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The Quest: Spin Structure of the Proton

4= quark spin
&= gluon spin
+ L | L = orbital angular

momentum
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The Quest: Spin Structure of the Proton

% AX 4= quark spin
+ \G &= gluonspin

+ L o L = orbital angular

momentum
- spin-orbit correlations

- hard exclusive reactions

@ Inclusive DIS from longitudinally polarized Deuterium target:

A = 0,330 + 0,025 (exp.) 4 0011 (theory) 4 0028 (evol.)
PRD 75 (2007) 012007

® High-pt hadrons at HERMES:

+0.127

AG/6 = 0.071 + 0.034(7 + 0.010 (s-29) “" 7 (sys-model)

G. Schnell - DESY Zeuthen 2 IWHSS’09, Schloss Waldhausen



The HERMES Experiment

27.5 GeV e* /e~ beam of HERA

G. Schnell - DESY Zeuthen 3 IWHSS’09, Schloss Waldhausen
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HERMES Specirometer

/7 FIELD CLAMPS —\ TRIGGER HODOSCOPE H1
m — —

DRIFT\
CHAMBERS

DRIFT CHAMBERS __- 270 mrad

e 170 mrad— — ~—
v PRESHOWER (H2)  _ - - mmm [N -
/////,/ et 140 mrad

1 '/ \‘ B
__FC12| — -
) - - —= PROP-
o) W Jf CHAMBERS 4 M = LUME 27.5 GeV
O e = P o e ] - - — === - -------- - - ==== WL = Rt -
TARGET _ ~-_ J° Jf ) e+
. = MC1-3
CELL ¥ Ve
DVC f[ - L
14 HODOSCOPE HO - g
STEEL PLATE BC 3/4 TRD  “CALORIMETER ' 1 ilo\mrad
[ IRON WALL™ 7,5
"2 "~ ~<_ 270 mrad //170 mrad-
~— MAGNET
I | I I I | | I I I I
0 1 2 3 4 5 6 7 8 9 10 m

Forward,acceptance spectrometer: 40 mrad < © < 220 mrad
Kinematic coverage: 0.02 < z < 0.8 for Q2 > 1 GeV? and W > 2 GeV
Trackings 57 tracking planes: 6P/P = (0.7 —2.5)%, 6© < 1.mrad
PID: Cherenkov (RICH after 1997), TRD, Preshower, Calorimeter
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Particle Identification

excellent lepton/hadron
separation
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Particle Identification

excellent lepton/hadron
separation

$Z
527
".'l'
L7553

Dual-Radiator RICH
hadron ID fo
momenta 2-15 GeV
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HERMES Detector (2006/07)

detection of
recoiling proton

y FIELD CLAMPS —\ TRIGGER HODOSCOPE H1
m
DRIFT CHAMBERS - 270 mrad
2 ] -
PRESHOWER (H2)  _ —

/’///’// 140 mrad

| i LUMINOSITY e+
>
ii | i MONITOR27 )

_CALORIMETER
BC 3/4 TRD ~ - - _ 140 mrad

—
—
—

DRIFT

Recoll CHAMBERS

14 Detector

HODOSCOPE HO

TARGET
CELL  STEEL PLATE

T~ \270 mrad

0 1 2 3 4 5 6 7 8 9 10 m
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Longitudinal Momentum &
Spin Structure



Strange-Quark Distributions

@ use isoscalar probe and target to extract strange-quark distributions

® only need inclusive asymmetries and K+K™ asymmetries, i.e. A alz, Q%)
and AK TR (2, 2,Q?) , as well as K*+K- multiplicities on deu’reron

2 a1 K
S(x)fD (z)dZNQ(x)[ d°N” (x) /D (z)dz}

d2 NDIS (x)
dZNDIS
Ajp,a(X) dde(zx) = K11(x, Q%)[54Q (%) + 2A5()|
. d*NK®x)
A|I|<d(x) dx dQZ

