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Nucleon Spin Composition

NUCLEON SPIN:

A
— = éfﬁu +Ad+As)+L,+AG+ L,
el o J
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AY, ~ 20 — 35%: MEASURED IN DIS,
HERMES ~ 0.3

AG: FIRST MEASUREMENTS

Ly, Lg: UNKNOWN!

JI'S RELATION: TOTAL ANGULAR MOMENTUM — Ji, PRL 78 (1997) 610

1
Jy.o = lim 1 dex [H, ,+ E, ;]

=02 GPD
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GPDs and DVCS Process

G PDSs ACCESSIBLE IN HARD EXCLUSIVE PROCESSES:
DVCS: HARD PHOTOPRODUCTION OF A REAL PHOTON (v* N — N'~),
VIRTUAL PHOTON GENERATED BY LEPTON SCATTERING = e N — e/ N’/ v

FACTORIZATION THEOREM:

x + &: PARTON LONGITUDINAL MOMENTUM FRACTIONS,
£: FRACTION OF THE MOMENTUM TRANSFER, & ~ ;BB.

t: INVARIANT MOMENTUM TRANSFER, t = (p — p’)?
NUCLEON STRUCTURE:

GPDs: H,H,E,E,

GPDs — PDFs
H,(2,0,0) = q()

- Hy(x,0,0) = Ag(x)
H,, H,— CONSERVE NUCLEON HELICITY
E, E

— FLIP NUCLEON HELICITY.,
NOT ACCESSIBLE IN DIS CPD‘* — FF's
[1de Hy(x,é,t) = F(t),

J2 da -q( 56,1) = F5(t)
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DVCS and BH Interference

DVCS (a) AND BETHE-HEITLER (BH) (b) PROCESSES EXPERIMENTALLY INDISTINGUISHABLE
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DVCS AMPLITUDES: ACCESSIBLE THROUGH AZIMUTHAL ASYMMETRIES VIA |
(GPDs ENTER IN LINEAR COMBINATIONS IN AMPLITUDES)

eBEAM-SPIN ASYMMETRY (BSA):

d{r(;p) — dc:r(;p) o< Im [FyH] x sin(¢)

eBEAM-CHARGE AsYMMETRY (BCA):
do(eTp) —do(e™p) ox Re[F1H] x cos(o)
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The HERMES Experiment

. r FIELD CLAMPS j TRIGGER HODODSCOPE HA
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GAS TARGET: BEAM:
e .ONG. POLARIZED H.D e LONG. POLARIZED et AND e~
e UNPOLARIZED H. D . Ne. Kr. Xe eENERCY 27.6 GEV
¢ T RANSVERSELY POLARIZED H ¢ BOTH HELICITIES
{|Pr|) ~ 85% {|Pg|} = 55% (HERA I)

PID: e, > 99%, 6P/P < 2%, 60 < lmrad, 6E., /E, ~ 5%.
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DVCS Event Selection

eEVENTS WITH EXACTLY ONE DIS - LEPTON AND EXACTLY ONE
TRACKLESS CLUSTER IN THE CALORIMETER.

e¢NO RECOIL DETECTION = EXCLUSIVITY VIA MISSING MASS: M%=(q + P — q’)g
MC FOR BACKGROUND AND CUTS

ep— e v X

03 [ Bl clastic BH . CONTRIBUTED PROCESSES:

[] associated BH
[ ] semi-inclusive

ep — e p~v ; ELasTic BH

1000N/ Np

ep — e w° X ; SEMI-INCLUSIVE

_ ] CORRECTION ON BACKCGROUND =
5 0 5 10 15 20 25 MosTLY DECcAY PHOTONS FROM
M’ (GeV?) SEMI-INCLUSIVE 7° (=~ 6%)

BACKGROUND CONTRIBUTION
OVERALL =~ 15 %

= EXCLUSIVE BIN (—(1.5)% < M% < (1.7)% GeV'?)
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Beam-Spin Asymmetry on Proton
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sin(¢) DEPENDENCE =—>Im H

N (¢)—N(¢)

a1
Arule) = (1PN (¢)+N (o)
0

e poe yX (M<1.7GeV)
HERMES PREL. 2000 (refined)
— P11+ P2sin ¢+ P3sin 24

P1=-0.04 + 0.02 (stat)
P2 =-0.18 + 0.03 (stat)
P3 = 0.00 £ 0.03 (stat)

