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Overview

strange quark distributions
transverse structure of the nucleon
- transverse momentum dependent distributions

- transverse position:
generalized parton distributions and
deeply virtual Compton scattering
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Probing the nucleon in DIS
|

*

1
5{61(33) + SLAq(z)ys + dq(x)ysy SrinT

x=longitudinal momentum fraction of quark

P,S P,S
q(x) Aq(x) 5q(x)
unpolarized nucleon longitudinally polarized nucleon transversely polarized nucleon
unpolarized quark longitudinally polarized quark transversely polarized quark
(also fi(z)) (also g1 (x)) (also hir(x))



How to access flavored quark distributions

Semi-inclusive deep-inelastic scattering (SIDIS)
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Distribution Function (DF): distribution of quarks in nucleon

Fragmentation Function (FF): fragmentation of struck quark into final-state
hadron



Strange quark distributions



Extraction of the strange quark distribution

- leading order extraction in o,

charged kaon production on (longitudinally pol.) deuteron:
e+d— KT+ X

strange quarks carry no isospin —» sp(x):sn(x)
Asp(x):Asn(x)

Isoscalar target & K'+K~ = FF without isospin dependence

hypothesis: Isospin symmetry between p and n
charge-conjugation invariance of FF

A. Airapetian et al., Phys. Lett. B 666, 446-450 (2008)
.



Kaon multiplicities
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Kaon multiplicities
ENE(z)  Qz) . DE(2)dz + S(z) [,, DE(2)dz

d2NPL5 (1) 5Q(z) 4+ 25(x)

Q(z) = u(xr) + u(r) + d(z) + d(z)
S(z) = s(x) + 5(z) 0.
D5 (2) =4D; (2) + D (2)
DX (2) = 2D (2)

S(x)=0 for x>0.15

Q(x) from CTEQ6L 005 |
0.8 0 _ -

D5 (2)dz = 0.398 £ 0.010 S

0-2 1“5 I L IR R B N B T T LY T




Kaon multiplicities
ENE(z) Q) [y DE(2)dz + S(x) fya DE (2)dz

d2NPL5 (1) 5Q(z) 4+ 25(x)
Q(z) = u(z) + u(z) + d(x) + d(x)
S(z) = s(z) + s(x)
D5 (2) =4D; (2) + D (2)

D& (2) = 2DE (2)
S(x)=0 for x>0.15

Q(x) from CTEQ6L D
0.8
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Spin-independent strange quark distribution
« evolution of data to Q°=2.5 GeV? (CTEQ6L)

0.8

. D& (2)dz = 1.274+0.13
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02 |
D :_ ......... rl ........................... — iy -
0.02 0.1 0.6

D. de Florian et al., PRD75, 114010

_: e discrepancy with CTEQG6L

e S(X) not an average of
Isoscalar non-strange sea
S(x) towards lower x-values
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Double spin asymmetry from longitudinally
polarized deuterons
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Double spin asymmetry from longitudinally
polarized deuterons
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Helicity distribution @ Q’=2.5 GeV~

0| — Leaderetal, PRD73, 034023 (2006)
- xAQ(x)

0.1}

e i e — R
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X
 AQ and AS in agreement with previous HERMES results

« Ag_=[[AQ(X)-2AS(X)] dx for x:0.02 » 0.6
= 0.285 = 0.046(stat.) £ 0.057(sys.)

Aq, from hyperon decay, assuming SU(3) symmetry (x: 0 —»1)
= 0.586 +0.031
SU(3) symmetry violation <,‘:'l> large contribution from x<0.02 region

14



Transverse structure of the nucleon
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Transverse structure of the nucleon
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Transverse structure of the nucleon
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Transverse momentum dependent
distributions (TMDs)

oP=eh = N T[DFP (2, k) @04 AQF R (2, p3)]

q
kT / PT = transverse momentum of struck/fragmenting quark

Z|...] = convolution integral over krand pr

18



Transverse momentum dependent
distributions (TMDs)

oP=eh = N T[DFP (2, k) @04 AQF R (2, p3)]

Distribution functions

T

— —_.— e — -— = — —_

g1~ gir =
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leading twist
D, =

|
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1L

H =

IT

Fragmentation functions
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Transverse momentum dependent
distributions (TMDs)

oP=eh = N T[DFP (2, k) @04 AQF R (2, p3)]

