabea’b'e’ (uTa(azg) Cs db(azg)) us (x2)u(x)Oulz)u (0) (db/(O)C%ﬂT‘L

T LT ]




L attice 3pt Functions proton

Gr(t, s, p) = » e P (ErTe=Bh Ty (QT [xal(t, #2) O(7,71) X5(0)] |2)

T2,T1
¢ Use the following interpolating operator to create a proton
Xa(z) = € (u"*(z) Os d’(x)) ug(z)

e And insert the local operator (quark bi-linear) cj(x)@q(x) @O : Combination of 7Y
matrices and derivatives

e Perform all possible (connected) Wick contractions d-quark (2 termS)

| | ]

ebec@'e (4T (19) Crys db(w2)) ul (zo)d (1) Od(z1)uc (0) (db'(O)C%aT“'(O))

[ |




L attice 3pt Functions proton

Gr(t, s, p) = » e P (ErTe=Bh Ty (QT [xal(t, #2) O(7,71) X5(0)] |2)

T2,T1
¢ Use the following interpolating operator to create a proton
Xa(z) = € (u"*(z) Os d’(x)) ug(z)

e And insert the local operator (quark bi-linear) cj(x)@q(x) @O : Combination of 7Y
matrices and derivatives

e Perform all possible (connected) Wick contractions d-quark (2 termS)

| | ]

ebec@'e (4T (19) Crys db(w2)) ul (zo)d (1) Od(z1)uc (0) (db'(O)C%aT“'(O))

T ‘ |




L attice 3pt Functions proton

e Pictorially: Q

e u-quark ‘/_;\ ‘/‘\. ./t‘\.

e s-quark ./\.

e quark-line disconnected contributions drop out in isovector quantities (u-d) if
isospin is exact (mu=my)



[ attice 3pt Functions proton
at the quark level

Cr(t,m;p',p) =) €Th <Tr >r(0,0;57,1)O(Z1, 7)G (&1, 0)] > .

L1

=
T
—@

O
¢ e -
T
0‘// . \E‘\Qt 00/ th
> // \\L r//
\\)_____/ G\ -
@,




[ attice 3pt Functions proton
at the quark level

= U}
Sr(0,0; 21357, ) = »  Sr(d, t;0,0;57)G(Z2, t; &)
G
\\ '/_:S,_\
0 @ > t 0 > t
™~ _ S - -~




L attice 3pt Functions proton
at the quark level

Cr(t,r; 7, p) =Y T <Tr[zp(o 0; p )O(fl,T)G(fl,O)D{U}

T1
Sr(0,0; 21357, ) = Sr(d, t:0,0;57)G(Z, t; 1)
To
S#;a,a(fg,t; 67 O;ﬁ,) _ e—iﬁ’-feabcealb’c/ < IC; _ C’Y5GT’)/5C

[éd;bb’ (Zo,t:0,0)G% (&2, t;0,0)L + Trp[GEY (£, t: 0,0)GY (25, ¢; 0, 0)|T

HTGUY (25, 1:0,0)G% (2, £, 0,0) + Trp [LGUPY (25, t; 0, 0)]GHC (2, t; 0, 0)}

d: / - — - s = 111 /1
Sr,a a(x%t;()?();p/) — oD azgeabceabc ¢

Exercise: Prove

{éu;bb’ (Zo, t;0,0) [ GYC (£, 1;0,0) + Trp LGP (25, t; 0,0)GYC (£, t; 0, 0)]

‘/g\.
0 @ > @/ 0 > L

\\ S P
——




L attice 3pt Functions

e X1 (0,0;Z1; 9, t) = Z St(&a,t;0,0; p")G(&a, t; 1) can be computed from the
P

linear system of equations
Y M, v)ysE5(0,0;v; 57, ) = 45 SL(T, 0,0, 57)d,;

\

Fermion matrix

eso Y (0,0;%;;p’,t) isasequential propagator based on a source Sr (%2, t; 0,0;p")
constructed from two ordinary propagators at time t



Seqguential Source Technigue

¢ First compute ordinary propagators G(w, O)




