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Motivation
Reaction Studied: ep→e’π+(X)
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• Semi-Inclusive Deep Inelastic Scattering: access to 3D structure of 

nucleons in momentum space

• Azimuthal modulations of unpolarized SIDIS cross-section for 

charged pion electroproduction can give access to the Cahn and 

Boer-Mulders effects



Motivation

The 𝝆0 background must be subtracted to properly study this cross-section

Background Process: ep → e’p𝝆0

𝝆0  
→ π+ π-
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5D Multidimensional Analysis Procedure

Apply: 
(1) Multidimensional Acceptance Correction, (2) Radiative Corrections, then (3) Bin-Centering Corrections

Fit with
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Using the RG-A Fall 2018 Inbending Pass 2 Data
10.6 GeV Polarized Beam Unpolarized Liquid Hydrogen Target (Forward Tracking Only)

Select Events using PID, Fiducial, and Analysis Cuts (including background subtraction)
• Total 5D Bins: 469*24 = 11,256 Bins

𝒅𝟓𝝈

𝒅𝑸𝟐𝒅𝒚 𝒅𝑷𝑻𝒅𝒛 𝒅𝝓𝒉
= 𝑨𝟎(𝟏 + 𝑨𝑼𝑼

𝒄𝒐𝒔 𝝓𝒉 𝒄𝒐𝒔 𝝓𝒉 + 𝑨𝑼𝑼
𝒄𝒐𝒔 𝟐𝝓𝒉 𝒄𝒐𝒔 𝟐𝝓𝒉)

17 Bins
— 30 Bins

24 Bins



Exclusive 𝝆0 Background Subtraction in 5D Binning

Subtracting 𝝆0 events using an Exclusive MC (tuned to CLAS12) from Harut:

• Purpose: Remove contributions from 𝝆0 decays that contaminate the 

SIDIS event samples

• Subtract the Background Using:

𝒀𝒋
𝑺𝑰𝑫𝑰𝑺 = 𝒀𝒋

𝑺𝑰𝑫𝑰𝑺+𝑬𝒙𝒄𝒍𝒖𝒔𝒊𝒗𝒆 − 𝒏𝝆𝑵𝒋
𝑴𝑪,𝒓𝒆𝒄,𝝆

Where:

• 𝑵𝒋
𝑴𝑪,𝒓𝒆𝒄,𝝆

 = Number of Estimated 𝝆0 events reconstructed in the Exclusive 𝝆0 MC

• 𝒏𝝆 = Normalization Factor for Exclusive 𝝆0 MC to data
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𝒏𝝆 = 
𝑵𝒆𝒙𝒄𝒍

𝒅𝒂𝒕𝒂,𝝆

𝑵𝒆𝒙𝒄𝒍
𝑴𝑪,𝒓𝒆𝒄



Exclusive 𝝆0 Selection from Data
Exclusive 𝝆0 Region: ep → e’π+π-(X) 
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𝒏𝝆 = 
𝑵𝒆𝒙𝒄𝒍

𝒅𝒂𝒕𝒂,𝝆

𝑵𝒆𝒙𝒄𝒍
𝑴𝑪,𝒓𝒆𝒄

Missing Mass Cut for Proton:

𝟎. 𝟖𝟓 < 𝑴𝑴𝒆′𝝅+𝝅− < 𝟏. 𝟎𝟓



Exclusive 𝝆0 Estimation From Data
Used Breit-Wigner Functions for the 𝝆0, f0, and f2 fits and 

a Gaussian Function for all other (general) Background
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𝑴𝝆𝟎  = 0.7755 GeV

𝑴𝒇𝟎
 = 0.98 GeV

𝑴𝒇𝟐
 = 1.275 GeV

Full Fit =  𝑨𝝆𝟎

Τ𝜞
𝝆𝟎
𝟐 𝟒

(𝒙−𝑴
𝝆𝟎)𝟐 + Τ𝜞

𝝆𝟎
𝟐 𝟒

+ 𝑨𝒇𝟎

Τ𝜞𝒇𝟎
𝟐 𝟒

(𝒙−𝑴𝒇𝟎
)𝟐 + Τ𝜞𝒇𝟎

𝟐 𝟒
+ 𝑨𝒇𝟐

Τ𝜞𝒇𝟐
𝟐 𝟒

(𝒙−𝑴𝒇𝟐
)𝟐 + Τ𝜞𝒇𝟐

𝟐 𝟒
+ 𝑨𝑩𝑲𝑮𝒆

−
𝟏

𝟐
(

𝒙−𝝁𝑩𝑲𝑮
𝝈𝑩𝑲𝑮

)𝟐



Exclusive 𝝆0 Estimation from MC
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Normalization Factor Equation

