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Resonance spectrum

PDG 2018

✶ Most N*s and       s couple to the pion channel: still the biggest source of 
resonance information. Large cross-sections: precision data.
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Meson photoproduction

✶ Experimentally, 16 single- and double-polarisation observables:

         Σ                 T                    Rσ∂
∂Ω

Polarised:                       Beam          Target           Recoil  

12 double-polarisation 
observables&

Beam

Recoil

Target

✶  Partial Wave Analysis (PWA) fits to observables are used to extract multipoles, 
which carry information on the resonance parameters (angular momenta, parity, 
etc).

✶ Pseudoscalar meson photoproduction is (up to an overall phase) completely 
described by four complex reaction amplitudes: functions of invariant mass (W) 
and meson-production angle,    .✓
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✶  A number of different approaches: MAID, SAID, Bonn-Gatchina…

Required for 
a complete 

measurement
W.-T. Chiang and F. Tabakin, 

Phys. Rev. C 55, 2054 (1997).



Neutrons as a target
✶  EM interaction does not conserve isospin, so multipole amplitides 

contain isoscalar and isovector contributions of EM current:
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✶  Proton data alone does not allow separation of the isoscalar, A(0), 
and isovector, A(1), components. 

✶  Need data on both proton and neutron!
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Pion Photoproduction



Pion Photoproduction

✶  Experiment using CLAS @ JLab – exclusive measurement of Σ in  
1.6 < W < 2.3 GeV,                                  on a quasi-free neutron: 

✶ Beam-asymmetry        is a crucial observables to constrain PWAs.⌃
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Aside: axis conventions

 Reaction axes:   
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γ

γ
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p p
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×

in the Centre of Momentum System (CMS)   

✶  φ: angle of beam polarisation plane in CMS w.r.t. reaction plane.   

✶  Asymmetry from cos(2φ) fit to the φ-distribution of pions:  

0 (1 cos2 )lin
d P
d
σ

σ ϕ= − Σ
Ω

Reaction plane



World dataset…
 … has very few points 
from the neutron (most data 
is from proton). 

 … is in a limited polar-
angle and energy range. 

▪ Alspector, PRL 28, 1403 
(1972). 
• Abrahamian, SJNP 32, 
69 (1980). 
• Adamyan, JPG 15, 1797 
(1989). 
•Mandaglio, PRC 82, 
045209 (2010).



World dataset…
 … has very few points 
from the neutron (most data 
is from proton). 

 … is in a limited polar-
angle and energy range. 

CLAS measurement has 
added >1000 new 
data points to the 
previous set of 166

▪ Alspector, PRL 28, 1403 
(1972). 
• Abrahamian, SJNP 32, 
69 (1980). 
• Adamyan, JPG 15, 1797 
(1989). 
•Mandaglio, PRC 82, 
045209 (2010).

25� < ✓CM < 145�
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1.6 < W < 2.3 GeV



CLAS @ Jefferson Lab
Continuous Electron Beam Accelerator Facility (CEBAF):

 Duty cycle: ~100% 
 Energy up to  ~6 GeV 
 Electron polarisation up to ~ 85% 

CLAS (CEBAF Large Acceptance 
Spectrometer) in Hall B: 

• Drift chambers 
• Toroidal magnetic field 
• Cerenkov Counters 
• Scintillator Time of Flight 
• Electromagnetic  
                    Calorimeters

Very large angular coverage – 
near full azimuthal and 8° to 
140° scattering angle (lab).



Goniometer for 
tilting radiator

e-

Tagging spectrometer — momentum 
analyses deflected electrons

Target within CLAS

The photon beam



Goniometer for 
tilting radiator

e-

✶  Linearly polarised (up to > 90%) photon 
beam: bremsstrahlung of unpolarised 
electrons in a highly ordered crystalline 
radiator, typically 20 – 50 µm diamond.

✶  Crystal orientation chosen to produce a 
“coherent” peak of polarised photons at 
the required energy.

Tagging spectrometer — momentum 
analyses deflected electrons

Target within CLAS

e-

γ

Coherent peak 
@ 1.7 GeV

The photon beam



Goniometer for 
tilting radiator

e-

✶  Linearly polarised (up to > 90%) photon 
beam: bremsstrahlung of unpolarised 
electrons in a highly ordered crystalline 
radiator, typically 20 – 50 µm diamond.

✶  Crystal orientation chosen to produce a 
“coherent” peak of polarised photons at 
the required energy.

