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Outline

e Hadron Structure from Lattice QCD
— Anatomy of a calculation
— Pion Form Factor

* Nucleon Structure

*Three-dimensional Imaging
-Generalized Parton Distributions

- Transverse-momentum-dependent distributions and
transversity

* Flavor-singlet Structure

« “EMC effect”

« Excited States and Transition Form Factors
* Outlook
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Hadron Structure

How are
— charge and currents
— momentum
— spin and angular momentum
apportioned amongst the quarks and gluons that make up a hadron?

Encapsulated in
- electromagnetic form factors

- unpolarized structure functions and Transverse-momentum-dependent
distributions (TMDs)

- polarized structure functions, Generalized Parton Distributions (GPDs),
TMDs

Lattice QCD can either compute all of these or constrain them!
Technique: calculation of hadronic matrix elements.
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Paradigm: Pion EM form factor
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Anatomy of a Matrix Element Calculation - |
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Pion Form Factor - |

& = LHPC, Bonnet et al,
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Pion Form Factor - |l
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Nucleon EM Form Factors

Two form factors _
Dirac Pauli

_ : O v
(s 1V | i) = 07) |30 Fs(6P) + iy

Related to familiar Sach’s electromagnetic form factors through
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Isovector Form Factor

N e s DWEF valence/Asqtad sea
08 * m: 4985 MeV
A\ m, = 597 MeV J.D.Bratt et al (LHPC),
| « m_~ 688 MeV .
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Nucleon Form Factors - il
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LHPC, arXiv:1001.3620

Dipole fits at each pion mass
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Different Regimes in Different Experiments

Form Factors  Structure Functions

transverse quark longitudinal
distribution in quark distribution
Coordinate space in momentum space
Jof f_eZOﬂ Lab Thomas Jefferson National Accelerator Facility
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Moments of Structure Functions

 Describe distribution of longitudinal momentum and spin in
proton

 Matrix elements of light-cone correlation functions

dA e A i -,\,”’2(1(”..' an .

 Expand O(x) around light-cone
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p p
* Diagonal matrix element T

(PI(),{,M"'“"}|P> a /(1:1? 2" 1q(z) _ _
: Dominated by lightest

oet) state

P te D P.r=0
() = O ()

Thomas Jefferson National Accelerator Facili
.geff920n Lab X 12 @ L
12




Iso-vector Momentum Fraction

Isovector momentum fraction (:B> u—d
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Nucleon Axial-Vector Charge
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Moments of Parton Distributions

0.6

xfxQ)

Distributions at 5 GeV
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Can we recover distribution?

e Calculations give moments of distributions

 High moments of distributions (>4) - hypercubic symmetry,

mix with lower moments.

« Can we recover shape from knowledge of, say, first three

moments? y
Detmold, Melnitchouk, e
Thomas 2 0e
<+
)
Need to assume 3 04 e .,
parametrization /. I
0.2 /4 L
o
0 02 04

x(u,(x)—d (x)) =ax"(1-x)°(+evx +v x)
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Different Regimes in Different Experiments

GPDs
Form Factors  Structure Functions  Fully-correlated
transverse quark longitudinal quark distribution in
distribution in quark distribution both coordinate and
Coordinate space in momentum space momentum space

.!efﬁ_ g S Tak Thomas Jefferson National Accelerator Facility e &_SA
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Generalized Parton Distributions (GPDs)

Radyushkin (1996)

Matrix elements of light-cone correlation functions

“d 3 P ¢ "\""2((}1-.- an
O(z) = /;)\(:‘"\" Y (~2n) nPe W dyys fenar )‘l,f: (;”)

Expand O(x) around light-cone
0(5“1112 lln} e q ( {lll'iDll2 et Dllu}l’,-_“,q LHPC, QCDSF, 2003

Off-forward matrix element Co-efficient of i
(P/|OfH-ntpy  ~ / da " [H (2, €, 1), 1«;(1 :)]
"""" IH(/) 13,,(/) ( N(f) ’)“(f)(([)

D. Muller et al (1994), X. Ji & A.
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GPDs and Orbital Angular Momentum

 Form factors of energy momentum tensor - quark and gluon
angular momentum

% = zq:JquJg

- ;{Z<A30< 0) + Byt = 0)) + Aly(t = 0) + Bo(t = o>}

ZGAJ@)

q

Ty Dug”

X.D. Ji, PRL 78, 610 (1997)

Decomposition
e Gauge-invariant
e Renormalization-scale dependent
e Handle on Quark orbital angular momentum

Mathur et al., Phys.Rev. D62 (2000) 114504
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Origin of Nucleon Spin