𝒏𝝆 =
𝑵𝒆𝒙𝒄𝒍

𝒅𝒂𝒕𝒂,𝝆

𝑵𝒆𝒙𝒄𝒍
𝑴𝑪,𝒓𝒆𝒄  ≈ 4.625

Normalizes the Exclusive MC to Data



Estimated Contributions of Exclusive 𝝆0 to π+ SIDIS Events
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𝒀𝒋
𝑺𝑰𝑫𝑰𝑺 = 𝒀𝒋

𝑺𝑰𝑫𝑰𝑺+𝑬𝒙𝒄𝒍𝒖𝒔𝒊𝒗𝒆 − 𝒏𝝆𝑵𝒋
𝑴𝑪,𝒓𝒆𝒄,𝝆

With π+ SIDIS Analysis Cuts Only
(In integrated bins of the other variables)

Estimated 𝝆0 Contributions to SIDIS Data for

Q2 Distributions
Estimated 𝝆0 Contributions to SIDIS Data for

y Distributions

Estimated 𝝆0 Contributions to SIDIS Data for

z Distributions
Estimated 𝝆0 Contributions to SIDIS Data for

PT Distributions

Estimated 𝝆0 Contributions to SIDIS Data for

φh Distributions

𝝆0 Contributions: 3.9%



5D Binned 𝝆0 Background Subtractions
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Typical Example

𝝆0 Contamination:

3.3%

Largest Average 
Contamination

𝝆0 Contamination:

20.9%

Smallest Average 
Contamination

𝝆0 Contamination:

0.32%

Experimental Data — φh Plots

Experimental Data — φh Plots

Experimental Data — φh Plots



𝐴𝑖,𝑗
𝑆𝐼𝐷𝐼𝑆 ≡

Number of SIDIS Events Generated in bin 𝑖 but Reconstructed in bin 𝑗

Total Number of SIDS Events Generated in the 𝑖−th bin

𝒀𝒋
𝑺𝑰𝑫𝑰𝑺 =  ෍

𝒊

𝑨𝒊,𝒋
𝑺𝑰𝑫𝑰𝑺 𝑿𝒊

𝑺𝑰𝑫𝑰𝑺 + 𝜷𝒋 ⟺ 𝑿𝒊
𝑺𝑰𝑫𝑰𝑺 = ෍

𝒋

𝑨−𝟏
𝒊,𝒋

𝑺𝑰𝑫𝑰𝑺
𝒀𝒋

𝑺𝑰𝑫𝑰𝑺 − 𝜷𝒋

↳ 𝒀𝒋
𝑺𝑰𝑫𝑰𝑺 = 𝒀𝒋

𝑺𝑰𝑫𝑰𝑺+𝑬𝒙𝒄𝒍𝒖𝒔𝒊𝒗𝒆 − 𝒏𝝆𝑵𝒋
𝑴𝑪,𝒓𝒆𝒄,𝝆

Fit 𝑿𝒊
𝑺𝑰𝑫𝑰𝑺 with 𝑨𝟎(𝟏 + 𝑨𝑼𝑼

𝒄𝒐𝒔 𝝓𝒉 𝒄𝒐𝒔 𝝓𝒉 + 𝑨𝑼𝑼
𝒄𝒐𝒔 𝟐𝝓𝒉 𝒄𝒐𝒔 𝟐𝝓𝒉)

Experimental Data — φh Plots

Multidimensional Acceptance Correction Procedure

Unfolded 
with

Constructed with clasdis MC
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Results



Moments with and without 𝝆0 Subtractions
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Unfolds 
to

Without Background Subtraction:

Amplitude = 16835 ± 101

𝑨𝑼𝑼
𝒄𝒐𝒔 𝝋𝒉  = -0.147 ± 0.0096

 𝑨𝑼𝑼
𝒄𝒐𝒔 𝟐𝝋𝒉  = -0.0040 ± 0.003

Unfolds 
to

Unfolds 
to

With Background Subtraction:

𝑨𝟎 = 16631 ± 103

𝑨𝑼𝑼
𝒄𝒐𝒔 𝝋𝒉  = -0.146 ± 0.01

 𝑨𝑼𝑼
𝒄𝒐𝒔 𝟐𝝋𝒉  = 0.0048 ± 0.003

φh Plots (𝝆0 0.32%)

Without Background Subtraction:

𝑨𝟎 = 6023 ± 70

𝑨𝑼𝑼
𝒄𝒐𝒔 𝝋𝒉  = -0.076 ± 0.015

 𝑨𝑼𝑼
𝒄𝒐𝒔 𝟐𝝋𝒉  = -0.016 ± 0.012

With Background Subtraction:

𝑨𝟎 = 5722 ± 78

𝑨𝑼𝑼
𝒄𝒐𝒔 𝝋𝒉  = -0.076 ± 0.017

 𝑨𝑼𝑼
𝒄𝒐𝒔 𝟐𝝋𝒉  = -0.014 ± 0.009

Without Background Subtraction:

𝑨𝟎 = 14360 ± 75

𝑨𝑼𝑼
𝒄𝒐𝒔 𝝋𝒉  = -0.294 ± 0.008

 𝑨𝑼𝑼
𝒄𝒐𝒔 𝟐𝝋𝒉  = 0.075 ± 0.007

With Background Subtraction:

𝑨𝟎 = 14359 ± 75

𝑨𝑼𝑼
𝒄𝒐𝒔 𝝋𝒉  = -0.294 ± 0.008

 𝑨𝑼𝑼
𝒄𝒐𝒔 𝟐𝝋𝒉  = 0.076 ± 0.007

From Fits: 𝑨𝟎(𝟏 + 𝑨𝑼𝑼
𝒄𝒐𝒔 𝝓𝒉 𝒄𝒐𝒔 𝝓𝒉 + 𝑨𝑼𝑼

𝒄𝒐𝒔 𝟐𝝓𝒉 𝒄𝒐𝒔 𝟐𝝓𝒉)

φh Plots (𝝆0 20.9%)

φh Plots (𝝆0 3.3%)



Summary
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Incorporated the 𝝆0 Background Subtractions into event selection

• Modeled from Exclusive 𝝆0 MC tuned to CLAS12 Data

o Normalized to Data using reconstructed Exclusive events

• Model indicates that ~5% of the binned π+ SIDIS events come from 𝝆0 Contamination

o Minimum Contamination = 0.32%

o Maximum Contamination = 20.9%

Investigated this Subtraction’s impact on the Extracted Moments

• Only has small impact on 𝐴0, Cos(φ), and Cos(2φ)

o Are more sensitive to fit uncertainties



Outlook
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Overall impact on the final results should be small

Other Work In Progress:

• Performed first correction iteration

o Applied 𝝆0 Subtraction, 5D Acceptance, Radiative, and Bin Centering Corrections

o Preparing second/third iterations

• Currently assigning systematic uncertainties

• Moving to finalize results for thesis defense
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SIDIS Purity =
Data AFTER Background Subtraction

Data BEFORE Background Subraction

Ratios of π+ SIDIS to 𝝆0 Background
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𝝆0 Exclusive Background MC Reconstructed Statistics
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Current Total Number of Reconstructed 
Events in SIDIS Sample: 96,735



𝝆0 Exclusive Background MC Generated Statistics

Should Generate Starting at Q2 > 1.5 GeV2
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Need More Exclusive 𝝆0 Statistics



Full Analysis Procedure Overview
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2 Monte 
Carlo

3 Corrections 
and Extraction

4 Uncertainty 
Studies

1 Data 
Collection

• Event selection with PID cuts (electron + π⁺)
• Analysis and fiducial cuts
• Momentum corrections
• Kinematic bin definitions

Using the RG-A Fall 2018 Inbending 
Pass 2 Data

10.6 GeV Polarized Beam
Unpolarized Liquid Hydrogen Target

Forward Tracking Only

• clasdis SIDIS Monte Carlo (for physics modeling and detector response)
• REC vs GEN event matching
• Momentum smearing (to match data)
• Harut’s Exclusive ρ⁰ Monte Carlo (for vector meson background)