Tagging spectrometer — momentum 
analyses deflected electrons

Target within CLAS

e-

γ γ

Coherent peak 
@ 1.7 GeV

The photon beam



The g13b experiment

✶ Ten electron / photon energy settings

✶ Liquid deuterium target: quasi-free neutrons

✶ Photon polarisation plane flipped frequently 
between two orthogonal orientations: PARA 
and PERP 

✶ Linearly-polarised photon beam from coherent bremsstrahlung

✶ Single charged particle trigger: total of 3∙1010 

events, of those 13.4 M remain in the final data-
sample for the reaction channel:  

� + d ! ⇡� + p+ (pspectator)
<latexit sha1_base64="hCV+nW9uqIlhm/Gsj+gc2CTfbOE="></latexit><latexit sha1_base64="hCV+nW9uqIlhm/Gsj+gc2CTfbOE="></latexit><latexit sha1_base64="hCV+nW9uqIlhm/Gsj+gc2CTfbOE="></latexit><latexit sha1_base64="hCV+nW9uqIlhm/Gsj+gc2CTfbOE="></latexit>



Reaction identification

� + d ! ⇡� + p+ (pspectator)
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Exact photon (and its energy) 
identified from timing coincidence 

with scattered electron in the 
“tagger”

Proton and pion detected 
and their momenta 

measured within CLAS

Spectator proton reconstructed 
through the “missing” four-momentum, 

identified via its mass 

� + d = p+ ⇡� +X
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Exclusivity ensured 
by requiring the 

proton and pion to 
be back-to-back in 

the CoM frame of the 
photon and neutron.

Assign the negative of the missing 
momentum to the target neutron.



87 - 
104

104 - 
130

130 - 200

< 29

Quasi-free kinematics
✶ Missing momentum from                                           assigned to spectator 

proton. Cut away px > 200 MeV/c.
� + d = p+ ⇡� +X

