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Plan of Lectures

 Lecture 2 - Hadron Structure |

What are we studying, and how do we encapsulate it?
Paradigm: electromagnetic form factor of pion
Nucleon EM form factors

Polarized and unpolarized structure functions

Three-dimensional imaging of hadrons: Generalized Parton
Distributions

e Lecture 3: Hadron Structure - Il

.!effergon Lab

Recent advances: Transverse-Momentum-Dependent distributions
Flavor-singlet contributions: role of sea quarks and gluons
Structure of excited states: radiative transitions between mesons
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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?
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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
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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 - analogous to WME.
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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 - analogous to WME.

To paraphrase Nathan Isgur: “Tassos Vladikas wants to eliminate QCD, |
want to understand it!”
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Paradigm: Pion EM form factor

e
e o
Rrim
i
(m(pr) | Vu(0) | 7(pi)) = (pi + ps)uF(Q7)
where
2 1 -

Vi, = gﬂ'yuu — §dvud

—Q° = [Ex(py) — Ex(p3)]> — (0 — 13)°

Thomas Jefferson National Accelerator Facility
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Anatomy of a Matrix Element Calculation - |

Pion Interpolating px) = dz)ysu()
Operator ot (z) = —a(z)ysd(z) )
Viz) = eua(x)yu(z) + eqd(z)y,d(z).

Sequential-source propagator

Tt pnt (E5, 60,0) = Y _{0|6(Z,t7)V,u(7, t)6'(0,0)|0)e P Te 07,

T,y

Thomas Jefferson National Accelerator Facili
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Anatomy of a Matrix Element Calculation - |

Pion Interpolating px) = dz)ysu()
Operator o' () = —u(zx)ysd(x)
=  €EuU ( )W’uu( )‘|—€dCZ(33)’7’ud(£C)

Sequential-source propagator

Tt pnt (E5, 60,0) = Y _{0|6(Z,t7)V,u(7, t)6'(0,0)|0)e P Te 07,

T,y

viont = ZVV/iattlce; Zy =1 for conserved current

Thomas Jefferson National Accelerator Facili
Jefferéon Lab ty
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Anatomy of a Matrix Element Calculation - Il

Construction of three-point function
Introduce quark propagators

UZi(z,y) = (ul(2)i(y))
Diy(z,y) = (d.(x)d(y)),

Then U-contribution to three-point function given by

LY et =eu Yy e PITTITy {35 U (2, y)y,U (y, 0)5.D(0, ) }
i | |
Quark propagator: ngB(:c,y) = (¢, (7)q3(y)) satisfies
M&’%(%Z)G%(%y) = 0ij0aplsy; G(y,z) = ’Y5G(5U>y)w5
Introduce Sequential Quark Propagator H*(y,0;t s, ) = > - eP*U(y, z)y5D(x,0)7s
Satisfies: M (z,y)H"(y,0:tr,p) = d¢_ ¢, ePZrys D(z,0)vs

Finally: I’g+wr+ = e, de_i‘f'gTr {H"“(y,0;t¢,0) 57U (y,0)ys }

Thomas Jefferson National Accelerator Facili -
Jefferon Lab % @ A
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Anatomy of a Matrix Element Calculation - Il

Lot pynt (E5, 850, q) = Z{O|d’)( T, te)Vu(7, t)¢!(0,0)|0)e PEe=4

Ty

Resolution of unity — insert states
(0] o0) | m,p+Q(m,p+q | V.(0) | m,p){m,D| ol | O>€—E(ﬁ(t—ti)e—E(ﬁ+§)(tf—t)

7r+ +(t 0O, p) — Z(O | ()(:1; tj)g)f(o) | O>e—~2p T

mmmmmﬁ*ﬁﬂ

Thomas Jefferson National Accelerator Facili
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Pion Form Factor

LHPC, Bonnet et al,

B - 0 ] Phys.Rev. D72 (2005) 054506
g D = 3181956 04e)
) !. j\lzl PQCD: hep-phv0405062 | _|
o i , | F(QZ) —
PR | I+ Q?/Mynp?
| Q‘ ((.ir\'\"
Jeff gon Lab Thomas Jefferson National Accelerator Facility @
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Pion Form Factor

' T —— LHPC, Bonnet et al,
i\ — ST Phys.Rev. D72 (2005) 054506
E . \Il { ‘I' .'

