


(zeneralize

d Parton

Distributions from the
Lattice

B

1T




Nucleon structure

Lattice sitmulations & their challenges

Achievements: T'hree key calculations

Summary

Outlook




8 e 1. 118 .1 8 81415 4 8§ o 1 14 8 18 A48 AR 411 i o AR 8§ 11 8 20

T

v At T e S

B il bt e b et

TR A W e W N

TR - O

a

T

Eada il Lt e e Tl e Lo

>,
=
=~
< LS
@,
=
——
37y
0P,
-
@,
B
<,
=
4




VWA P P AW T W TR T L W Y S A T MY P i Y VIV T TR AT TR WY T A TR W R P Y e Tt e e Ll R e e N PWEE NN W Y
. . . . . A . B s o fefammnds Sandeana Saumfiand o
— Py T :

iy " o o e alaltas ad Al o dde s o Cb A ot e b L e b A T VS RV TTNNCrr - R e YT Y

g n > 2L g ?
T LN NN Wy W VR R L R Y P i T SO S T O G BT S NN N PO S U W P TSN S TR NN S R PN PO S R BN N T T B W WA W A PR DD RSN BB S N O NS W W S e e A S T Wi s Pl e




VWA P P AW T W TR T L W Y S A T MY P i Y VIV T TR AT TR WY T A TR W R P Y e Tt e e Ll R e e N PWEE NN W Y
. . . . . A . B s o fefammnds Sandeana Saumfiand o
— Py T :

How do we know?
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How do we know?

Scattering experiments:
Exclusive
Inclusive
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How do we know?

Scattering experiments:
Exclusive
Inclusive

e.g. Form factors
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How do we know?
e.g. parton

distributions

Scattering experiments:
Exclusive
Inclusive

e.g. Form factors
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Pert. Theory Effect. models Lattice

Field configs.

High energyj} ifiLow energyi:'

Measurements

Form factors. Hadron masses.
Structure functions decay constants
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Factorization ansatz
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Factorization ansatz
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Factorization ansatz
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Factorization ansatz
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Forward limait
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= Recover forward parton distributions

e alaltas ad Al o dde s o d L o Al o - D N R T S SRy TN PR TN

B el L e i L e e i e e e e e e L e L e e e e e b L e e B T L Ll T E Rl Lo bl o B o




L WV P P ATV § LT W TR I L W Y S A A W P wmid Y VY W SN MW VIS S T T PVL TP ST W Py S P T e T TR P ST M ST ST SIS PR S ST Y S VI TV S TIPTSe S AR Y S Y ST B S I as e v v N PWEE NN W Y
D % 0 O B et Oiamas e A e A I WISV RS Sgin A - BT -
e e Mt o P e L iy h et b o 4

l.ocal limait

00V U T VO O O VN VO VIO U N TR 0N VOh V0N V0N VIO VIO U N V0N V0N V0N V0N V0N VR0 TR0 0 U T VO VO TN 0 VO VO 0 0 0N 0N TON V0N VO TR N N N 0N 0N V0N V0N V0N O D O O O TR TR T T

Aader s et & Sl e 0} iy e alaltas ad Al o dde s o d Ol A o T N N R Y AT PR R S TN TN w . Ll aad Cn aht o S LRA S of s e o o At

M\. swmd'-wnvomwmﬂ'\umm WM\ ’ﬂ-“\.ﬂﬂw . wanWMwn‘aMM.ﬁ-ﬁ-—W’ P e Y e i A 2 I AL X BT e S e 8 e Y dmer ol WA Y P WP APl 1 Y MAWM — v I".lww'n-n-h- AN T A S e e




VWA P PRV E T W TR I L W S S A M MY PO wid Y VIV T SR AT TR AR T A TR B W R T T B TS Nl U R Y A T ST TR W A T L P P AP W T W S S S SR W R S T T T W W YV W A PP 1S W Y

l.ocal limait

M B B b B B B R R B e b b B b B R B B b B b B L B B b B b L R B B B B b B b B R R B b b B b R B B e b B b B L R R B b b

Aader s et & Sl e 0} Yty e alaltas ad Al o dde s o d Ol A P D R N S SR T PR R TN T r ™

M\. .- WW"I“I"M‘WM'\MNM WAM\ M“MMW . sﬂa\www\‘vnvym.’-ﬁ--w.' S Y NN R s PR PO ) s A el . "J‘ﬁ-’;‘—.‘ —— v\-m:u)-ars\--w ﬁ.\h‘\lﬂ“ IF‘.\ _— e I'Wm-’!‘ -'A“J\- —l s S T M-f