Seqguential Source Technigue

e Construct sources

ST (i 40,0, 57) or SECY(Zy,t:0,0;7")




Seqguential Source Technigue

e Compute sequential propagators
Sr(0,0; 1397, t) = Sr(F2,1;0,0;57)S(Z2, t; F1)

e via the second inversion

Y M, v)yEE0, 05057, 1) = Y5 SL(T, 50,05 575y

T




Seqguential Source Technigue

e Insert operator ZF (67 Oa ﬁla t)O(fla 7-)




Seqguential Source Technigue

¢ Tie everything together with an ordinary propagator

Or(t,’r;ﬁ/,ﬁ) — Zqu"fl <TI' [ZF(G,O,p_)/,t)O(fl,T)G(fl,O)} >{U}

L1




Seqguential Source Technigue

e Advantages: Free choice of

e Momentum transfer

through the sink

e Operator (vector/axial/tensor) N(0,p)

¢ |deal for Form Factors, Structure Functions, GPDs
¢ Disadvantages: Separate 3-pt inversion for each

e Quark flavour

eHadroneg.p, ¥, A, m, N = ~vA

¢ Polarisation

¢ Sink momentum



Seqguential Source Technigue

¢ Alternative method involves computing a sequential propagator “through the

operator”
. 0
G /'/g
// >
0
/'/g\‘\
> 0
0
« | T
> 0 . /
~_ -

0




Seqguential Source Technigue

through the operator

e Advantages: Free choice of

e Quark flavour

eHadrone.g.p,>, A, 7, N — ~vA

e Polarisation

¢ Sink momentum

e |deal for studying flavour dependence in a hadron multiplet
¢ Disadvantages: Separate 3-pt inversion for each

* Momentum transfer

e Operator (vector/axial/tensor)



| attice 3pt Functions in Chroma proton

ey R — - i = NN
S%L,a a(CEQ,t;0,0;p/) — o~ P meabceabc W

GEY (25, 1:0,0)GYC (£, 1;0,0)0 4+ Trp[GHO (24, ¢, 0, 0)GH (£, t: 0, 0)]T

HTGUY (25, 1:0,0)G% (2,4, 0,0) 4+ Trp [LGUPY (24, t; 0, 0)] G4 (25, t; 0, 0)

/* "\bar u O u" insertion in NR proton, ie.
* "(u Cg5 d) u" */
/* Some generic T */

// Use precomputed Cg5 W

gl tmp = quark propagators[0] * Cg5;
g2 tmp = Cg5 * quark propagators[1l];
di quark = quarkContract24(gql tmp, g2 tmp);

// First term
src_prop tmp = T * di quark;

// Now the second term
src_prop tmp += traceSpin(di quark) * T;

// The third term...

gl tmp = g2 _tmp * Cg5;

g2 tmp = quark propagators[0] * T;

src_prop tmp -= quarkContractl3 (gl tmp, g2 tmp) + transposeSpin(quarkContractl2(g2 tmp, gl tmp));

END CODE();

projectBaryon(src_prop tmp,
forward headers);



barNuclNuclU);

00829
00830 success &= Chroma::TheWilsonHadronSegSourceFactory::Instance().registerObject(string("NUCL-NUCL D"),
00831 barNuclNuclD);
00832
00833 success &= Chroma::TheWilsonHadronSegSourceFactory::Instance().registerObject(string("NUCL U UNPOL"),
00834 barNuclUUnpol);
00835

00836 success &= Chroma::TheWilsonHadronSegSourceFactory::Instance().registerObject(string("NUCL D UNPOL"),

00837 barNuclDUnpol);

00838

00839 success &= Chroma::TheWilsonHadronSegSourceFactory::Instance().registerObject(string("NUCL U POL"),

00840 barNuclUPol);

00841

00842 success &= Chroma::TheWilsonHadronSegSourceFactory::Instance().registerObject(string("NUCL D POL"),

00843 barNuclDPol);

00844

00845 success &= Chroma::TheWilsonHadronSegSourceFactory::Instance().registerObject(string("NUCL U UNPOL NONREL"),

