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Theory Curves for 𝐴𝐴𝑁𝑁𝜋𝜋
0

• GPM (Generalized Parton Model) 
evaluation for the Sivers function 
(quark + gluon) 
https://arxiv.org/pdf/1811.02970.pdf

• Collinear twist-3 qgq contribution 
from the polarized proton and 
hadronization 
https://arxiv.org/pdf/2002.08384.pdf

• Does not include contribution 
from collinear twist-3 trigluon 
correlation function 
https://arxiv.org/pdf/1312.6862.pdf

• Requested from Shinsuke Yohsida
and Yuji Koike, unfortunately code
to perform calculations was lost 
when former postdoc left physics

28/5/2020 Nicole Lewis, University of Michigan
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New Calculation for qgq Contribution for 𝐴𝐴𝑁𝑁
𝛾𝛾

• Updated from Daniel Pitonyak, things that changed:
• Used a more up-to-date extraction of the Sivers function from https://arxiv.org/pdf/2002.08384.pdf
• Added the soft fermion pole (SFP) term from the polarized proton

• The new qgq contribution calculation shows that the midrapidity direct photon 𝐴𝐴𝑁𝑁 is 
more cleanly sensitive to the trigluon correlation function than previously thought
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New Curve: qgq Contribution prediction from before: 

8/5/2020 Nicole Lewis, University of Michigan

https://arxiv.org/pdf/2002.08384.pdf


𝐴𝐴𝑁𝑁
𝜂𝜂 : New 𝑝𝑝𝑇𝑇 bins

PPG135 
𝒑𝒑𝑻𝑻 Bins 
[GeV]

𝒑𝒑𝑻𝑻 Bins 
From

Preliminary 
[GeV]

New 𝒑𝒑𝑻𝑻
Bins 

[GeV]

2 – 3
3 – 4
4 – 5
5 – 6
6 – 7
7 – 8
8 – ??

2 – 3
3 – 4
4 – 5
5 – 6
6 – 8

8 – 15

2 – 3
3 – 4
4 – 5
5 – 6
6 – 7
7 – 8

8 – 10
10 – 20  
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• After reviewing this result, I realized I was 
using wider 𝑝𝑝𝑇𝑇 bins than PPG 135

• Able to use finer 𝑝𝑝𝑇𝑇 by combining data 
from two fills together to calculate the 
asymmetry rather than calculating the 
asymmetry fill by fill

• Same method used for 𝜋𝜋0 and direct photon 
asymmetries

8/5/2020 Nicole Lewis, University of Michigan



Also Eliminated Fills with Problematic GL1P Scalers

Runs with GL1P Scalers that are ~2 orders of magnitude larger than the rest:
431831, 431833, 431834, 431835, 431836, 431837, 431839, 431840, 
431844, 431845, 431846, 431859, 431860, 431886, 431888
Correspond to three fills, which are eliminated from the 𝜋𝜋0, 𝜂𝜂 and direct 
photon analyses

58/5/2020 Nicole Lewis, University of Michigan



Data Cuts
• Using ERT data
• 𝑧𝑧𝑣𝑣𝑣𝑣𝑣𝑣 < 30 cm
• Cuts for all photon clusters:

• 0.5 ≤ Energy ≤ 20 GeV
• prob_photon > 0.02
• 𝜒𝜒2 cut
• Eliminate dead and warn map clusters
• Edge tower cut
• Hot tower cut (fixed bug)
• TOF ≤ 5 ns
• Charged Track Veto Cut

• Photon pair cuts
• same arm
• cluster distance greater than 8 cm
• Energy asymmetry 𝛼𝛼 = |𝐸𝐸1−𝐸𝐸2|

𝐸𝐸1+𝐸𝐸2
< 0.8

• Used the same invariant mass ranges as 
PPG135: 
Signal: 480 < 𝑀𝑀𝛾𝛾𝛾𝛾 < 620 MeV
Background: 300 < 𝑀𝑀𝛾𝛾𝛾𝛾 < 400 MeV or
700 < 𝑀𝑀𝛾𝛾𝛾𝛾 < 800 MeV

• Cuts for the higher energy trigger 
photon

• ERT check
• Highest energy photon in the event to 

avoid random benefit (not used for 
preliminary)