= Krr(x, Q*) AQ(x)[Dg(z)dz AS(X)/D (z)dz

A. Airapetian et al., PLB 666, 446 (2008)
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Strange-Quark Distributions

@ use isoscalar probe and target to extract strange-quark distributions

@ only need inclusive asymmetries and K'+K™ asymmetries, i.e., A alz, Q)
and Aﬁ(d TR (2, 2,Q%), as well as K*+K™ multiplicities on deuteron

3‘34_‘ . CTEQL |
: T . x@EHE)

A. Airapetian et al., PLB 666, 446 (2008)
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Strange-Quark Distributions

@ use isoscalar probe and target to extract strange-quark distributions

@ only need inclusive asymmetries and K'+K” asymmetries, i.e.,

_|_ _
and Aﬁ(d +K

au4

_ Fit
... CTEQSL
. X(u(x)+d(x))

Strange-quark distribution

softer than (maybe) expected

A. Airapetian et al., PLB 666, 446 (2008)

G. Schnell - DESY Zeuthen
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Strange-Quark Distributions

@ use isoscalar probe and target to extract strange-quark distributions

® only need inclusive asymmetries and K*+K~ asymmetries, i.e., A 4(x, Q?)

+ o . . ° °
and Aﬁ(d TR (2, 2,Q%), as well as K*+K™ multiplicities on deuteron
= , 0.2 [ — Leaderetal, PRD73, 034023 (2006)
5- | __ Fit . [
@04 | . CTEQ6L

. X(ux)+d(x))

Strange-quark distribution

softer than (maybe) expected
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Strange-Quark Distributions

@ use isoscalar probe and target to extract strange-quark distributions

@ only need inclusive asymmetries and K'+K™ asymmetries, i.e., A alz, Q)
and Aﬁ(d TR (2, 2,Q%), as well as K*+K™ multiplicities on deuteron

0.2 ~— Leaderetal, PRD73, 034023 (2006)

3‘34_‘ . CTEQL |
i e~ . X(x)+d(x))

Strange-quark helicity distribution

Strange-quark distribution

softer than (maybe) expected consistent with zero or slightly positive

in contrast to inclusive DIS analyses
A. Airapetian et al., PLB 666, 446 (2008)
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Transverse-Spin/Momentum
Effects




Quark Structure of the Nucleon

(integrated over quark transverse momentum)

| |

fi'= ° gﬁ=e—'—@—' hf=6—o
U U U

Unpolarized quarks  Longitudinally Transversely
and nucleons polarized quarks  polarized quarks
and nucleons and nucleons

fi(x): spin averaged g¢j(x): helicity  h{(x): transversity
(well known) difference (known) (hardly known!)
= Vector Charge = Axial Charge = Tensor Charge

(PS| W4T |PS)= (PS| Uyt U|PS)= (PS|WoH 50| PS)=
Jdx(f{(z) = fi(z)) Jdz(gi(z) + gf (2)) Jdz(hi(z) — hi(z))
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Quark Structure of the Nucleon

(integrated over quark transverse momentum)

| |

fi'= ° gﬁ=°—'—°—' hf=6—o
U U U

Unpolarized quarks  Longitudinally Transversely
and nucleons polarized quarks  polarized quarks
and nucleons and nucleons

fi(x): spin averaged gj(x): helicity  h{(x): transy
(well known) difference (known) (hardly kp
= Vector Charge = Axial Charge = Teng_

(PS| ¥y |PS)= (PS| Tyt U] PS)= (PS| U8
Jdz(fi(z) — fi(z)) Jdz(g{(z) + ¢f (x)) Jdz(h{(z) — hi(x))
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Transversity Measurement

How can one measure transversity?
Need another chiral-odd object!
= Semi-Inclusive DIS

O_ep—>th > Z hclj R gt FFq—>h
q

4 4

chiral-odd chiral-odd
DF FF
— —

CHIRAL EVEN

— chiral-odd FF as a polarimeter of transv. quark polarization

G. Schnell - DESY Zeuthen 13 IWHSS’09, Schloss Waldhausen



2-Hadron Fragmentation

spin-dependent 2-hadron production: .