<latexit sha1_base64="Hg9QzJmXAGEiNbKwPQlDPm3vRyE=">AAACBXicdZDLSgMxFIYz9VbrbdSlLoJFEMRhpq10uhCKblxWsBfo1JJJM21oMjMkGaEM3bjxVdy4UMSt7+DOtzG9CCp6IOTj/88hOb8fMyqVbX8YmYXFpeWV7GpubX1jc8vc3mnIKBGY1HHEItHykSSMhqSuqGKkFQuCuM9I0x9eTPzmLRGSRuG1GsWkw1E/pAHFSGmpa+57fcQ5gsewB89grG8vpjfpyVhTq2vmbatSLhYqFajBPS26pRk4RRc6lj2tPJhXrWu+e70IJ5yECjMkZduxY9VJkVAUMzLOeYkkMcJD1CdtjSHiRHbS6RZjeKiVHgwioU+o4FT9PpEiLuWI+7qTIzWQv72J+JfXTlTgdlIaxokiIZ49FCQMqghOIoE9KghWbKQBYUH1XyEeIIGw0sHldAhfm8L/oVGwHNtyrkr56vk8jizYAwfgCDigDKrgEtRAHWBwBx7AE3g27o1H48V4nbVmjPnMLvhRxtsnwqiWMg==</latexit><latexit sha1_base64="Hg9QzJmXAGEiNbKwPQlDPm3vRyE=">AAACBXicdZDLSgMxFIYz9VbrbdSlLoJFEMRhpq10uhCKblxWsBfo1JJJM21oMjMkGaEM3bjxVdy4UMSt7+DOtzG9CCp6IOTj/88hOb8fMyqVbX8YmYXFpeWV7GpubX1jc8vc3mnIKBGY1HHEItHykSSMhqSuqGKkFQuCuM9I0x9eTPzmLRGSRuG1GsWkw1E/pAHFSGmpa+57fcQ5gsewB89grG8vpjfpyVhTq2vmbatSLhYqFajBPS26pRk4RRc6lj2tPJhXrWu+e70IJ5yECjMkZduxY9VJkVAUMzLOeYkkMcJD1CdtjSHiRHbS6RZjeKiVHgwioU+o4FT9PpEiLuWI+7qTIzWQv72J+JfXTlTgdlIaxokiIZ49FCQMqghOIoE9KghWbKQBYUH1XyEeIIGw0sHldAhfm8L/oVGwHNtyrkr56vk8jizYAwfgCDigDKrgEtRAHWBwBx7AE3g27o1H48V4nbVmjPnMLvhRxtsnwqiWMg==</latexit><latexit sha1_base64="Hg9QzJmXAGEiNbKwPQlDPm3vRyE=">AAACBXicdZDLSgMxFIYz9VbrbdSlLoJFEMRhpq10uhCKblxWsBfo1JJJM21oMjMkGaEM3bjxVdy4UMSt7+DOtzG9CCp6IOTj/88hOb8fMyqVbX8YmYXFpeWV7GpubX1jc8vc3mnIKBGY1HHEItHykSSMhqSuqGKkFQuCuM9I0x9eTPzmLRGSRuG1GsWkw1E/pAHFSGmpa+57fcQ5gsewB89grG8vpjfpyVhTq2vmbatSLhYqFajBPS26pRk4RRc6lj2tPJhXrWu+e70IJ5yECjMkZduxY9VJkVAUMzLOeYkkMcJD1CdtjSHiRHbS6RZjeKiVHgwioU+o4FT9PpEiLuWI+7qTIzWQv72J+JfXTlTgdlIaxokiIZ49FCQMqghOIoE9KghWbKQBYUH1XyEeIIGw0sHldAhfm8L/oVGwHNtyrkr56vk8jizYAwfgCDigDKrgEtRAHWBwBx7AE3g27o1H48V4nbVmjPnMLvhRxtsnwqiWMg==</latexit><latexit sha1_base64="Hg9QzJmXAGEiNbKwPQlDPm3vRyE=">AAACBXicdZDLSgMxFIYz9VbrbdSlLoJFEMRhpq10uhCKblxWsBfo1JJJM21oMjMkGaEM3bjxVdy4UMSt7+DOtzG9CCp6IOTj/88hOb8fMyqVbX8YmYXFpeWV7GpubX1jc8vc3mnIKBGY1HHEItHykSSMhqSuqGKkFQuCuM9I0x9eTPzmLRGSRuG1GsWkw1E/pAHFSGmpa+57fcQ5gsewB89grG8vpjfpyVhTq2vmbatSLhYqFajBPS26pRk4RRc6lj2tPJhXrWu+e70IJ5yECjMkZduxY9VJkVAUMzLOeYkkMcJD1CdtjSHiRHbS6RZjeKiVHgwioU+o4FT9PpEiLuWI+7qTIzWQv72J+JfXTlTgdlIaxokiIZ49FCQMqghOIoE9KghWbKQBYUH1XyEeIIGw0sHldAhfm8L/oVGwHNtyrkr56vk8jizYAwfgCDigDKrgEtRAHWBwBx7AE3g27o1H48V4nbVmjPnMLvhRxtsnwqiWMg==</latexit>

