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• Objectives: Generalized Parton Distribution

• HERMES Experiment

• Exclusive ρ0 and φ vector meson selection

– ρ0 and φ Meson Spin Density Matrix Elements (SDMEs)
– Transverse target-spin asymmetry in exclusive ρ0production

• DVCS

• Summary



Probing GPD experimentally
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γγ → ππ, . . .

• GPDs are accessable in hard exlusive processes:

• Exclusive meson production

- longitudinally polarized vector meson - E, H

- pseudoscalar or the axial-vector meson - Ẽ, H̃

• DVCS -E, H, Ẽ, H̃

• Observables: cross sections, SDMEs, asymetries



HERMES Detector is Two Identical Halves of Forward Spectrometer

• Beam: P = 27.56 GeV/c, 50...100 mA, longitudinal polarization ∼ 55%, accuracy
of 2%

• Target: 1H, 2H gases, unpolarized, polarized
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• Acceptance: 40 < Θ < 220 mrad, |Θx| < 170 mrad, 40 < |Θy| < 140 mrad

• Resolution: δp/p ≤ 1%, δΘ ≤ 0.6 mrad



Selection of exclusive ρ0 and φ meson production

e + p → e′ + p′ + ρ0 → π+π− e + p → e′ + p′ + φ → K+K−

Clean ρ0 exclusivity peak

∆E =
M2

X−M2
p

2Mp
= ν + t

2Mp
− Eh,ν = E − E

′
, Minv :ρ0 → π+π− φ → K+K−
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• SIDIS Background is subtracted using MC (PYTHIA)

• ν = 5 ÷ 24 GeV, < ν >= 13.3 GeV, Q2 = 1.0 ÷ 5.0 GeV2,< Q2 >= 2.3 GeV2

• W = 3.0 ÷ 6.5 GeV, < W >= 4.9 GeV, xBj = 0.01 ÷ 0.35,< xBj >= 0.07



Comparison of Exclusive ρ0 and φ Meson Production
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Properties of ρ0 and φ meson data:

• different pQCD production mechanisms:

- only two-gluon exchange for φ,

- both two-gluon and quark exchanges for ρ0

=⇒ GPDs as a flavor filter

• quark exchange mediated by

– vector or scalar meson: ρ0, ω, a2

(natural parity: JP = 0+, 1−)

=⇒ unpolarized GPDs: H, E

– pseudoscalar or axial meson: π, a1, b1

(unnatural parity JP = 0−, 1+)

=⇒ polarized GPDs: H̃, Ẽ

Experimental observables:

• Spin Density Matrix Elements (SDMEs):

rα
λρλ′ρ

∼ ρ(V ) = 1
2Tρ(γ)T+

Vector meson spin-density matrix ρ(V ) in terms of

the photon matrix ρ(γ) and helicity amplitude TλV λγ

• SCHC: helicity of γ∗ = helicity of ρ0, any violation?

• Determination of the contribution of the Natural

(NPE,P = (−1)J) and Unnatural(UPE,P =

−(−1)J) Parity Helicity Amplitudes



Fit of Angular Distributions Using Max. Likelihood Method in MINUIT
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• Simulated Events: matrix of fully reconstructed MC events at initial uniform angular distribution

• Binned Maximum Likelihood Method: 8 × 8 × 8 bins of cos(Θ), φ, Φ. Simultaneous fit of

theoretical angular distribution W(rαij, Φ, φ, cos Θ)to data with negative and positive beam helicity

(< Pb >= 53.5%)

=⇒ Full agreement of fitted angular distributions with data



23 Spin Density Matrix Elements rα
λρλ′

ρ
from γ∗ + N → ρ0 + N ′

at 0 < t′ < 0.4 GeV2 and 1 < Q2 < 5 GeV2
• SDMEs: rα

λρλ′ρ
∼ ρ(V ) = 1

2Tρ(γ)T+

in terms of the photon matrix ρ(γ) and

helicity amplitude TλV λγ

=⇒ Beam-polarization dependent

SDMEs, for the first time

• SCHC?

=⇒ enlarged SDMEs violating SCHC

(2 ÷ 5 σ), indicating non-zero spin-flip

amplitudes: T01, T10, T1−1

• qq̄-exchange with isospin 1 can be observed

in case of difference between proton and

deuteron data

=⇒ No significant difference between

proton and deuteron



t′-Dependence of ρ0 SDMEs Compared with Calculations
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• GK model calculations done for

Q2 > 3.0 GeV2 for two-gluon exchange

only (S.V.Goloskokov and P.Kroll, Eur.Phys.J. C 42 (2005)

281)

• Reasonable agreement for a majority of

SDMEs (12 elements) at low t′:

Re r04
10, r5

00...