(Unpolarized beam, 'ransversely pol. target).

o). ~sin(¢r + ¢s) Y e; hi HY
HY = Hy'(2,¢, Mgw)
(C ~ z1/(z1 + 22))

G. Schnell - DESY Zeuthen 14 IWHSS’09, Schloss Waldhausen



2-Hadron Fragmentation

spin-dependent 2-hadron production: .

(Unpolarized beam, 'ransversely pol. target)\

0, ~sin(¢rl + ¢s5) Y e; hi HY
HY = Hf(zv G5 Mgw)
(€~ 21/(21 + 22))

O only relative momentum of hadron pair relevant

= integration over transverse momentum of hadron
pair simplifies factorization and Q¢ evolution

G. Schnell - DESY Zeuthen 14 IWHSS’09, Schloss Waldhausen



2-Hadron Fragmentation

spin-dependent 2-hadron production: .

(Unpolarized beam, 'ransversely pol. target)\

0, ~sin(¢rl + ¢s5) Y e; hi HY
HY = Hf(zv G5 Mgw)
(€~ 21/(21 + 22))

O only relative momentum of hadron pair relevant

= integration over transverse momentum of hadron
pair simplifies factorization and Q¢ evolution

& however, cross section becomes quite complex

(differential in 9 variables)
G. Schnell - DESY Zeuthen 14 IWHSS’09, Schloss Waldhausen



Model for Dihadron Fragmentation

Ay ~ Sil’l(gbRJ_ -+ gbs) sin (9h1[‘[1<z
Expansion of H;* in Legendre moments:

Hf(z, cos 0, M%T) = H19°P (2, Mgﬁ) + cos O H1 PP (2, Mgw)

~~ /

describe interference between 2 pion pairs
about H;"*: coming from different production channels.

Jaffe et al. [hep-ph/9709322]:

; H%P (2, M2.) = sindg sin 61 sin(dg — 61) H P ()
/‘/M\K / oo (01) — S(P)-wave phase shifts
| M P2 (2)

o
o

o
»

sind,sind, sin(6,-9,)

o
no

o

SO A = Ay might depend strongly on M,
m(GeV)

G. Schnell - DESY Zeuthen 15 IWHSS’09, Schloss Waldhausen
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2-Hadron Fragmentation (@ HERMES

® First measurement of spin-dependent two-hadron fragmentation

JHEP 06, 017 (2008).
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2-Hadron Fragmentation (@ HERMES

® First measurement of spin-dependent two-hadron fragmentation
JHEP 06, 017 (2008).

3

| 81% scalle'unce'rtéiht'y

0.04 |

sin(¢p, +dg)sind

UL

A

0.02 |

¢ HERMES

P o e 3 P
X i N 1> * x
\/0.08 3 [ | o A 055> * % a 0.7____& N 1 0-08\/
[ 0.5 | Bt !
0.07 : 1 " 045 = @ 0%“/\{% :zumf 0.07
0.06 | A 0.6 4 0.
st v T .. w0
0.2 0.4 1 0.05 0.1 0.15 0. 0.6 0.8
M__[GeV] z

First evidence for (transversity and)

naive-T-odd, chiral-odd, spin-dependent
dihadron fragmentation function
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2-Hadron Fragmentation (@ HERMES

® First measurement of spin-dependent two-hadron fragmentation
JHEP 06, 017 (2008).

o
&

sin(¢g , +¢g)sind

0.04

0.02 [ @

Ay,
8.1% scale uncertainty
-
|
==
|
==

i R 0.5 * 1 3 3 ]
s d A T = i
0.07 | :‘ ® it A 065+ - o 0.07
0.06 ' L A 0.4 A 06—-5 3 — 0.06
02 04 06| 08 1 0.05 015 02 04 06 08
M__ [GeV] X z
\No sign change as (maybe)