9± 1%
<latexit sha1_base64="kzFztlzfhP9DxnIwTKosPLxwTOo=">AAAB8XicdVDLSsNAFJ34rPVVdelmsBRchaStNNkV3bisYB/YhDKZTtqhM5MwMxFK6F+4caGIW//GnX/j9CGo6IELh3Pu5d57opRRpR3nw1pb39jc2i7sFHf39g8OS0fHHZVkEpM2TlgiexFShFFB2ppqRnqpJIhHjHSjydXc794TqWgibvU0JSFHI0FjipE20p0Pg5RDFwaVQans2H6jVvV9aIh3UfPqS+LWPOjazgJlsEJrUHoPhgnOOBEaM6RU33VSHeZIaooZmRWDTJEU4Qkakb6hAnGiwnxx8QxWjDKEcSJNCQ0X6veJHHGlpjwynRzpsfrtzcW/vH6mYy/MqUgzTQReLoozBnUC5+/DIZUEazY1BGFJza0Qj5FEWJuQiiaEr0/h/6RTtV3Hdm/q5eblKo4COAVn4By4oAGa4Bq0QBtgIMADeALPlrIerRfrddm6Zq1mTsAPWG+f+GyP0A==</latexit><latexit sha1_base64="kzFztlzfhP9DxnIwTKosPLxwTOo=">AAAB8XicdVDLSsNAFJ34rPVVdelmsBRchaStNNkV3bisYB/YhDKZTtqhM5MwMxFK6F+4caGIW//GnX/j9CGo6IELh3Pu5d57opRRpR3nw1pb39jc2i7sFHf39g8OS0fHHZVkEpM2TlgiexFShFFB2ppqRnqpJIhHjHSjydXc794TqWgibvU0JSFHI0FjipE20p0Pg5RDFwaVQans2H6jVvV9aIh3UfPqS+LWPOjazgJlsEJrUHoPhgnOOBEaM6RU33VSHeZIaooZmRWDTJEU4Qkakb6hAnGiwnxx8QxWjDKEcSJNCQ0X6veJHHGlpjwynRzpsfrtzcW/vH6mYy/MqUgzTQReLoozBnUC5+/DIZUEazY1BGFJza0Qj5FEWJuQiiaEr0/h/6RTtV3Hdm/q5eblKo4COAVn4By4oAGa4Bq0QBtgIMADeALPlrIerRfrddm6Zq1mTsAPWG+f+GyP0A==</latexit><latexit sha1_base64="kzFztlzfhP9DxnIwTKosPLxwTOo=">AAAB8XicdVDLSsNAFJ34rPVVdelmsBRchaStNNkV3bisYB/YhDKZTtqhM5MwMxFK6F+4caGIW//GnX/j9CGo6IELh3Pu5d57opRRpR3nw1pb39jc2i7sFHf39g8OS0fHHZVkEpM2TlgiexFShFFB2ppqRnqpJIhHjHSjydXc794TqWgibvU0JSFHI0FjipE20p0Pg5RDFwaVQans2H6jVvV9aIh3UfPqS+LWPOjazgJlsEJrUHoPhgnOOBEaM6RU33VSHeZIaooZmRWDTJEU4Qkakb6hAnGiwnxx8QxWjDKEcSJNCQ0X6veJHHGlpjwynRzpsfrtzcW/vH6mYy/MqUgzTQReLoozBnUC5+/DIZUEazY1BGFJza0Qj5FEWJuQiiaEr0/h/6RTtV3Hdm/q5eblKo4COAVn4By4oAGa4Bq0QBtgIMADeALPlrIerRfrddm6Zq1mTsAPWG+f+GyP0A==</latexit><latexit sha1_base64="kzFztlzfhP9DxnIwTKosPLxwTOo=">AAAB8XicdVDLSsNAFJ34rPVVdelmsBRchaStNNkV3bisYB/YhDKZTtqhM5MwMxFK6F+4caGIW//GnX/j9CGo6IELh3Pu5d57opRRpR3nw1pb39jc2i7sFHf39g8OS0fHHZVkEpM2TlgiexFShFFB2ppqRnqpJIhHjHSjydXc794TqWgibvU0JSFHI0FjipE20p0Pg5RDFwaVQans2H6jVvV9aIh3UfPqS+LWPOjazgJlsEJrUHoPhgnOOBEaM6RU33VSHeZIaooZmRWDTJEU4Qkakb6hAnGiwnxx8QxWjDKEcSJNCQ0X6veJHHGlpjwynRzpsfrtzcW/vH6mYy/MqUgzTQReLoozBnUC5+/DIZUEazY1BGFJza0Qj5FEWJuQiiaEr0/h/6RTtV3Hdm/q5eblKo4COAVn4By4oAGa4Bq0QBtgIMADeALPlrIerRfrddm6Zq1mTsAPWG+f+GyP0A==</latexit>

