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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
- TMDs

- hard exclusive reactions

@ TInclusive 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

+0.127

AG/6 = 0.071 + 00347 + 0.010 (s29) “" 7 (sys-madel)
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The HERMES Experiment

27.5 GeV e* /e~ beam of HERA
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HERMES Specirometer

o FIELD CLAMPS —\ TRIGGER HODOSCOPE H1
m
| DRIFT CHAMBERS R0 mrad

2 170 mrad — — ~

PRESHOWER (H2) _ — = - -
DRIFT / N = 140 mrad
] CHAMBERS 1 "
A1 i, E 27.5 GeV
L - - LUMINOSITY
0+ -- 23 = T e e o~ IR - E
TARGET ~-« B~ - <
CELL e -5
. Dvc [
» ﬁ HODOSCOPE HO -
STEEL PLATE TRD ~ “CALORIMETER _140mag
-~ IRON WALL™ 7,5
-2 ~~ _ 270 mrad //170 ik
~—— MAGNET
T I T T T T I T T T |
0 1 2 3 4 5 6 7 8 9 10 m

Forward acceptance spectrometer: 40 mrad < © < 220 mrad
Kinematic coverage: 0.02 < x <'0.8 for Q° > 1 GeV? and W > 2 GeV
Tracking:267 tracking planes: 6P/P = (0.7 —.2.5)%,;60 < 1 mrad
P1D: 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 for momenta

-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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Z.onﬁfz(é(a/ /‘ha/ - Sf/‘/?

Structure, Yadron zalion
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Structure, Yadron zalion
Structure
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Longitudinal-Spin Structure



Strange Quark Daistributions

@ 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
Aj,d(X) dde(zx) = Krr(x, Q*)[5AQ (x) + 2AS(x)]
. d*NK®x)
A|I|<d(x) dxdQ2

= KrL(x, Q°) AQ(x)/Dg(z)dz AS(X)/D (z)clz_

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

@ 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 Daistributions

@ 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
... CTEQ6L
. x(E)+d(x))

Strange-quark distribution

softer than (maybe) expected

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

@ 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 [ — Leader etal., PRD73, 034023 (2006)
5- | __ Fit . [
@04 | .. CTEQ6L

. X(ux)+d(x))

Strange-quark distribution

softer than (maybe) expected

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

@ 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 [ — Leader etal, 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
Eftects



Quark Structure of the Nucleon

| |

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

| |

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
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2-Hadron Fragmentation

polarized 2-hadron cross section:

(\Unpolarized beam, Transversely pol. target)
o)~ sin(pp + ¢g) > eq b HY
HY = H{'(z,(, MZ;)

(€~ 21/(21 + 22))

G. Schnell - DESY Zeuthen 15 CLASI12 1%t European Workshop



2-Hadron Fragmentation

polarized 2-hadron cross section: o
= N . St rame T
(Unpolarized beam, "ransversely pol. target) < *_ R /a
k \\L\/— —q— PR ¢S 777777777777777 P}Z
. 2 q <): = . > Pﬂ__

H = HY(2,¢, M2.) \< b
<

(C ~ z1/(21 + 22))
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2-Hadron Fragmentation

polarized 2-hadron cross section: T
_ ‘"f}lﬂ.’_ . St rame w
(Unpolarized beam, Transversely pol. target) <——_ | EERT | / v
\ \X"" —q— Pr1 \(/55’\\ P,
~ Q] 2 1,9 < N\ Pr-
o sin(pr1 + ¢s) p_eg hy H \ LE,_\
y ///
HE = HY(2,¢, M2,) \< P b
» A
(€~ z1/(21 + 22)) .
&

O only relative momentum of hadron pair relevant

= integration over transverse momentum of hadron
pair simplifies factorization and Q¢ evolution
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2-Hadron Fragmentation

polarized 2-hadron cross section: T
_ ‘"f}lﬂ.’_ . St rame w
(Unpolarized beam, Transversely pol. target) <—_ ~~ & ~ r» | | / v
\ \X"" ’—q Pr1 \(/55’\\ P,
~ S] 2 1.9 < N\ P
a sin(¢r1 + ¢s) p_eg i Hy 0 LE,_\
y ///
HE = HY(2,¢, M2,) \< P b
Z ot
(€~ z1/(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 15 CLASI12 1%t European Workshop



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)
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2-Hadron Fragmentation (@ HERMES

® First measurement of spin-dependent two-hadron fragmentation

JHEP 06, 017 (2008).