First evidence for (transversity and)

naive-T-odd, chiral-odd, spin-dependent Consistent in shape with later

dihadron fragmentation function models (Radici et al.)
G. Schnell - DESY Zeuthen 16 IWHSS’09, Schloss Waldhausen

expected around p° mass



1-Hadron Production (ep=>¢hX)

1
do = dopr; + cos2¢ da(l]UnLécosgbda%]UnL)\e
. 4 1 5
+St. {stgbdaULJrésmgbdaUL—k)\e{ ]}

+ST {Siﬂ(ﬁb — ¢3) dogrp + sin(¢ + ¢g) dogrp + sin(3¢ — ¢s) dogry

1

+— (sin(2¢ — ¢s) dogir + sin g doiiy)
OXY Q

Beam Target 1
Polarization  +\c [COS@ — ¢g) dopp + 0 (cos g do + cos(2¢ = ¢s) dU?T)} }

Mulders and Tangermann, Nucl. Phys. B 461 (1996) 197
Boer and Mulders, Phys. Rev. D 57 (1998) 5780
Bacchetta et al., Phys. Lett. B 595 (2004) 309
Bacchetta et al., JHEP 0702 (2007) 093

“Trento Conventions”, Phys. Rev. D 70 (2004) 117504
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1-Hadron Production (ep=>¢ehX)

1 1
do = da?]U + cos 2¢ da(l]U =+ @ COS ¢ dU?]U + Aeé sin ¢ dO%U
1
—|—SL {Siﬂ2¢dOéL+§Siﬂ¢dO’(5]L+)\e |: :|}

+ST {Siﬂ(¢ — W) dg?]T +Gin(gb + ¢g) dU?JT + sin(3¢ — ¢s) da(lfoT

—|—l( N
O- Q [ ]
ZN Collins Effect:
Beam _Tar_get .. .
Polarization ~ +X. |cos(d +  gensitive to quark transverse spin

G. Schnell - DESY Zeuthen 17 IWHSS’09, Schloss Waldhausen



1-Hadron Production (ep=>¢hX)

1 1

do = da?]U + cos 2¢ da(l]U =+ @ COS ¢ dU?]U + Aeé sin ¢ dO%U
1
—|—SL {Siﬂ2¢dOéL+§SiH§de’(5]L+)\e |: :|}

+ST {Siﬂ(¢ — ¢g) dogpl+ sin(¢ + ¢g) dogrp + sin(3¢ — ¢s) dogry

1

. do (1]2T)
Sivers Effect:
| 15
@ correlates hadron’s transverse |+ cos(2¢ — ¢s) dOLT)} }
momentum with nucleon spin . Phys. B 461 (1996) 197
q ) 57 (1998) 5780

@ requires orbital angular momentum g5 5004 309

2~ \ ZD Dacueua el al., vrncr uruz (2007) 093

“Trento Conventions”, Phys. Rev. D 70 (2004) 117504
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1-Hadron Production (ep»th)

[1 ]
dU_ dUUU—|—C082¢dUUU—|—_COS¢CZO'UU+)\ QSln¢dO_LU

1 - 1 a1\

4 )

! 4
+S1 {Sm 2¢ do; Cahn Effect:

7 {sinto - )

1

oXY Q)

(sm(2q§ ¢s) doiip + sin ¢g dogr )

Beam Target 1 15
Polarization ~ +Ac |cos(¢ — d5) do, ) + — o (cos ¢s dor7 + cos(2¢— ds) dorr)

Mulders and Tangermann, Nucl. Phys. B 461 (1996) 197
Boer and Mulders, Phys. Rev. D 57 (1998) 5780
Bacchetta et al., Phys. Lett. B 595 (2004) 309
Bacchetta et al., JHEP 0702 (2007) 093

“Trento Conventions”, Phys. Rev. D 70 (2004) 117504
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1-Hadron Production (ep»th)

do = do¥y +{cos2¢ doto)+ % cos 6 do?y + Ae b Q in g do?,
.. . . ;!
e % (sin(2¢ — ¢s) dogryp + sin ¢s doyiy)

