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• Λ polarization is easily accessible from the 
Λ → p𝜋! channel:

𝑑𝑁
𝑑Ω"

∝ 1 + 𝛼𝑃#𝐷 𝑦 𝐷$$!
% cos 𝜃&$!

• 𝐷$$!
%  describes probability for a quark to 

transfer its polarization to the Λ
• Related to helicity FF 𝐺'%

Longitudinal Spin Transfer
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Figure 1: The ⇤ ! p⇡� decay in the ⇤ frame is shown with the ⇤ spin axis ~P⇤.
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• Large transverse polarization of Λ 
observed in unpolarized proton collisions

𝑑𝑁
𝑑Ω"

∝ 1 + 𝛼𝑃(%cos 𝜃&$!

• Transverse polarization is related to FF 
𝐷'()%, see Isabella Garzia’s talk
• Process-dependent sign is an important 

test of QCD gauge structure

𝐷'() *+,+* = 𝐷'() -"-# = −𝐷'() ,.

Spontaneous Transverse Polarization
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Target Fragmentation Region (TFR) Λs
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• Correlations arise due to momentum, spin conservation between a 
produced 𝑞7𝑞 pair
• Provide a means to study the hadronization process in the TFR
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• CEBAF provides highly polarized 𝑒! beam at 10.6GeV
• CLAS12 has excellent momentum resolution and PID with full 

azimuthal coverage 

CLAS12 Experiment at JLab
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𝐿𝐻! Target

Polarized 𝑒"

V. Burkert, et al. NIM 2020.
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Signal Fit: Gaussian Peak 
with power law tail 
(Crystal Ball)

Integrate from 
1.10 − 1.13	𝐺𝑒𝑉
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Signal Fit on Data
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• Linear fit to cross-section requires acceptance correction
• Maximum Likelihood (ML) method requires equal 

amounts of positive and negative helicity events

𝐷$$!
% =

1
𝛼𝑃#/

	 ⋅
Σ01'
2$ 𝑃#,0𝐷 𝑦0 cos 𝜃&$!

0

Σ01'
2$ 𝐷/ 𝑦0 cos/ 𝜃&$!

0

• No acceptance correction needed for ML

𝐷!!!  Extraction
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Figure 1: The ⇤ ! p⇡� decay in the ⇤ frame is shown with the ⇤ spin axis ~P⇤.
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Choice of Λ Polarization Axis

• cos 𝜃&$! is the angle between the proton 
momentum and the Λ polarization axis 𝐿4

• Two choices used for 𝐿4
• Along 𝑃,
• Along 𝑃-∗
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Maximum Likelihood (ML) Results

Note: errors are solely
statistical

vs. 𝑧

vs. 𝑥#
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HERMES results from 
PRD, 74(7), Oct 2006 

𝐷$$!
% 	=

𝐷$$"#$! − 𝜖𝐷$$!&'
1 − 𝜖
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Graph Neural Networks (GNNs)

• GNNs have been used for event tagging before, e.g., at LHC PRD 101, 
056019 (2020)
• Pass each event as fully-connected, bidirectional graph
• Each particle is a node with its own data: 𝑝( , 𝜃, 𝜙, etc.

Λ event?𝐵

𝐴

𝐶

𝐷

𝐸

𝑝!, 𝜃, 𝜙,
	𝑃𝐼𝐷, 𝜒", 𝛽, …

GNN
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Graph Neural Networks (GNNs)

• At basic level, function as generalized form of CNNs
CNN

1 2 N…1 2 N…

Aggregation Aggregation

GNN
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GIN Evaluation on MC

Before NN After NN
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83.7% Test accuracy and background is significantly reduced!
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Signal shape is preserved



GIN Evaluation on Data

• Evaluate on 24k events
• FOM=𝑁506/√𝑁787 is 65.74 compared to 34.11 without the GIN
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Domain Adaptation

• Problem: target domain does not match source domain

15
Data MC
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Domain Adversarial NNs

• Minimizes distinction between real and training data
• Two objectives: classification task and domain discrimination