J9 = 1/2(A%,(t = 0) + B3, (t - 0))
- Total orbital angular momentum Aas9/2> = 17 (1 =0)/2
carried by quarks small _ L _ lasutdy putdy g
- Orbital angular momentum carried 2 2

by individual quark flavours

LHPC, Haegler et al.,

substantial. Phys. Rev. D 77, 094502
HERMES, PRD75 (2007) (2008); arXiv.1001.3620
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Origin of Nucleon Spin - |l

[JLab Hall A PRL*07; HERMES JHEP" 08]

10— Ph. Hagler, Menu 2010
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Parametrizations of GPDs
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Provide phenomenological guidance for
GPD’s

— CTEQ, Nucleon Form Factors,
Regge

Comparison with Diehl et al,
hep-ph/0408173

Important Role for LQCD
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Transverse momentum distributions (TMDs)

fl"0m experiment, e.g., SIDIS (semi-inclusive deep inelastic scattering)
HERMES, COMPASS, JLab 6 GeV, |Lab 12 GeV, ..., EIC

__final state
interactions

final state interactions!
explain large asymmetries otherwise forbidden!
signature of QCD!

Cf: measured in
Drell-Yan, eg at

RHIC-spin
| L 1
| ' | Boer-
h _ . b ﬁllll(lt‘l's

9y h!_f.
o o ok, Gy

Sivers <-—time-reversal (»(l(l/

23
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TMDs in Lattice QCD

K B. Musch, PhD Thesis; Haegler,
47> xP, Musch, Negele, Schafer arXiv:
VRGE 0908.1283
bu

k
¥
Introduce Momentum-space correlators
>Z
o / d(n - k) / Pl i1 . p.s)
— n- € s
: 2(27)4 :
/ d(n - k) / e wips| | P,S)
— mn - € 3 9
2(2m)4

Y4
U = Pexp <_ig/0 df“!‘h(ﬁ))

Choice of path - retain gauge invariance
along path from 0 to ¢

0
0e / o ) /
SIDIS: path runs to infinity Lattice: equal time slice
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Slide:A. Bacchetta

VWorm gears on the

attice

P. Hagler, B. U. Musch, J. W. Negele, and A. Schafer, Europhys. Lett. 88
(2009) 61001

10.5

10.5

-
o

| =05
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Transverse momentum distributions (TMDs)

Lattice QCD, including effect of final state interactions
Transversely-polarized quarks, unpolarized nucleon

4 i )
A 0.2 Boer—Mulders Shift, u—~d - quarks
> Il
v _ > i
@ — = 0'1I$ §§!i‘l
+ ¢ = [ a )
N S o0of+= . I
{4 > — — [ , ]
07 7o —01f | Ibrl=0361m, ’§§;§ ' + 13
= [ m, = 518 MeV ¢ ]
D — — - 02b L py SIS —| ]
new calculations with —o -0 -5 0 5 10

niv| (lattice units)

extended operator

B.Musch et al.,arXiv:1111.4249

preliminary results

mn=800 MeV,
MILC lattices,
Boer-Mulders function : LHPC Proa;ta';::ors _
odd signal (SIDIS vs. Drell-Yan) T-odd TMDs accessible...
still far from light cone
= Proposal to study pion TMDs ”
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Flavor-Singlet Hadron Structure

Thomas Jefferson National Accelerator Facili .
Jefferon Lab B @ A

27



Flavor-singlet: Disconnected Contributions

Strangeness
contribution to electric

and magnetic form 0.15
actors.
0.1¢
Amalgam of
Lattice QCD and 0.05!

Phenomenology —_ |

RDY et al., PRL97(2006)
SAMPLE, PVA4, HAPPEX, GO

new precision
_~ HAPPEX PRL98,032301(2007)

by Leinweber et _, T
@) 0
al.
—-0.05¢
Leinweber, RDY et al.,
PRL(2005,2006)
-0.1¢
O,
WP -0, S e
-15 -1 -05 O 0.5 1 1.5 2
Gy

.geffgon Lab

Thomas Jefferson National Accelerator Facility

@&

28



Ab initio calculation

Doi et al. (ChQCD Collaboration),
arXiv:0910.2687, PRD79:094502,2009

T Kyq = 0.13760 —o—s | 0.06 - T Kyq = 0.13760 —e—s |
0.02 - Kud = 0.13800 =—be—s 1] i Kyd = 0.13800 =—be—s |
Kug = 0.13825 ] 004 | Kug = 0.13825

0.02 // /// W% N% O.O:Ww s //w

0 0.5 1 1.5 e 0.5 1 15
Q? (GeV?) \ / Q? (GeV?)

