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Motivation

• Why study η electroproduction?
• η acts as “isospin filter”:

o Access nucleon resonances I = ½
• Current world database: 

o Nπ final states 
• Extend measurements beyond 

S11(1535)
o Beam spin asymmetry for η 

electroproduction has not been 
studied for W in 1.6-2 GeV 
region before

3I. ILLARI

Tables modified from PDG

98. N and ∆ resonances 3

Table 98.1. The status of the N resonances and their
decays. Sub-threshold decay modes are omitted. Only
resonances with an overall status of ∗∗∗ or ∗∗∗∗ are
included in the main Baryon Summary Table.

Status as seen in

Particle JP overall Nγ Nπ ∆π Nσ Nη ΛK ΣK Nρ Nω Nη′

N 1/2+ ∗∗∗∗
N(1440) 1/2+ ∗∗∗∗ ∗∗∗∗ ∗∗∗∗ ∗∗∗∗ ∗∗∗
N(1520) 3/2− ∗∗∗∗ ∗∗∗∗ ∗∗∗∗ ∗∗∗∗ ∗∗ ∗∗∗∗
N(1535) 1/2− ∗∗∗∗ ∗∗∗∗ ∗∗∗∗ ∗∗∗ ∗ ∗∗∗∗
N(1650) 1/2− ∗∗∗∗ ∗∗∗∗ ∗∗∗∗ ∗∗∗ ∗ ∗∗∗∗ ∗
N(1675) 5/2− ∗∗∗∗ ∗∗∗∗ ∗∗∗∗ ∗∗∗∗ ∗∗∗ ∗ ∗ ∗
N(1680) 5/2+ ∗∗∗∗ ∗∗∗∗ ∗∗∗∗ ∗∗∗∗ ∗∗∗ ∗ ∗ ∗
N(1700) 3/2− ∗∗∗ ∗∗ ∗∗∗ ∗∗∗ ∗ ∗ ∗
N(1710) 1/2+ ∗∗∗∗ ∗∗∗∗ ∗∗∗∗ ∗ ∗∗∗ ∗∗ ∗ ∗ ∗
N(1720) 3/2+ ∗∗∗∗ ∗∗∗∗ ∗∗∗∗ ∗∗∗ ∗ ∗ ∗∗∗∗ ∗ ∗ ∗
N(1860) 5/2+ ∗∗ ∗ ∗∗ ∗ ∗
N(1875) 3/2− ∗∗∗ ∗∗ ∗∗ ∗ ∗∗ ∗ ∗ ∗ ∗ ∗
N(1880) 1/2+ ∗∗∗ ∗∗ ∗ ∗∗ ∗ ∗ ∗∗ ∗∗ ∗∗
N(1895) 1/2− ∗∗∗∗ ∗∗∗∗ ∗ ∗ ∗ ∗∗∗∗ ∗∗ ∗∗ ∗ ∗ ∗∗∗∗
N(1900) 3/2+ ∗∗∗∗ ∗∗∗∗ ∗∗ ∗∗ ∗ ∗ ∗∗ ∗∗ ∗ ∗∗
N(1990) 7/2+ ∗∗ ∗∗ ∗∗ ∗ ∗ ∗
N(2000) 5/2+ ∗∗ ∗∗ ∗ ∗∗ ∗ ∗ ∗
N(2040) 3/2+ ∗ ∗
N(2060) 5/2− ∗∗∗ ∗∗∗ ∗∗ ∗ ∗ ∗ ∗ ∗ ∗ ∗
N(2100) 1/2+ ∗∗∗ ∗∗ ∗∗∗ ∗∗ ∗∗ ∗ ∗ ∗ ∗ ∗∗
N(2120) 3/2− ∗∗∗ ∗∗∗ ∗∗ ∗∗ ∗∗ ∗∗ ∗ ∗ ∗
N(2190) 7/2− ∗∗∗∗ ∗∗∗∗ ∗∗∗∗ ∗∗∗∗ ∗∗ ∗ ∗∗ ∗ ∗ ∗
N(2220) 9/2+ ∗∗∗∗ ∗∗ ∗∗∗∗ ∗ ∗ ∗
N(2250) 9/2− ∗∗∗∗ ∗∗ ∗∗∗∗ ∗ ∗ ∗
N(2300) 1/2+ ∗∗ ∗∗
N(2570) 5/2− ∗∗ ∗∗
N(2600) 11/2− ∗∗∗ ∗∗∗
N(2700) 13/2+ ∗∗ ∗∗

