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Baryon spectroscopy



Motivation

Different scales of matter

atom nucleus protonmoleculematter

quark

gluon
 

Size: 10−9m 10−10m 10−14m 10−15m

• How can we study different scales of matter?
→ Spectroscopy, e.g. atomic spectroscopy or baryon spectroscopy
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Atomic spectroscopy

• Study dynamics inside the atom
• Atomic spectroscopy ↔ QED

ground state excited state

electron
nucleus
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http:ch301.cm.utexas.edu/atomic/#H-atom/H-atom-all.php

• Well separated emission lines!
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Baryon spectroscopy

• Study dynamics of constituents inside the nucleon
• Baryon spectroscopy ↔ QCD
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E.D. Bloom et. al., SLAC-PUB-653 (1969)

• Disentanglement of the contributing resonances is a challenging task!
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Theoretical description of nucleon excitation spectra

• How can we predict the nucleon excitation spectrum?

QCD αs(Mz) = 0.1181 ± 0.0011

pp –> jets
e.w. precision fits (N3LO)

0.1

0.2

0.3

αs(Q
2)

1 10 100
Q [GeV]

Heavy Quarkonia (NLO)
e+e– jets & shapes (res. NNLO)

DIS jets (NLO)

April 2016

τ decays (N3LO)

1000

(NLO

pp –> tt (NNLO)

)(–)

M. Tanabashi et al., Review of Particle Physics
P. Achard et al., Physics Letter B 623 (2005) 26

• αs is large at energy scale of proton mass
→ perturbation theory is not possible!
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Theoretical description of nucleon excitation spectra
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U. Loering, B.C. Metsch, H.R. Petry, EPJA 10 (2001) 395-446

N∗ Quark models:
• constituent quarks with

defined rest masses
• confinement potential
• some residual interaction
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Theoretical description of nucleon excitation spectra
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L
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Lattice QCD:
• QCD Lagrangian is discretized
• numerical evaluation requires an

enormous computational effort
• unphysical π0 mass

(mπ ≈ 396 MeV)
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N∗

• Discrepancy between theory and experiment: missing resonances, ordering of states

• most resonances observed in πN → experimental bias?
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Theoretical description of nucleon excitation spectra
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Photoproduction reactions

Study of different reaction channels gives access to different resonant structures
⇒ Worldwide effort to get high precision data (ELSA,MAMI, JLab, ...)

Xp→+γ

γ + p −> p + π− + π+

γ + p −> p + π0 + π0

γ + p −> p + π0

γ + p −> p + η
γ + p−> p + η'

↑
∆(1232)

↑
N∗(1535)

[E.D. Bloom et. al., SLAC-PUB-653 (1969)]

[CB-ELSA]

[SAPHIR-ELSA]

[A2-MAMI]

Photoproduction reactions are an excellent tool to probe nucleon excitation spectra!
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Unpolarized cross section
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γp → pπ0

Y. Wunderlich, F. Afzal et al., EPJA 53 (2017) 86

dσ
dΩ 0(W , θ) ∝

∑
spins | < f |F|i > |2

Photoproduction amplitude F
↔ 4 complex amplitudes
e.g. CGLN amplitudes: F1,F2,F3,F4

• PWA: F1 =
∑∞

l=0(lMl+ + El+)P ′l+1 + [(l + 1)Ml− + El−]P ′l−1

• El±(W ),Ml±(W ): Multipoles
• P′l±1(cos θcm): Legendre polynomials

• σ ∼ |E0+|2 + |E1+|2 + |M1+|2 + |M1−|2 + ...

→ unpolarized total cross section is sensitive to dominant contributing resonances
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Polarization observables

For a unique determination of the complex amplitudes:

Photon
polarization

Target
polarization

Recoil nucleon
polarization

Target and recoil
polarizations

X Y Z(beam) X’ Y’ Z’ X’ X’ Z’ Z’
X Z X Z

unpolarized
linear
circular

σσσσ
ΣΣΣΣ
-

- T -
H (-P) G
F - E

- P -

Ox' (-T) Oz'
Cx' - Cz'

Tx' Lx' Tz' Lz'
(-Lz') (Tz') (Lx') (-Tx')
- - - -

-
-
-

γp → pη

↔ E0+

↔ E0+
E2−,M2− ↔

Σ ∼ −2E∗0+E2+ + 2E∗0+E2− − 2E∗0+M2+ + 2E∗0+M2−︸ ︷︷ ︸+...