0.8± 1%
<latexit sha1_base64="+ewkcYXqWeDLem+UjzvcOO+tg3s=">AAAB83icdVDLSgMxFM3UV62vqks3wVJwNcy0lU53RTcuK9gHdIaSSdM2NMmEJCOUob/hxoUibv0Zd/6N6UNQ0QMXDufcy733xJJRbTzvw8ltbG5t7+R3C3v7B4dHxeOTjk5ShUkbJyxRvRhpwqggbUMNIz2pCOIxI914er3wu/dEaZqIOzOTJOJoLOiIYmSsFHpuAEPJoQ/D8qBY8txGvVppNKAlwWU1qK2IXw2g73pLlMAarUHxPRwmOOVEGMyQ1n3fkybKkDIUMzIvhKkmEuEpGpO+pQJxoqNsefMclq0yhKNE2RIGLtXvExniWs94bDs5MhP921uIf3n91IyCKKNCpoYIvFo0Shk0CVwEAIdUEWzYzBKEFbW3QjxBCmFjYyrYEL4+hf+TTsX1Pde/rZWaV+s48uAMnIML4IM6aIIb0AJtgIEED+AJPDup8+i8OK+r1pyznjkFP+C8fQLTMJBB</latexit><latexit sha1_base64="+ewkcYXqWeDLem+UjzvcOO+tg3s=">AAAB83icdVDLSgMxFM3UV62vqks3wVJwNcy0lU53RTcuK9gHdIaSSdM2NMmEJCOUob/hxoUibv0Zd/6N6UNQ0QMXDufcy733xJJRbTzvw8ltbG5t7+R3C3v7B4dHxeOTjk5ShUkbJyxRvRhpwqggbUMNIz2pCOIxI914er3wu/dEaZqIOzOTJOJoLOiIYmSsFHpuAEPJoQ/D8qBY8txGvVppNKAlwWU1qK2IXw2g73pLlMAarUHxPRwmOOVEGMyQ1n3fkybKkDIUMzIvhKkmEuEpGpO+pQJxoqNsefMclq0yhKNE2RIGLtXvExniWs94bDs5MhP921uIf3n91IyCKKNCpoYIvFo0Shk0CVwEAIdUEWzYzBKEFbW3QjxBCmFjYyrYEL4+hf+TTsX1Pde/rZWaV+s48uAMnIML4IM6aIIb0AJtgIEED+AJPDup8+i8OK+r1pyznjkFP+C8fQLTMJBB</latexit><latexit sha1_base64="+ewkcYXqWeDLem+UjzvcOO+tg3s=">AAAB83icdVDLSgMxFM3UV62vqks3wVJwNcy0lU53RTcuK9gHdIaSSdM2NMmEJCOUob/hxoUibv0Zd/6N6UNQ0QMXDufcy733xJJRbTzvw8ltbG5t7+R3C3v7B4dHxeOTjk5ShUkbJyxRvRhpwqggbUMNIz2pCOIxI914er3wu/dEaZqIOzOTJOJoLOiIYmSsFHpuAEPJoQ/D8qBY8txGvVppNKAlwWU1qK2IXw2g73pLlMAarUHxPRwmOOVEGMyQ1n3fkybKkDIUMzIvhKkmEuEpGpO+pQJxoqNsefMclq0yhKNE2RIGLtXvExniWs94bDs5MhP921uIf3n91IyCKKNCpoYIvFo0Shk0CVwEAIdUEWzYzBKEFbW3QjxBCmFjYyrYEL4+hf+TTsX1Pde/rZWaV+s48uAMnIML4IM6aIIb0AJtgIEED+AJPDup8+i8OK+r1pyznjkFP+C8fQLTMJBB</latexit><latexit sha1_base64="+ewkcYXqWeDLem+UjzvcOO+tg3s=">AAAB83icdVDLSgMxFM3UV62vqks3wVJwNcy0lU53RTcuK9gHdIaSSdM2NMmEJCOUob/hxoUibv0Zd/6N6UNQ0QMXDufcy733xJJRbTzvw8ltbG5t7+R3C3v7B4dHxeOTjk5ShUkbJyxRvRhpwqggbUMNIz2pCOIxI914er3wu/dEaZqIOzOTJOJoLOiIYmSsFHpuAEPJoQ/D8qBY8txGvVppNKAlwWU1qK2IXw2g73pLlMAarUHxPRwmOOVEGMyQ1n3fkybKkDIUMzIvhKkmEuEpGpO+pQJxoqNsefMclq0yhKNE2RIGLtXvExniWs94bDs5MhP921uIf3n91IyCKKNCpoYIvFo0Shk0CVwEAIdUEWzYzBKEFbW3QjxBCmFjYyrYEL4+hf+TTsX1Pde/rZWaV+s48uAMnIML4IM6aIIb0AJtgIEED+AJPDup8+i8OK+r1pyznjkFP+C8fQLTMJBB</latexit>