∗∗∗∗ Existence is certain.
∗∗∗ Existence is very likely.
∗∗ Evidence of existence is fair.
∗ Evidence of existence is poor.

December 6, 2019 12:03
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Beam Spin Asymmetry (BSA)

• Beam Spin Asymmetry:

• Sin φ* Moment:

• N± = η signal yield for (±1) helicity
• Pb = beam polarization (0.8517)

4Update
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Objectives and Outline

• Objective:
• Measure Beam Spin Asymmetry (BSA) and sin moment ALU

sinφ* in 
η electroproduction
o Focus on the nucleon resonance region (1.6 < W < 2 GeV)

• Outline of this talk:
o Discuss the dataset and event selection
o Outline the kinematics and the kinematic binning procedure
o Describe the signal extraction and background fitting methods
o Present the BSA and ALU

sinφ* results across various kinematic 
bins

o Illustration of how our findings compare with current theoretical 
models

5I. ILLARI
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Dataset

• RGK Winter 2018 
• Beam energy: 6.5 GeV
• Polarized electron beam
• Unpolarized LH2 target
• Outbending electrons
• Luminosity: 1035 cm-2s-1

• Beam current: 60 nA
• Collected events: 7.8G

6I. ILLARI
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Event Selection

7

• Reaction channel:
o ep→e’p’η

• η identified via missing mass squared 
technique

• Electron and proton in Forward 
Detector

• Cuts:
o W < 2 GeV 

• Nucleon resonance region
o 0.15 GeV2 < MM2 < 0.45 GeV2

• η peak around 0.3 GeV2

o Standard RGK analysis & fiducial 
cuts as outline by Analysis Note

• Version: pass2 

I. ILLARI
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Kinematic Parameters

8I. ILLARI

H. Denizli et al., “Q2 dependence of the S11(1535) photocoupling and evidence for a P-wave resonance in η electroproduction”, Physical Review C 76 (2007).
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Kinematic Binning

9Update

W [GeV] ϕ* [deg] Q2 [GeV2] cos(θ*)

1.610 to 1.635 0 to 38 0.300 to 0.521 -1.0 to -0.5

1.635 to 1.660 38 to 68 0.521 to 0.896 -0.5 to 0.0

1.660 to 1.685 68 to 91 0.896 to 1.850 0.0 to 0.5

1.685 to 1.710 91 to 115 1.850 to 5.671 0.5 to 1.0

1.710 to 1.735 115 to 180

1.735 to 1.760 180 to 246

1.760 to 1.785 246 to 269

1.785 to 1.810 269 to 294

1.810 to 1.860 294 to 324

1.860 to 1.910 324 to 360

1.910 to 1.960

1.960 to 2.010

2.010 to 2.110

2.110 to 2.210
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Kinematic Binning: Stepwise Methodology

10I. ILLARI

1. Start with binning over W
o Necessary for identifying nucleon resonances

2. Bin over φ*
o Necessary for fit to beam spin asymmetry

3. Bin over Q2

o Determine variable width of bins of Q2 with the same number of events

4. Bin over cosθ*
o Choose relatively wide bins as an exploration of the parameter 

Bin 
over 
W

Bin 
over 
φ*

Bin 
over 
Q2

Bin 
over 
cosθ*
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Signal Extraction and Background Fit

• Gaussian Signal
• Polynomial Background
• Total Distribution
• Use polynomial functions of various orders to fit the background shape
• Systematic uncertainty due to the choice of background

11I. ILLARI

POL2 POL3 POL4

pol3 as “benchmark”
PDF PDF PDF
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Bins in W: BSA