< S,D >

courtesy of L. Tiator

→Polarization observables are sensitive to interferences between dominant partial wave
(S-wave, E0+ multipole) and smaller partial waves (D-waves, E2±,M2± multipoles)!
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Goal

Goal: Study nucleon resonances that couple to π0/η

−−→

Need to measure polarization observables
Photon
polarization

Target
polarization

Recoil nucleon
polarization

Target and recoil
polarizations

X Y Z(beam) X’ Y’ Z’ X’ X’ Z’ Z’
X Z X Z

unpolarized
linear
circular

σσσσ

ΣΣΣΣ

-

- T -
H (-P) G
F - E

- P -

Ox' (-T) Oz'

Cx' - Cz'

Tx' Lx' Tz' Lz'

(-Lz') (Tz') (Lx') (-Tx')
- - - -

-
-
-

experiment in Mainz
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Measurement of E (and G) at the A2
experiment



MAinz MIcrotron (MAMI)

MAMI−C

MAMI−B

A2

• Unpolarized or longitudinally polarized electrons

• Acceleration in 3 race track microtrons (RTM1-3) to 855
MeV (MAMI-B)

• Acceleration in in harmonic double-sided microtron
(HDSM) to 1600 MeV (MAMI-C) 12



The A2 experiment at MAMI (Mainz)

TAPS

Crystal Ball

PID
MWPC

TargetFocal Plane

Primary Beam

Focal Plane Detector

Collimator

MAMI-C Beam
E =1557 MeV0

Radiator

Glasgow photon tagging spectrometer

366 BaF + 72 PbWO crystals
1° - 20° in 

2 4

672 NaI crystals
21° - 159° in 
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TAPS

Crystal Ball

PID
MWPC

TargetFocal Plane

Primary Beam

Focal Plane Detector

Collimator

MAMI-C Beam
E =1557 MeV0

Radiator

Glasgow photon tagging spectrometer

366 BaF + 72 PbWO crystals
1° - 20° in 

2 4

672 NaI crystals
21° - 159° in 

Ideally suited to identify charged and neutral final states!
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Coherent and incoherent bremsstrahlung
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• Bragg: if ~q = n · ~g → constructive interference
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Elliptically polarized photons

• longitudinally pol. electrons + diamond radiator
→ elliptically polarized photons

• First simultaneous measurement of E (circ. pol.) and G (lin. pol.)!

1200 140010008006004002000
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0.8

1

1200 14001000800600400200

0.2

0.4

0.6

0.8

pγ =
4EγE0−E2

γ

4E2
0−4EγE0+3E2

γ
· pe
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Dubna-Mainz frozen spin polarized target

• polarization via Dynamic Nuclear
Polarization DNP

• 70 GHz microwave irradiation at 2.5 T
is used to transfer the electrons
polarization to protons

• 3He/4He dilution cryostat with 27 mK
and holding coil field of 0.63 T

Butanol Target Carbon Target
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Dubna-Mainz frozen spin polarized target

• polarization via Dynamic Nuclear
Polarization DNP

• 70 GHz microwave irradiation at 2.5 T
is used to transfer the electrons
polarization to protons

• 3He/4He dilution cryostat with 27 mK
and holding coil field of 0.63 T
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16



Event selection process



Time cut

Selected events had to fulfill the following constraints:

• at least 2 hits in calorimeters: 2γ + (p) (2 or 3 PED events)
• Beam photon: time coincidence with reaction products

[ns]reactiont
-200 -100 0 100 200

co
un
ts

0

20

40

60

610×

17



Kinematic cuts

Selected events had to fulfill the following constraints:

• at least 2 hits in calorimeters: 2γ + (p) (2 or 3 PED events)
• no charge information
• Proton: calculated as missing particle of γp → γγX
• Angular-cuts (if p is detected):

• Coplanarity-cut: ∆φ = |φmeson − φp | = 180◦ within 2σ
• Agreement of missing particle and measured charged particle in polar angle θ

-0.30≤θcos≤-0.40

800 1000 1200
0

0.5

1
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un

ts
 [

ar
b.

u.
]

[MeV]Xm

γp → pπ0

0.00≤θcos≤-0.10

]°[°- 180φΔ
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]
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-40 -20 0 20 40