• The most crucial disagreement with data for

GK model: r04
00, r1

1−1, Im{r2
1−1} connected

with σL/σT ratio

• No model describes well all unpolarized

SDMEs.

• Incorporation of quark-exchange into GK

model is under development



φ Meson SDMEs Compared with Calculations and High Energy Data
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HERMES PRELIMINARY
proton and deuteron,  <Q2>=2.6 GeV2,  <W>=5 GeV
H1,  <Q2>=3.3 GeV2,  <W>=75 GeV
GPD, GK model,  <Q2>=3 GeV2,  <W>=10 GeV

ep(d)→e´φp(d)
• Note: GK model calculations done

for Q2 = 3.0 GeV2 and two-gluon

exchange

=⇒ Reasonable agreement for a

majority of SDMEs

• Disagreement with data for GK

Model:

- r04
00 → σL/σT ratio

- r5
00 → SCHC in data, but not in

the model

=⇒ Further development of GK model



SDMEs According to Hierarchy of Amplitudes without&with Helicity Flip:ρ0, φ

• A, γ∗L → ρ0
L and γ∗T → ρ0

T
|T11|

2 ∝ 1 − r0400 ∝ r11−1 ∝ −Im{r21−1}
...................................................................................

• B, Interference: γ∗L, ρ0
T

Re{T00T∗
11}∝ Re {r510} ∝ −Im{r610}

Im{T11T∗
00} ∝ Im{r710} ∝ Re{r810}

.....................................................................................

• C, Spin Flip: γ∗T → ρ0
L

Re{T11T∗
01} ∝ Re{r0410} ∝ Re{r110} ∝ Im{r210}

Re{T01T∗
00} ∝ r500

|T01|
2 ∝ r100

Im{T01T∗
11} ∝ Im{r310}

Im{T01T∗
00} ∝ r800

........................................................................................

• D, Spin Flip: γ∗L → ρ0
T

Re{T10T∗
11} ∝ r511 ∝ r51−1 ∝ Im{r61−1}

Im{T10T∗
11} ∝ Im{r71−1} ∝ r811 ∝ r81−1

.....................................................................................

• E, Spin Flip: γ∗T → ρ0
−T

Re{T1−1T∗
11} ∝ r041−1 ∝ r111

Im{T1−1T∗
11} ∝ Im{r31−1}
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HERMES PRELIMINARY
ρ0 proton,  <Q2>=1.9 GeV2,  <W>=5 GeV
φ proton and deuteron

A: γ* 
L  →V0

L &  γ* 
T  →V0

T

B: Interference γ* 
L →V0

L &  γ* 
T  →V0

T

C: γ* 
T →V0

L

D: γ* 
L →V0

T

E: γ* 
T →V0 

-T

=⇒ Hierarchy of ρ0 amplitudes: |T00| ∼ |T11| ≫ |T01| > |T10| & |T1−1|,

=⇒ φ meson SDMEs are consistent with SCHC, |T00| ∼ |T11|



Observation of Unnatural-parity-exchange (UPE) in ρ0 Leptoproduction

• Natural-parity exchange: interaction is mediated by a particle of ‘natural’ parity: vector or scalar

meson: JP = 0+, 1− e.g. ρ0, ω, a2

• Unnatural parity exchange is mediated by pseudoscalar or axial meson: JP = 0−, 1+, e.g. π, a1, b1

• UPE amplitudes correspond to the contributions of polarized GPDs: H̃, Ẽ

p: U1 = 2|U11|
2 = 0.132±0.026st±0.053syst

d: U1 = 0.094 ± 0.020st ± 0.044syst

U2 ∝ |U10|
2 = 0 , U3 ∝ |U01|

2 = 0
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=⇒ no UPE for φ meson production

=⇒ Indication on hierarchy of ρ0 UPE amplitudes: |U11| ≫ |U10| ∼ |U01|



ρ0 and φ Longitudinal-to-Transverse Cross-Section Ratio R04 = 1
ǫ

r04
00

1−r04
00

,

where r04
00 =

P

{ǫ|T00|
2 + |T01|

2 + |U01|
2}/σtot, σtot = ǫσL + σT

σT =
P

{|T11|
2 + |T01|

2 + |T1−1|
2+|U11|

2}, σL =
P

{|T00|
2 + 2|T10|

2}
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=⇒ Due to the helicity-flip and unnatural parity amplitudes R04 depends on kinematic
conditions, and is not identical to R ≡ |T00|

2/|T11|
2 at SCHC and NPE dominance

=⇒ HERMES data suggests an R(W)-dependence



Transverse Target Spin Asymmetry in Exclusive ρ0 production
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• Data taken with a transversely polarized Hydrogen target

• Selection of exclusive ρ0 vector meson the same as in the SDME analyses

• Transverse target polarization relative to the lepton beam
direction

Al
UT (φ, φs) = 1

PT

dσ(φ,φs)−dσ(φ,φs+π)
dσ(φ,φs)+dσ(φ,φs+π)