12I. ILLARI

• Data binned over W and φ*
• Data integrated over Q2 and cosθ*
• Error bars: statistical uncertainty
• Grey histograms around zero line: 

systematic uncertainty
• BSA y range ±0.35
• Asinφ* fit
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Bins in W: ALU
sinφ*

13I. ILLARI

• Data binned over W and φ*
• Data integrated over Q2 and cosθ*
• Error bars: statistical uncertainty
• Grey histograms around zero line: systematic uncertainty
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Bins in W and Q2: ALU
sinφ*

14I. ILLARI

• Data binned over W, φ*, and Q2

• Data integrated over cosθ*
• Error bars: statistical uncertainty
• Grey histograms around zero line: systematic uncertainty
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Bins in W, Q2, and cosθ*: ALU
sinφ*

15I. ILLARI
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Illustrative Example with Theoretical Models

• Illustrative example of the potential for this data to constrain and improve 
theoretical models

• Limitations in the models (small Nη datasets, lack of polarization observables) 
prevent definitive conclusions at this stage

16I. ILLARI

• Data binned over W, φ*, and 
Q2 and integrated over cosθ*

• Jülich-Bonn-Washington 
(JBW) 

• EtaMAID
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Summary

• Key Findings:
o Consistently negative ALUsinφ* 

values across the W range
o Dip-like structure near N(1710) 
o Cusp-like behavior near N(1895)

• Impact
o Expands kinematic reach in η 

electroproduction BSA 
measurements

o Bridges the gap between well-
studied S11(1535) and higher mass 
states

o Provides new data to evaluate and 
constrain theoretical models

17I. ILLARI
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EXTRA SLIDES
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Motivation
• Why study η electroproduction?
• η acts as “isospin filter”:
• access nucleon resonances I = ½
• Current world database: 
• Nπ final states 

19I. ILLARI

Tables modified from PDG
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Data: Run Group K

Experiments Data Status

20

• E12-16-010
o A Search for Hybrid Baryons in Hall B with 

CLAS12 
o Annalisa D’Angelo

• E12-16-010
o A Nucleon Resonance Structure Studies Via 

Exclusive KY Electroproduction at 6.6 GeV 
and 8.8 GeV 

o Daniel Carman 

• E12-16-010B 
o Deeply Virtual Compton Scattering with 

CLAS12 at 6.6 GeV and 8.8 GeV 
o Latifa Elouadrhiri

• 4.0 PAC days
• Eb = 6.5 GeV 
• Target: LH2
• Beam current: 60 nA
• Trigger: e in CLAS
• Luminosity: 1035 cm-2s-1 @ 6.5 GeV 

(Full Luminosity)
• Collected Events: 7.8G
• Torus Current: 100% (3375 A) (negative 

outbending)
• Solenoid -100%
• Polarized e, unpolarized LH2
• Target Center: x,y = 0cm, z = -3cm

Update

A. D’Angelo, Run Group K - Confinement and Strong QCD PASS2 
Calibration Readiness Review, Apr. 2022.
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What are we measuring? Spin Observables

Experiment Theorists

21

• Beam Spin Asymmetry:

• Sin φ* Moment:

• Structure Function:

• Beam Spin Asymmetry:

• Sin φ* Moment:

Update
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A. Afanasev, I. Akushevich, V. Burkert, and K. Joo, “QED radiative 
corrections in processes of exclusive pion electroproduction”, 
Physical Review D 66, 10.1103/physrevd.66.074004 (2002).
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Extracting η → Event Selection Criteria (e and p)

• Cuts applied to run 5893

22Update

Before cuts applied Details of each electron cut

After cuts applied

Details of each proton cut

• Analysis cuts: refining particle 
identification and enhancing sample 
purity

• Fiducial cuts: define the operational 
boundaries of the detectors
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PCAL
• FX developed PCAL Fiducial Cuts for RGK Analysis Note

23Update

• Developed using weight 
of average sampling 
fraction < Etot / p >
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DC