2.4± 1%
<latexit sha1_base64="cQDzqd4hFvlayhqrqP5vRKKMwyA=">AAAB83icdVDLSgMxFM3UV62vqks3wVJwNcy0lU53RTcuK9gHdIaSSdM2NMmEJCOUob/hxoUibv0Zd/6N6UNQ0QMXDufcy733xJJRbTzvw8ltbG5t7+R3C3v7B4dHxeOTjk5ShUkbJyxRvRhpwqggbUMNIz2pCOIxI914er3wu/dEaZqIOzOTJOJoLOiIYmSsFFbcGgwlhz4My4NiyXMb9Wql0YCWBJfVoLYifjWAvustUQJrtAbF93CY4JQTYTBDWvd9T5ooQ8pQzMi8EKaaSISnaEz6lgrEiY6y5c1zWLbKEI4SZUsYuFS/T2SIaz3jse3kyEz0b28h/uX1UzMKoowKmRoi8GrRKGXQJHARABxSRbBhM0sQVtTeCvEEKYSNjalgQ/j6FP5POhXX91z/tlZqXq3jyIMzcA4ugA/qoAluQAu0AQYSPIAn8OykzqPz4ryuWnPOeuYU/IDz9gnQGpA/</latexit><latexit sha1_base64="cQDzqd4hFvlayhqrqP5vRKKMwyA=">AAAB83icdVDLSgMxFM3UV62vqks3wVJwNcy0lU53RTcuK9gHdIaSSdM2NMmEJCOUob/hxoUibv0Zd/6N6UNQ0QMXDufcy733xJJRbTzvw8ltbG5t7+R3C3v7B4dHxeOTjk5ShUkbJyxRvRhpwqggbUMNIz2pCOIxI914er3wu/dEaZqIOzOTJOJoLOiIYmSsFFbcGgwlhz4My4NiyXMb9Wql0YCWBJfVoLYifjWAvustUQJrtAbF93CY4JQTYTBDWvd9T5ooQ8pQzMi8EKaaSISnaEz6lgrEiY6y5c1zWLbKEI4SZUsYuFS/T2SIaz3jse3kyEz0b28h/uX1UzMKoowKmRoi8GrRKGXQJHARABxSRbBhM0sQVtTeCvEEKYSNjalgQ/j6FP5POhXX91z/tlZqXq3jyIMzcA4ugA/qoAluQAu0AQYSPIAn8OykzqPz4ryuWnPOeuYU/IDz9gnQGpA/</latexit><latexit sha1_base64="cQDzqd4hFvlayhqrqP5vRKKMwyA=">AAAB83icdVDLSgMxFM3UV62vqks3wVJwNcy0lU53RTcuK9gHdIaSSdM2NMmEJCOUob/hxoUibv0Zd/6N6UNQ0QMXDufcy733xJJRbTzvw8ltbG5t7+R3C3v7B4dHxeOTjk5ShUkbJyxRvRhpwqggbUMNIz2pCOIxI914er3wu/dEaZqIOzOTJOJoLOiIYmSsFFbcGgwlhz4My4NiyXMb9Wql0YCWBJfVoLYifjWAvustUQJrtAbF93CY4JQTYTBDWvd9T5ooQ8pQzMi8EKaaSISnaEz6lgrEiY6y5c1zWLbKEI4SZUsYuFS/T2SIaz3jse3kyEz0b28h/uX1UzMKoowKmRoi8GrRKGXQJHARABxSRbBhM0sQVtTeCvEEKYSNjalgQ/j6FP5POhXX91z/tlZqXq3jyIMzcA4ugA/qoAluQAu0AQYSPIAn8OykzqPz4ryuWnPOeuYU/IDz9gnQGpA/</latexit><latexit sha1_base64="cQDzqd4hFvlayhqrqP5vRKKMwyA=">AAAB83icdVDLSgMxFM3UV62vqks3wVJwNcy0lU53RTcuK9gHdIaSSdM2NMmEJCOUob/hxoUibv0Zd/6N6UNQ0QMXDufcy733xJJRbTzvw8ltbG5t7+R3C3v7B4dHxeOTjk5ShUkbJyxRvRhpwqggbUMNIz2pCOIxI914er3wu/dEaZqIOzOTJOJoLOiIYmSsFFbcGgwlhz4My4NiyXMb9Wql0YCWBJfVoLYifjWAvustUQJrtAbF93CY4JQTYTBDWvd9T5ooQ8pQzMi8EKaaSISnaEz6lgrEiY6y5c1zWLbKEI4SZUsYuFS/T2SIaz3jse3kyEz0b28h/uX1UzMKoowKmRoi8GrRKGXQJHARABxSRbBhM0sQVtTeCvEEKYSNjalgQ/j6FP5POhXX91z/tlZqXq3jyIMzcA4ugA/qoAluQAu0AQYSPIAn8OykzqPz4ryuWnPOeuYU/IDz9gnQGpA/</latexit>