Beam Target 1 15
Polarization ~ +Ac |cos(¢ — d5) do, ) + — o (cos ¢s dor7 + cos(2¢— ds) dorr)

Mulders and Tangermann, Nucl. Phys. B 461 (1996) 197
Boer and Mulders, Phys. Rev. D 57 (1998) 5780
Bacchetta et al., Phys. Lett. B 595 (2004) 309
Bacchetta et al., JHEP 0702 (2007) 093

“Trento Conventions”, Phys. Rev. D 70 (2004) 117504
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Measuring Azimuthal SSA

1 N,;<¢, bs) — N; (¢, ds)
USLD N (6, ds) + N7 (9, )

AUT(¢7 ¢S)

kp Py,
- Mh

. 1 _
~ sin(g+os) S €2 T M (e, pp) Hy % (2, k7)
q _

M

| —pr 1 _
(6 — 95) Y0 2 7| PPt iy 12Dz 1)
” | 3

g e Z[...]: convolution integral over initial (p7)

and final (k1) quark transverse momenta

= 2D Max.Likelihd. fit of to get Collins and Sivers amplitudes:

PDF(2(sin(¢ + ¢s))ur,---,¢,0s) = 3{1 + Pr(2(sin(¢ £ ¢s))ur sin(¢ £ ¢s) +...)}

G. Schnell - DESY Zeuthen 18 IWHSS’09, Schloss Waldhausen



The HERMES Collins Results

[
" :
= o1p= g ~HERMES PRELIMINARY 2002-2005
= L _ lepton beam asymmetry, Collins amplitudes
E_ - - 8.1% scale uncertainty
E 0.05 — | — o
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o [m ¥ ] ] N
I_ : 1 1 | 1 | | Iil 1 | 1 1 | 11 1
53 0.05 o ;1;0 — —
= + - x
3 i | i ® i
S D S Y e f"_—““"i“q ““““
-a i l o i [ | | | | | ®
) | | | L
L ® L L
o~ | _ | S ?
-0.05 — — — |
l_ _Illllllllllllllllll 1 1 1 1 1 1 1 1 1 III_II,IIIIIIIIIIIII|I
2= A T i [
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The HERMES Collins Results

I_ T
,;% 0.1 -m g ~HERMES PRELIMINARY 2002-2005
= | lepton beam asymmetry, Collins amplitudes
E_ - 8.1% scale uncertainty
E 0.05 - | — o
< | $ 1 y
o - 0 | "
[ "I " W
olw¥ e T L
= L1 L1 ol I
E2 0.05 "o 0 — -
> [T _
E- i T | i |
= i |
g 0 _—1‘1“7 “““““ 0 R I r“—‘T“|“JT"1 ““““
2 el Do L
o~ | | | ’
-0.05 — — — |
L+ —
I_ 11 1 | 1 | | I I | 1 LI 1 1 1 1 1 1 I|I
lf'/? T A ﬂ:- B
2 R .. .
I i | L
? B A A * A ? B I * R |
'\F)/ -0.05 — + — — T
N |
A
| _
-0.1 [ urmris o s o o A o N A AV Y
0.1 0.2 0.30.2 0.3 04 05 0.6 0.2 04 06 08 1
X z P, [GeV
G. Schnell - DESY Zeuthen 19

[A non-zero Collins
effect observed!

IWHSS’09, Schloss Waldhausen



The HERMES Collins Results

I_ T
5,% 0.1 -m g* ~HERMES PRELIMINARY 2002-2005
= | lepton beam asymmetry, Collins amplitudes
E_ - 8.1% scale uncertainty
E 0.05 | — |
< | $ 1 y
o - 0 "
- ok
olw¥ L S A
= I B o T IR T
E2 0.05 "o 0 —
“o oo | I
£ | : [
s 1| Lo
g 0 _—1‘1"| “““““ A I - YT
® [ . ety
~ 0] T -] :
-0.05 — — |
I — —
I_ 11 1 | 1 1 | | I I | 1 LI 1 1 1 1 1 1 I|I
lf'/? T A Tl:- B
I Y ]
TRy -
> I Y A + - A Ay
£ b
D .0.05 |- 4 - 1
N | I
A _
| !
-0'1_f [ ST B e T S S A A AW YW Y
0.1 0.2 0.30.2 0.3 04 05 0.6 0.2 04 06 08 1
X z P, [GeV]
G. Schnell - DESY Zeuthen 19

[A non-zero Collins
effect observed!