• 𝑝𝑝𝑇𝑇 ≥ 1.5 GeV (previously 𝑝𝑝𝑇𝑇 ≥ 1.0 GeV)
68/5/2020 Nicole Lewis, University of Michigan
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𝜂𝜂 Asymmetry Before the Background Correction
Yellow 
Beam

Blue Beam

𝑇𝑇 𝑝𝑝𝑇𝑇 =
𝐴𝐴𝑁𝑁
𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 − 𝐴𝐴𝑁𝑁

𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝜎𝜎𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 2 + 𝜎𝜎𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 2

Signal invariant
mass region:

480 < 𝑀𝑀𝛾𝛾𝛾𝛾 < 620 MeV

Relative 
Luminosity 

Formula

8/5/2020 Nicole Lewis, University of Michigan



𝜂𝜂 Asymmetry Before the Background Correction
Relative Luminosity Formula Square Root Formula

𝑇𝑇 𝑝𝑝𝑇𝑇 =
𝐴𝐴𝑁𝑁𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌 − 𝐴𝐴𝑁𝑁𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵

𝜎𝜎𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌 2 + 𝜎𝜎𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 2
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Signal invariant
mass region:

480 < 𝑀𝑀𝛾𝛾𝛾𝛾 < 620 MeV

8/5/2020 Nicole Lewis, University of Michigan



Examples of the invariant 
mass plots. Rest of the fits 
are included in the back up
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Pink curve represents the 
“pol3" which describes the 
combinatorial background
Gaussian part of the fit is 
not used in the background
fraction calculation directly

Fit a “Gaus+pol3” 
function to

0.4 < 𝑀𝑀𝛾𝛾𝛾𝛾 < 0.7 GeV

Background 
Fraction Fits

8/5/2020 Nicole Lewis, University of Michigan



Background Fraction
Fit a “Gaus+pol3” function to 0.4 < 𝑀𝑀𝛾𝛾𝛾𝛾 < 0.7 GeV

𝑟𝑟 = 𝐵𝐵
𝑆𝑆+𝐵𝐵

calculated using the 
signal region:
0.480 < 𝑀𝑀𝛾𝛾𝛾𝛾 < 0.620 GeV

• 𝐵𝐵 is calculated by integrating 
the “pol3” part of the fit 

• 𝑆𝑆 + 𝐵𝐵 is calculated by 
summing histogram counts

Same method as 𝜋𝜋0 analysis

108/5/2020 Nicole Lewis, University of Michigan



Yellow 
Beam

Blue 
Beam

𝑇𝑇 𝑝𝑝𝑇𝑇 =
𝐴𝐴𝑁𝑁
𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 − 𝐴𝐴𝑁𝑁

𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝜎𝜎𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 2 + 𝜎𝜎𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 2

Background Asymmetry
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Background invariant 
mass regions: 

300 < 𝑀𝑀𝛾𝛾𝛾𝛾 < 400 MeV 
700 < 𝑀𝑀𝛾𝛾𝛾𝛾 < 800 MeV

Relative 
Luminosity 

Formula

8/5/2020 Nicole Lewis, University of Michigan



Relative Luminosity Formula Square Root Formula

𝑇𝑇 𝑝𝑝𝑇𝑇 =
𝐴𝐴𝑁𝑁𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌 − 𝐴𝐴𝑁𝑁𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵

𝜎𝜎𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌 2 + 𝜎𝜎𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 2

Background Asymmetry
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Background invariant 
mass regions: 

300 < 𝑀𝑀𝛾𝛾𝛾𝛾 < 400 MeV 
700 < 𝑀𝑀𝛾𝛾𝛾𝛾 < 800 MeV

8/5/2020 Nicole Lewis, University of Michigan



Background Corrected 𝜂𝜂 Asymmetry
Yellow 
Beam

Blue Beam

𝑇𝑇 𝑝𝑝𝑇𝑇 =
𝐴𝐴𝑁𝑁
𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 − 𝐴𝐴𝑁𝑁

𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝜎𝜎𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 2 + 𝜎𝜎𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 2
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Relative 
Luminosity 

Formula

8/5/2020 Nicole Lewis, University of Michigan



Background Corrected 𝜂𝜂 Asymmetry
Relative Luminosity Formula Square Root Formula

𝑇𝑇 𝑝𝑝𝑇𝑇 =
𝐴𝐴𝑁𝑁𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌 − 𝐴𝐴𝑁𝑁𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵

𝜎𝜎𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌 2 + 𝜎𝜎𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 2