1
T 1+ Q?/Mymp?

F d (J'-.

Elkpai.mmt'vamc
’I‘hiswomk(Nf=2+l) |
RBC/UKQCD (\f- 2+1)
ETMC (I\f-?.)
JLQCDTWQCD (N = ")

: ] 0.
A A : i " " .: " " A - c"s-+
O (GeV)y ]
g"-

Charge radius Nguyen et al, 1102.3652

dF(q?)

A v O @ =+

{ P (fm?)

it
|

) =6

B
ﬂﬁi-

2 0. 25 E
dq q 2— 0 u
;._;. 0 0.2 0.3 4 0.5
M: (GeV?)
Thomas Jefferson National Accelerator Facili
.geffe20n Lab - @
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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

Ge(@) = Fi(Q)~ iy Fa @)

Gu(Q*) = F(Q%) + F(Q7)

-

Thomas Jefferson National Accelerator Facili \
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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

Ge(@) = Fi(Q)~ iy Fa @)

Gu(Q*) = F(Q%) + F(Q7)

=}
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Nucleon EM Form Factors

Two form factors _
Dirac Pauli

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

Gr(@) = R(Q) - 5@
Gu(Q*) = Fi(Q°)+ F2(Q”

é l
pr T y lp,-
A=

Thomas Jefferson National Accelerator Facili \
4effe1%on Lab i @ &A
Friday, June 24, 2011
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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

Ge(@) = Fi(Q)~ iy Fa @)

Gu(Q*) = F(Q%) + F(Q7)

=}
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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

Ge(@) = Fi(Q)~ iy Fa @)

Gu(Q*) = F(Q%) + F(Q7)

-
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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

Q* | tor: diff
5(@) (@) (2mpy)? (@) between p and n or
Gu(Q?) = Fi(Q% + F(QY difference between u and d
q l currents.

o 1 §Y | o
=l

Thomas Jefferson National Accelerator Facility @ 6‘ JSA

.{efferzon Lab
Friday, June 24, 2011



Isovector Form Factor

N e s DWEF valence/Asqtad sea
08 . m: 495 MeV
' m_ = 597 MeV J.D-Bratt et al (LHPC),
| « m_~ 688 McV .
06 Experiment {1 Kelly 2004 arXiv:0810.1933
L 3 .
0, -
o6 ox TR Data well described by dipole form - but
example of notable finite-volume effect:

1 T T i T i 4 T i T i T i T
0.9 ° 20°x64, m_= 356 MeV il ° 20°x64, m_=356 MeV/| 1
nal » 28°x64,m =356 MeV| | 3 - 28°x64, m_=356 MeV/| -

> 0.7+ | —~
W 0.6 N w
0.5+ 5 N 1 —
0.4 3
03 | | | | | | | | | | | | | | | | | | | |
0 0.4 0.6 0.8 1 0 02 04 06 08 1 1.2 1.4
&° [GeV] @’ [GeV]

.geffe20n Lab

Friday, June 24, 2011
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<P> [fm’]

Isovector

Nucleon Form Factors - il

* Experiment
SSE fit

— CBCHhPT fit

e Dipole fits

Il ‘ Il ‘ Il ‘ Il
0 100 200 300

400
m_ [MeV]

‘ Il ‘ Il
500 600 700

Large extrapolation to Chiral limit

.{efferzon Lab
Friday, June 24, 2011

-

0.