Distribution functions Fragmentation functions

q . .
leading twist

f1 = Dl )
f f T T
g oo T O gir = T = G, -6~ - &~ Gp=(= - =
f
hyp="1 - qo I ~ T
IT i
fTT = T - L T
Dyp = B
' ¢
b= o .
1 ! Hl _ f — *
. y f ) ! ) o 1
il - _h I Hy=L — ~ _' Hyp = -

only distributions that survive integration over transverse momentum
20



Transverse momentum dependent

Distribution functions

distributions (TMDs)

oP=eh = N T[DFP (2, k) @04 AQF R (2, p3)]

q . .
leading twist

Fragmentation functions

’_’, ]]. ].T = #'

1

T T.f

Chiral odd: involve helicity flip of quark
appear in pairs in cross section
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Transverse momentum dependent
distributions (TMDs)

oreh = N T[DFP (2, k2 )@ot I QF FI (2, p3)]

Distribution functions Fragmentation functions

q . .
leading twist

fr = T T D, =
f f
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Chiral odd: involve helicity flip of transversally polarized quark
appear in pairs in cross section

T-odd : appear in pairs in spin-independent x-section & double spin asymmetries
single in Single Spin Asymmetries (SSAS) 22



Transverse momentum dependent
distributions (TMDs)

oreh = N T[DFP (2, k2 )@ot I QF FI (2, p3)]

Distribution functions Fragmentation functions

q . .
leading twist

f1 = Dl )
L _ b
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Chiral odd: involve helicity flip of transversally polarized quark
appear in pairs in cross section

T-odd : appear in pairs in spin-independent x-section & double spin asymmetries
single in Single Spin Asymmetries (SSAS) 23



Transverse momentum dependent
distributions (TMDs)

oreh = N T[DFP (2, k2 )@ot I QF FI (2, p3)]

Distribution functions Fragmentation functions

q . .
leading twist

f1 = Dl )
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Chiral odd: involve helicity flip of transversally polarized quark
appear in pairs in cross section

T-odd : appear in pairs in spin-independent x-section & double spin asymmetries
single in Single Spin Asymmetries (SSAS) 24



Transverse momentum dependent
distributions (TMDs)

oreh = N T[DFP (2, k2 )@ot I QF FI (2, p3)]

Distribution functions Fragmentation functions

q . .
leading twist

f1 = Dl )
f f T T
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Chiral odd: involve helicity flip of transversally polarized quark

appear in pairs in cross section

T-odd : appear in pairs in spin-independent x-section & double spin asymmetries
single in Single Spin Asymmetries (SSASs) 25



Transverse momentum dependent
distributions (TMDs)

oreh = N T[DFP (2, k2 )@ot I QF FI (2, p3)]

Distribution functions Fragmentation functions

q . .
leading twist

f1 = Dl )
f i T T

gl];: - — e giT = B - C,” _ o= — [ GIT _ (- _ il
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Chiral odd: involve helicity flip of transversally polarized quark

appear in pairs in cross section

T-odd : appear in pairs in spin-independent x-section & double spin asymmetries
single in Single Spin Asymmetries (SSASs) 26



Spin-independent SIDIS cross section

Non-collinear cross section

do _ @ 14 f){A( VEyur + B(y)F
drdydzdP?, don a:yQ2( 2T YEUUT YHUUL
+C(y) cos ¢p Frry; Pr 4 B(y) cos 2¢n Fy 1 2qb”“}
2M x
7="5

, F=F(z,Q,%, Py.)
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Spin-independent SIDIS cross section

Non-collinear cross section e

do a2 2
= 1+ —){A(y)F; B()F
drdyd=dP?, ddy,  wyQ2 " + o HAW) Four + Bly) Fou

+C(y) cos gbhFéfﬁ Pro 4 B(y) cos 2¢n Fy 1 2¢n }

leading twist term v = 2]\5337 F=F(z,Q,2 Py.)
2Py k7)) (Pt .pr) — kr.
205 hl-RT)(L'hL-PT T-PT ;| L
Feos2on — 7] hi-H;

My M

hlL = Boer-Mulders distribution function @ @
H;- = Collins fragmentation function @ _ @
28



Spin-independent SIDIS cross section

Non-collinear cross section -y

b~ O (14 L)AW) Four + B)F
drdydzdP?, dén,  zyQ2. | 2z’ WIUUT y)fuu.L

+C(y) cos op L3 %" 4 B(y) cos 20, FL 377"}

sub-leading twist term v = 2J\Sx’ F=F(zQ,zP,.)
COS 2M PhJ_-ET phJ_ -ﬁT k2
FUU¢h — ?I[— M f1D1 — Mh ]\4T2 hlLHiL —+ ]

e '

Cahn effect |
guark-gluon-quark correlations
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Extraction of the cosine moments