γp → pπ0

• butanol data
• carbon+helium data
• hydrogen contribution
− pπ0 MC

dilution factor d:
fraction of polarizable
protons
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PSA cut
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∆E − E spectra (check for charged particles)
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Impact of selection cuts

Selected events had to fulfill kinematic constraints:

• at least 2 hits in calorimeters (2γ + (p))
• Invariant mass mγγ : 2σ cut around π0/η mass
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γp → pπ0 γp → pη

3 PED

• low background: ≤ 2% (pπ0) and ≤ 6% (pη)
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Determination of E

Differential cross section for pseudo-scalar meson photoproduction using elliptically
polarized photons and longitudinally polarized target:

dσ
dΩ (θ, φ) = dσ

dΩ 0
(θ)
[
1− PlinΣ cos(2(α− φ))− Pz

(
− PlinG sin(2(α− φ)) + PcircE

)]
Integrating over φ:

NB

∣∣∣∣±Pz

±1
(θ) = NB(θ) ·

[
1− dPcircPz E

]

x̂

ŷ
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ŷ

ẑ ẑ
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Dilution factor

• Need to study the unpolarized background in butanol target (carbon, helium)
• Scale carbon+helium data to butanol data

sC · NC
non-hydrogen region = Nbut
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Comparison of diamond and amorphous data

• diamond runs with coherent edge at 450 MeV (elliptically polarized photons)
• Møller runs (amorphous radiator with circularly polarized photons)

0π
θcos
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E

1−
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0

0.5

1 < 390 MeVγE≤360 MeV

0π
θcos
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E

1−
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0

0.5

1 < 420 MeVγE≤390 MeV

• first experimental evidence that the degree of circular polarization can be calculated
in the same way for a diamond radiator as it is done for an amorphous radiator in a
first approximation within 3%

• E and G can be determined using longitudinally polarized electrons and a diamond
radiator
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The helicity asymmetry E in π0 photoproduction
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• A2 data (this work)
• CBELSA/TAPS data (M. Gottschall et al., , 2013)
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The helicity asymmetry E in π0 photoproduction
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• A2 data (this work)
• CBELSA/TAPS data (M. Gottschall et al., , 2013)
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The helicity asymmetry E in π0 photoproduction
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• A2 data (this work)
• CBELSA/TAPS data (M. Gottschall et al., , 2013)
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The helicity asymmetry E in π0 photoproduction
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• A2 data (this work)
• CBELSA/TAPS data (M. Gottschall et al., , 2013)
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• A2 data (this work)
• CBELSA/TAPS data (M. Gottschall et al., , 2013)
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The helicity asymmetry E in η photoproduction
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• A2 data (this work)
• CBELSA/TAPS data (J. Müller et al.)
• CLAS data (I. Senderovich et al., Phys. Lett. B 755 (2016))
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The helicity asymmetry E in η photoproduction
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• A2 data (this work)
• CBELSA/TAPS data (J. Müller et al.)
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The helicity asymmetry E in π0 photoproduction
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The helicity asymmetry E in η photoproduction
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Discussion of results



Dominant partial wave contributions in polarization observables
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Ě(W , cos θ) = E(W , cos θ) · dσ
dΩ (W , cos θ) =

2Lmax∑
k=0

(aL(W ))k · P0
k (cos θ)

(a2)Ě
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Dominant partial wave contributions (E (A2), γp → pπ0)

Ě(W , cos θ) = E(W , cos θ) · dσ
dΩ (W , cos θ) =

2Lmax +1∑
k=0

(aL(W ))k · P0
k (cos θ)
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Dominant partial wave contributions (E (A2), γp → pπ0)

Ě(W , cos θ) = E(W , cos θ) · dσ
dΩ (W , cos θ) =
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Dominant partial wave contributions (E (A2), γp → pπ0)
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Dominant partial wave contributions (E (A2), γp → pπ0)
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Dominant partial wave contributions (E (A2), γp → pπ0)
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2Lmax +1∑
k=0

(aL(W ))k · P0
k (cos θ)
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< D,F >-term not well described by BnGa-2014-02 PWA.
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Dominant partial wave contributions (E (A2), γp → pπ0)

Ě(W , cos θ) = E(W , cos θ) · dσ
dΩ (W , cos θ) =
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6 = 〈F ,F 〉

+ 〈D,G〉+ 〈G ,G〉

N
(1

68
0)