0.06 |-

0.04 |

sin(¢p, +dg)sind

UL

A

0.02 |

| 81% scallelunce'rtémty

e HERMES

: ®
1 008>

* MM— 0.07
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- ]
~008| °
0.07 |
0.06 |
[ A | A
0.2 0.4
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2-Hadron Fragmentation (@ HERMES

® First measurement of spin-dependent two-hadron fragmentation

JHEP 06, 017 (2008).

: o0s|Z e HERMES
4 =
i i
< 004} +
m<:> _%
0.02 | & + + +
46, " 1Y P PT ‘

\/0.08 * |

I |
0.07 | :‘
0.06 |

A 0.55

0.5
" 045
0.4

* Mm— 0.07

AZ 1 0.06

1
M, [GeV]

First evidence for (transversity and)

naive-T-odd, chiral-odd, spin-dependent

dihadron fragmentation function

G. Schnell - DESY Zeuthen
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2-Hadron Fragmentation (@ HERMES

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

©
&

sin(¢g , +g)sind

0.04

0.02 [ @

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

0.07 j s oz: L A A 0.65% . n g o07
o8|, . af - o 5 2| oos
02 04 08| 08 1 005 ~ o1 o015 0z 04 06 08
M__ [GeV] X z
Mo sign change as (maybe)
First evidence for (transversity and) expected around p° mass
naive-T-odd, chiral-odd, spin-dependent Consistent in shape with later
dihadron fragmentation function models (Radici et al.)
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1-Hadron Production (ep=>¢hX)

1
do = doty + cos2¢ doiyy; + g Cos ¢ dofry + Ae

1
+S57 {sianbdaéL%—@SingbdagL—l—)\e [ ]}

+S {sin(¢ — ¢g) dogp +sin(¢ + ¢g) doprp + sin(3¢ — ¢g) dogry

1

+—= (sin(2¢ — ¢s) dogrp + sin ¢g dogry)
OXY Q

Beam Target 1
Polarization |+ [COS@ — ¢s3) dUE)T =+ @ (COS Gs dUng + cos(2¢ — ¢g) dff?r)] }

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(ljU + — cos o dO-IQJU + Aeé sin ¢ dU%U

Q

1
+S5T, {sianbdaéL—l—@SingbdagL%—)\e [ ]}

+5T {Siﬂ(¢ — ¢g) dojrr +[Sin(¢ + ¢s) dU?JT}r sin(3¢ — @) dogry
]( N

5% 4 Collins Effect:
Beam Target 111 .
LR IR {COS( " sensitive to quark transverse spin
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1-Hadron Production (ep=>¢hX)

1 1
do = da%U + cos 2¢ da(ljU + — cos o dO-IQJU + Aeé sin ¢ dO%U

Q

1
+S5T, {sianbdaéL%—asingbdagL—l—)\e [ ]}

+S7 {sin(¢ — ¢g) da?jT + sin(¢ + ¢g) da?jT + sin(3¢ — ¢g) da(l]OT

Sivers Effect: lotr)
@ correlates hadron’s transverse L cos(20 — ¢g) daf})] }
momentum with nucleon spin hys. B 461 (1996) 167
o . v/ (1998) 5780
® requires orbital angular momentum '
> (2004) 309

N \ Bacchetta et al., JHEP 0702 (2007) 093
/' “Trento Conventions”, Phys. Rev. D 70 (2004) 117504
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1-Hadron Production (ep=>¢ehX)
do = dop; + cos2¢ dogrs 4{ . 0, daim |+ A% sin ¢ dos ¢

4 )

51 {Sin 20dol  Cahn Effect:

wRe—

1
_|__
Q
AN

Beam Target 1
Polarization  + ¢ [COS(Cb — ¢3) da}j} S (COS ¢s dU%p + cos(2¢ — ¢g) dU}fT)] }

(sin(ng — ¢g) da(lle + sin ¢g dallfT)

Q

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)
do = dopr;s +lcos 2% dailiiilJr % cos ¢ dotry + )\eé sin ¢ do ¢

(Boer-Mulders Effect: \]: ] }

(3¢ — ¢s) dopy

1
_|__
Q
AN

Beam Target 1
Polarization  + ¢ [COS(Cb — ¢3) daﬁr S (COS ¢s dU%p + cos(2¢ — ¢g) dU}fT)] }

(sin(ng — ¢g) da(lle + sin ¢g dallfT)

