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Nucleon Spin Composition
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Nucleon Spin:
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∆Σ︷ ︸︸ ︷
(∆u + ∆d + ∆s)+Lq︸ ︷︷ ︸

Jq

+∆G + Lg︸ ︷︷ ︸
Jg

∆Σ ∼ 20− 35%: measured in DIS,
HERMES ∼ 0.3

∆G: First measurements

Lq, Lg: Unknown!

Ji’s relation: Total angular momentum — Ji, PRL 78 (1997) 610

Jq,g = lim
t→0

1
2

∫ 1

−1

dxx [Hq,g + Eq,g]︸ ︷︷ ︸
GPDs

=⇒The Hunt for Lq
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GPDs and DVCS Process

GPDs accessible in hard exclusive processes:

DVCS: Hard photoproduction of a real photon (γ∗N → N ′ γ),
virtual photon generated by lepton scattering ⇒ eN → e′N ′ γ

Factorization theorem:

P’P

q q’

GPDs  (x, ξ, t, Q )

x+ ξ x- ξ
2

t x ± ξ: parton longitudinal momentum fractions,

ξ: fraction of the momentum transfer, ξ ' xB
2−xB

,

t: invariant momentum transfer, t ≡ (p− p′)2

Hq, eHq− conserve nucleon helicity

Eq, eEq − flip nucleon helicity,

not accessible in DIS

Nucleon structure:

GPDs : Hq, H̃q, Eq, Ẽq

GPDs → PDFs
Hq(x, 0, 0) = q(x)
H̃q(x, 0, 0) = ∆q(x)

GPDs → FFs∫ 1

−1
dxHq(x, ξ, t) = F q

1 (t),∫ 1

−1
dxEq(x, ξ, t) = F q

2 (t)
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DVCS and BH Interference

DVCS (a) and Bethe-Heitler (BH) (b) processes experimentally indistinguishable
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HERMES kinematics:
|τDVCS|2 << |τBH|2

dσ ∝ |τDVCS|2 + |τBH|2 + (τ∗DVCSτBH + τ∗BHτDVCS)︸ ︷︷ ︸
I

DVCS amplitudes: accessible through azimuthal asymmetries via I
(GPDs enter in linear combinations in amplitudes)

•Beam–Spin Asymmetry (BSA):

dσ(
−→
e+p)− dσ(

←−
e+p) ∝ Im [F1H]× sin(φ)

•Beam–Charge Asymmetry (BCA):
dσ(e+p)− dσ(e−p) ∝ Re [F1H]× cos(φ)

x

y

z φ

~pγ

~k

~k′

~q

uli

Hrachya Marukyan, Montpellier, France, July 2006 4



The HERMES Experiment
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Gas Target: Beam:
•Long. polarized H, D •Long. polarized e+ and e−

•Unpolarized H, D,Ne, Kr,Xe •Energy 27.6 GeV
•Transversely polarized H •Both helicities

〈|PT |〉 ≈ 85% 〈|PB|〉 ≈ 55% (HERA I)

PID: εe > 99%, δP/P < 2%, δθ < 1mrad, δEγ/Eγ ≈ 5%.
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DVCS Event Selection

•Events with exactly one DIS - lepton and exactly one
trackless cluster in the calorimeter.
•No recoil detection ⇒ Exclusivity via missing mass: M2

X=(q + P − q′)2
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MC for background and cuts

e p→ e′ γ X

Contributed Processes:

e p → e′ p γ ; Elastic BH

e p → e′∆+ γ ; Associated BH

e p → e′ π0 X ; Semi-inclusive

Correction on Background ⇒
Mostly Decay Photons From

Semi-inclusive π0 (≈ 6%)

Background Contribution

Overall ≈ 15 %

⇒ Exclusive bin (−(1.5)2 < M2
X < (1.7)2 GeV 2)
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Beam–Spin Asymmetry on Proton

ALU(φ) = 1
〈|Pb|〉

−→
N (φ)−←−N (φ)−→
N (φ)+

←−
N (φ)

∝ ImH
F1

sinφ
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HERMES             2000 (refined)PREL.
e
→ + p → e+ γ X    (Mx< 1.7 GeV)

P1 + P2 sin φ + P3 sin 2φ

<-t > = 0.18 GeV2, <xB> = 0.12, <Q2> = 2.5 GeV2

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

ALU in exclusive bin: Expected
sin(φ) dependence =⇒ImH
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e
→ + p → e+ γ X

HERMES                            2000
(refined analysis)

PRELIMINARY

ALU
 sin    φ  M   < 1.7 GeV = -0.18 ± 0.03 (stat) ± 0.03 (sys)

x

<-t > = 0.18 GeV2, <xB> = 0.12, <Q2> = 2.5 GeV2

sin(φ)-Moments in non-exclusive
region is small and positive

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

AC(φ) = N+(φ)−N−(φ)
N+(φ)+N−(φ)

∝ ReH
F1

cos φ
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’symmetrized’ BCA in exclusive bin
(φ → |φ|)=⇒ cancel sinusoidal terms
(due to Polarized beam)
the solid curve → 4-parameter fit:

P0 + P1cos φ + P2cos 2φ + P3cos 3φ

the dashed curve → pure cos φ

expected cos φ Dependence
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cos(φ)-Moments zero
at higher missing mass

A
cos(φ)
C,Proton =

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
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Regge, D-term

Regge, no D-term

fac., D-term

fac., no D-term

e± p → e±’ γ X     (Mx< 1.7 GeV)
(in HERMES acceptance) GPD models: M. Vanderhaeghen et al.,

Phys. Rev. D60 (1999) 094017; K. Goeke et al.,

Prog. Part. Nucl. Phys. 47 (2001) 401.