F <t>=0.18 GeV?, <xg> = 0.12, <Q”> = 2.5 GeV*
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3

2 1 0o 1 2 3
¢ (rad)

3
.2

in®
Al

0

0.1

0

0.1

0.2

0.3

04 |

0.5

0.6 -
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ImH -

o T]Hlll )

etpoetyX
[ HERMES PRELIMINARY 2000
C {refined analysis)

. - * +_

?H+

A |y <17 ey = 0-18 £0.03 (Stat) = 0.03 (Sys)

F<t>=0.18 GeV?, <x> = 0.12, <Q%> = 2.5 GeV*

1 0 1 2 3 4 5 &
M, (GeV)

REGION IS SMALL AND POSITIVE

BSA resurLTs: HERMES-PRL 87, 182001 (2001)
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Beam-Charge Asymmetry on Proton

| NT —N—
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— NF(@)+N—(¢) > F1
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0| (rad)

"SYMMETRIZED BCA IN EXCLUSIVE BIN
(¢ — |¢|)= CANCEL SINUSOIDAL TERMS

(DUE TO POLARIZED BEAM)

THE SOLID CURVE — 4-PARAMETER FIT:
Py 4+ Pijcos d 4+ Pocos2¢ + Pacos 39
THE DASHED CURVE — PURE cos ¢
EXPECTED cos ¢ DEPENDENCE

_“_]:uuuI....I....I....I....I....I..
M (GeV)
cos(¢)-MOMENTS ZERO
AT HIGHER MISSING MASS
) cos(g) L
AC..P'J‘“GtL‘-"H- _
0.063 + 0.029(STAT.) + 0.026(sYS.)

A. AIRAPETIAN et al., HEP-EX /0605108 , SUBMITTED TO PRL
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Comparison to model calculations

.% LS B DL NN LA B ILERELE
S 06 e'pse’yX (M<1.7 GeV) -
L] X
- {in HERMES acceptance) GPD mopeLs: M. VANDERHAECGHEN et al.,
0.5 ¢ R PHys. Rev. D60 (1999) 094017; K. GOEKE et al.,
0.4 . Proc. ParT. Nuct. Puvys. 47 (2001) 401.
03k _..--1- Regge. D-term E
_.-*"H Regge. no D-term
021 1 e GPD H DOMINATES, E SUPPRESSED
0.1 - ,fr;_.-u ' - fac_, D-term ]
S ) e CURVES: 4 DIFFERENT PARAMETER SETS
0 fac., no D-term
S . TOOOPSOT USRS
[ e MODEL CALCULATIONS AT AVERAGE
01 3 _ KINEMATIC VALUES PER BIN
_ﬂ.z -I PO TN T T T AN TN TN T TN [N TN TN TN TN (NN N N TN MO NN N T A M M1

1 1 I 1 1 1 I 11 1 1 ]
0 01 02 03 04 05 006 07 038

t (GeV?H)

IN LAST ¢-BIN: LARGE CONTRIBUTION FROM THE ASSOCIATED PRODUCTION
(NOT INCLUDED IN MODEL CALCULATION) =
DATA DISFAVOR REGGE-INSPIRED t-DEPENDENCE WITH D-TERM

SMALL e~ p SAMPLE (L ~ 10 PB™ 1)
= —DEPENDENCE OF BCA — POSSIBLE TOOL TO CONSTRAIN GPD H
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PrOJectlon for GPD H (HERA II)

g 05t T 187020 -
< 04F 3§ =« g E
- : 0.1
[].3 2 = 0 C
3 A 3 =
0.2 ¢ B 1 01
0.1F c =
0 = - D -0.2 3
-0.1F 3 E Tl T L 3
: : 0.4F E
_u-zz_l...l...l...l.._: _05:|...|...|...|..3
0 0.2 04 0.6 -0 0.2 04 0.6
2
-t (GeV?) -t (GeV?)
LEFT PANEL: A (HEP-EX/0605108) RIGHT PANEL: 4 HERMES (PRL 2001) A HER-

MES (PRELIMIMNARY HEP-EX/0212019) ACLAS (PRL 2001)

e BCA: 1 fb-t et AND 0.25 fb~! e~

e BSA: 1 fb~! et, BEAM POL. =~ 35%

MoDELS: FacT. - (C/D)/REGGE - (A/B) WITH AND WITHOUT D-TERM; b,q=1,bscq=00

BCA: HIGH SENSITIVITY TO t-DEPENDENCE
BSA: HIGHEST SENSITIVITY TO b,., PARAMETER IN PROFILE FUNCTION(E; bya=b.ca=1)

