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Overview

introduction to nucleon spin structure and generalized parton distributions (GPDs)

computation of moments of (G)PDs in lattice QCD

4 ] N\
selected lattice results on

 quark spin fraction
 form factors of the energy momentum tensor
* transverse spin densities

- J

[ relation GPDs «— tmdPDFs ]

[ implications for asymmetries ]

[ summary}
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Spin structure of the nucleon
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Some fundamental sumrules

[ symmetries ]——{ Noether's theorem ]——»[ conservation laws ]

[ QCD energy momentum tensor (and angular momentum density tensor) ]

_ _ oHP A, PY AHFAY
{<P’|T“”|P> = U(P)[AFPYA(L) + 7= B(A?) + cm?)}U(pﬂ
- my my (
[ where A = P’ — P]
[ momentum sumrule ] L
vanishing of the anomalous
| { gravitomagnetic moment }
1 = Aquark(o) + Agluon(o) l
= (x)q + (2)g [o = B,(0) + Bg(O)]

[ (Jaffe,Ji-) nucleon spin sumrule ]

|
Sz = %(Aquark(o) + Agluon(o) + BC](O) + BQ(O>)

N | =

1 1
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Typical processes

exclusive

=
=N
P,A @ Pl A
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Brief introduction to GPDs [ }

a 2 N
t=(A=p-P)f =
A, X+ LA X -
q ¢ . ¢ momentum transfer squared
P,A @ P' A & = -n D/ 2 =longitudinal
\_ momentum transfer )
two unpolarized and two polarizedw ( H(x,¢,t),E
generalized distributions at twist 2 J L HE

{Iﬂe‘”x<P'q(—'72n)y“ﬂq(”2n)P> :U(P')(V”H(x,f,Az)H ”ZMAV E(X,E,AZ)JU(P)

[ see talk by P. Kroll at 18:30 today and the GPD session on Wednesday ]
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Transversity and spin density matrices

q; A q, N number of independent
P A P A quark-nucleon helicity
7 ’ amplitudes—
* + - — + _
- S v

[ spin dens‘ity matrix ] [transversity/tensor/ }
/ AN helicities \ quark helicity-flip
(N, ) ++ =+ +) =)
AR B 0 0 209 Soffer-bound
0
g (—+) 0 qg — Aq 0 O
S q+ Aq > 2|5Q|
2 +-) O O qg— Agq O
0 0] q + Agq )/ see transverse spin

N | 20

session on Wednesday
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Tensor GPDs

four transversity / tensor / quark helicity flip GPDs at twist 2 —
(M. Diehl, EPJ C19, 2001) , )

-

\

N
fj—;],ei”x< (-~ )cf"”ysﬂq( )\ )= U(P'){a”“ys(HT(x,&Az)—2;2 )j
pvap (4 via wap p oy
L R R LN R O R F)"y’fET(X"“AZ)}U(P)
2m m 2 m y
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Some basic properties of GPDs

[ forward limit ] [ Jocal” limit ]

' ;
/—|:|(X,0,0) =q(x) =1/ 2(@>+@+) b | dxH (x,&,t) = F(t),
H(x,0,0) = Aq(X) = G- (@ [k, = 9,0
(H-(x,0,0) = da(x) = hy(x) = ® - @)/

[ dxH, (x,&,t) =g, (t) etc.
\ Y,

[ form factors of energy momentum tensor ] [ higher Mellin moments ]
4 N
jdxxH (X,&,1) = A, (1) +(=2&)%C,, (1) jdxx“-lH(x,g,t) =A (1) +...
[ AXXE (%,E,t) = By (t) = (-26)2C (1) Jaxx"E(x,&,t) =B, (1) +...
- J
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Generalized form factors in Lattice QCD

Mellin moments ] ()

—— (=27

(P, N|Z(0) [T piraeD*1 D2 .. ] 4(0)|P, A
o< AY,6q,(x), F1(t), Axo(t), Boo(t), Aroo(t),. ..