L WV P P ATV § LT W TR I L W Y S A A W P wmid Y VY W SN MW VIS S T T PVL TP ST W Py S P T e T TR P ST M ST ST SIS PR S ST Y S VI TV S TIPTSe S AR Y S Y ST B S I as e v v N PWEE NN W Y
D % 0 O B et Oiamas e A e A I WISV RS Sgin A - BT -
e e Mt o P e L iy h et b o 4

l.ocal limait

00V U T VO O O VN VO VIO U N TR 0N VOh V0N V0N VIO VIO U N V0N V0N V0N V0N V0N VR0 TR0 0 U T VO VO TN 0 VO VO 0 0 0N 0N TON V0N VO TR N N N 0N 0N V0N V0N V0N O D O O O TR TR T T

= Recover form factors
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= Describe both exclusive and inclusive processes

< Piloneering paper:

D.Muller et.al., Fortschr.Phys. 42, 101 (1994

< Became really popular with

hys.Rev.lett. 78, 610 (1997)
hys.Rev. D56, 5524 (1997)










QCD matrix element
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Collection of GPDs

' lYy*ylp) = H(z, &, t) & E(z,§,t)

(0 |[pysy“lp) = H(z, €, t) & E(z, €, )

+ four more fermion GPDs for
transversity

+ eight more gluon GPDs
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Interpreting GPDs

< (Juark emitted and absorbed with l.m.{f.

(x+E) and (x-€)

< Quark/antiquark pair emitted with L.m.f.

(E+X) and (E-X)
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Deeply virtual-wide-angle Gompton scattering
Exclusive meson production

Form factors, Deep-inelastic scattering
T'’hree-dim. hadron structure

Angular momentum sum rule

Recent review: Phys.Rept. 388:41-277 (2003)
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Phenomenology

Where has the lattice
contributed?

Deeply virtual-wide-angle CGompton scattering
Exclusive meson production

Form factors, Deep-inelastic scattering
T'’hree-dim. hadron structure

Angular momentum sum rule

Recent review: Phys Rept. 388:41-277 (2003)
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Phenomenology

Where has the lattice

. D
Ebuted: Phys.Rev.Lett.96:052001(2006)
PoS LAT2007:161(2007)
arXiv:0709.3370 (Baryons07)

Exclusive meson production
Form factors, Deep-inelastic scattering
T'’hree-dim. hadron structure

Angular momentum sum rule

Recent review: Phys.Rept. 388:41-277 (2003)
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Phenomenology

Where has the lattice
contributed?

Phys.Rev.Lett.96:052001(2006)
PoS LAT2007:161(2007)
arXiv:0709.3370 (Baryons07)

Phys.Rev.Lett.93:112001(2004)

Form factors,Neep-inelastic scattering
T'hree-dim. hadron structure

Angular momentum sum rule

Recent review: Phys.Rept. 388:41-277 (2003)
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Where has the lattice
contributed?

Phys.Rev.Lett.96:052001(2006)
PoS LAT2007:161(2007)
arXiv:0709.3370 (Baryons07)

ion /

Phys.Rev.D68:034505(2003)
Phys.Rev.Lett.92:042002(2004)
Phys.Rev.D77:094502(2008)




x-dependence: as Mellin-moments

&-dependence: analytically

t-dependence: via external momenta
On the lattice: model-independent results

Experimentally: difficult to extract tunctions
of three variables
= (Combine lattice, models, and experiment




[.attice sstmulations

& their challenges
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<= Goal: Qualitative & quantitative results
from first principles

= (Gomparison of theory < experiment

= (redibility for predictions

< Vary parameters, €.g, mg, N, JNVr

< lest models of QCD
=> Insight into how QCD works




< Heavy quark regime:

confinement, flux tubes, adiabatic potential

< Light quark regime:

chiral symmetry breaking, instantons, chiral
perturbation theory




Regimes of quark masses
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(Improved) Wilson fermions

(Improved) staggered termions

Twisted mass Wilson fermions

Ginsparg-Wilson fermions

< Domain-wall




(Improved) Wilson fermions

(Improved) staggered termions

Twisted mass Wilson fermions

Ginsparg-Wilson fermions

< Domain-wall




(Improved) Wilson fermions

(Improved) staggered termions

Twisted mass Wilson fermions

Ginsparg-Wilson fermions

< Domain-wall




(Improved) Wilson fermions

(Improved) staggered termions

< "Twisted mass Wilson fermions

Ginsparg-Wilson fermions

< Domain-wall




(Improved) Wilson fermions !
S

(Improved) staggered fermio

< "Twisted mass Wilson fermions
Ginsparg-Wilson fermions
< Domain-wall

<= Overlap




(Improved) Wilson fermions ‘J X))
S

(Improved) staggered fermio

< Twisted mass Wilson fermions
Ginsparg-Wilson fermions Pue
< Domain-wall

<= Overlap




< (Improved) Wilson fermions J
g

(Improved) staggered fermio

< Twisted mass Wilson fermions

S
< (Ginsparg-Wilson fermions ]),@%

ey, s

< Domain-wall : %%

< Ov




Light valence termions possible today

Light sea quarks remain major 1ssue

Possible solutions:

Hybrid calculations
Full GW: Either tull DWF or Overlap

Full Wilson-type termions
(Clover/ Iwisted mass)




Nucleon mass (QCDSF
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Original definition: non-local matrix elements

On the lattice: we can only do Joca/
matrix elements

Similar to PDs use the light-cone OPLE

(p|OF* " |p)
O;}{,Ual.../in} e lbfﬂ{“lip“z i ipﬂn}wq




Expand generalized local currents
n

Lorentz-invariant functions

<p/|0(§u1---un} )

= (Generalized form factors




Expand generalized local currents
n

Lorentz-invariant functions

<p/|0(§u1---un} )

= (Generalized form factors

(p'| O p)




Encmlicid s lore—l:
/da: ISl = Al )

/d:v s gl = e

Higher moments are always

polynomials in (2§)2:
/dw el (x &t — 2L At

/dm pB(n £ 1) = (262 CE) - Baglt)
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< Hybrid approach: unitarty & square root?
Lattice artifacts?

< Achievement: 5 quark masses, full QCD down to
mz=354 MeV

< Lattice sizes (2.5fm)° and (3.5fm)’
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Three key calculations from the lattice:

< NN & N2 A transition form factors

< (PDs - 'The nucleon spin & transverse
structure

< Nucleon axial coupling g4:
First quantitative result!




Electromagnetic form factors
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Electromagnetic form factors
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< Recent reviews: Phys.Rev. G71:055202 (2005)
J.Phys. G34:S23-525(2007)

<= 'lwo techniques:

< Rosenbluth: elastic scattering o(e +p — e + p)

E+p—e+p

< Spin-transter:

g e e
< Around for several decades, but
surprising new insights recently
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X const.

X const.

X const.

RSO

-~ — Coduh J s A
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Naive quark
counting rules

JLab spin transfer

experiment

Phys.Rev.Lett.
91:092003 (2003)
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A=400MeV
A=300MeV
A=200MeV
m 1]
¢ [2]

_Phys.RevLett. 91:092003 (2003)
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Form factor scaling
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Form factor scaling
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FoP Lattice vs Expmt.
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LLarge distance behavior

Bt B B b B b B B B B b b B b R R B B b B b b Rl B B b b B B B Bl Bl b B bl B Rl B B b b B B B L B B b B b R L b L B b

Charge radu:

1
F;(0) ( 1+ =r7¢” + O(q*)

< Magnetic moment:
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LLarge distance behavior
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Charge radu:

1
F(0) ( 1+ =r/¢* + O(q")

< Magnetic moment:

AT S AT




> (harge radu:

F;(0) (1 a %rfff - 0((14))

< Magnetic moment:




K (rescaled)

Fitting formula from Phys.Rev. D71:034508 (2005)







<=~ How to measure?

< (Quadrupole moment of ground state
=> vanishes for spin-1/2 system

< Excitation spectrum of the system
= exceedingly complicated,
broad & overlapping resonances

< Radiation of emitted de-excitation
radiation

=> viable from A+(1232)




Electromagnetic current (local operator):
(state|ipy* 1) |state)

Expand m.e. 1n terms ot scalar functions
(“(generalized) form factors™):

(n(p") [y ¥In(p)) = PLF1(t) + P4 Fa(t)

Transition form factors:

(P)) = AT Gars (£) + A5 Gra(t) + A5+ Goa(t) |




Electromagnetic current (local operator):
(state|ipy* 1) |state)

Expand m.e. 1n terms ot scalar functions
(“(generalized) form factors™):
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Transition form factors:
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Electromagnetic current (local operator):
(state|ipy* 1) |state)

Expand m.e. 1n terms ot scalar functions
(“(generalized) form factors™):

(n(p") [y ¢ In(p)) = P F1(t) + Py Fa(t)

Transition form factors: f

(p)) = AT"Gum1(t) + A" GEa(t) + A5 Gea(t)




{ < Matrix element

| (A7 @)y wln(p)) = AT*Gan () + A5G (1) + AT Gl

! Signal for deformation:

spherical = M 1
deformed = M1, E2, G2

Gra(t)
G (t)

| = Ratios: Rpy =




< M1 transition form factor: nucl-th/0012046
| quark models predict M1 30% too small

| = Phys.RevD66:094503(2002) = R, R,,,

| = Phys.Rev.Lett. 86,2963(2001)
| = Phys.Rev.Lett. 88:122001(2002)

| = Eur.PhysJ.A18,141(2003)
| Eur.Phys].A17,349(2003)
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Quenched results
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m_=0.51 (|3eV

m_=0.45 GeV

m_=0.537 GeV

m_=0. (chiral extrap.)
PDG

fits to experiment (MAID)
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Xm =0.51 GeV

Am =0.45 GeV

%m =0.37 GeV
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X m =0.51 GeV

A m =0.45 GeV

% m =0.37 GeV

o
chiral extrap.