• GPD H dominates, E suppressed

• Curves: 4 different parameter sets

• Model calculations at average

kinematic values per bin

In last t-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)
⇒ t–dependence of BCA → possible tool to constrain GPD H
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Projection for GPD H (HERA II)
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Left panel: N (hep-ex/0605108) Right panel: N HERMES (PRL 2001) M HER-

MES (preliminary hep-ex/0212019) NCLAS (PRL 2001)

• BCA: 1 fb−1 e+ and 0.25 fb−1 e−

• BSA: 1 fb−1 e+, Beam pol. ≈ 35%
BCA: high sensitivity to t-dependence

BSA: highest sensitivity to bsea parameter in profile function

Possibility to constrain GPD Hu
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Longitudinal Target–Spin Asymmetry

AUL(φ) = 1
〈|PT |〉

N
→⇐(φ)+N

←⇐(φ)−N
→⇒(φ)−N

←⇒(φ)

N
→⇐(φ)+N

←⇐(φ)+N
→⇒(φ)+N

←⇒(φ)
∝ Im eH

F1
sinφ
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e+p → e+γ X  (Mx<1.7 GeV)

(in HERMES acceptance)

<-t>=0.12 GeV2, <xB>=0.10, <Q2>=2.5 GeV2

χ2/ ndf:   8.5/ 7
s0:   -0.009 ± 0.024 (stat.)
s1:   -0.071 ± 0.034 (stat.)
s2:   -0.113 ± 0.034 (stat.)

A = s0 + s1 sin φ + s2 sin 2φ
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proton (WW tw-3, bv=1):

fac., bs=1
fac., bs=∞
Regge, bs=∞
Regge, bs=1

AUL in exclusive bin: Expected sin(φ) dependence =⇒Im H̃

•GPD model: twist-3 is a simple W.W. twist-3

• Asin 2φ
UL =⇒ (qGq) twist-3 is missing ?
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Transverse Target–Spin Asymmetry from HERMES

dσ(e+p↑) − dσ(e+p↓) ∝ Im [F2H− F1E ]× sin(φ− φS) cos(φ) + · · ·

Jq = lim
t→0

1
2

∫ 1

−1

dxx [Hq(x, ξ, t) + Eq(x, ξ, t)]

AUT(φ, (φ− φS)) = 1
〈|PT |〉

N↑(φ,(φ−φS))−N↓(φ,(φ−φS))

N↑(φ,(φ−φS))+N↓(φ,(φ−φS))
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•Results from HERMES 2002-2004 data only; ' 60pb−1

•Model from Goeke et al.: The GPD E is unknown in the forward
limit; parametrized according to χQSM model

• A
sin(φ−φS)cos(φ)
UT sensitive to Ju (Jd=0)
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First Model–Dependent Constraint on Ju vs Jd

χ2(Ju, Jd) =

[
A

sin(φ−φS)cos(φ)

UT
|exp−A

sin(φ−φS)cos(φ)

UT
|V GG(Ju,Jd)

]2

δA2
stat+δA2

sys

• calculated in step of 0.2 in Ju and Jd, interpolated by a
5th order polynomial.

•The 1-σ constraint on Ju vs Jd determined by χ2(Ju, Jd) ≤ χ2
min + 1.

dJ
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 0.033(syst)± 0.058(stat) ± = -0.149 
φ) cos Sφ-φsin (

UTA
2> = 2.5 GeV

2
,  <x> = 0.095, <Q2<-t> = 0.12 GeV

GPD Model: LO/Regge/D-term=0
[Goeke et al., Prog.Part.Nucl.Phys.47(2001),401]

Code: VGG [Vanderhaeghen et al., priv. comm.]

)2= 4GeV 2µ (val
qLattice QCDSF J 

stat. uncertainty only [PRL92(2004),042002]

])∞[1,∈ v,s

 0.06 (b
±) tot

 0.21 (exp
±

 /2.9  =  0.42 

d
+Ju

J
VGG

VGG
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Summary and Outlook

Azimuthal Asymmetries ⇒ DVCS-Amplitudes ⇒ GPDs
⇒ Structure of Nucleons (Lq)

Existing HERA I data on H:
• Beam–Spin Asymmetry ⇒ ImH
• Beam–Charge Asymmetry ⇒ ReH
• First constraints on GPD models
Longitudinally polarized H ⇒ LTSA ⇒ ImH̃
Transverse polarized H ⇒ TTSA ⇒ E
• First model-dependent constraint on Ju vs Jd

Outlook

• Including the 2005 data will
double the statistics for TTSA

• HERA II(2002-2007) data on H
probably map out the GPD Hu

• improvement of t-resolution with
Recoil Detector

Integrated DIS HERA Run II (polarized)
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