(cos(n¢n))

(cos(nen)) =

ti. f d¢h COS(ngbh)GUU (ZU, Y, <, P}%L) Qbh,)
f d¢hO-UU(CU7 Y, <, P}%J_a ¢h)

exp. [ don cos(ndn)eace(On)erad(dn)ovu(x,y, 2, P7L, én)

f d¢h€acc(¢h)€rad(¢h)aUU (xa Y, <, P}%J_a ¢h)

30



Extraction of the cosine moments

ti. f d¢h COS(ngbh)GUU (ZU, Y, <, P}%L) Qbh,)
f d¢hO-UU(CU7 Y, <, P}%J_a ¢h)

(cos(n¢n))

exp. [ don cos(ndn)eace(On)erad(dn)ovu(x,y, 2, P7L, én)

<COS(n¢h)> B f d¢h€acc(¢h)€rad(¢h)0UU (xa Y, =, P}%J_’ ¢h)

Extraction is challenging!

Azimuthal modulations also possible due to
 detector geometrical acceptance

* higher-order QED effects
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Extraction of the cosine moments

ti. f dgbh COS(ngbh)GUU (ZU, Y, =, P}%_L) Qbh,)

(cos(n¢n))

(cos(nen)) =

f d¢hO-UU(CU7 Y, <, P}%J_a ¢h)

exp. [ don cos(ndn)eace(On)erad(dn)ovu(x,y, 2, P7L, én)

f d¢h€acc(¢h)€rad(¢h)UUU (xa Y, <, P}%J_a ¢h)

Extraction is challenging!

* detector geometrical acceptance
* higher-order QED effects

Azimuthal modulations also possible due to

¥

fully differential analysis needed
unfolding procedure with 400 x 12 bins *

BINNING
400 kinematic bins x 12 @ -bins

Variable Bin limits #
X 0.023 | 0.042 0.078 0.145 0.27 1 5
y 0.3 0.45 0.6 0.7 0.85 4
z 0.2 0.3 0.45 0.6 0.75 1 5
P 0.05 0.2 0.35 0.5 0.75 4

(*)see F. Giordano,
Proceedings of Transversity 2008 Workshop,
May 28-31 2008, Ferrara, Italy,

to be published by World Scientific 32



Extraction of the cosine moments

ti. f d¢h COS(ngbh)GUU (ZU, Y, <, P}%L) Qbh,)
f d¢hO-UU(CU7 Y, <, P}%J_a ¢h)

(cos(n¢n))

exp. [ don cos(ndn)eace(On)erad(dn)ovu(x,y, 2, P7L, én)
<COS(n¢h)> B f d¢h€acc(¢h)€rad(¢h)aUU (xa Y, =z, P}%J_a ¢h)

Extraction is challenging!
Azimuthal modulations also possible due to unfolding
 detector geometrical acceptance
* higher-order QED effects v
fully differential analysis needed (cos(n¢n)) b”fNr:_
unfolding procedure with 400 x 12 bins * " 5
BINNING f dop, COS(n¢h)UUU (377 Y, =z, PhJ_a ¢h)
400 kinematic bins x 12 ¢ -bins d 2
ovulxz,y,z, P .
Variable Bin limits # f th UU( 7y7 > hL? ¢h) bin |
X 0.023 | 0.042 | 0078 | 0145 | 027 [ 1| 5 (*)see Z Glordfano, i
Proceedings of Transversity 2008 Workshop,
y |03 1 OB ) 90 | 97 | O * | May 28-31 2008, Ferrara, Italy,
; 02 | 03 | 04 | 98 1 9% | 1] > | tobe published by World Scientific
P 0.05 0.2 0.35 0.5 0.75 4 33




Extraction of the cosine moments

th. f d¢h COS(ngbh)GUU (ZU, Y, <, P}%L) Qbh,)
<COS(n¢h)> B fd¢h0-UU(x7y727P}%J_7¢h)

exrp. f d¢h Cos(n¢h)€acc(¢h)€rn /\l\%'\}UU(xa Y, =, P}%J_a ¢h)