® chiral extrap.
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WS Sce PRI.95:232001(2005),

m"=0.45 GeV

QRN  Phys. Rev.D77:085012(2008)

chiral extrap.

® chiral extrap.
A Bates
O CLAS

P




AT A

.

A MAM]
O Bates

ICJMAMI I I I I
0.0 2 0.4 0.6 0.8 1.0

Q% (GeV?)
Phys Rev.D77: 085012(2008)
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uark spin contribution
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Decomposition of nucleon spin:

1 1
5=datJg =52+ Lo+ Jg

Y T e DAy iy

Mo d T ol S e _—— Llan=ad o £od AR T O Codub 2 Sy

L L LR R LR )




uark spin contribution
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Decomposition of nucleon spin:

1 1
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uark spin contribution

V0 TR0V 00 0V VRNV 0 VIO U N N VO O VO V0N VR0 TN U O VN VO VO O VRO VRO N0 N O O VO VORI VO U N VN VN VN V0N VRO TR0 N O O TR V0N TN R VO D T O VOO TR T TR R

Decomposition of nucleon spin:
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(Quark spin contribution
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(Quark spin contribution
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Decomposition of nucleon spin:
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Decomposition of nucleon spin:

1 1
§:Jq+Jg:§Z+Lq+Jg

Total quark

contribution:
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= /d3r YT [i/2+77>< (—15)] Y
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Ao () (v ys) + Bio(t) 5

Now one obtains

1 i
52 - A‘iéd(o)

Then we can deduce
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uark spin contribution
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LLHPC hybrid action
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LLHPC hybrid action
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Cancellation of OAM for u+d quarks

< (Gancellation between OAM and
spin contribution for down quarks

< Qualitative features over entire
mass range
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imilar approach: PRD62:114504 (2000)

S
Alternative approach:
Direct computation of (ply;Ji(y)|p)

PD65:094510 (2002) (V. Gadiyak et al)
But: see PD66:017502 (2002) (W. Wilcox)




The “D”-term
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From Phys.Rev.Lett. 92:04
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measures Fourier transtorm of

Q(aja bJ_)

Phys.Rev. D62:071503 (2000) (M. Burckardt) |
For E=0: Phys.Rev. D66:111501 (2002) (Ralston,Pire) |
Eur.Phys J. (G25:223 (2002) (M. Diehl)
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* Generalized parton
distribution at 7=0
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Moments of GPDs
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Do the moments depend on 7
or not?
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Does x-dep. tactorize?
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A10,A20,A30

m,=744 MeV
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Fundamental property of the nucleon

Governs [p-decay

Quantitative measure of spont. ¥SB in hadronic
physics

Known to high accuracy experimentally from
neutron [3-decay

Forward limit of nucleon axial form factor
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(2004) (Beane&Savage)
(2005)

= Phys.Rev. D68:075009 (2003)
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Detmold & Lin)

= Phys.Rev. D66:054501 (2002
= Phys.Rev. D74:094508 (2006
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LHPC/MILC
LHPC/SESAM
RBCK
QCDSF/UKQCD

QCDSF/UKQCD (small V)
Experiment
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Phys.Rev.Lett. 96:052001 (2006)
SN, Schroers EPJ A31 784 (20()7)
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LHPC/MILC
LHPC/SESAM
RBCK
QCDSF/UKQC

QCDSF/UKQCD (small V)
Experiment

| . | . |
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Phys.Rev.Lett. 96:052001 (2006)
SN, Schroers EPJ A31 784 (2007)




Experiment (neutron 3
decay)

ga = 1.2695(29)

PRL 96:052001 (20006)

O == 1.226(84)

PR D74:094508 (2006)

ga = 1.31(9)(7)
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T'hree key applications

Major progress in lattice simulations

Qualitative 1nsight into nucleon structure

Quantitative results slowly becoming available

Progress benefits from yEF 1




QCDSF simulations reach down to
mps~350 MeV (2006), currently running
mps~250 MeV (2009)

Hope to reach mps=200 MeV by
the end of this decade

LHPG tocusses on tull DWE, similar quark

IT1ASSES

TWQCD/JLQCD: Full optimal DW

+disconnected diagrams