1. Bayesian Unfolding:
• Acceptance corrections
• Bin migration
• Background subtraction

2. Radiative corrections (with EvGen)
3. Bin-centering corrections
4. Iterative corrections

• Monte Carlo reweighting (for acceptance uncertainty)
• Closure tests
• Systematic uncertainty evaluation



Event Selection

21

Data 
Collection • Event selection with PID cuts (electron + π⁺)

• Analysis and fiducial cuts
• Apply electron and π⁺ Momentum corrections

Using the RG-A Fall 2018 Inbending 
Pass 2 Data

10.6 GeV Polarized Beam
Unpolarized Liquid Hydrogen Target

Forward Tracking Only

Particle ID (PID):
• Electron ID: Based on Electromagnetic Calorimeter (PCAL) and Cherenkov Counters (HTCC)

• Hadron (π+) ID: Based on Time-Of-Flight Counters (TOF) and the correlation of velocity (ß) and momentum

Analysis Cuts:
o W > 2 GeV

o Q2 > 2 GeV2 

o Missing Mass Cut: Mx > 1.8 GeV (limit on exclusive events)

o pπ+ Cut: 1.25 GeV < pπ+ < 5 GeV

o θ-angle Cut: 5° < θparticle < 35°

o y < 0.75  (minimize other background processes)

o xF > 0 (minimize contributions from target fragmentations)

o Fiducial Cuts (e.g., accounts for bad channels present in data)



Refinement of Fiducial Cuts (on the Electron)
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Drift Chamber Fiducial Cuts

*From Valerii Klimenko

PCalorimeter Fiducial Cuts on V and W (also cut on U < 395 cm)

Experimental 
Data

(Before the Cuts)

Red lines show cuts to 
remove the dead 

channels in data from 
the simulation

Reconstructed 
Monte Carlo

(Before the Cuts)



Refinement of Fiducial Cuts (on the π+ pion)
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These images show the % Difference between the normalized event counts of where the π+ pion 
hits each layer of the Drift Chamber in the Data and Monte Carlo datasets

The Red lines show 
where the cuts are 
defined for each DC 

layer
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Impact of New Fiducial Cuts

Before 
New 
Cuts

After 
New 
Cuts

Much 
Better 
𝜒2

 Much better agreement 
between the lab angles 
of both particles

The cuts start to reduce the 
additional modulations for a 
smoother distribution of φh

Top Rows:
Lab Angle of Electrons

Bottom Rows:
Lab Angle of π+ Pions



Full Correction Procedure Overview
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2

3

1
Use to 
Unfold

Results

Example Moments from the fit
of Acceptance Corrected Results:

𝑨𝑼𝑼
𝐜𝐨𝐬 𝝋𝒉  = -0.122 ± 0.0096

 𝑨𝑼𝑼
𝒄𝒐𝒔 𝟐𝝋𝒉  = 0.0198 ± 0.0083

Constructed with 
clasdis MC

Take 
Ratio

Apply RC from 
Generated 

Events

Example Moments after the
Radiative Corrections:

𝑨𝑼𝑼
𝐜𝐨𝐬 𝝋𝒉 = −0.0626 ± 0.0096

 𝑨𝑼𝑼
𝒄𝒐𝒔 𝟐𝝋𝒉 = −0.0140 ± 0.0105

First Iteration BC uses 
the default structure 

functions within EvGen

Applying 
Acceptance 
Corrections

Applying 
Radiative 
Corrections

Applying
Bin-Centering 
Corrections

Take 
Ratio

Apply BC 

to RC Plot

Example Moments after the
Bin-Centering Corrections:

𝑨𝑼𝑼
𝐜𝐨𝐬 𝝋𝒉 = −0.0546 ± 0.0115

𝑨𝑼𝑼
𝒄𝒐𝒔 𝟐𝝋𝒉 = −0.0189 ± 0.0140

4
Repeat Steps 1-3 but while 
weighing the MCs with the 
results from the last iteration

• BC Corrections are done by dividing each 5D kinematic bin into 3-5 sub-bins per variable
• Q2, y, z, and PT variables are given 3 sub-bins while φh is given 5 per nominal bin (Total sub-bins = 405)

Normalize to 
Cross Sections

First Iteration RC uses the 
default structure 

functions within EvGen
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