[A both Collins FF and
transversity sizeable

IWHSS’09, Schloss Waldhausen



The HERMES Collins Results

lf,l_
"2 0.1
o
=
+
_e.
A
£ 0.05
7
~~—
(Y]
0
-
E2 0.05
—
(/p)
=
+
£
g 0
7
~~—
(Y]
-0.05
-
=]
~0
= 0
+
>
A
IE
@D .0.05
(Y]
-0.1

-m gt -HERMES PRELIMINARY 2002-2005 ) : .
| lepton beam asymmetry, Collins amplitudes - publlshedT results confirmed with much
- 8.1% scale uncertainty ] . o . .
- - - higher statistical precission
|

I . - Uy [ » - + s oOverall scale uncertainty of 8.1%
L o .
Ty I R — = positive for 7 and negative for 7 as

T T e I T S T T T T
"o 0 | - - maybe expected (0u = h{ > 0
S e MO I N R

| t | | | T | l | ? | m Unexpected large 7 asymmetry

® ® ® -
i | i | i | T —> role of disfavored Collins FF

R s N — _ most likely: HLdzsf —HLfav
A T i I
B ChEREEEERREEEEEE ] R — = ISOSpin symmetry among charged and
(A : | I . I : 1 . .
e AR N T SR neutral pions fulfilled

: A
L ? L L |
- | T [A Airapetian et al, Phys. Rev. Lett. 94 (2005)
01 02 0302 03 04 05 0.6 02 04 06 0.8 012002
X z P, [GeV] !

G. Schnell - DESY Zeuthen
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Collins Amplitudes for Kaons

@ none of the kaon ampliTudes ‘z% 02m K* “HERMES PRELII\/II(I:\IARYZOOZ-ZOOS
= _D TT :_ Iep:/on belaerzlJ :jg:tnaril:lettry, ollins amplitudes
significantly nonzero :°® + 1% scal uncatanty
=01 - -
: l
N 0.05 - - C l
® K* amplitudes not really R P ?"'E—F"f'"f _____ : F'an{L
. + | |
different from T oos {1 3 |
amplitudes . _
015 [, :f | 2 2
< S z 01 - - L
@ K- amplitudes slightly SN I | o |+ +
positive, contrary to large | oiA'.-.T. _________ b j| _________ AR
o - o LT A A E A [ A
negative ™~ amplitudes I O A
WL b _
® K is pure “sea ObjeCt" o E""of{'"oiz'"'ois'oié"oié'614"615';6;'"'bfé'bfé'bfé'b.é”%'
X z P, [GeV]
G. Schnell - DESY Zeuthen 20 IWHSS’09, Schloss Waldhausen




HERMES Sivers Results

P T
= feg " HERMES PRELIMINARY 2002-2005
S o1 __lepton beam asymmetry, Sivers amplitudes
é— i - 8.1% scale uncertainty
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HERMES Sivers Results
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HERMES Sivers Results

- 8.1% scale uncertainty
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The Intriguing Kaon Amplitudes
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The Intriguing Kaon Amplitudes

prediction using fit to pion data
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The Intriguing Kaon Amplitudes