.<=>[ nucleon source/sink uvud ]

insertion at time t

— [ auark-patn 3 AN ENEE
through lattice

{ — AT 5q', (z)'t, Flt (1), ABE(1), BEG(), Alfso (D), - -
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Computation of moments of GPDs on the lattice

[ unquenched (full, dynamical) det(D[U])z1,n, 20 ]

[ disconnected contributions ]

finite lattice spacing ]
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[ drop out for u-d ]

for helicity flip

probably small
operators

[ finite volume ] [ large quark masses ]
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Longitudinal spin structure

of the nucleon
(in collaboration with LHPC/MILC)
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Quark spin fraction from lattice simulation

1
[(P q(0)y,¥sa(0)|P)=U(P)y,y;U(P)AZ A> = A, (0) = jdqu(x) _ <1>Aq - <1>Aa
-1
08 ——
{ Gell-Mann-Oakes-Renner } u+d
2
e 0.6 | § ; A ¥

. . N : V =(2.5fm)’,(3.5 fm)’
{ chiral extrapolation based on } 5 04 ( m)( m)

leading order heavy baryon chPT

0.2 |

[ Diehl, Manashov&Schéafer, EPJA 2006 ]

LHPC/MILC preliminary

0.1 0.2 0.3 04 0.5 0.6
l m,? [GeV?]

[Az?ﬁrd = 0.50(5) @ my ~ 350MeV
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Isosinglet momentum fraction of quarks in the nucleon

q

{(P [q(0)y“D"q(0)|P) =U (P)y™“P "U(P) (x) (X) = Ay (0) = jdx X q(X) = <x>q +(X)_

u+d

e S

V =(2.5fm)*,(3.5 fm)’

0GeV?)
o o o
1N (@) (@)
<«

o
w

Agdt

o
N

[@ at ascale of Q% =4 GeV?

I
-

LHPC/MILC preliminary

0.1 0.2 0.3 0.4 0.5 0.6
m,r2 [GeVZ]

chiral extrapolation based on covariant chPT O(p?) ]—[ Dorati, Gail, Hemmert 2007
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Isosinglet B,, (t) generalized form factor
anomalous gravitomagnetic moment of quarks

p{up v} 1
<p'\a(0)y{ﬂDV}q(0)\p>:U(p-){..—i Apzm il Bzo(t)+..}U(P)HBZO (t) = [dx x E(x,0,t)
N -1

02—
- u+d
01
AN
> °
3 | (
S f %
N I ®
= |
& 0.1 5
o5 : V = (2.5fm)*,(3.5 fm)’
SN
m
-0.2 —
, | {MS at ascale of Q% =4 GeV?
- LHPC/MILC preliminary

0.1 0.2 0.3 04 0.5 0.6
m, 2 [GeV?]

B (0) = -0.09 + 0.06}
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Anomalous gravitomagnetic form factor of quarks

u+d
ﬂ; -
“ \ 0.2
ﬂs: 11!
= § : « = BZO
§ ) 02
s = ;
077"}’3’,’,‘;’:} | L gl :
(e 2 | ‘(\,(}\\\
A ™ 06
. S L e\\
' S
~{GeV?] |J <?QN\\ 04
0.2
0 o

chiral extrapolation based on heavy baryon chPT O(g?) H Diehl, Manashov, Schafer, EPJC 2006
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Quark spin and OAM contributions to the nucleon spin

0.4 S
s b q] .
§ 0.3 : ; " .
§ +% u+d
S 02 Az 1
; ’} {Jq:_<Aq+Bq> = 5AX¢+ Lq }
0
é 0.1 I_u+d
2
= 1} g
2 0 J r ‘ %
S T ! ¢ . g :
LHPC/MILC preliminary |
0.2 0.4 0.6 0.8
m,T2 [GeVz]

at m_= 350Mev]

1 S

u+d _ qu+ u+d _— 1 u+d u+ utd | u+ u+ u+d
L, d =J, d —EAZ ‘ —§(<X> "'Bzod(o)_AZ d)"‘o Bzod(o):o and AT :<X> }
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Quark spin and OAM contributions to the nucleon spin

= ’ 8-
g *
2 0.2 q
= U
z [T
0 B %
= 0
2
2 S
= o 4 \A,,,!;%‘\g&%é
8 —02 ‘% éiﬁ/ o AQ A;d/z |tu |
S LHPC/MILC preliminary’
0.2 0.4 0.6 0.8
‘K m,? [GeV?]
{at m, =350 MGV} at m, ... =140 MeV
) ] 1 Ji=0.24£0.01 J& =0.22£0.02
LY =-L; =20-30% of =
2 J$ =-0.02+0.01 J&¢ =0.00 +0.02
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Transverse spin structure

of the nucleon
(in collaboration with QCDSF/UKQCD)

Beri
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Lowest two moments of the Soffer-bound from lattice QCD

08¢

0.6

0.4}

0.2

0.8 ;
0.6 -
0.4

0.2

1 n—1 _ n—1
[/1dm q(z) = (@ 1)

vA ¢

2I(1H51 7 CHY (1))

0.2

0.4
m,2 [GeV?]