Uncertainties: statistical, Q2 dependence, chiral extrapolation

G3,(0) = —0.017(25)(07)
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Strange-quark contribution to hadron spin

{
L
8\.‘

b * 1 QCDSF, arXiv:1112.3354

" 1 AsMI(V7.4 GeV) = —0.020(10)(4)

Small, negative contribution

O.l J A l 'S
0 02 04

( "’ps): (val) (GeV)’
In general, Quark and gluons mix under renormalization
s, q° _ as(1?) [ P,y 2npPy, % q°
O1n 2 9 27 Pyq Pyg g

The local operators mix as follows:

qS 1 — — |
O#l "IN 2'\. SN ¥ Vi le o+ Dpy (1£5)¢

Oz? 1N Z Tr [FU‘IP Dys =" Dypy_, FP#N]]
p
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Gluon Momentum Fraction in Pion

* Flavour-singlet: mixing of quark and gluon contributions
* Notoriously difficult, but essential

 Improved operator EZ — B2: 40x increase in signal
 Normalize operator by ratio of entropy at finite T

Wilson action =6.0 k=0.1515
0.6

5 §<X>g’eff(xﬂmin) J ]
0.5 | i
; % + % | H. Meyer, J. Negele, PRD (2008)
04 | ]
0.3 % ‘
02— (z)giue(ps = 2 GeV) = 0.37 8+ 12
0.1 -32x16> —4— .
48x16° X a |

0

0 1 2 3 4 5 6 7 8 9

Momentum sum rule:  (Z)glue + {(T)quarks = 0.99 £ 8 £+ 12
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Medium modification of structure

« How is the structure of a hadron modified “in medium”
- EMC effect?

* First attempt - momentum fraction carried by quarks in
Bose-condensed pion gas.

Z ' | W Detmold, H-W Lin,
af _ v arXiv:1112.5682
il ~+ 1 L L1 | 4 Proofofconcept
|0+t . |
T S
Jeff er?o n Lab Thomas Jefferson National Accelerator Facility @ 8 JSA
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Transition Form Factors

Form factors of excited states, and transition form factors to excited states, provide
additional insight into nature of QCD. Precise electro-production data

Program of computations looking at A form factor, and Ny — A transition form factors
N.B. A — N is p-wave decay, suppressed at zero momentum.

Admits three multipoles: magnetic dipole, electric quadrupole and Coulomb
quadrupole: G, Gro, Geoo

Z | | | | | Alexandrou et al, DWF + DWF valence/Asqtad sea

HYB, m, = 353 MeV —
DWF, m, = 330 MeV A
Experiment (various sources) — V

DWF, m, = 297 MeV
—O
E A
» [\® 1 N

w

on

Free of disconnected contributions

Thomas Jefferson National Accelerator Facili -
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N-A Transition Form Factor

2 — 2
REM——GE2<Q ) R _ |Q| GC’Z(Q )
GMl(Q ) QmA GMl(Q )
- | ] ) |
——lee —l—
0 ?E 0 - —[
o I T _ (]
* xld -2 | - —
T | 0]
&6 - T 3 N
6 = ]
& % il
Q| HYB, m, = 353 MeV  [] _ | ara
: DWE, m, = 207 MV W 8 |- HYB mg =353 MV L —
Bt OOPS 4 DWF, m, =207 MeV W
- Bates-OOPS A
10 JLab-CLAS ] Al 6
MAMI-A1 10— MAN —
PDO % JLab-CLAS 1
MAMI AL
12 | | | | " | | | |
! R P ! 0 02 04 06 08 1
Q* (GeV?) Q2 (GeV2)

Non-zero values: sphericity in either N or A - zero quadrupole moment for
spin-1/2 system

Delta is unstable - Luscher, Lellouch
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Form factors at High Q2

« For exclusive processes at sufficiently high Q2, can describe
processes in terms of quark distribution amplitudes, e.g. for N(*)

N1 = i [ 2%{W ()it ()l (x3)) — [ud (o) e () ).

« Can compute low moments of quark distribution amplitudes

QCDSF, arXiv:1112.0473
M = / x| B o (x1,%2,x3). araty

Jeferon Lab Thomas Jefferson National Accelerator Facility a &_SA
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Form factors at High Q2

0I5

0l

AQ)

l L l L I ] I ] I L) I L L)
*  JLab Hall C 2007 7
o CLAS
+ Commlaton by Stoler
— A Q)

2.
—_— SL,:(Q ) _

V.Braun, arXiv:1008.5228

_ 8,@)
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Helicity amplitudes from DA
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Summary

e GPDs and TMDs are Drawing a three-dimensional picture of
the Proton

 Control over systematic uncertainties
— Finite-pion mass
— Finite volume
— Excited states

 Role of sea quarks and of gluons now being addressed
e New questions

— Can we go beyond moments?