148/5/2020 Nicole Lewis, University of Michigan



Background Corrected 𝜂𝜂 Asymmetry

𝑇𝑇 𝑝𝑝𝑇𝑇 =
𝐴𝐴𝑁𝑁
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 − 𝐴𝐴𝑁𝑁𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿

𝜎𝜎𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 2 − 𝜎𝜎𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 2

Yellow 
Beam

Blue 
Beam

158/5/2020 Nicole Lewis, University of Michigan



Background Corrected Beam Averaged 
Asymmetry

𝑇𝑇 𝑝𝑝𝑇𝑇 =
𝐴𝐴𝑁𝑁
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 − 𝐴𝐴𝑁𝑁𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿

𝜎𝜎𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 2 − 𝜎𝜎𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 2

168/5/2020 Nicole Lewis, University of Michigan



𝜙𝜙𝑠𝑠 is the angle from the spin 
up direction (𝑦𝑦 = 0 in PHENIX 
coordinates) and increases to 
the left of the polarized beam 
going direction
1
𝑃𝑃
𝜖𝜖𝑁𝑁 𝜙𝜙𝑠𝑠 =

1
𝑃𝑃
𝑁𝑁↑ 𝜙𝜙𝑠𝑠 − 𝑅𝑅𝑁𝑁↓ 𝜙𝜙𝑠𝑠
𝑁𝑁↑ 𝜙𝜙𝑠𝑠 + 𝑅𝑅𝑁𝑁↓ 𝜙𝜙𝑠𝑠

= 𝐴𝐴𝑁𝑁 sin𝜙𝜙𝑠𝑠

𝐴𝐴𝑁𝑁 sin𝜙𝜙𝑠𝑠 fit plots in Back Up

sin𝜙𝜙 Modulation
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𝐴𝐴𝑁𝑁
𝜂𝜂 , not corrected for background

8/5/2020 Nicole Lewis, University of Michigan



Bunch Shuffling
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• Used the square root formula to avoid having to recalculate the 
relative luminosity

• Shuffled asymmetries are calculated exactly the same way as the central 
asymmetry value

• Divided this number by the statistical error of the square root formula for that 
𝑝𝑝𝑇𝑇 bin

• Randomized each bunch spin combo for every fill 10,000 times
Spin 

Combo
Blue 

Beam
Yellow 
Beam

0 ↓ ↓
1 ↓ ↑
2 ↑ ↓
3 ↑ ↑

8/5/2020 Nicole Lewis, University of Michigan
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Bunch Shuffling Summary

• The widths of the Gaussian fits are 
consistent with 1, except for the lowest 
𝑝𝑝𝑇𝑇 bin

• Extra systematic error from for that bin

1.056 � 𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
2 + 𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 2

𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 1.056 2 − 1 � 𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 0.000620

Same formula as 𝜋𝜋0 asymmetry

228/5/2020 Nicole Lewis, University of Michigan



Uncertainty on the Background Fraction
Tried fitting ranges
0.3 < 𝑀𝑀𝛾𝛾𝛾𝛾 < 0.7 GeV and 
0.4 < 𝑀𝑀𝛾𝛾𝛾𝛾 < 0.8 GeV
To see how much 𝑟𝑟 changed 
when compared to the 
central fit range:
0.4 < 𝑀𝑀𝛾𝛾𝛾𝛾 < 0.7 GeV

Propagated 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 through 
the background subtraction 
formula to assign a systematic 
error on the 𝜂𝜂 asymmetry

238/5/2020 Nicole Lewis, University of Michigan
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Reminder - extra systematic error from bunch shuffling:
(because of a greater than one bunch shuffling width)

1.056 � 𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
2 + 𝜎𝜎𝑠𝑠𝑡𝑡𝑡𝑡𝑡𝑡 2

𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 1.056 2 − 1 � 𝜎𝜎𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
8/5/2020 Nicole Lewis, University of Michigan



Consistent with preliminary values

258/5/2020 Nicole Lewis, University of Michigan

Things that changed since 
preliminary:
• Fixed bug in hot tower cut
• Higher energy photon 𝑝𝑝𝑇𝑇 > 1.5 GeV 