NeJ

0.8

0.7

05

04

LHPC, arXiv:1001.3620

Dipole fits at each pion mass

RBC/UKQCD, arXiv:0904.2039

1+ '+ 1rrrr* 1+ rrrrrrrrrr
20172 experiment

0.6F

:_ <I'1> [fm] N=2+1 DWF (2.7fm) _

N=2 DWF (1.9fm)
N=0 DWF (3.6fm)
N=2 Wilson (1.9fm)
N=0 Wilson (3.0fm)
N=2+1 Mix (2.5fm)
HBChPT

03k

Thomas Jefferson National Accelerator Facility
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Nucleon Axial-Vector Charge - |

Nucleon’s axial-vector charge g,:

benchmark of lattice QCD

Precisely measured in
neutron 3 decay

(N(p, S) [ Y7759 | N(p, S))

14 T T T T
13 F -
* —
<
o 12 § | ‘)1(' % -
11+ i I ¢ ¢ g
1
10
08 -
0.8 1 1 1 1
.00 05 10 15 .20
m_? (GeV?)
"

.geffe20n Lab
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14

1.3

<

o 12

11

1.0

09

0.8

D. Alexandrou, Lattice 2010

T . ' '
p= * |
.’ ..................... .-

® TMF a=0, estimate L~ tion.
|~ "TMF at 3 S-values correc -
1 . l l
.00 05 - - .

m_* (GeVv?)

Twisted mass QCD: volume
corrected

Thomas Jefferson National Accelerator Facility

Different actions, volumes
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Structure Functions - |

Q" = —¢'=(K -k’ K
v = q-P/M Bjorken limit:
O? k Q? — oo, v — o0, x fixed
r = q
2Mv
P, M—» »— W

The structure functions are defined in terms of the hadronic tensor:

Wi = 4 [ 26 (N(p.5) | 1,(2)1,(0) | N(p. 5)

Yields two unpolarized structure functions Fi(x,Q?) and Fz(x,Q?), and two
polarized structure functions g1(x,Q2) and g2(x,Q?)

Leading twist structure functions: product of currents at light-like z2 =0

In Euclidean lattice QCD, use OPE to write in terms of local operators
whose matrix elements we can compute in Euclidean space

Thomas Jefferson National Accelerator Facili )
4effergon Lab \ @ &AA
Friday, June 24, 2011



Structure Functions - I

Operators polarized
0(5/11/12"-.“11} —_— L_’q‘5'“,-{“lll)“2 s [)[lu }‘I.-‘"“(/

Capitani, this school

XNr.A)

P te g P.r=0
(] £ O [)

Matrix elements related to moments of structure functions
Wilson coeffs

Operator
renormalization

/o dr x"™ 1F (x Q Z Ch( 2/@ g(p))(x™) ()

q=u,d
where
(N(p) | Ottt [ N(p)) = (@" ) ()P - - - Prapys]
Jeffegon ik Thomas Jefferson National Accelerator Facility @
> 14

Friday, June 24, 2011



Structure Functions - I

Operators polarized
0(5/11/12"-.“11} —_— L_’q‘5'“,-{“lll)“2 s [)[lu }‘I.-‘"“(/

Capitani, this school

XNr.A)

P te g P.r=0
(] £ O [)

Matrix elements related to moments of structure functions
Wilson coeffs

Operator
renormalization

/o dr x"™ 1F (x Q Z Ch( 2/@ g(p))(x™) ()

q=u,d

where
(N(p) | O #F»t | N(p)) = (@™ ) (1) [Py - - P ]

Ocont Olatt

Thomas Jefferson National Accelerator Facili
..!effegon Lab \ 4 @
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Structure Functions - I

Operators polarized

O(£/11/12"-,“N} — 'IF([AZ'SA,“{“LI"L)“2 —_— l)[ln}.lrr,q

Capitani, this school

Xr.A)