Spectator momentum becomes 
forward-peaked for large values.

Mean weighted ratio of     :⌃
<latexit sha1_base64="dTnUVR20f8M+ZsBedUuWRRAmK2U=">AAAB7XicdVDJSgNBEO1xjXGLevTSGARPw0wSyeQW9OIxolkgGUJPpydp08vQ3SOEIf/gxYMiXv0fb/6NnUVQ0QcFj/eqqKoXJYxq43kfzsrq2vrGZm4rv72zu7dfODhsaZkqTJpYMqk6EdKEUUGahhpGOokiiEeMtKPx5cxv3xOlqRS3ZpKQkKOhoDHFyFip1buhQ476haLn1qrlUq0GLQnOy0FlQfxyAH3Xm6MIlmj0C++9gcQpJ8JghrTu+l5iwgwpQzEj03wv1SRBeIyGpGupQJzoMJtfO4WnVhnAWCpbwsC5+n0iQ1zrCY9sJ0dmpH97M/Evr5uaOAgzKpLUEIEXi+KUQSPh7HU4oIpgwyaWIKyovRXiEVIIGxtQ3obw9Sn8n7RKru+5/nWlWL9YxpEDx+AEnAEfVEEdXIEGaAIM7sADeALPjnQenRfnddG64ixnjsAPOG+fCuWPcQ==</latexit><latexit sha1_base64="dTnUVR20f8M+ZsBedUuWRRAmK2U=">AAAB7XicdVDJSgNBEO1xjXGLevTSGARPw0wSyeQW9OIxolkgGUJPpydp08vQ3SOEIf/gxYMiXv0fb/6NnUVQ0QcFj/eqqKoXJYxq43kfzsrq2vrGZm4rv72zu7dfODhsaZkqTJpYMqk6EdKEUUGahhpGOokiiEeMtKPx5cxv3xOlqRS3ZpKQkKOhoDHFyFip1buhQ476haLn1qrlUq0GLQnOy0FlQfxyAH3Xm6MIlmj0C++9gcQpJ8JghrTu+l5iwgwpQzEj03wv1SRBeIyGpGupQJzoMJtfO4WnVhnAWCpbwsC5+n0iQ1zrCY9sJ0dmpH97M/Evr5uaOAgzKpLUEIEXi+KUQSPh7HU4oIpgwyaWIKyovRXiEVIIGxtQ3obw9Sn8n7RKru+5/nWlWL9YxpEDx+AEnAEfVEEdXIEGaAIM7sADeALPjnQenRfnddG64ixnjsAPOG+fCuWPcQ==</latexit><latexit sha1_base64="dTnUVR20f8M+ZsBedUuWRRAmK2U=">AAAB7XicdVDJSgNBEO1xjXGLevTSGARPw0wSyeQW9OIxolkgGUJPpydp08vQ3SOEIf/gxYMiXv0fb/6NnUVQ0QcFj/eqqKoXJYxq43kfzsrq2vrGZm4rv72zu7dfODhsaZkqTJpYMqk6EdKEUUGahhpGOokiiEeMtKPx5cxv3xOlqRS3ZpKQkKOhoDHFyFip1buhQ476haLn1qrlUq0GLQnOy0FlQfxyAH3Xm6MIlmj0C++9gcQpJ8JghrTu+l5iwgwpQzEj03wv1SRBeIyGpGupQJzoMJtfO4WnVhnAWCpbwsC5+n0iQ1zrCY9sJ0dmpH97M/Evr5uaOAgzKpLUEIEXi+KUQSPh7HU4oIpgwyaWIKyovRXiEVIIGxtQ3obw9Sn8n7RKru+5/nWlWL9YxpEDx+AEnAEfVEEdXIEGaAIM7sADeALPjnQenRfnddG64ixnjsAPOG+fCuWPcQ==</latexit><latexit sha1_base64="dTnUVR20f8M+ZsBedUuWRRAmK2U=">AAAB7XicdVDJSgNBEO1xjXGLevTSGARPw0wSyeQW9OIxolkgGUJPpydp08vQ3SOEIf/gxYMiXv0fb/6NnUVQ0QcFj/eqqKoXJYxq43kfzsrq2vrGZm4rv72zu7dfODhsaZkqTJpYMqk6EdKEUUGahhpGOokiiEeMtKPx5cxv3xOlqRS3ZpKQkKOhoDHFyFip1buhQ476haLn1qrlUq0GLQnOy0FlQfxyAH3Xm6MIlmj0C++9gcQpJ8JghrTu+l5iwgwpQzEj03wv1SRBeIyGpGupQJzoMJtfO4WnVhnAWCpbwsC5+n0iQ1zrCY9sJ0dmpH97M/Evr5uaOAgzKpLUEIEXi+KUQSPh7HU4oIpgwyaWIKyovRXiEVIIGxtQ3obw9Sn8n7RKru+5/nWlWL9YxpEDx+AEnAEfVEEdXIEGaAIM7sADeALPjnQenRfnddG64ixnjsAPOG+fCuWPcQ==</latexit>

Small systematic shift observed between 
 data with lowest and highest spectator momentum.