(cos(ner)) = /
f dgbheacc(gbh)ern(b’(\oK vuuU (337 Y, =, P}%J_a ¢h)
Extraction is challenging! Qo‘6
Azimuthal modulations also pos¢ .~ due to unfolding
* detector geometrical acceveee €
* higher-order QED effe' (} v
¥ o°
fully differential az (\\><\o needed (cos(n¢n)) e
unfolding proafe O with 400 x 12 bins * "
6\0‘6 BINNING f don cos(nop)oyu (2, vy, 2, P}?J_a On)
~inematic bins x 12 ¢ -bins 2
Variable Bin limits # f d¢h uu (ZB, y7 27 PhJ" th) bin i
X 0.023 | 0.042 | 0078 | 0145 | 027 [ 1| 5 (*)see Z GiordfaHO,
Proceedings of Transversity 2008 Workshop,
Yy [ 08 | 04 | 06 | OF | 9% * | May 28-31 2008, Ferrara, Italy,
2 02 | 03 | 904 | 98 1 9% | 1] ° | tobe published by World Scientific
P 0.05 0.2 0.35 0.5 0.75 4 34




Results for <cos 20 >

0.2 F—

h : HERMES Preliminary -
(@ Hydrogen ! ]
0.1 J Deuterium . . ! _
[ + 1 Z W || Z
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01} '-[:' 1 I Em 1 )
02 ot i 0.4 0.6 0.4 0.4 0.6 0.8 0.2 0.4 0.6
X ¥ Z P, [GeV]
0.2 = L
 hy ' HERMES Preliminary
(@ Hydrogen { | ! ;
0.1 J Deutariurm _ t ! 1 _
[ - - + 1 ¢ o | @& . | v @
1 s [
ol £ ¢ + 1 Ve | * :
o1 - 1 : 1 ]
02 10! i 04 0.6 0.8 0.4 0.6 0.8 0.2 0.4 0.6

* evidence for transversely polarized quarks in unpolarized nucleon!

* h"and h™: opposite sign in agreement with models ac



Results for <cos ¢ >

0.2 F—

i
(® Hydrogen
U 1W Deuterium

} HERMES Preliminary

io!

i 0.4 0.6 0.3 0.4 0.6 0.6

» predictions for Cahn effect: negative for h*and h~

e —» also other effects have to be taken into account

0.2 0.4 0.6
X Y PhL[GH""]
'h : { HERMES Preliminary ]
@ Hydrogen 1 1 :
' l Dautarlum 5 1
o o & 4o .

0.2 0.4 0.6
P,, [GeV]
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Single Spin Asymmetries

1 NT(qbaqu)_Ni(qb)CbS)
<|ST|> NT(¢7 ¢S) + N\L(¢7 ¢S)

2-hadron production

~ sin(¢r1 + ¢s) Z eghi]T($)Hf’q<Z, M, cos )
q

Ayr =

hir: transversity
Hi: Collins fragmentation function ;

1LT: Sivers distribution function

1-hadron production

, pr.Pn
~sin(d+¢s) > e T Wi (z, k3) ® Hi (2, p2)]

; M
, kr.Pni . 4 9 q 2
+ sin(¢ — qbs)zeqz[ M, 1T (z, k1) ® Di(z,p7)]
q 37
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Single Spin Asymmetries

1 NT(¢,¢s) — N* (¢, ¢s)
<|ST|> NT(¢7 ¢S) + N¢(¢7 ¢S)

2-hadron production

~ sin(¢r1 + ¢s) Z 2h Aq(:’&

Ayr =

hit: transver81ty Q-
Hi % : Collins fragm \\&‘O*Ulon function
. Sivers dlq; e@’@ 1on function

1-hadron g _uon

. pr.Prl
~ sin(g + ) 3 eaTl—pp =hip(e, k) @ Hi (2,07 )
q
. kr.Pni . 4 9 q 2
+ sm(qb — qbs) Z 6qI[ M, 1T (7, k7) ® Dy (ZapT)]
q
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2 (siN(¢-9s))

Sivers distribution for valence quarks

_|_
T —T
AUT

0.2
0.1

-0.1

1

_|_

(U% — U%}T) — (Ua

_|_

— 0y

—— (sin(¢— ¢s)) Ty "

(STl) (675 — oF7) + (67 — o)

1,
_ _4f1Tu

1,ds
~J1T
4 Uy dv
it = h

HERMES PRELIMINARY 2002-2005

lepton beam amplitudes, 8.1% scale uncertainty

 Sivers distribution for
d-valence >> u-valence
or
e Sivers distribution for
u-valence is large & <0
(more likely)

01 02 03

X

0.304 0506

Z

0.20.40.6 0.8

1

P, , [GeV]
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Generalized parton distributions
and
Deeply virtual Compton scattering

40



Spin decomposition of the nucleon

| X. Ji, Phys. Rev. Lett. 78, 610-613 (1997)

1
> ZJQ+J9:§AE+ZLQ+J9
q q

1 1
qulim§ dex|H(x,&,t) + E(xz, &, t)]

t—0 1
possibility to access quark orbital angular momentum

Generalized Parton Distributions (GPDSs)

