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Baryon spectroscopy



Theoretical description of nucleon excitation spectra

[R. G. Edwards et al., Phys. Rev. D 84 (2011) 074508][M. Ronninger and B. Metsch, Eur. Phys. J. A 47 (2011) 162]
• Discrepancy between theory and experiment: missing resonances, ordering of states

• most resonances observed in πN scattering → experimental bias?
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Photoproduction reactions

Worldwide effort to get high precision data (ELSA, MAMI, JLab, SPring-8, ...)
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• Photoproduction reactions
are an excellent tool to
probe excitation spectra!

• Resonances contribute with
different strength to distinct
channels

• How can we disentangle
contributing resonances?
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Unpolarized cross section
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[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: e.g. 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 cross section is sensitive to dominant contributing resonances
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Polarization observables

Polarization observables in the 2-body kinematic system for the photoproduction of a pseudoscalar meson

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,Σ,T ,P + 4 double pol. observables needed for a unique solution
[W. Chiang and F. Tabakin, Phys. Rev., C55 (1997) 2054-2066]

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

< S,D >

→Polarization observables are sensitive to interference terms!
→Interferences with the dominant S-wave (E0+) important in η photoproduction!
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Experimental setup



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)
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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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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 

Ideally suited to identify charged and neutral final states!
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Measurement of cross sections

P. Adlarson et al., Phys. Rev. C 92.2 (2015), p. 024617

+ other MAMI data, + other MAMI data, + CB-ELSA

γp → pπ0

+ other MAMI data + GRAAL + CLAS + CB-ELSA + CBELSA/TAPS

• fine energy binning
• full angular coverage
• increases existing data by

47%
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Measurement of cross sections

V.L. Kashevarov et al., Phys. Rev. Lett. 118, 21 (2017), p. 212001

γp → pη γp → pη′

• key role for description: 3 S−wave resonances: N(1535) 1
2
−, N(1650) 1

2
− and N(1895) 1

2
−

• strong pη′ cusp observed in pη cross section
• N(1895) 1

2
− needed for description of pη′ cusp and fast rise of pη′ cross section
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Measurement of cross sections

narrow peak observed in γn→ nη
at W = (1670± 5) MeV with Γ = 30 MeV

[D. Werthmüller et al., Phys.Rev. C90 (2014) no.1, 015205]

[L. Witthauer et al., Phys. Rev. Lett. 117, no. 13, 132502 (2016)]

helicity dependend cross sections used
to shed further light on this structure

Structure only present in σn
1/2!
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Measurement of double polarization observables G,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

)]
Summing over both helicity states and combining different settings: AG = G · cos(2φπ)

Eγ = (400 − 434) MeV,−0.33 < cos θπ ≤ −0.22

10



Measurement of double polarization observables G,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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Double polarization observable G in γp → pπ0

= (230-264) MeVγE

= (434-468) MeVγE

= (638-672) MeVγE
= (650-684) MeVγE

= (264-298) MeVγE

= (468-502) MeVγE

= (672-706) MeVγE
= (684-716) MeVγE

= (298-332) MeVγE

= (502-536) MeVγE

= (706-740) MeVγE
= (716-750) MeVγE

= (332-366) MeVγE

= (536-570) MeVγE

= (740-774) MeVγE
= (750-784) MeVγE

= (366-400) MeVγE

= (570-604) MeVγE

= (774-808) MeVγE
= (784-816) MeVγE

= (400-434) MeVγE

= (604-638) MeVγE
= (616-650) MeVγE

= (808-842) MeVγE
= (816-850) MeVγE

1− 0.5− 0 0.5 1 1− 0.5− 0 0.5 1 1− 0.5− 0 0.5 1 1− 0.5− 0 0.5 1 1− 0.5− 0 0.5 1

,CMS0π
θcos

1− 0.5− 0 0.5 1

1−

0.5−

0

0.5

1

1−

0.5−

0

0.5

1

G

0.5−

0

0.5

• this work • A2/GDH [1] • CBELSA/TAPS [2]
[1] J. Ahrens et al. Eur. Phys. J. A 26 (2005) 135 [2] A. Thiel et al. Eur. Phys. J. A 53 (2017) 8

data: K. Spieker, PhD thesis
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Double polarization observable G in γp → nπ+
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• this work • A2/GDH [1] • Belyaev et al. [2] • Bussey et al. [3]
[1] J. Ahrens et al. Eur. Phys. J. A 26 (2005) 135 [2] A. Belayev et al, Sov. J. Nucl. Phys. 40 (1984) 83 [3] P. J. Bussey et al, Nucl. Phys. B 83 (1980) 403-414

data: K. Spieker, PhD thesis
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Double polarization observable E in γp → pπ0
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• A2 data (F. Afzal, PhD thesis) • CBELSA/TAPS data: M. Gottschall et al.
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Double polarization observable E in γp → pπ0
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• A2 data (F. Afzal, PhD thesis) • CBELSA/TAPS data: M. Gottschall et al.
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Discussion of results



Dominant partial wave contributions in polarization observables

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
2 (W ) = (E∗0+,E∗1+, . . . ,M∗2−)



0 0 0 0 6 1 3 −3
0 6 0 −3 0 0 0 0
0 0 2 −1 0 0 0 0
0 −3 −1 0 0 0 0 0
6 0 0 0 12 24

7
60
7 0

1 0 0 0 24
7 2 − 15

7 0
3 0 0 0 60

7 − 15
7

12
7 − 27

7
−3 0 0 0 0 0 − 27

7 6





E0+

E1+

M1+

M1−

E2+

E2−

M2+

M2−


= < P,P >+< S,D >+< D,D >
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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)
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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)

W [MeV]
1200 1400 1600 1800

b/
sr

]
µ[

2E ) 4
(a

0

10

20

30
(a4)Ě
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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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It is important to cover the entire angular range. 16



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

Ě(W , cos θ) = E(W , cos θ) · dσ
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Conclusion and Outlook

• A2 collaboration have measured many high-precision data for the unpolarized cross section as well as several
double polarization observables in various different final states
→ Existence of third S-wave resonance N(1895) 1

2
−(S11) has been confirmed in pη cross section data

→ Full angular coverage and very fine energy binning provided
→ First simultaneous measurement of G and E with elliptically polarized photon beam
→ Observation of pη cusp in pπ0-E -data

• Outlook: More measurements are planned
→ more data to be expected for T ,P,H and F

• New polarization data will help to understand the resonance spectrum and will provide an experimental
basis for comparison with constituent quark models, lattice QCD or other methods

Thank you for your attention!
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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)
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• 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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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)
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Double polarization observable G in γp → pπ0
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Double polarization observable G in γp → pπ0
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Double polarization observable G in γp → nπ+
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The helicity asymmetry E in π0 photoproduction
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The helicity asymmetry E in π0 photoproduction
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