• The plots show events inside and 
outside of fiducial volume

• Left: positively charged particles
• Right: negatively charged particles

24

• Charged hadron & electron fiducial cuts in FD using reconstructed (x, y) point of trajectory in DC 
• R1 (layer 6), R2 (layer 18), and R3 (layer 36)
• Uses fiducial cuts algorithm developed by Stefan Diehl for RG-A analysis

Update

RGK Analysis Note
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chi2pid
• For hadrons: “…quality factory based off of the 

difference of the vertex times and the expected 
timing resolution, which is dependent on the FTOF 
layer and component.” (Newton 2021)

25

• For electrons/positrons: “The electron ‘chi2pid’ 
value…is an event builder quality factor that 
quantifies how closely the expected and calculated 
sampling fractions are, as shown by the formula 
below where σp is the resolution of the sampling 
fraction,” (Newton 2021)

Update

1. N. Baltzell, “Event Builder Status”, (CLAS Collaboration, July 2018).
2. S. Diehl, “Particle Identification and Fiducial Volumes for the First SIDIS Publications”, (CLAS Collaboration, July 2020).
3. J. Newton, “J/ψ Photoproduction Near Threshold With CLAS12”, PhD thesis (Old Dominion University, 2021).
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φ* bins

• 10 φ* bins with equal number of events
• Bin edges = 0, 38, 68, 91, 115, 180, 246, 269, 294, 324, 360 degrees

26Update
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Monte Carlo Simulations: Signal

• clas12elspectro
• Reaction channel: ep→e’p’η
• Signal only
• Background Merging included

27I. ILLARI
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MC vs Data

28I. ILLARI

MC
DATA
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Monte Carlo Simulations: Background

• TWOPEG
• 2pion background
• Background Merging included

29I. ILLARI
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Model Fitting: Extracting η Yields

• 1.610 GeV ≤ W < 2.210 GeV
• Background symmetric under 

the signal
• Can use relatively simple total 

model of Gaussian signal + 
polynomial background

30

• 1.486 GeV ≤ W < 1.610 GeV
• Asymmetric missing mass2 

distribution due to near η 
production threshold behavior

• Special models developed 
• Majority of η data focuses on 

S11(1535)

Update
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Near production threshold

31I. ILLARI
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MM2 fit to φ* bins

• hello

32Update

[0, 38) deg                          [38, 68) deg                [68, 91) deg             [91, 115) deg           [115, 180) deg

[180, 246) deg                  [246, 269) deg            [269, 294) deg            [294, 324) deg           [324, 360) deg

φ*

W in [1.685, 1.710) GeV
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Quality of MM2 Fits

• Going forward: cut fits to MM2 where chi2/ndf > 3

33Update

POL2 POL3 POL4

pol3 as benchmark
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Comparison of pol background fits

34Update

POL2 POL3 POL4

POL2 POL3 POL4
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Systematic Uncertainty Calculation

• Use results from pol3 as “benchmark”
• Calculate Mean Absolute Error (MAE)

o Average absolute difference between predicted and observed values
o Evaluate the average absolute deviation of data points from different 

fitting models (pol2, pol3, pol4) against the benchmark model (pol3)
o Focuses on the average magnitude of errors
o Less sensitive to outliers than (R)MSE (Root Mean Squared Error)

35Update

<latexit sha1_base64="QNskrFBo6kJMreM14JWH0U9djLg="></latexit>

MAE =
1

N

NX

i=1

|Ybenchmark � Ymodel,i|
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Beam Spin Asymmetry: η signal

• Data binned over W and φ*
• Data integrated over Q2 and cosθ*
• Background: pol2 pol3 pol4
• BSA y range ±0.35
• Asinφ* fit

36I. ILLARI
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Beam Spin Asymmetry: Background

• Data binned over W and φ*
• Data integrated over Q2 and cosθ*
• Background: pol2 pol3 pol4
• BSA y range ±0.035
• Asinφ* fit

37I. ILLARI
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Beam Spin Asymmetry: Background