2 (sin(¢-9g))oT

2 (sin(¢-9g))oT

l_ T
K - HERMES PRELIMINARY 2002-2005 'CZ% m K* - HERMES PRELIMINARY 2002-2005
0.25 - " lepton beam asymmetry, Sivers amplitudes < 0.25 O J‘E+ " lepton beam asymmetry, Sivers amplitudes
- 8.1% scale uncertainty = - 8.1% scale uncertainty
0.2 - - ~ c 02 - -
C C C » C C C
0.15 |- - - I ‘ ~ 015 F — - | ‘
T l - + i y + T N FoL | C + l C ) + T
01 [ P — | — 0.1 [ Pt T F | -
i ¢ L Eyd E : ¢ Ly b | y .
0.05 ﬁ/ :‘/Z— ' 0.05 J|' oo o PET Lo S T
N C C ] - O C
0 Fmmmmmm e oo = 0 fommm e SESRERRREEEEEEE SRR
| | I | T o o T T ] 5 S o S s A A AP B a5 AW s s s
A K - comparison with model | in PRD72, 094007 (2005) P A K
0.15 - -~ - L ois |-, - = C
- - - _le- :
01 [ A F - S 01 A F -
005 [ | : | : | | 2 0.05 | | | | |
0o - - n o U0 n -
| | : T Flt 1 A o | 1]
0r r 0 —A-A- --‘ ---------- —b---A----A----ng- —-A\Q--A-F--A---T--
N C C 2 S 4 | |
-0.05 - | — — T -0.05 | — — T
-0.1 H — - -0.1 P - o
-0.15 T T T Tt e T T T L T T T -0.15 T T T et e e s e e e e T T T
0.1 0.2 0.30.2 03 04 0.5 0.6 0.2 04 06 08 1 0.1 0.2 0.30.2 03 04 05 0.6 0.2 04 06 08 1
X z P, [GeV] X y 4 P, [GeV]

. Schnell - DESY Zeuthen 22 IWHSS’09, Schloss Waldhausen



The Intriguing Kaon Amplitudes
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Sivers “Difference Asymmetry”

@ Transverse single-spin asymmetry of pion cross-section difference
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Sivers “Difference Asymmetry”

@ Transverse single-spin asymmetry of pion cross-section difference
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Sivers “Difference Asymmetry”

@ Transverse single-spin asymmetry of pion cross-section difference
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2D Binning of Sivers and Collins Amplitudes

@ Observed kinematics often strongly correlated in experiment
bin in as many independent variables as possible, e.g.:
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Cahn & Boer-Mulders Effects

@ Azimuthal asymmetries in the spin-independent semi-inclusive XSec'n

@ Extracted using 5D unfolding

G. Schnell - DESY Zeuthen
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Cahn & Boer-Mulders Effects

@ Azimuthal asymmetries in the spin-independent semi-inclusive XSec'n

@ Extracted using 5D unfolding
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Cahn & Boer-Mulders Effects

@ Azimuthal asymmetries in the spin-independent semi-inclusive XSec'n

@ Extracted using 5D unfolding
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Cahn & Boer-Mulders

@ hadron-charge comparison:
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... Cahn & Boer-Mulders

@ hadron-charge comparison:
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SSA in Inclusive DIS



Two-Photon Exchange

@ Candidate to explain discrepancy in form-factor

k

measurements

@ Interference between one-
and two-photon exchange
amplitudes leads to SSAs ,
in inclusive DIS off transversely polarized targets

@ sensitive to beam charge due to odd number of
e.m. couplings to beam

@ cross section proportional to S(kxk’) - either
measure left-right asymmetries or sine modulation
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Any Sign of Two-Photon Exchange?
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Any Sign of Two-Photon Exchange?
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Exclusive Reactions

Accessing Generalized Parton Distributions



Angular Momentum and GPDs

1997: Ji Relation for Nucleon Spin

t—0

%h:hm /dllfz[Hq(iB,f,t)+Eq(ﬂf,€,t)]—|_llm dx [Hg(flj7€7t)—|—Eg(aj,€7t)]
q

t—0
— —
J? J?
“Ji’s Recipe” provides way to measure angular momenta
involves moment over new class of PDFs: Generalized PDs
at leading twist there are 8 GPDs: £, H, E, f[, Er, Hr, ET, Hr
provide info about transverse position and long. mom.