Q

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 19 CLASI12 1%t European Workshop



The HERMES Collins Results

P T
,;% 0.1 -m g —~HERMES PRELIMINARY 2002-2005
= I | lepton beam asymmetry, Collins amplitudes
E_ - - 8.1% scale uncertainty
E 0.05 — | — T
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o - 0 - | "
[ [ . T
olw¥ e T L
P [ 1 1 | 1 1 | 1 | Iil 1 | 11 | L1 1 .
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> [°T : _
: | T S o
3 i | i ¢
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L bor boTEre ]
o~ | _ | S ?
-0.05 — — — |
I — —
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D 005 4 - - |
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0.1 0.2 0.30.2 0.3 04 05 0.6 0.2 04 06 08 1
X z P, [GeV
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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 — — — |
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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 20

[A non-zero Collins
effect observed!
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The HERMES Collins Results

I_ T
5,% 0.1 -m g* —~HERMES PRELIMINARY 2002-2005
= I | lepton beam asymmetry, Collins amplitudes
E_ - 8.1% scale uncertainty
E 0.05 — | — o
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[A non-zero Collins
effect observed!

[A both Collins FF and
transversity sizeable
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The HERMES Collins Results

P T
= otpE g -HERMES PRELIMINARY 2002-2005
= | lepton beam asymmetry, Collins amplitudes
g_ - 8.1% scale uncertainty
E 0.05 — — T
L i . v T Ul
N L 1
N P ¥ ' ok
0 _!_! ________________ __- _________________ ____,___________+___
I_ w 1 1 1 | 1 1 | 1 | Iil 1 | 1 1 | 11 1
E2 0.05 0 — —
= R
R | |
R R B S B o B
7 K | 7 1T
AN . Voo ¢ ' T
o | | | ©
-0.05 — — — |
i _ T
I_ 11 | 11 | 1 1 1 1 | | LI | [ 11 1 | | |
2= A T i
n 0 l—--co o] o]
4 g |
= 44 A A A [ 44 IO
= i A | T
— | A
D 005 4 - - |
N - i
A L
-0.1 _'7|| ' N | |1| ' N ||||||_. Lov o v v s I |
0.1 0.2 0.30.2 0.3 04 05 0.6 02 04 06 0.8
X z P, [GeV]
G. Schnell - DESY Zeuthen 20

publishedJr results confirmed with much

higher statistical precission
overall scale uncertainty of 8.1%

positive for 7 and negative for 7 as
maybe expected (0u = h{ > 0
od = ht < 0)

unexpected large 1= asymmetry
—> role of disfavored Collins FF

most likely: HL Gs] —HL fav

isospin symmetry among charged and

neutral pions fulfilled

I [A. Airapetian et al, Phys. Rev. Lett. 94 (2005)
012002]

CLASI12 1%t European Workshop



Collins Amplitudes for Kaons

@ none of the kaon amplitudes 2 upw HERWES PRELIVINARY 2002-2005

Signiﬁcantly nOnZerO % 0.15;— | ;_8.1p%scaleuncgrtaintyyi i
e oF I f | £

@ K* amplitudes not really I J;_____?___i . : p'm;%
different from 11* oos 11 A
amplitudes 5 ' '

@ K- amplitudes slightly £
positive, contrary to large )
negative 1" amplitudes

‘ K- iS pure Césea ObjECt” b 0.1 0.2 0.3;(0.2 0.3 04 05 o.sz 0.2 0.4 I%:L%gie{/]
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HERMES Sivers Results
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HERMES Sivers Results
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HERMES Sivers Results
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The Intriguing Kaon Amplitudes
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0.25 —lepton beam asymmetry, Sivers amplitudes

: - 8.1% scale uncertainty
0.2 — n

2 (sin(¢-9g))oT

0.15
0.1 [

0.05 |

0.15 |

0.1 [

2 (sin(¢-9g))oT

0.05 |

-0.05 [

0.1 |

o v P P ey 1
02 04 06 08 1
X z P, [GeV]

_0-15:IIIIIIIIIIIIIIIIIIIIIIIIIIIIII:IIIIII
0.1 0.2 0.30.2 03 04 05 0.6

. Schnell - DESY Zeuthen 23 CLASI12 1%t European Workshop



The Intriguing Kaon Amplitudes

prediction using fit to pion data
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The Intriguing Kaon Amplitudes
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The Intriguing Kaon Amplitudes