4 twist-2 quark helicity conserving GPDs:
HI HI E9 E9
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Spin decomposition of the nucleon

| X. Ji, Phys. Rev. Lett. 78, 610-613 (1997)

1
> ZJ‘J+J9:§AE+ZLQ+J9
q q

1 1
qulim§ dex|HY(z,&,t) + E9(x, &, t)]

t—0 1
possibility to access quark orbital angular momentum

Generalized Parton Distributions (GPDSs)

4 twist-2 quark helicity conserving GPDs:
HI HI E9 E9
e forward limit —» parton distribution functions

HY(x,0,0) = q(x)

HY(z,0,0) = Aq(x)

f(x)
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Spin decomposition of the nucleon

X. Ji, Phys. Rev. Lett. 78, 610-613 (1997)

1 1
5:%:JQ+J9:§AE+§C]:LQ+J9

1 1
qulim§ dex|HY(z,&,t) + E9(x, &, t)]

t—0 1
possibility to access quark orbital angular momentum

Generalized Parton Distributions (GPDs) i 4
4 twist-2 quark helicity conserving GPDs: b\i b
H? H1 E1 E1 ] ° - ;,
el =

e forward limit —» parton distribution functions

Py

* moments —*» form factors

/ A H (2, €. ) — Fi(t)

—1




Spin decomposition of the nucleon

| X. Ji, Phys. Rev. Lett. 78, 610-613 (1997)

1
> ZJQ+J9:§AE+ZLQ+J9
q q

1 1
qulim§ dex|HY(z,&,t) + E9(x, &, t)]

t—0 1
possibility to access quark orbital angular momentum

Generalized Parton Distributions (GPDSs)

4 twist-2 quark helicity conserving GPDs:
HI HI E9 E1

e forward limit —» parton distribution functions

e moments —*» form factors

* probability to find quark with longitudinal
momentum fraction x at transverse location b,

_r{l/{"
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Spin decomposition of the nucleon

| X. Ji, Phys. Rev. Lett. 78, 610-613 (1997)

1
> ZJ‘I+J9:§AE+ZLQ+J9
q q

1 [
qulim§ dex|HY(z,&,t) + E9(x, &, t)]

t—0 1
possibility to access quark orbital angular momentum

Generalized Parton Distributions (GPDSs)

4 twist-2 quark helicity conserving GPDs:
HI HI E9 E1

e forward limit —» parton distribution function:

e moments —*» form factors

* probability to find quark with longitudinal
momentum fraction x at transverse location b

 access via exclusive meson production and
deeply virtual Compton scattering A5



Deeply virtual Compton scattering

Bethe-Heitler

do ~ ]TDV(,*;;‘2 + ‘TBH‘Z _|_?BHTEVCS + TEHTDVCg

N

interference term

* theoretically cleanest process to access GPDS
* DVCS and BH: indistinguishable — interference
* TBH =2 TDVCS

. T_ i calculable (form factors)
 access interference term by measuring azimuthal asymmetries
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Azimuthal asymmetries

* Beam-spin asymmetry s

do(€,¢) —do(‘e,¢) ~ S[FiH]sing — H
* Longitudinal target-spin asymmeury
do(P,¢) — do(P,¢) « S|FiH]sing — H

o Beam-charge asymmetry
do(et,¢) —do(e™, ) ~ R[F1H]cos¢p — H
* Transverse target-spin asymmetry

dO'(Qb, ng) T dO'(gb, ng + 7T) ~
S[FoH — Fi&] sin(¢ — ¢s) cos ¢ ﬁ only access to E!
S| FoH — F1&E] cos(¢p — ¢pg) sin @

H.E.H. E: Compton form factors 47



Transverse target-spin asymmetry

A Alrapetlan et aI JHEP 0806 066 (2008)
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VGG model: Phys. Rev. D60, 094017 (1999)
Prog. Part. Nucl. Phys. 47, 401 (2001) 48




Transverse target-spin asymmetry

A. Airapetian et al., JHEP 0806, 066 (2008)
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Summary
strange quark distributions
- SU(3) symmetry appears to be violated
- S(X) much softer than light isoscalar
- AS(X) consistent with O
accounting for transverse momentum of parton —»
azimuthal dependence of unpolarized cross-section
Boer-Mulders effect: non zero!
Sivers distribution for valence guarks:

likely, large and negative for u

generalized parton distributions — »
access to quark orbital angular momentum:

transverse target-spin asymmetry sensitive to J %
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