06 0.8 1

1.2

1.4

Ve 2 U 4

210051 / (OY+(x)3)

0.2

0.6 0.8
m,2 [GeV?]

0.4

Ph. Hagler, COMPASS, 2007

08¢

0.6

04}
02}

0.8

0.6 |
04
0.2t

[ QCDSF/UKQCD PLB 627 (2005) ]

> w "y o vhe "]
2131/ (1) 1)S)
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Transverse spin structure of the nucleon

[ let's add an additional degree of freedom ]

|

distance of the quark to the center of momentum
of the nucleon in the transverse plane b

AN

Hvony (i = > oL
(2m) £ N w PN where A} = P — P}
\ £§=0
/ / / (/\7 >\) (+7+) (_7+) (+a_) (_7_) \
_ b b 1 _
(+,+) i H(b2) + H(b?) —ieT " —F' e ~ElL  2(Hp— —5OpHyp)
m m2 4m>2
b b2 b
(—+) ie'?—F’ H—-Hf 2e2i*— [ ie'®—FE
m m m
i D _2i 0% e
=) —ie P —E 2e"20—SHY  H-—H —ie TP —F
m m m
1 _ b_ b _
(=) \ 2(Hp — —=DpHp) —ie ™ —FEl P —F' H+ A )
4m>2 m m /

1\
[ Diehl / PhH EPJC 2005 J
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\—[ where b = (bcos ¢, bsin qb)]
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Transversely polarized quarks in transversely polarized nucleons

[ transversity basis ]—[ _>)}

{ obtain probability density interpretation [ multipole-expansion ]

for the transversity part of the density matrlx/_/
[ Diehl / PhH EPJC 2005 ]

(PT,0,,8 |pp(z,by;s,)|PT,0,,5)) J

1 1 . N c . 2 c —~
2{H —|— SJ_SJ_ (HT 7AbHT> EZjSﬁ_brﬁ_—El - Eijsﬂ_bﬂ_—ElT —|— SILJ_(Qb?j_b‘i - bi(SZJ)S‘i—QH{ZL}

\/ | 4 -

)+ P

= (1,0)) =v27(

byifm]
o
byifm]
byifm]

-1 -05 0 0.5 1
bx[fm] x[fm]

[ monopole ] dipole quadrupole
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b b5p29kp13590-24x48 p=2.2
0.8/ N
S ‘.
06 . ,
0.4}
[ . "
0.2 |
- QCDSF/UKQCD PLB 2005 |
0 0.5 1 1.5 2 2.5
—t [GeV?]
3 QCDSF/UKQCD hep-lat/0612032
2.5 n=1
22
m 15 ., ]
1+  n=2(x2) N |
u n ]
05} " L) - "
- s = u -]
0 0.5 1 1.5 2 2.5
—t [GeV?]

Results for moments of the tensor GPDs

0.05 |

15

B (D

0.5

b5p25kp13575-24x48 p=2
T, )
. " .
]
t .
~ QCDSFUKQCD PLB200S
0 0.5 1 15 2 2.5
~t [GeV?]
QCDSF/UKQCD hep-lat/0612032
n=1
|
!l
n=2 (x2) e
l ‘- » . - ] I:
% . —
0 0.5 1 1.5 2 2.5
—t [GeV?]

the tensor GFFs B,,o(t) are remarkably large
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Lowest n=1 moments of up- and down-quark densities

[ QCDS/UKQCD hep-1at/0612032 ]

9
0.6F 06F 0.6/F :
l i _ 8
0.4} 041 04] \ _. 7
02} 02f =N I 02} 2 } 6
E o E of (@ LE o\ \\@ | 5%
ey [ Fos o ; 3 ; 4 =
_02f _02} \ 1 o2l . N Y
04l — 04} 041 - 2
i up — up >
—06k —06k ] _06l . 1
-06 04 02 0 02 04 08 -06-04-02 0 02 04 06 _06-04-02 0 D2 04 06 0
bx[fm] by[fm] b,[fm]
3
06T i 067
O—» down / \ 55
04 / e R \ 04 :
0.2] _ ~. | 02! g % _ 2 _
E : E -L " J , .: ) ] CTI
= 8 = 0 -~ - 15 E
-02¢ =02 | x_/_/ff_\‘“\._ 1 <
04 04}
0Bk - ) . . s _Osidown ®; 05
-06-04-02 0 02 04 068 -06-04-02 0 02 04 0686
by [fm] b,[fm] —0