P te -+ P.r=0
U 2 & U

Matrix elements related to moments of structure functions
Wilson coeffs

Operator
renormalization

/o dr x"™ 1F (x Q Z Ch( 2/@ g(p))(x™) ()

q=u,d

where

(N(p) | OFr =+t | N(p)) = (™) (1) [Py - - - Pra]
Perturbation theory

Ocont Olatt

Thomas Jefferson National Accelerator Facili \
.geffegon Lab B " @ A
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Structure Functions - I

Operators polarized

0(5/11,“'2"-,“11} — ,IF(I,‘:'FB?{/!LI"L)/IQ —_— L)[ln}lrr,q

Capitani, this school

Xr.A)

P te - P.r=0
U S, ':]

Matrix elements related to moments of structure functions
Wilson coeffs

Operator
renormalization

/o dr x"™ 1F (x Q Z Ch( 2/@ g(p))(x™) ()

q=u,d

where

(N(p) | OFr =+t | N(p)) = (™) (1) [Py - - - Pra]
Perturbation theory

con la
O = ZO™" Non- perturbatively

Thomas Jefferson National Accelerator Facili \
.geffegon Lab B " @ A
Friday, June 24, 2011



Quark Momentum Fraction - |

LHPC, 2010: DWF valence, Asqtad sea

0.30

0.25 Covariant B ChPT
i ‘,A fffff 'l~\\\ e Y *
“> 0.20 /’ \\\

7 -
(3 a8 - \\\
S 0.15 o o,
= N o
I N\, S ‘
2 0.10 \ L
S HB Limit B ChPT \13 HBChPT
o-% \\ 4

m.* |GeV®|
Heavy-Baryon Ch PT (HBChPT)
B 39124 +1 5 m72r 2 m72r
<l’>u_d — C 1 — mmﬂ. lIl <?)] + G(ILL )WT)Z

Thomas Jefferson National Accelerator Facility
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Quark Momentum Fraction - I

RBC/UKQCD 2010: DWF

035 : ] I | -

03 <x>ll-d —

Similar renormalization prescriptio i i § —
: o s

§ -

~_ b

015:— hd % @ N=2+1 DWF (with Non-Pert. Z) ]

& Nz=2+1 DWF (with Pert. 2) 7
& Ng=2+1 Mix (LHPC) ]

" expenment

.
L
01'1:11]111

0 o1 02 "'01.3' N —
m_[GeV']
* Need to go to approach physical light-
quark masses: chiral behavior
.geff920n ik Thomas Jefferson National Accelerator Facility § @ e‘ﬁA
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Quark Momentum Helicities

LHPC, 2010: DWF valence, Asqtad sea

o4

3
q i
8 IHBChPT

RBC/UKQCD 2010: DWF

() ) 0 TS S T S S B ) .
8001 02 03 04 05 _ _ ' ' f .

¢ ¢

;}%f%‘ !

Similar renormalization prescription

e aa s A A B

5 expenment . @ N2+1 DWF (with Non-pert. Z)
: ; _ 2 ] N=2+1 DWF (with Pert. Z) B
* Needto go to approach physu:al light * S N2l v (PO

quark masses: chiral behavior A T S I ST T

' 0 0.1 0.2‘ . 03 04 05
m_[GeV')
Thomas Jefferson National Accelerator Facili JSA

JefferSon Lab g " @ &
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Moments of Parton Distributions

We are computing moments

Off1#ztnt = Joreylmriphz . Dhnky,
S
N
S~
=

1
Thomas Jefferson National Accelerator Facili \
JefferSon Lab N @ A

Friday, June 24, 2011



Moments of Parton Distributions

xf(x.Q)

We are computing moments

()l{/ﬂw-z---/':v} = PgysyH1iDF2 . DHnly

'q

Do not have full Lorentz symmetry

4effe1%on Lab
Friday, June 24, 2011
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Moments of Parton Distributions

xf(x.Q)

We are computing moments

()l{/ﬂw-z---/':v} = PgysyH1iDF2 . DHnly

0
Do not have full Lorentz symmetry

n >= 5: operator mixing

4effe1%on Lab
Friday, June 24, 2011
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Moments of Parton Distributions