Asymmetry fits

At its simplest, fit with: 

cos(2 )A B Cφ+ +

Where B = PΣ

𝑁∥ = 𝑁𝜃(1 − 𝑃Σ𝑐𝑜𝑠2𝜙)
𝑁⊥ = 𝑁𝜃(1 + 𝑃Σ𝑐𝑜𝑠2𝜙)

𝑃Σ𝑐𝑜𝑠2𝜙 =  
𝑁∥ − 𝑁⊥

𝑁∥ + 𝑁⊥

Actual fit function allows flux ratio (NR) and polarisation ratio (PR) different from 
unity:



For illustration only: 
binned in 10 MeV (W) 
and 0.05  (               ), 
all data integrated.
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Final bin width 
chosen was  
10 MeV in W and 
0.1 in              .              

✶ Data from all electron/photon energy settings, except the 1.3 GeV coherent peak setting, 
was found to be compatible and integrated. The1.3 GeV coherent peak data was kept 
separate, and showed systematic shifts of up to 10% in some bins.

• Polarisation: 3% 
• Bin and fit-related systematics: 0.5 - 2%  
• For the 1.3 GeV coherent peak dataset: extra 10%

Systematic uncertainties:

lower than statistical!

Results



Fit quality:

This includes “bad” fit results where the fit probability was < 0.05 (excluded 
from final data-set).

Data from rest 
of the energy 

settings

Data from the 1.3 
GeV coherent 
peak setting
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Results I

⌃
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MAID 07     
SAID ND19     

SAID DA19 (includes CLAS data, excludes GRAAL)    

BnGa 14-02     
BnGa 14-02 (includes CLAS data up to 2120 MeV)    

 GRAAL (Madaglio 2010)

 Yerevan (’89, ’80)

 MIT (’72)
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Results II

MAID 07     

 GRAAL (Madaglio 2010)

 Yerevan (’89, ’80)

 MIT (’72)

SAID ND19     

SAID DA19 (includes CLAS data, excludes GRAAL)    

BnGa 14-02     
BnGa 14-02 (includes CLAS data up to 2120 MeV)    
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Results III

 MIT (’72)
SAID ND19     

SAID DA19 (includes CLAS data, excludes GRAAL)    

BnGa 14-02     
BnGa 14-02 (includes CLAS data up to 2120 MeV)    
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SAID PWA
Legendre expansion: model-independent approach but requires very high-
statistics data.

Coefficients of 
second order 
Legendre 
functions, scaled 
nBJ + m to allow 
visualisation on a 
common abscissa. 
Only statistical 
errors were used 
in fits. 
I. Strakovsky

Ya. Azimov, I. Strakovsky, W. Briscoe and R. Workman, Phys. Rev. C 95, 025205 (2017).

✶ BJ appears to reduce significantly by J ~ 10: sufficient to truncate the series.

✶ Will be used in phase shift analysis to better understand the resonant amplitudes.

Proton target data:  
M. Dugger et al. (CLAS),  
PRC 88, 065203 (2013).
Neutron target data:  
This measurement
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Summary
✶ Very high-statistics measurement of beam asymmetry in the range  
1.6 < W < 2.3 GeV, in charged pion photoproduction from the neutron:

� + d ! ⇡� + p+ (pspectator)
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✶ A sizeable asymmetry changing rapidly with both scattering angle and 
invariant mass can be observed.

✶ Comparison with the most recent PWA predictions shows significant 
differences, especially with the BnGa PWA and at W > 2 GeV.

✶ Inclusion of the data into the SAID PWA yields a very good fit.

✶ BnGa fit including the new CLAS data up to 2120 MeV shows a 
reasonably good fit. Addition of new states is required to fit the data 
above 2120 MeV in progress!

✶ Greatly expanded the sparse world data set on the neutron with > 1000 
new data points.

✶ Extraction of multipoles in both SAID and BnGa PWAs in progress…



Thank you!



http://inpc2019.iopconfs.org/home

Come to Scotland!



Back-up



Discrepancy with GRAAL
A discrepancy with GRAAL data is still observed in 
some bins, particularly at backward angles. This 
was investigated by binning in the same width bins 
as GRAAL:

g13, all data except 1.3 GeV setting

g13, 1.3 GeV setting data 

GRAAL

The energy bins are 
very wide. Different 
acceptances and 
different parts of 
phase space 
contributing, so it’s 
possible that the 
Sigmas cannot be 
directly compared. 

GRAAL data does 
seem to give generally 
lower absolute Sigmas 
(possibly a polarisation 
systematic?)

Inconclusive!