• Angular (φ, φs) distribution can be written in terms of asymetries

W (PT , φ, φs) ∝ (1 + AUU(φ)+PTAl
UT (φ, φs))

Where AUU(φ), Al
UT (φ, φs) are parametrized as:

AUU(φ) = A
cos(φs)
UU cos(φs) + A

cos(2φs)
UU cos(φs

Al
UT (φ, φs) = A

sin(φs)
UT sin(φs) + A

sin(φ−φs)
UT sin(φ − φs) +

A
sin(φ+φs)
UT sin(φ + φs) + A

sin(2φ+φs)
UT sin(2φ − φs) +

A
sin(2φ+φs)
UT sin(2φ + φs) + A

sin(3φ+φs)
UT sin(3φ − φs)



Method of Asymetry Extraction
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• Each ρ0 polarization state has a characteristic decay angular distribution

• Assuming SCHC hypothesis we can separate ρ0
L, ρ0

L wchich is equivalent to γ∗
L, γ∗

T

separation, σL = R
1+ǫRσtot, where R = σL/σT =

r04
00

ǫ(1−r04
00)

• Angular (cosθ, φ, φs) distribution can be written as: (Diel,Sapeta:hep-ph/0503023)

W (PT , cosθππ, φ, φs) ∝
[cos2θr04

00(1 + PTAl
UT,ρL

(φ, φs)) + AUU,ρL
(φ)) +

1
2sin

2θ(1 − r04
00)(1 + PT,A

l
UT,ρT

(φ, φs)) + AUU,ρT
(φ))]

• Assymetries extracted with Unbinned Max Likelihood fit to Yields

• AUU ,ρL/ρT
terms are obtained from SDME



A
sin(φ−φs)
UT for q2,x,t’ bins
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Comparison with Theory.
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Eur. Phys. J. C 46, 729-739 (2006)

• Data hints positive Ju

• In agreement with HERMES DVCS result



DVCS Event selection

• Exactly one DIS lepton and one trackless cluster (photon) in the calorimeter

• Recoiling proton undetected

t = (p − p′)2 = −Q2 − 2Eγ(ν −
√

ν2 + Q2 · cosθγ,γ∗)

Exclusivity via Missing Mass:M2
x = (q + p + q,)2

-(1.5)2 < M2
x < 1.72GeV 2

ep → e
′
pγ : Elastic BH

ep → e
′
∆+γ : Associate BH

ep → e
′
πX : Semi- Inclusive
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Overall background contribution ≈ 15%



DVCS Transverse Target-Spin Asymetry

dσ(e+, p↑) − dσ(e+, p↓) ∝ Im[F2H− F1E ] · sin(φ − φs) · cos(φ − φs)...

only asymmetry with GPD E entering in leading order

Jq = limt→0
1
2

∫ 1

−1
dxx[Hq(x, ξ, t) + Eq(x, ξ, t)] ⇒ Access total angular momentum

AUT (φ, φs) =

A
sin(φ−φs)cosφ
UT · sin(φ − φs)cosφ + A

cos(φ−φs)sinφ
UT · cos(φ − φs)sinφ
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A
sin(φ−φs)cosφ
UT sensitive to Ju under assumption Jd = 0



First Model-Depndent Constraint on Ju and Jd

χ2(Ju, Jd) =
[A

sin(φ−φs)cosφ
UT

|exp.−A
sin(φ−φs)cosφ
UT

|V GG(Ju,Jd)]
2

δA2
stat.+δA2

sys.

Ju and Jd free parameters i GPD-Model (VGG)

1 − σ = 0 constraint onJu vs Ju given by χ2(Ju, Jd) 6 χ2
min + 1

dJ
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1
HERMES 2002-04 Preliminary <1.7 GeV)X X  (Mγ + e→ ⇑ p+e

 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 

])∞[1,∈ v,s

 0.06 (b
±) tot

 0.21 (exp
±

 /2.9  =  0.42 

d
+Ju

J
VGG

VGG

Large 2005 data sample yet to be added



Summary

• 15 beam-polarization-independent SDMEs and plus,for the first time, 8 beam-
polarization-dependent SDMEs for the ρ0 φ, are obtained

• Deviation from SCHC for ρ0 and holds of SCHC hypothesis for φ is observed

• Indication of UNP processes for ρ0 and dominace of NP processes for φ is observed

• Hierarchy of helicity transfer amplitudes is established

• R ≡ σL/σT ratio is suggests a W -dependence for ρ0

• First measurement of A
sin(φ−φs)
UT seperately for ρL and ρT

• First Model-Dependent Constraint on Ju and Jd is made



The HERMES recoil counter and the 2006-2007 Data

Reconstructed Momentum [GeV/c]
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