38I. ILLARI

• Data binned over W and φ*
• Data integrated over Q2 and cosθ*
• Error bars: statistical uncertainty
• Grey histograms around zero line: 

systematic uncertainty
• BSA y range ±0.035
• Asinφ* fit
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Sin moment of the asymmetry ALU
sinφ*: η signal 

• hello

39I. ILLARI

• Data binned over W and φ*
• Data integrated over Q2 and cosθ*
• Error bars: statistical uncertainty
• Grey histograms around zero line: 

systematic uncertainty
• Results from Asinφ* fit to BSA
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Sin moment of the asymmetry ALU
sinφ*: Background

• hello

40I. ILLARI

• Data binned over W and φ*
• Data integrated over Q2 and cosθ*
• Error bars: statistical uncertainty
• Grey histograms around zero line: 

systematic uncertainty
• Results from Asinφ* fit to BSA
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Bins in W and Q2: ALU
sinφ*

41I. ILLARI

• Data binned over W, φ*, and Q2

• Data integrated over cosθ*
• Error bars: statistical uncertainty
• Grey histograms around zero line: systematic uncertainty

<latexit sha1_base64="hZOSr7HqkLuyATWZ35PMm1dwYVo=">AAACGHicbZDLSgMxFIYzXmu9jbp0EyyCuKgzIurS1o0LFxVtFTq1ZNLUhmYyITkjLcM8hhtfxY0LRdx259uYXgRvBwIf/38OJ+cPleAGPO/DmZqemZ2bzy3kF5eWV1bdtfWaiRNNWZXGItY3ITFMcMmqwEGwG6UZiULBrsPu6dC/vmfa8FheQV+xRkTuJG9zSsBKTXcvANaDtHxZynBAlNJxD5ea6Xk1u00Dw2WgOnzXWl/YdAte0RsV/gv+BApoUpWmOwhaMU0iJoEKYkzd9xQ0UqKBU8GyfJAYpgjtkjtWtyhJxEwjHR2W4W2rtHA71vZJwCP1+0RKImP6UWg7IwId89sbiv959QTax42US5UAk3S8qJ0IDDEepoRbXDMKom+BUM3tXzHtEE0o2CzzNgT/98l/obZf9A+LhxcHhZPyJI4c2kRbaAf56AidoDNUQVVE0QN6Qi/o1Xl0np03533cOuVMZjbQj3IGn8C0oDo=</latexit>

BSA ⇡ Asin�⇤
LU sin�⇤

Increasing Q2 bins
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Comparison to Jülich-Bonn-Washington (JBW) Model

• hello

42I. ILLARI
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Comparison to EtaMAID Model

• hello

43I. ILLARI
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What about adding the cosφ* moments?

• So far used Asinφ* fit to BSA
• But what about:

44Update

<latexit sha1_base64="rrcwkO72FRdMGrML2OJCs6QdVjw="></latexit>

BSA(�⇤) = A sin�⇤
1 +B cos� ⇤+C cos 2�⇤

<latexit sha1_base64="d2s8i+tdz7PXvAEOXa48Gfy1gjE=">AAACIHicbZDLSgMxFIYzXmu9VV26CRahKpQZkdaN0NaNy4r2Ap1SMmmmDc1khuSMWIY+ihtfxY0LRXSnT2N6WWj1h8DPd87h5PxeJLgG2/60FhaXlldWU2vp9Y3Nre3Mzm5dh7GirEZDEaqmRzQTXLIacBCsGSlGAk+whje4HNcbd0xpHspbGEasHZCe5D6nBAzqZIousHtIKjflUc6N+vz4CF9g11eEJmXsai4ncJQ4+ARXsEtDPQWdTNbO2xPhv8aZmSyaqdrJfLjdkMYBk0AF0brl2BG0E6KAU8FGaTfWLCJ0QHqsZawkAdPtZHLgCB8a0sV+qMyTgCf050RCAq2HgWc6AwJ9PV8bw/9qrRj883bCZRQDk3S6yI8FhhCP08JdrhgFMTSGUMXNXzHtE5MOmEzTJgRn/uS/pn6adwr5wvVZtlSZxZFC++gA5ZCDiqiErlAV1RBFD+gJvaBX69F6tt6s92nrgjWb2UO/ZH19A71xoXw=</latexit>