We are computing moments
| (-)’{I[llll._z..-/ln} — l,_'q'\_l)‘.-{/’ll-l.)“? . ]-)“”}(}]
Ql
v Do not have full Lorentz symmetry
NS
S~ . .
= n >= 5: operator mixing
F
i avg parant.
0.8 |
' — = = linsar extrap. x If2
0 : : : : L .- .
0 0.2 04 0.6 0.8 ¢ 06 P ", Detmold, Melnitchouk,
b i ! \Thomas
3 0d ——— %
f .\\ \
VA b
0 L - .--_:f:-_-
0 02 04 06 0y
X
Thomas Jefferson National Accelerator Facili
JefferSon Lab ' o @<

Friday, June 24, 2011



Moments of Parton Distributions

— Uy We are computing moments
—d.
v (){“1“'2'--/111} —_ l—' “Y¢ A.{,’lil)“? I)“”}(~
__-u - q q 15 | - g
® -
v —-=d | Do not have full Lorentz symmetry
o~ —= S
1? ‘ --— g/15 | n>=05: operator mixing
AN T g —
N .
BN a8 ———— improved extrap
SN . .
R — =~ linear extrap. x 1/2
oL oS - - L : .
0 0. 04 0.6 0.8 £ 0.6 ) ", Detmold, Melnitchouk,
X ; ! \Thomas
é 0.4 J." —_— \ ..
Need to assume / \
parametrization 0z /7
."/‘ ' \‘:“*
c L - - 't._—.f:—,.-_____
x(u,(x)-d (x) =ax"(1-x)‘(1+e/x +y x) 0 o Yy pp " .
x
Jeff gon L ab Thomas Jefferson National Accelerator Facility @ &JSA
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Different Regimes in Different Experiments

Form Factors
transverse quark
distribution in
Coordinate space

4ef£> gon Lab Thomas Jefferson National Accelerator Facility e &j&A
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Different Regimes in Different Experiments

Form Factors
transverse quark
distribution in
Coordinate space

.geﬁgon Lab

Friday, June 24, 2011

Structure Functions
longitudinal
quark distribution
in momentum space

Thomas Jefferson National Accelerator Facility
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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
Jef e " Thomas Jefferson National Accelerator Facility e &JSA

Friday, June 24, 2011



Generalized Parton Distributions (GPDs)

D. Muller et al (1994), X. Ji & A.
Radyushkin (1996)

Friday, June 24, 2011



Generalized Parton Distributions (GPDs)

Measured in Deeply
Virtual Compton
Scattering

D. Muller et al (1994), X. Ji & A.
Radyushkin (1996)

Friday, June 24, 2011



Generalized Parton Distributions (GPDs)

Measured in Deeply
Virtual Compton
Scattering

D. Muller et al (1994), X. Ji & A.
Radyushkin (1996)
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Generalized Parton Distributions (GPDs)

Measured in Deeply
Virtual Compton
Scattering

D. Muller et al (1994), X. Ji & A.
Radyushkin (1996)

¢ is Sskewness

Friday, June 24, 2011



Moments of GPD’s

 Matrix elements of light-cone correlation functions

: RS g [M2 dan-A(an
O(z) = / Z)\(-‘"\"'l,ﬁ' ( -/2\11,) nPe 0ty Aan i )l,fl‘ (;n)

 Expand O(x) around light-cone
O({Illrll"Q--'/-"n} - ,&(17{;117:[)/1.2 greis D/.l‘n}wq

 Off-forward matrix element

(1”|(),{,"1“""‘}|P> ~ /(1.,-.,-“—1[11(.1-.5.1.).15(;,-.5.1)]
Api(t), Bpi(t), Cn(t), Api(t), Bpi(t), Cn(t)

T LHPC, QCDSF, 2003

Co-efficient of &'

Thomas Jefferson National Accelerator Facili
J,effe;gon Lab -

Friday, June 24, 2011
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J9
ATY/2