00846 barNuclUUnpolNR) ;

00847

00848 success &= Chroma::TheWilsonHadronSegSourceFactory::Instance().registerObject(string("NUCL D UNPOL_ NONREL"),

00849 barNuclDUnpolNR) ;

00850

00851 success &= Chroma::TheWilsonHadronSegSourceFactory::Instance().registerObject(string("NUCL U POL NONREL"),

00852 barNuclUPolNR);

00853

00854 success &= Chroma::TheWilsonHadronSegSourceFactory::Instance().registerObject(string("NUCL D POL NONREL"),

00855 barNuclDPolNR);

00856

00857 success &= Chroma::TheWilsonHadronSegSourceFactory::Instance().registerObject(string("NUCL U MIXED NONREL"),

00858 barNuclUMixedNR) ;

00859

00860 success &= Chroma::TheWilsonHadronSegSourceFactory::Instance().registerObject(string("NUCL D MIXED NONREL"),

00861 barNuclDMixedNR) ;

00862

00863 success &= Chroma::TheWilsonHadronSegSourceFactory::Instance().registerObject(string("NUCL U MIXED NONREL NEGPAR"),

00864 barNuclUMixedNRnegPar) ;

00865

00866 success &= Chroma::TheWilsonHadronSegSourceFactory::Instance().registerObject(string("NUCL D MIXED NONREL NEGPAR"),

00867 barNuclDMixedNRnegPar) ;

00868

00869 success &= Chroma::TheWilsonHadronSegSourceFactory::Instance().registerObject(string("XI D MIXED NONREL"),

00870 barXiDMixedNR) ;

00871

00872

00873 success &= Chroma::TheWilsonHadronSegSourceFactory::Instance().registerObject(string("DELTA-DELTA U"),

00874 barDeltaDeltalU);

00875

00876 success &= Chroma::TheWilsonHadronSegSourceFactory::Instance().registerObject(string("DELTA-DELTA D"),

AN AN P\ ey ey — —— —



Chroma xml for Sequential Source

v<elem>
<annotation>; NUCL U UNPOL segsource</annotation>
<Name>SEQSOURCE</Name>
<Frequency>1</Frequency>

v<param> | u-quark in proton, unpolarised
<version>1l</version> ‘(___________———"’ .
<seq src>NUCL U UNPOL</seq src> . . .
<t_sink>13</t_sink> < sink timeslice
<sink mom>0 0 0</sink_mom>g
</Param> .
v<Propsink> sink momentum
<version>5</version>
¥<Sink>
<version>2</version>
<SinkType>SHELL SINK</SinkType>
<j decay>3</j decay>
¥<SmearingParam>
<wvf kind>GAUGE INV GAUSSIAN</wvf kind> . :
<wvf param>2.0</wvf param> Slnk Smearlng
<wvfIntPar>5</wvfIntPar>
<no_smear dir>3</no smear dir>
</SmearingParam>

</Sink> ordinary quark props

</PropSink>

v<Namedobject> required for construction of

<gaugeTid>gauge</gauge_id>
TIPS e / seq source (2 for u, 1 for d)

<elem>sh prop 1l</elem>
</prop_ids>

<seqsource_id>seqsource_NUCL_U_UNPOL</seqsource_id>.tEigJ (t() k)Ea LJE;E}Cj Eif; E;()Ljr(3€3 f()r

</NamedObject> ““-——-____________- '
</elem> prop calculation)




Exercise

¢ Using the following interpolating operator

A (1) = e | 2(uT (@) Oy d (@) () + (W7 (2)Cyy () d ()

V3

perform the appropriate Wick contractions and write down the A™ 3pt function and
compare your result to the source implemented in Chroma

e Work out the sequential sources required for YN — A

(QAT (22)5" (1) N (0)[£2)



Extracting matrix elements

¢ Recall hadronic form of the nucleon 3pt function

G(t, 7, 7,7") =Y e B e B0 (Qxa(0) [N (', ")) (N (', ") O(@)| N (p, 5) ) (Np, 5)[Xs(0)|€2)

s,s’