2 (sin(¢-0¢))oT

2 (sin(¢-9g))oT

0.25 -
0.15 |
0.1 [
0.05
0.15 [
0.05 |
-0.05 |

0.1 |

-0.15 b

0.2 |

- HERMES PRELIMINARY 2002-2005

" lepton beam asymmetry, Sivers amplitudes
- 8.1% scale uncertainty

0.1 [

0.30.2 03 04 05 0.6

X

4

02 04 05 08 1
P, [GeV]

2 (sin(¢-0¢) )it

2 (sin(¢-dg))T

0.25

o
(%)

0.15

0.05 |

-0.05

-0.1

-0.15

0.1 F

‘m K - HERMES PRELIMINARY 2002-2005
O J'l?+ [ lepton beam asymmetry, Sivers amplitudes
- 8.1% scale uncertainty

_ T

|
-t | + -, ' t - T
—i o O ! ¢ _+ o o _+ t O n ¢
C |[‘.J m|
:|':|'TI 1 i I I I il I I I I L 1 : I
. K
Eo C C
— A [ —
: | |
g_ | A‘A - b P T ]
N o SR SEEDNEEEPIL

Y4

. Schnell - DESY Zeuthen

23

CLASI12 1%t European Workshop

0.30.2 03 04 05 0.6
X

02 04 06 08 1
P, [GeV]




Sivers “Difference Asymmetry”

@ Transverse single-spin asymmetry of pion cross-section difference

+ — + =
1 (og — o) — (o) —opr))

St (o —of )+ (0| —oF)

A?];_W (¢, 05) =
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Sivers “Difference Asymmetry”

@ Transverse single-spin asymmetry of pion cross-section difference

G. Schnell - DESY Zeuthen
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Sivers “Difference Asymmetry”

@ Transverse single-spin asymmetry of pion cross-section difference

2 (ﬁiﬂ((b-ibs))m

(sin(¢ — ¢S)>E;_

Iwmw 8.1% scale uncertainty

access to Sivers

valence distribution
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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
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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 effect as manifest of intrinsic
transverse quark momentum
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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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SSAs 1n 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?

p
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Any Sign of Two-Photon Exchange?

=
< 0.02 [ HERMES PRELIMINARY ' HERIVIES PRELIMINARY
ep —e e'p' —e" X/
L . [ J
| Sabl 4 obe : é 4 consistent
0 —¢¢¢#<—£¢++ ------- o SR ¢ o} - ++++++ ¢ + ----- « .
| % } | with zero
002} . L—
10 - » e
o000 ?® e000®
1 500888 _o0088s” _—
@) ront view
e - (@)Gev) ffo " (Q%)GeV) of HERMES
- o | ® detector
| %o o | %o o :
04 F 5 O OOO L ITYYY ) - 5 © OOO L ITYYY X « S o b
| acceptance || o acceptance TOP ﬂ\‘b
0.2 | O factor : 9% factor —
L | & BOTTOM
o5 F © elastic - o elastic
- °5 fraction - o fraction _ (AN)ace
; c?: i Cy: acc.fac. = (Asin <b)
0 reaaaaal L reaaaaal L T
107 10" . 10 107 . uT /2

G. Schnell - DESY Zeuthen 30 CLASI12 1%t European Workshop



Exclusive Reactions

Accessing Generalized Parton Distributions



Angular Momentum and GPDs

1997: Ji Relation for Nucleon Spin

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

t—0 t—0

— —
J? J?
“Ji’s Recipe” provides way to measure angular momenta
involves moment over new class of PDFs: Generalized PDFKs
at leading twist there are 8 GPDs: £, H, E, f[, Er, Hr, ET, Hr
but only 2 of them needed for Ji’s recipe: £, 1

GPDs provide info about transverse position and long. mom.
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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)
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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 — 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 ! —
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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Constraining £ - Transverse TSA

e ]0TT

> €7

Py

A%T(¢7 ¢S) X [d0'+(¢, ¢S)_d0— (an ¢S)} - [d0'+(¢, ¢S+7T)_d0-—(¢a ¢S+7T)}

AL1(d,0s) o Im (R — Fi€)sin(¢ — ¢s) cos ¢
+ Im (Fgﬁ — (F1 + ng)g) cos(¢p — ¢s)sin @