[ strong deviations from spherical symmetry
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Interpretation of the observed deformation patterns

in parts based on M. Burkardts interpretation of distortions

[ we know from longitudinal polarized quarks/nucleons: ]

A I —
[ spin of up-quarks is aligned with nucleon spin ] [ spin of down-quarks is anti-aligned with nucleon spin

[ assume:l, || &, for up- and down-quarks ]

0.6

down-quarks in an _ N y 4
Lunpolarized“ nucleon ’ @ =1/2( @> ++@ i @ ] zz -/ \\
| \<\L\/_//]

k‘\,‘ S —

i
. 4
© ::> f g% :I'> { high density in } 2t S
the upper half plane -04
d-quarks 1 pp p o

-06-04-02 0 02 04 06
b,[fm]

s ™
s " \.
P S N

0

by[fm]

06
zunpolarized* down-quarks _ N - _
{ in a polarized nucleon Q_' - @" + @" ~ @" 04) N

0.2

0

::> f @ :|'> { high density in } -0
the lower half plane e
d-quarks 1 P _osl

-06-04-02 0 02 04 08
by[fm]

bylfm]
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Relation between GPDs and tmdPDFs

eneralized Pauli form factor E(z,0,b,) b, xS,

{GPDS :

N.N. ET(:B,O,bL)} {bJ_XSJ_

™
—

X

@)
—

Sivers  fim(x, k) }

tmdPDFs \ , \
B

oer-Mulders  hi(xz, k)

7y
A
&
l_
X
V)
l_

asymmetries

conjecture / hypothesis Sivers  fip~ — E
Burkardt PRD 72 (2005) Boer-Mulders h{— ~ — ET
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Implications for asymmetries

up-quark S..
Yy
j> ‘ ja: P
Z

P» *u\/\/\/\/\,’y*

[ M. Burkardt 2003/2005 ]

[ expect sizeable effect with opposite signs for up- and down-quarks (Sivers-effect) ]

A 4

sizeable single spin asymmetries in semi-inclusive deep ineleastic scattering,
seen by HERMES (PRL, 2005)
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Lattice QCD prediction for azimuthal asymmetries

large Boer-Mulders effect
with the same sign

for up and down quarks

strongly distorted densities of transversely polarized
quarks in an unpolarized nucleon (») lead to prediction of a

cos(2®d) asymmetries in SIDIS (JLab, COMPASS) ]

[ could be observed in

unpolarized Drell-Yan (GSI-FAIR/PANDA) ]

. approved Jlab proposal PR12-06-112
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First results on the spin structure of pions from lattice QCD

[ pion spin structure? ]———[ longitudinal spin structure is trivial ] @ S=0

P,— oo

@ PZ—>OO

[ what about the transverse spin structure of the pion? ]

1 , )
[pT(a: biisi) = —{H”(:c bT) — Gijsﬁ_bﬁ_m—E% } }— [ but is EZ-' non-zero? ]
s
06F = Sy 7 067 3
/ = ﬂ
0.4} / N \ 8 04|
.‘ // / \ £
& \ V1 0.2} o
% : ’ //’"_\\\ ) | _ .// =, (\\ i
£ \\ @Jﬁ’ o E o \ (@@-‘ / N
YEs |2 o\ A /TR = s £
02| |2 -0.2 )
2
—04] (l— -| -04t o~
> n=1 ©) n=2
—06t . —06t

-06 -04 02 0 02 04 06 2
by[fm]

-06 -04 -02 0 02 04 06

> @ m. ~ 600MeV

[ the pion has a very suprising non-trivial transverse spin structure!
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Summary

[ small total orbital angular momentum of quarks small

at mr~350MeV

[ separate up- and down-quark OAM contributions sizeable ~20%

up- and down-quark densities strongly distorted for transversely
polarized quarks in transversely polarized nucleons

important consequences for asymmetries
in SDIS and Drell-Yan (following arguments by M. Burkardt)

A 4

unpolarized quarks in a transversely polarized nucleon:
significant SSAs (seen by e.g. HERMES, PRL 2005)

A

transversely polarized quarks in an unpolarized nucleon:
significant azimuthal asymmetries (,lattice QCD prediction®, to be confirmed by
e.g. Jlab, COMPASS, GSI-FAIR/PANDA measurements)

the pion has a non-trivial (transverse) spin structure
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