BSA(�⇤) = A sin�⇤
1 +B cos�⇤
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Results of adding cosφ* moments 

Asinφ* fit

45Update

<latexit sha1_base64="rrcwkO72FRdMGrML2OJCs6QdVjw="></latexit>

BSA(�⇤) = A sin�⇤
1 +B cos� ⇤+C cos 2�⇤

<latexit sha1_base64="d2s8i+tdz7PXvAEOXa48Gfy1gjE=">AAACIHicbZDLSgMxFIYzXmu9VV26CRahKpQZkdaN0NaNy4r2Ap1SMmmmDc1khuSMWIY+ihtfxY0LRXSnT2N6WWj1h8DPd87h5PxeJLgG2/60FhaXlldWU2vp9Y3Nre3Mzm5dh7GirEZDEaqmRzQTXLIacBCsGSlGAk+whje4HNcbd0xpHspbGEasHZCe5D6nBAzqZIousHtIKjflUc6N+vz4CF9g11eEJmXsai4ncJQ4+ARXsEtDPQWdTNbO2xPhv8aZmSyaqdrJfLjdkMYBk0AF0brl2BG0E6KAU8FGaTfWLCJ0QHqsZawkAdPtZHLgCB8a0sV+qMyTgCf050RCAq2HgWc6AwJ9PV8bw/9qrRj883bCZRQDk3S6yI8FhhCP08JdrhgFMTSGUMXNXzHtE5MOmEzTJgRn/uS/pn6adwr5wvVZtlSZxZFC++gA5ZCDiqiErlAV1RBFD+gJvaBX69F6tt6s92nrgjWb2UO/ZH19A71xoXw=</latexit>

BSA(�⇤) = A sin�⇤
1 +B cos�⇤

• Binned over W and 
φ*

• Integrated over Q2 
and cosθ*
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Fits to BSA

• hello

46Update

<latexit sha1_base64="d2s8i+tdz7PXvAEOXa48Gfy1gjE=">AAACIHicbZDLSgMxFIYzXmu9VV26CRahKpQZkdaN0NaNy4r2Ap1SMmmmDc1khuSMWIY+ihtfxY0LRXSnT2N6WWj1h8DPd87h5PxeJLgG2/60FhaXlldWU2vp9Y3Nre3Mzm5dh7GirEZDEaqmRzQTXLIacBCsGSlGAk+whje4HNcbd0xpHspbGEasHZCe5D6nBAzqZIousHtIKjflUc6N+vz4CF9g11eEJmXsai4ncJQ4+ARXsEtDPQWdTNbO2xPhv8aZmSyaqdrJfLjdkMYBk0AF0brl2BG0E6KAU8FGaTfWLCJ0QHqsZawkAdPtZHLgCB8a0sV+qMyTgCf050RCAq2HgWc6AwJ9PV8bw/9qrRj883bCZRQDk3S6yI8FhhCP08JdrhgFMTSGUMXNXzHtE5MOmEzTJgRn/uS/pn6adwr5wvVZtlSZxZFC++gA5ZCDiqiErlAV1RBFD+gJvaBX69F6tt6s92nrgjWb2UO/ZH19A71xoXw=</latexit>

BSA(�⇤) = A sin�⇤
1 +B cos�⇤

• BSA y range ±0.35
• Binned over W and φ*
• Integrated over Q2 and cosθ*
• Unconstrained B
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Fits to BSA

• hello

47Update

• BSA y range ±0.35
• Binned over W and φ*
• Integrated over Q2 and cosθ*
• Unconstrained B and C

<latexit sha1_base64="rrcwkO72FRdMGrML2OJCs6QdVjw="></latexit>

BSA(�⇤) = A sin�⇤
1 +B cos� ⇤+C cos 2�⇤
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Comparison of sin moment

• hello

48Update