(1.0 GeV used for preliminary)
• Require higher energy photon to be 

the highest energy photon in the event
• Removed 3 fills
• Changed method of calculating the

background fraction
• Different formula for assigning the 

systematic error from bunch shuffling
All consistent with 𝜋𝜋0 analysis



268/5/2020 Nicole Lewis, University of Michigan



Back Up 

278/5/2020 Nicole Lewis, University of Michigan



Photon Pair Counts
U - spin up, D - spin down, L - left, R - right, Y - yellow beam asymmetry, B - blue beam asymmetry

Signal
480 < 𝑀𝑀𝛾𝛾𝛾𝛾 < 620 MeV

Background: 
300 < 𝑀𝑀𝛾𝛾𝛾𝛾 < 400 MeV
700 < 𝑀𝑀𝛾𝛾𝛾𝛾 < 800 MeV

288/5/2020 Nicole Lewis, University of Michigan



Cross Check - Splitting the Background 
Asymmetry By Invariant Mass Region

29

Relative Luminosity 
Formula

Yellow Beam
Cross Check

𝑇𝑇 𝑝𝑝𝑇𝑇 =
𝐴𝐴𝑁𝑁
𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 − 𝐴𝐴𝑁𝑁

𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝜎𝜎𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 2 + 𝜎𝜎𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 2

300 < 𝑀𝑀𝛾𝛾𝛾𝛾 < 400 MeV 700 < 𝑀𝑀𝛾𝛾𝛾𝛾 < 800 MeV

Yellow 
Beam

Yellow 
Beam

8/5/2020 Nicole Lewis, University of Michigan



Cross Check - Splitting the Background 
Asymmetry By Invariant Mass Region
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Relative Luminosity 
Formula

Blue Beam Cross Check

𝑇𝑇 𝑝𝑝𝑇𝑇 =
𝐴𝐴𝑁𝑁
𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 − 𝐴𝐴𝑁𝑁

𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝜎𝜎𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 2 + 𝜎𝜎𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 2

300 < 𝑀𝑀𝛾𝛾𝛾𝛾 < 400 MeV 700 < 𝑀𝑀𝛾𝛾𝛾𝛾 < 800 MeV

Blue 
Beam

Blue 
Beam

8/5/2020 Nicole Lewis, University of Michigan



Background 
Fraction Fits

Fit a “Gaus+pol3” 
function to

0.4 < 𝑀𝑀𝛾𝛾𝛾𝛾 < 0.7 GeV

31

Pink curve represents the 
“pol3" which describes the 
combinatorial background
Fit function is only used 
to estimate the 
background contribution, 
Gaussian part of the fit is 
not used directly

8/5/2020 Nicole Lewis, University of Michigan



Background 
Fraction Fits

32

Pink curve represents the 
“pol3" which describes the 
combinatorial background
Fit function is only used 
to estimate the 
background contribution, 
Gaussian part of the fit is 
not used directly

8/5/2020 Nicole Lewis, University of Michigan

Fit a “Gaus+pol3” 
function to

0.4 < 𝑀𝑀𝛾𝛾𝛾𝛾 < 0.7 GeV



Background 
Fraction Fits
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Pink curve represents the 
“pol3" which describes the 
combinatorial background
Fit function is only used 
to estimate the 
background contribution, 
Gaussian part of the fit is 
not used directly

8/5/2020 Nicole Lewis, University of Michigan

Fit a “Gaus+pol3” 
function to

0.4 < 𝑀𝑀𝛾𝛾𝛾𝛾 < 0.7 GeV



Background 
Fraction Fits
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Pink curve represents the 
“pol3" which describes the 
combinatorial background
Fit function is only used 
to estimate the 
background contribution, 
Gaussian part of the fit is 
not used directly

8/5/2020 Nicole Lewis, University of Michigan

Fit a “Gaus+pol3” 
function to

0.4 < 𝑀𝑀𝛾𝛾𝛾𝛾 < 0.7 GeV



Fitting 
𝑝𝑝𝑝 sin𝜙𝜙𝑆𝑆

358/5/2020 Nicole Lewis, University of Michigan



Fitting 
𝑝𝑝𝑝 sin𝜙𝜙𝑆𝑆

368/5/2020 Nicole Lewis, University of Michigan



Fitting 
𝑝𝑝𝑝 sin𝜙𝜙𝑆𝑆

378/5/2020 Nicole Lewis, University of Michigan



Fitting 
𝑝𝑝𝑝 sin𝜙𝜙𝑆𝑆

388/5/2020 Nicole Lewis, University of Michigan
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