¢ Need to remove time dependence and wave function amplitudes

> Form a ratios with the nucleon 2pt function

Go(t,7) = Y _ ¢ TalQxa| N (p, 9))(N (P, 5)[Xs]2)

S

N~

G (t T, ﬁ/ ﬁ? O) _GZ(Taﬁ/)GZ(t7ﬁ/)G2(t_Taﬁ)-
G (t p ) i GQ(Taﬁ)GZ(taﬁ)GQ(t - T)ﬁ/) J




Extracting matrix elements

¢ Using the relation for spinors

_ . 1 p-s . -85

— / — L . —». — - L ,
u(p, o )\Tu(p,o) =Trl'(Evyy —ip - 7 + m)2 (1 V5V - > Ooo

¢ \\We can write the two point function as
- src , -spinor terms
V2 2 () , Y !
Go(t, p) = Z T Tra(p, s)Tu(p, s)[e Frt + e Fs(T=t)]  with oplposrte
S P parity

1
eUse 'y = 5(1 + 4)to maximise overlap with positive parity forward propagating state
—SIrC E E/_’ —|_ m, /
\/ank ﬁ’)Z (ﬁ) [( _|_ m) e—Ept _|_ ( pEL >€Eﬁ(Tt)]
p

e Similarly for the three-point function

Gg(t,T;p_”ﬁ;F’O) — \/ank( )Zsrc( ) (F f) _Eﬁ/(t—’T)e—Eﬁ’T

e where
1 7y, m 7 m
F(Faj)Z—TI‘(’M—Z + )j<74—1 +
4 Ez  Ej E;  Ej
¢ and

(N(p', s")|O(Q)|N(p, 5)) = a(p’, s") Tu(p, s)



Example

e SO our ratio determines

Lo = - ) iy B -
R(tyT;ﬁ/,ﬁ; O) _ Gr(tyTyp 7p7 O) GQ(T,p )GQ(t,]) )GQ(t T,p)

N~

GQ(taﬁ/) i GQ(Ta ﬁ)GQ(taﬁ)GQ(t — T, ﬁ/) i
— \/(E~ +§f)/fgd+m)F(F,Jo@) < Tt < %T

1 — —
= F1(¢° =0) |Punpor = S(1+71), O=Vi=1s, p'=p=0

:|||‘|||‘|||‘|||‘|||‘|||‘|||‘|||:
0.8— 7
= R(t=16,7;p,p"; Va) =
0.6— 7

F(0)/2 [ P ¥ % 3 -
0.4_— —_
0.23— —
Z||||||||||||||||||||||||||||||_
0

2 4 6 8 10 12 14
t/a

-l
(o))



Other Useful Combinations

Exercise: Prove them!

. Ez;— M
R(t,7;0,p: Va,Ty) = Fi(q°) — p2M F»(¢*) = Ge(q°)
lop——7T——— T T T T 1
B = d; 2 ® o :
R(taTv()?pa‘/;arél) — ZE+M E(C] ) 1'4:_ o 0 06-0-0-0-90 0 O _
- L _ -
R(t,T,O,p,V;,Fj) — ZezngiMGM(qz) 12: ] @ -
1 C BN BN == =F == NN BN 7
1 ><o [ . i :
. 0.8 e .
I'; = 5(1 -+ 74)2757j o Sl St S %0 000) ]
06F g B (100)
T §E
04 < 200 7]
0'2% — % T T R R ;4

e Certain combinations of parameters and kinematics give access to the form factors

e [t is possible to have several choices giving access to the form factors at a fixed Q?

> Overdetermined set of simultaneous equations that can be solved for

Fi1, Fo or Gg, G



Typical Examples

More detailed look at lattice results for form factors tomorrow

x=0.134, V=16°
V k=0.135, V=16 |
O x=0.1355, V=12° |
[ k=0.1355, V=16 |
A k=0.1355, V=24 |
& xk=0.1859, V=12% |
A =0.1359, V=16 |
¢ «=0.1359, V=24° |
B (=0.1362, V=24° |
V¥ «=0.13632, V=40°

I ErTeryere— 1106.3580
hep-lat/0608021
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