— How is hadron structure “modified” in medium?

— Formalism for properties of unstable hadrons?

— Form factors at high Q2

Thomas Jefferson National Accelerator Facili
Jefferon Lab B @ A



Lattice QCD Roadmap

Workshop on Extreme Computing, Jan. 2009

Absabute Podartmeter (HT jet RMX
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* Gluon contributions
to hadron structure
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* Form factors up to scaling
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upgrace
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* Individual contributions of up,
down, and strange quarks to
hadron structure

« |sovector form factors and

upgrade magnets
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\

A S new aryomodules

moments of generalized parton F

distributions Jlab @ 12GeV
| | | | | | | | | | |
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Transverse Distribution - |

! \i

X+S X_CJ\ e Lattice QCD can compute
moments of GPDs and PDFs,
N GPDs N and the t-dependence

H.H. E, E

A% (-B3) = [d?b ALt [ dz 2™1g(x,B))

Compare to phenomenological

— models
WL c Decrease slope : decreasing
' i transverse size as x ! 1
X Burkardt
by (fm)
Th ff i il ._
4 eff ego n Lab omas Jefferson National Accelerator Facility @ e‘m
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Statistics for Hadron Structure

2,0 T T T T ‘ T T T T ‘ T T T T ‘ T T T T ‘ T T T T
T — 10 . 1 i ; ; ‘ ; ‘ ; ; ; ]
B hysical oint (extrapolated ]
pay P ( P ) @ 10000 |~ =
1.5 — — 1S) . E
= F ]
N L 4
=
.S ?n - .
=
s = .
1.0 — — =)
= S 1000 E
_8 Q E ]
— ]
[op]) ) L' :
5 o
0.5 — _ | ,g |
:2 100 - E
0.0 ‘ I ‘ T R B ‘ T R B ‘ T R ] B ) | ) | ) | ) | ) | )
0.00 0.01 0.02 0.03 0.04 0.05 0 100 200 300 400 500 600
exp(—[my—1.5 m_]*T) mn [MCV]

Increasing statistics in approach to physical quark
mass: more severe for baryons than mesons

.!eff920n Lab Thomas Jefferson National Accelerator Facility @ e 15A
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Transverse Distribution - i

Lattice results consistent with LHPC, Haegler et al.,
narrowing of transverse size with Phys. Rev. D 77, 094502
increasing x (2008)

Flattening of GFFs with increasing n

0.25( 025
i " axial
0.20} 0.20
I n=1 .} L
— [ ] ] - _
‘jg 0.15¢ LI c:g 0.15 -1 &
N [ = )
N/\4 i C\l/\—i | = - &
V 0-1Of $ v 0.10
: n=2%+ r . . +§ . 2 b % . ..
I ®
0.05] n=3 ¢ ¢ 0.05 nzs} “ ¢
S ool _—
0'08_0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
m,[GeV] m,[GeV]
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Provide phenomenological guidance for
GPD’s

— CTEQ, Nucleon Form Factors,
Regge

Comparison with Diehl et al,
hep-ph/0408173

Important Role for LQCD
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Nucleon Form Factors - |l

LHPC, arXiv:1001:3620 T. Hemmert, HS2
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Data well described by dipole form - but example of notable finite-
volume effect
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Transverse Structure

Lattice results consistent with
narrowing of transverse size with
increasing x Burkardt

Flattening of GFFs with increasing n

- )  n : A n 1 . =
Al (—A2) = / d%) eBLbL [ dr 21 g(x,b) )
1 ) o L
0.25; 025
I | axial
0.20" 0.20
i n=1 * *
_ ] u - _
N§ 0.15 LI <:§ 0.15 =1 & ﬁ
N/\-i C\l/\-| ] [ ] - i
v 0.10 ' v 0.10 "
n=2 % ’ * * P s n=2 % & . . . .
0.05 n=3 0.05 N=3
oogb——— . ]
0'08_0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8
m,[GeV] m,[GeV]
Thomas Jefferson National Accelerator Facili \
JefferSon Lab o @ A

45



Origin of nucleon spin - |l

“Missing spin”: orbital L, tve, L, small, -ve at model
angular momentum of quarks scale
and anti-quarks
e |
€ 06
) | -
Myhrer & Thomas, E 04 T a
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A.Thomas, Phys. Rev. Lett.
101:102003 (2008)
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Transverse Spin in Nucleon

Measuring generalized form factors corresponding to tensor
current gives provides information on transverse spin of nucleon
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