only two needed for Ji’s recipe: £, H

G. Schnell - DESY Zeuthen 31 IWHSS’09, Schloss Waldhausen



GPDs 1in Exclusive Reactions

@ GPDs involve off-forward matrix elements
® Moments give Form Factors, e.g., [dxH9(x, &, t) = F{' (1)
® Forward limit give ordinary PDFs, e.g., H(x,0,0) = f{(z)
@ at HERMES accessed in exclusive reactions:
@ Exclusive Vector-Meson Production

@ Exclusive Pseudoscalar-Meson
Production

® Deeply Virtual Compton Scattering
(at HERMES mainly via Interference
with Bethe-Heitler)

G. Schnell - DESY Zeuthen 32 IWHSS’09, Schloss Waldhausen



Azimuthal Asymmetries in DVCS

Interference DVCS & BH cause azimuthal asymmetries in
cross-section:

° Beam-charge asymmetry Ac(¢) | G a1}
do(et, @) —do(e™,¢) oc Re[F1H] - cos¢ ° S

* Beam-spin asymmetry Ary (o) :
do(€,¢) — do(e,d) oc Im[FH] - sin ¢

* Long. target-spin asymmetry Ay (o) :
da(g, ¢) — da(?, ) o Im[F|H] - sin ¢

 Transverse target-spin asymmetry Ay (o, o) [TTSA]:

do(p, ¢s) — do(¢, ¢s +m) o< Im[FyH — F1 ] - sin (¢ — ¢g) cos ¢
+ Im|[FoH — F1£E] - cos (¢ — ¢g) sin ¢

(F1, F» are the Dirac and Pauli form factors, calculable in QED)
(H,E, ... Compton form factors involving GPDs H, E, .. .)
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Azimuthal Asymmetries in DVCS

Interference DVCS & BH cause azimuthal asymmetries in
cross-section:

* Beam-charge asymmetry Ac(¢) . <€ . s
do(eT, ) —do(e™,¢) oc Re[F1H]| - cos ¢ oomiic

* Beam-spin asymmetry Ary(¢) : \y<‘ |
do(€,¢) — do(e,d) oc Im[FH] - sin ¢

* Long. target-spin asymmetry A; (o) :
da(g, ¢) — da(?, ) o< Im[Fi'H] - sin ¢

* Transverse target-spin asymmetry Ay (¢, ¢,) [TTSA]:

do(, ¢s) — do(¢, ¢s +m) o< Im[FLH — 1 E] - sin (¢ — ¢g) cos ¢
+ Im|FoH — F1£E] - cos (¢ — ¢g) sin ¢

(F1, F» are the Dirac and Pauli form factors, calculable in QED)
(H,E, ... Compton form factors involving GPDs H, E, .. .)
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Azimuthal Asymmetries in DVCS

Interference DVCS & BH cause azimuthal asymmetries in
cross-section: @
* Beam-charge asymmetry ! —
do(e*,¢) — do(e™,¢) x B o~ feosd
* Beam-spin asymme s\\\ ) :

do(€,¢) — do(e,¢)/ 2 M) sing
. Long targets 0;@

da(P ¢) — %V s Im[FlH] sin ¢

* TransversA * At-spin asymmetry Ayr (¢, ¢s) [TTSA]:
do (¢ * @, 05 + ) o< Im|[FoH — F1E] - sin (¢ — ¢g) cos ¢
+ Im|[FoH — F1EE] - cos (@ — ¢pg) sin @
(F1 Fz 2 Dirac and Pauli form factors, calculable in QED)

(H, E, ... Compton form factors involving GPDs H, E, . . .)
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Amplitudes of TTSA

L 8.1% scale uncertainty

A.Airapetian et al., JHEP 0806:066,2008
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Amplitudes of TTSA

A.Airapetian et al., JHEP 0806:066,2008
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Constraints on GPD Models

@ several pioneering DVCS results on H, D, and nuclear targets

@ provide important constraints on GPD models

G. Schnell - DESY Zeuthen 35 IWHSS’09, Schloss Waldhausen
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Constraints on GPD Models
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Constraints on GPD Models
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Constraints on GPD Models
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