POSSIBILITY TO CONSTRAIN GPD H,
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Longitudinal Target-Spin Asymmetry

Ay (6) = A NEOINT@-NZ@-NZ) o ImB gy, g
(Prl) N=($)+ NS (@) +N=()+N=(¢) 1
_Ju.ﬁI""I""I""I""I'_"'I'""I G-_IU-“I T T T T T T T T
{3 I']:E-_R'I'[Ef-" PEELIMINAEY 1 % 3 HEERMES PRELIMINARY
_ e'p— ey X (M,<1.7 GeV) _ < e'pid — ey X (M <1.7 GeV) _
0.4 | (m HERMES acceptance) i oz L (in HERMES acceptance) ]
[ + A=sy+s simd+s, sindd | : E:z:::nn ]
0.2 - ]
: proton (I mw-3, v=1). 4
| | | AT/ﬂ 1 —- Jac., be=1
1] T L —  fac., ==
A WA =8
| ] --  Regge bs=1
0.2 Y ndf: 85T W |
F 5,0 -0.009 + 0,024 (stat) 7
- 5 -0.071 £ 0.034 (stat) 1 0.4 ]
[ ey | o] ]
04 <t=012 GeVY, <x>=010, «Q>=25 GeV: | [
[ AP EPEPEPE BRI EPRPRE B RPN _ . )
3 -2 - o 1 2 3 064 0.2 0.4 0.6 0.8
¢ [rad] -t [GeV?]

Apyr, IN EXCLUSIVE BIN: EXPECTED sin(¢) DEPENDENCE —>Im H
e ’D MODEL: TWIST-3 IS A SIMPLE W.W. TWIST-3

* A?}?_,% — (q(Gq) TWIST-3 IS MISSING 7
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Transverse Target-Spin Asymmetry from HERMES

do(etp! — do(etp') oc Im [FoH — F1&] x sin(¢ — ¢s) cos(@) + - --

1
Jy; = lim % drx|[Hg(x. £, 1)+ Fy(x. & t)]
—1

(b b)) = o L N(d(¢—d5))—N(4,(¢—s))
Aur(, (¢ = 65)) = BT NT(6.(6—65) TNT(6(6—62)

3 E lHEIHMIEs T I T T EE T I-l IT' I "-I T T EE T T T T I T T T T IE
= 0.2 L PRELIMINARY T ep'ose’yX T+ =
.8. =* [ (in HERMES acceptance) I M, < 1.7 GeV) I ]
[ ] SRR P S A s -

f L } } % i J=0.4
= = 02F 9 T T+:' B T + * ......... J,=0.2 7
- =0
i 0af frmbe 3 E :
D6 + + {hep-ph/D506264) ]
[ e __ T ey

0 IE].ZIE | ﬂ.ﬁl o 01 D.EI 03 0 IEI.EI EI ?I.ﬁl 1;]
1 (GeV?) Xg Q? (GeV?)
eRESULTS FROM HERMES 2002-2004 DATA ONLY; ~ 60pb—1

e NODEL FROM GOEKE et al.: THE GPD E' 1S UNKNOWN IN THE FORWARD
LIMIT; PARAMETRIZED ACCORDING TO y()SM MODEL

o ASNOT95)o8 ) GENSITIVE TO J,, (J4=0)
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Model-Dependent Constraint on J, vs J

¢ COMPARISON OF THE THEORETICAL PREDICTIONS WITH THE EXPERIMENTAL RESULTS:

2
Afjl%ié_égjcﬂsiéj |e:::j:l_-‘d‘?_}l:[? ¢— ¢5}605{¢} |VGG{ Ju,.-jd}]
§AZ

stﬂt+5A§yS
CALCULATED IN STEP OF 0.2 IN J, AND J;, INTERPOLATED BY A 5TH ORDER POLINOMIAL.

X2 (Ju, Ja) = [

®THE l-0 CONSTRAINT ON J, VS Jg DETERMINED BY xﬂ(Ju, Jq) < xim + 1.