G. Schnell - DESY Zeuthen
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Constraining £ - Transverse TSA

e pt — e* pry

A%T(¢7 ¢S) X [d0'+(¢, ¢S)_d0— (an ¢S)} - [d0'+(¢, ¢S+7T)_d0-—(¢a ¢S+7T)}

ALr(d,0s) o Im(FH — Fi€)sin(¢ — ¢s) cos ¢

+ Im (Fgﬁ/ﬁ— ng)g) cos(¢ — ¢s)sin ¢

sensitive to £
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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
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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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Constraints on GPD Models
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Integral of g1(x)
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Integral of g1(x)
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Integral of g1(x)
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Integral of g1(x)
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Collins Fragmentation Function
String Model Interpretation (Artru)

transverse spin (polarization component in lepton scattering
of struck quark plane reversed by photoabsorption)

N

G. Schnell - DESY Zeuthen 42 CLASI12 1%t European Workshop




Collins Fragmentation Function
String Model Interpretation (Artru)

transverse spin (polarization component in lepton scattering
of struck quark plane reversed by photoabsorption)

Nl 70

qg-pair with vacuum
quantum numbers (3 P,-state)
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Collins Fragmentation Function
String Model Interpretation (Artru)

transverse spin (polarization component in lepton scattering
of struck quark plane reversed by photoabsorption)

outgoing pion/kaon
@ deflected into page

(positive Collins FF)
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Collins Fragmentation Function
String Model Interpretation (Artru)

transverse spin (polarization component in lepton scattering
of struck quark plane reversed by photoabsorption)

outgoing pion/kaon

deflected into page
&\ (positive Collins FF)

pion from next string break

deflected out of page
i\@ (negative Collins FF)

qg-pair with vacuum
quantum numbers (3 P,-state)
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Artru Model vs. HERMES
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Artru Model vs. HERMES
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Artru Model vs. HERMES

Artru model and HERMES results in agreement!
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“Chromodynamic Lensing”

approach by M. Burkardt: [hep-ph/0309269]
dx(z,b)
spatial distortion of g-distribution
0.4/\

(obtained using anom. magn. moments
& impact parameter dependent PDFs)

. /\
Yy
0

by
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“Chromodynamic Lensing”

approach by M. Burkardt: [hep-ph/0309269]

U,X(x, bJ_) dX<CU, bJ_)

. / \
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spatial distortion of g-distribution
(obtained using anom. magn. moments
& impact parameter dependent PDFs)

by

+ attractive QCD potential .
(gluon exchange) e e we e wa o6 er o

= transverse asymmetries

O /9
‘ \ Ps= /2>sin(¢—gb5)>0
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“Chromodynamic Lensing”

approach by M. Burkardt:
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The “Kaon Challenge”
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The “Kaon Challenge”

K* " HERMES PRELIMINARY 2002-2005
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The “Kaon Challenge”
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The “Kaon Challenge”
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DVCS Asymmetries

DVCS(¢ ¢ )
1 dot(¢,¢s) —dot (9, s +m) +do (¢, ¢s) — do (¢, s + )
¢, ¢ ¢

S1 dot(9,9s) + dot (9, ¢s + ) + do~ (¢, 65) + do~ (9, ¢s + )
ut(9: ¢s) =
1 do"(¢,¢s) —do (¢, ¢s + ) —do™ (¢, ds) + do™ (¢, 95 + )
S1 dot(¢,¢s) +dot (¢, ¢s + ) + do~ (¢, ds) + do~ (¢, ds + )
7’1(451)(7132(@ S 0 7IlUU cogllly)
AC(¢) — Kpn ~DVCS
PP Zn 0Cr UU cos(ng) + Kpvcs Zn 0 CnUU COS(ng)
N —Kj [C{,UI;;OS(¢)} | (4.4)
KBHCO,UU

ADYCS (6, ds) =
Kpvcs [Zi o CV sin(¢ — ¢5) cos(ng) + o _y sRYF cos(¢ — ¢g) sin(ng)

K
PP Lon=0 Ch v €08(n6) + Kpves Yng vy 08(ng)

N KDVCSCEYJ%S sin(¢ — ¢3) L
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TP (2()17%(@ [Zi 0 ;UT Sin(ﬁb — ¢s) cos(ng) + Zi 1 ;UT cos(¢ — dg) Sin(ngb)]
PITSTAETET Lono Crotiu 08(n) + Kpves Yo—p cptg: cos(ng)

— K7ey [cLUT Sm(qb — ¢g) cos ¢ + 31,UT cos(¢ — ¢g)sin(¢)
~ _ . (4.6)
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Event Selection with Recoil Detector

DVCS event candidates
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