16arXiv:1505.07818v4
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Domain Adversarial NNs

• Reverse gradient from discriminator loss during backpropagation

17arXiv:1505.07818v4

𝐵

𝐴
𝐶

𝐷

𝐸
Feature	
Extractor

(CNN/GNN/…)

Classifier	(MLP)

Discriminator	
(MLP)

𝑎

𝑏

𝑐

𝑑

𝑒

…

Real

Generated

Class	1

Class	2

−𝜆
𝜕𝐿(
𝜕𝑥

𝜕𝐿(
𝜕𝑥

𝜕𝐿)
𝜕𝑥

𝜕𝐿)
𝜕𝑥

Gradient	reversal

M. McEneaney, Duke University28 June 2023

https://arxiv.org/abs/1505.07818


1.08 1.1 1.12 1.14 1.16 1.18 1.2 1.22 1.24
 (GeV)-πpM

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

C
ou

nt
s

 Invariant Mass-πp

-
π p → ΛTrue 

All other background

/NDF = 9.182χ

 0.0203± = 0.6524 α

 0.96±n = 3.97 

 0.00010 GeV± = 0.00788 σ

 0.00007 GeV± = 1.11551 µ

 312± = 97553 sigN

 5± = 121350 bgN

 Invariant Mass-πp

DAGIN Evaluation on MC

Before NN After NN

18

82.9% Test accuracy and background is significantly reduced!
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Signal shape is preserved



DAGIN Evaluation on Data

• Evaluate on 24k events
• FOM=𝑁506/√𝑁787 is 42.09 compared to 34.11 without the GIN
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NN Output on Data and MC

• Kolmogorov-Smirnov statistic is 0.035 for GIN and 0.261 for DAGIN

20M. McEneaney, Duke University28 June 2023
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• Preliminary extraction of 𝐷$$!
% = 0.0618 ± 0.0963(𝑠𝑡𝑎𝑡) is consistent 

with previous measurements
• Machine learning methods need further validation
• Other approaches: normalizing flows, transformers
• Next steps:
• Secondary vertex reconstruction method recently implemented
• Measurement of Λ spontaneous transverse polarization
• Λ𝐾 spin orbit correlations

Summary and Next Steps

2128 June 2023 M. McEneaney, Duke University



Thank you!



Longitudinal Spin Transfer

• Polarized electron selects a quark with the opposite spin
• Polarization of quark is transferred to hadrons after fragmentation
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• Assume background polarization is independent of 𝑀&9#

• Subtract polarization computed in sideband regions

Sideband Background Correction
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Graph Isomorphism Network (GIN)

• Similar to Weisfeiler-Lehman (WL) Test, essentially ensures 
aggregation is injective
• Compare with basic GNN convolution:

arXiv:1810.00826
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Graph Isomorphism Network (GIN)

• Aggregation in final layer is across all previous layers/iterations

arXiv:1810.00826

Pooling Pooling
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Optimization of NN Cut

• Scan FOM and purity as a function of NN cut

27M. McEneaney, Duke University28 June 2023
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1 + 𝛼𝐷 𝑦 𝑃&𝐷$$!,-./01203𝑐𝑜𝑠𝜃4)

𝐷$$!,-./01203 = 0.1 for Signal and 
𝐷$$!,-./01203 = 0.01 for Background

Averaged result is:

𝐷$$!,*+) = 0.107 ± 0.078

28M. McEneaney, Duke University28 June 2023



Fit 𝑐𝑜𝑠𝜃	(acceptance corrected)
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Note: No GNN applied
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• Uncertainties from fit errors and incorrect particle PID were minimal 
(<0.001).
• Spin transfer in sidebands is fairly small:

• Results from linear fit method are consistent within uncertainties but 
require better statistics.

Systematic Uncertainties
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Helicity Balance vs. Invariant Mass
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Note: No GNN applied,
errors are solely
statistical
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