= 4L HERMES 2002-04 Preliminary e'p’ = e’y X (M=1.7 GeV)
5 Agy " = 0,149 + 0,058(stat) + 0.033(syst)
i <t>=0.12 GaV’, <x>=0.095, <Q"> = 2.5 GeV*
0.8 GPD Model: LO/Regge/D-term=0
B [Goeke et al., Prog. Part. Nucl.Phys. 47 2001),401)
L. Code: VGG [Vanderhasghen at al., priv. comm.]
L 9
u*J
0.6 u /2.9 "%
I, 4'?_{- 02
- i 8Xxp
0.4+ luhl.:_l: 0
i ] 06 (Ve
L 5 Efjmﬂ
0.2 i i
- [l Lattice QCDSF J ™ (1°= 4GeV )
& stat. uncertainty only [PRL92(2004),042002]
u 1 1 1 | 1 1 1 I 1 1 1 I ] 1 1 I | 1 1 | ! 1 1 | I 1 1 | 1 1 1 I 1 1 1 I 1 1 1
-1 08 06 -04 -02 -0 0.2 0.4 0.6 0.8 1
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Beam-Spin Asymmetry on Deuteron

ALi(@) = 5 N:bw]jLN{:w) N:*'(q&») N‘:{qu o< [m (H1—5Hs) sin ¢
(B} N=(6)+NE(6)+N= (¢)+N= () 1 |
508 ¢ ~ <_ 03
o« - e'd=e’yX (M<17 GeV) a . erdoe'vX
0.6 HERMES PRELIMINARY 0.2 HERMES PRELIMINARY
04 L — P1+P2sin¢ + P3sin2¢ 01 L
0.2 0f ¢ v
0 o1 | * + ¢
02 ¢ 02 | +
04 F 03 F
- P1 = -0.04 + 0.02 (stat) C
06 [ P2 = 0.15 + 0.03 (stat) 04 -
s F P3 = 0.03 +0.03 (stat) 05 A2 |\ 17 coy = 0-15% 0.03 (stat) £ 0.03 (sys)
[ <-t>=0.20 GeV?, <xg> = 0.10, <Q> = 2.5 GeV’ T F <t>=020 GeV?, <xg> = 0.10, <Q%> = 2.5 GeV*
_1 PRI I S T T T N T T A T S T T S T S T S AT SN T TN N T A T _[I..E I I BT SN U N T U NN N N A T T HNN N N A AN A AN B AN AN B A

3 2 1 0 1 2 3
¢ (rad)

in ¢

AT bevteron = -0.15 £ 0.03
in ¢

AT proton = -0.18 &+ 0.03

i | 0 1 z 3 4 5 6
M, (GeV)

sin(¢@)-MOMENTS ZERO AT
HIGHER MISSING MASS
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Beam-Charge Asymmetry on Deuteron

fraction

0.2

HERMES PRELIMINARY
efd—e™yX
(in HERMES acceptance, M <1.7 GeV)

* unpolarized d

F

a 0z o4 .G

+ [GeVT)

wlaasic EEDVCE (p)
wlaasic EEDVCE (n)

Eaccmamcez

P R T I TR I e e PN P
oA oz Lk o4 o5 0.8 0.7

4+ (GeV ¥

<04 ' HERMES PRELIMINARY

efd—e™y X fall d)
A=cl + c1 cosd+ 51 sing (M <1.7 GeV¥)
02 "indf= 2.26

Iy

’TM NN

cl= 0.003 +/- 0.043 (stat)
42 1= 0061 +/- 0,048 stat )

s1= 0010 +/- 0.018 {stat)

| | |
-2 o 2

¢ (rad)

40 % COHERENT IN FIRST ?#-BIN
= NO TENSOR EFFECT SEEN

= DATA CAN BE COMBINED

Acos b ReHy

CU, Deuteron ¢ G CcoS @

ACDE @ — ACUSE"—’E'J

C,Deuteron C,Proton
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Comparison to model calculations

_ﬁ-_ Illlllllllj:ll|IIII|j:IIII|IIII|IIII|IIII|IIII Ed—}ETX
5 | epd-eryX (M<17GeV) 1 CONTRIBUTED PROCESSES:
0.6 {in HERMES acceptance) _
* proton ] ed — ed~ , COHERENT PROCESS
= deuteron (preliminary) | ed — epn~y , INCOHERENT PROCESS
0.4 = eN — eN"vy , RESONANT STATES
I .-~~~ Regge D-term ]
o2t / Regge, no D-term 1 —t < 0.7 GeV? = COHERENT =~ 20%
L . & fac_. D-term ] = Mx CALCULATED VIA PROTON MASS
DJA.#/+ ................ ' fac., no D-term 1