5 2
+

(F
15

)

−−→

∆
(1

95
0)

7 2
−

(F
37

)

−−→

F -waves are important above W = 1450 MeV and are well described by BnGa-2014-02
PWA.
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Conclusion



Conclusion

• There are discrepancies between theory (quark models and lattics QCD calculations)
and experiment regarding the nucleon excitation spectra

• Study of photoproduction reactions is important experimental tool to probe the
nucleon excitation spectra

• Polarization observables need to be measured. They are sensitive to the interference
terms of the partial waves

• Analysis of A2 data
• Successful measurement of the double polarization observables E and G within the

same beamtime using the A2 experiment
• First experimental evidence that E can be measured with elliptically polarized photons
• The obtained results of E comprise the most precise data set for both final states
• pη cusp can be observed in several Legendre coefficients of the pπ0 final state
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E0+ multipole in γp → pη
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Mott measurement

• Mott-scattering: elastic scattering of electrons in the Coulomb field of a heavy
target nucleus (gold (Z=79)).

• interact via spin-orbit coupling → asymmetry in backscattering!
→ polarization degree of electrons

• helicity transfer from electrons to photons → circularly polarized photons



Elliptically polarized photons

• Calculation of photon circular polarization degree in crystals by
I. M. Nadzhafov, Bull. Acad. Sci. USSR, Phys. Ser. Vol. 14, No. 10, p. 2248
(1976).

Bosted et al. (SLAC)



Comparison of diamond and amorphous data

• diamond runs with coherent edge at 450 MeV (elliptically polarized photons)
• Møller runs (amorphous radiator with circularly polarized photons)
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Comparison of diamond and amorphous data

/ ndf 2χ 9.865 / 11
Constant 2.007±9.229 
Mean 0.034±1.015 
Sigma 0.0405±0.2186 
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/ ndf 2χ 9.865 / 11
Constant 2.007±9.229 
Mean 0.034±1.015 
Sigma 0.0405±0.2186 

• first experimental evidence that the degree of circular polarization can be calculated
in the same way for a diamond radiator as it is done for an amorphous radiator in a
first approximation

• E can be determined using longitudinally polarized electrons and a diamond radiator



Dominant partial wave contributions (E (A2), γp → pη)

Ě(W , cos θ) = E(W , cos θ) · dσ
dΩ (W , cos θ) =

2Lmax +1∑
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Dominant partial wave contributions (E (A2), γp → pη)

Ě(W , cos θ) = E(W , cos θ) · dσ
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Dominant partial wave contributions (E (A2), γp → pη)

Ě(W , cos θ) = E(W , cos θ) · dσ
dΩ (W , cos θ) =

2Lmax +1∑
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Dominant partial wave contributions (E (A2), γp → pη)

Ě(W , cos θ) = E(W , cos θ) · dσ
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Dominant partial wave contributions (E (A2), γp → pη)

Ě(W , cos θ) = E(W , cos θ) · dσ
dΩ (W , cos θ) =

2Lmax +1∑
k=0
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Only interference terms of the same L. Similar to differential cross section.
S-wave dominates in η photoproduction.



Dominant partial wave contributions (E (A2), γp → pη)

Ě(W , cos θ) = E(W , cos θ) · dσ
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Dominant partial wave contributions (E (A2), γp → pη)
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Dominant partial wave contributions (E (A2), γp → pη)

Ě(W , cos θ) = E(W , cos θ) · dσ
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2Lmax +1∑
k=0

(aL(W ))k · P0
k (cos θ)

W [MeV]
1500 1600 1700 1800

b/
sr

]
µ

  [
3E ) 3

(a

0.1−

0

0.1 (a4)Ě
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Above KΣ threshold the < S,F > and < D,F > terms do not describe the data.



How to determine the scaling factor?
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Scaling factor - Comparison of methods
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Scaling factor - Comparison of final states
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Dilution factor
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Dilution factor

It is important to measure with helium!
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Dilution factor (pπ0 final state)
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Problems with the target polarization degree (A2 data) (I)
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Problems with the target polarization degree (A2 data) (II)
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Problems with the target polarization degree (A2 data) (III)
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Systematic error - circular and target pol. degree (A2 data)
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Systematic error - background and dilution factor (A2 data)
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Systematic error - background and dilution factor (A2 data)
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The helicity asymmetry E in η photoproduction
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