Origin of Nucleon Spin

1/2 <A%O(t = 0) + B3y(t — 0)) LHPC, Haegler etal,
Phys. Rev. D 77, 094502

L A
Ajp(t =10)/2 (2008); arXiv.1001.3620

1Azu—|—(l+Lu+(1+Jg
2

HERMES, PRD75 (2007)

/ 0.6
L 1 u
o4 ] & 5 LI - EAZ. n [
c [ 1 = '
— : : o L
5 03 / . . E . ° ,
5 : " Iazurd ] 2 ool
S o2 * ’ e b g
i o — @ ® @ o
a 5 L
g 01 = 00
= I 2 | 1 d
o] [ [ ) = | -AX
= 0.0 T C L Eg 2 u
S i T3 ¢ . ; ¢ 8 -0.2 x & L *
[ L j i
000 01 02 03 04 05 06 0.0 0.1 0.2 0.3 0.4 0.5 0.6
m2[GeV?] m?[GeV?]
Thomas Jefferson National Accelerator Facility @ EJSA
.geffe20n Lab 3
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Origin of Nucleon Spin

JT = 1/2(A%o(t = 0) + B3o(t - 0))
ATI/2 = "T({O(t =0)/2
L _ lasutdy putd 4 g
2 2

HERMES, PRD75 (2007)

04+ : =)
c [ 1 C
5 [ ] o
o E 1
2 0.3j 0 ] u . " ] %
L 1 d ]
3 [ . SAZ , 2
S 0.2} ] e
° : ] 2
o — S
s 01 ] 5
3 i [ 1 2
£ 00
S : T3 o * + ] 3
(&) L L d ; ]
—0.1 T S S S S ]
0.0 0.1 0.2 0.3 0.4 0.5 0.6
m[GeV?]

.geferm Lab

Friday, June 24, 2011

LHPC, Haegler et al.,
Phys. Rev. D 77, 094502
(2008); arXiv.1001.3620

Total orbital angular momentum
carried by quarks small

-
* TasY
| x ] | ] 2 ] | ] u
0.2 )
L & % ®Ld o) >
0.0
I 1, wd ]
e T ]
_02 « ]
00 041 02 03 04 05 06
m[GeV?]

Thomas Jefferson National Accelerator Facility



J9
ATY/2

Origin of Nucleon Spin

1

HERMES, PRD75 (2007)

04+
£ I
o L
an 0.3j i ™ L] .
g r — 1A2U+d
8 i 1
S 0.2}
o [
8 .
5 o1
g I
£ 0.0 | $
g8 s : :
(&) L LU+d ;
—0.1 T S S S S
0.0 0.1 0.2 0.3 0.4 0.5

.geffe20n Lab

Friday, June 24, 2011
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AZ:1+(I+L11+(1+J_(]
2

contributions to nucleon spi

1/2 (A%o(t = 0) + Biy(t — 0))
Ayt =0)/2

LHPC, Haegler et al.,
Phys. Rev. D 77, 094502
(2008); arXiv.1001.3620

Total orbital angular momentum
carried by quarks small

Orbital angular momentum carried
by quark flavors substantial

0.6

TasY
x ] l u 2 ] | | L
b g . » . .
1 A5 |
[I]% Eg 5 LU § 1
01 02 03 04 05 06
m[GeV?]



Origin of Nucleon Spin - |l

[JLab Hall A PRL*07; HERMES JHEP" 08]
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Transverse Distribution - |
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Transverse Distribution - i

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

Flattening of GFFs with increasing n
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Summary: Lecture 11

e Lattice QCD can describe describe hadron structure in
terms in terms of fundamental parton degrees of
freedom

« Major effort: approach the physical light-quark masses
to gain control over chiral behavior - Extrapolation to
Interpolation

« Important role: lattice QCD + expt together
determining eg GPDs in a way neither can alone

* Nexttime
— New developments: TMDs
— Flavor-singlet structure
— Structure of excited states
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