SMALLER. —t = COHERENT ENHANCED

GPD mopELs: M. VANDERHAEGHEN et al.,

Puvs. Rev. D60 (1999) 094017; K. GOEKE et al.,

I|] 01 02 03 04 05 l‘.}lﬁ - (}IT(}S
2 . ParT. NucL. . .

t (GEV ) Proc. Part. NucL. Prys. 47 (2001) 401

e ¢d COHERENT (FIRST t-BIN = 40%) = NO DIFFERENCE ep AND ed

e DIFFERENCE IN LAST BIN = NEUTRON RESONANCES, NEUTRON

SMALL e~ p SAMPLE (L =~ 10 PB™1)
= —DEPENDENCE OF BCA — POSSIBLE TOOL TO CONSTRAIN GPDs
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Beam-Spin Asymmetries on Neon and Krypton

0.8 z 5 - +
< ! € Nese"yX (Mx<1.7 GeV) w04 - e'Kr—e™yX
0.6 HERMES PRELIMINARY < | HERMES PRELIMINARY
0.4 . —— P1+P2sin ¢ + P3 sin 2¢ 0.2 —

| mw Ju PEto |

04 [
r P1 = 0,00+ 0.02 (stat) L
0.6 P2 =-0.22 + 0.03 (stat) 0.6
wa b P3= 0.04 £0.03 (stat) [AZ M|\ 1 76ey=-0.17:0.07(stat )+0.03(sys.)
T [ et =013 GeV?, <xg> = 0.09, <@ = 2.2 GeV? 0.8 [<t>=0.09 GeV’, <xz>=0.08, <Q*>=2.1 GeV*
1 PN AN I AN AN IT AN B AN AT PN I SIS B I ST BRI A A A P T T I N N I T ANV VA N O A A AN A O I AN A A A
3 -2 A 0 1 2 3 -1 0 1 2 3 4 5 6
b (rad)
M, (GeV)

(HEP-EX /02012019)

CALCULATIONS FOR DVCS ON (HEAVIER) NUCLEI (KIRCHNER, MULLER, HEP-
PH/0302007, GUZEY, STRIKMAN, HEP-PH /0301216, ...)

e SIZEABLE BSA; COMPARISON TO THEORY — SEPARATE COHERENT AND
INCOHERENT PARTS = THROUGH {-DEPENDENCE OF BSA (IN PROGRESS)
—> A-DEPENDENCE OF BSA (H, D, NE, KR, XE) AND BCA (H, D, KR,
XE) = GENERALIZED EMC-EFFECT IN NUCLEAR DVCS
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Summary and Outlook

AZIMUTHAL ASYMMETRIES = DVCS-AMPLITUDES = GPDs
=> STRUCTURE OF NUCLEONS (L)

EXIsTING HERA I DATA ON H:

e BEAM—SPIN ASYMMETRY = ImH

e BEAM—CHARGE ASYMMETRY = Rel

e F'IRST CONSTRAINTS ON GPD MODELS N
LONGITUDINALLY POLARIZED H = LTSA = ImH

TRANSVERSE POLARIZED H = TTSA = E
e FIRST MODEL-DEPENDENT CONSTRAINT ON J, VS Jg4

OUTLOOK ¢ Integrated DIS HERA Run Il {polarized)

cooe |-
[ . Z00203

e INCLUDING THE 2005 DATA WILL S
DOUBLE THE STATISTICS FOR TTSA

g

= 205

e HERA II(2002-2007) DATA ON H
PROBABLY MAP OoUT THE GPD H,

MNumber of pol. IS events
g £
T T

-
]
=

¢ IMPROVEMENT OF {-RESOLUTION WITH /

REcCoIL DETECTOR e T T R - R R

Day of Running
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Fixed Target Experiments
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GPDs in Future PP Experiments

"Instead of having an initial electromagnetic v Y

process, a final state electromagnetic process LI'Lz

Is selected => Generalizing the GPDs for
PP interaction

P P

" At intermediate energies (S ~ 10 Gev)
Handbag diagram Compton scattering

" PANDA-PAX programs at GSI-FAIR.

Handbag approach can be probed over JS‘{/{
larger range of energy and perhaps with

higher precision.

Polarization of P and P is helpful. P Y
" Detectors should be ready to measure

different kind of exclusive reaction at FAIR. Annihilation
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