A Blind Analysis for PRad-Il Experiment
using the PRad Data
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Figure 1: Schematic diagram of PRad Setup
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Result of the PRad Experiment
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Xiong et al., Nature 575,
147-150 (2019).

PRad:
» Two independent analyses
(Weizhi Xiong from Duke,
Xinzhan Bai from UVA)
» No blind analysis
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Why do we need a blind analysis?

We presented on how to carry out a blind analysis for
PRad-Il during the PRad-Il C1 review

Studies of Radiative Corrections for the PRad-Il Experiment

PRSius

@ N e
Review

Haiyan Gao
Duke University
For the PRad Collaboration

March 12, 2021

PRad-Il C1 review, March 12, 2021 PR%?.’; 1

e Goal of this study:

Outline

Outline Plan for blind analysis for PRad-Il RC studies for PRad RC studies for PRad-ll Summary

* Plan for blind analysis to extract the proton radius (r,) for PRad-Il

+ Radiative correction (RC) studies for PRad
« PRad's estimation of the RC systematic uncertainty of r,
« Independent study of the RC systematic uncertainty of r,,

* RC studies for PRad-II
« Integrated Moller method
« Plans for the next-to-next leading order (NNLO) calculations
« Improvement from PRad to PRad-II
- [Partial testing of calculations of radiative effects

* Summary

PRad-l C1 review, March 12, 2021 PR%‘&'; 2

Test the proposed approaches and apply the blind analysis for

PRad-Il to enhance objectivity.

Page 3



Goal: Blind analysis for extraction of r,, for PRad-I

Plan A (ongoing)

(Proposed in PRad-I1 C1 review)

Blinding

, , Event Selection
Event Reconstruction Calibration (Analysis started here)
Elastic e-p e-p / e-e Ratio Background
differential cross section <= (Super-ratio) Subtraction
Proton Electric Form Proton Charge
. . —p | Unblind the Analysis
Radius Extraction r, y

We are here: replaces the Gep in the e-p event generator, and iteration happens
True Radius r,,
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Iteration Process Flow Chart

Generate events with e-p
event generator

Propagate generated
particles in Geant4
simulation, and perform

digitization and
reconstruction
Fit the extracted form Extract e-p elastic
factor and replace that in scattering cross section, |[*—*
the generator and electric form factor
Best fitter for PRad and PRad-1I:
1+pfe*| Used the Rational(1,1) form

fRational(l,l)(Qz) =Po

1+ phe?

Tpjp = ’6(P‘i -p)

for the Electric Form Factor

Using blind data to form
the Super-ratio First

\:pr( i /iﬁe,r(ﬂ")
Nep (6:)/Nez (6;)

1

Experimental cross section

do e,b Ner( )/Ner( ) do s,b
e )= Sy mia (@™

1

Reduced cross-section and Gep
E(1+7)(%).
E'(55)

2/ Mott

Treduced —

.
= (G)? + (G
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- E_beam=2.143 GeV

N (6:) Superratio: bin-by-bin and integrated Moller methods
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E_beam=2.143 GeV

Double-ratio: The GEM efficiency corrected e — p to e — e ratio from the simulation with
more realistic GEM detectors that include all the dead areas, over the same ratio from the
simulation with perfect GEM detectors.

DoubleRatio: (ep/ee).../(ep/ee)pertect

1.01
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Conclusion:
Below 1.6 degrees, we should use the bin-by-bin method to cancel the energy-
independent part of the GEM efficiency.
For the larger angles, we must use the integrated-Moller method.
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- E_beam=2.143 GeV
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* Blind Analysis Cross Section  Weizhi’s Cross Section in His Thesis

Experimental do/dQ
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- - Figure 4.44: The Born level differential cross sections for the e —p elastic scattering
- - from (a) the 1.1 GeV and (b) the 2.2 GeV data sets. Staistical and systematic
10" — uncertainties are shown as separate hands and are scaled to the right axes of each
E L 1 [ R plOt
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The Q?range for the data set is from 7.0 X 10 to 5.9 X 102 (GeV/c)?, covered
by 38 data points. Page 8



(1+71) (do/dQ)/(do,,/dQ)

Blind Analysis Reduced Cross-section

Reduced Cross Section

E_beam=2.143 GeV
Extracted Electric Form factor

Electric Form Factor and Best Fit Line
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Best fitter for PRad and PRad-II:

1+piQ*
1+ phQ?

frationat1,1)(Q%) = Po

Tip = fﬁ(lfi -ph)

Used the Rational(1,1) form for the
Electric Form factor

10

Assuming Kelly
Magnetic Form factor,
we can directly extract

the GEp
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Generate events with e-p
event generator

=====zz====Blind Data Single-dataset GEp Fit (2.2 GeV) ===
status = 1, chi2_val/ndf = 6.14387 (215.808/35)

R = 0.8028360226 t 0.0077932128
pd = 0.0818718924 * €.0241190742
fp2 = 9.9954193937 £ ©.0001776897

A

Propagate generated
particles in Geant4

Fit the extracted form
factor and replace that in
the generator

simulation, and perform
digitization and
reconstruction

Extract e-p elastic

Proton GE* Models

|HH]IIII‘HIITHHllIIIl\H |I

GE’ Before
GE’ After

Ratio (GE L4 /GE i)

HI‘HH|IHI‘HH|\IIIIIHI‘[ITI]H'IT|1

LELE =5

scattering cross section,
and electric form factor

Extracted GEp Squared from the blind data and
compared it with Weizhi’s latest electric form

factor GEp Squared (blue Line)

Ratio:

Extracted Gep Squared from the blind data over
Weizhi’s latest electric form factor GEp Squared
(Green Line)
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Goal: Blind analysis for extraction of r,, for PRad-ll

Plan B (Proposed in PRad-Il C1 review)

Event Reconstruction Calibration Event Selection

Blinding on RC in the generator? We expect so, but it requires a discussion with the McMule team

: Background
- -e Rat

Elastic e-p Proton Electric Form Proton Charge
cross section Factor Radius Extraction r,

starts here

4_ Unblind the Analysi
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Goal: Blind analysis for extraction of r, for PRad-I

Plan C: Blind at the GEM LEVEL

Event Reconstruction Calibration Event Selection

Blinding?
Blinding the GEM events to get the blinded ep/ee ratio

Elastic e-p Proton Electric Form Proton Charge
cross section Factor Radius Extraction r,

«— Unblind the Anaysis
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Conclusion

*Blind analysis helps reducing bias when performing

the analysis.
e Apply and test the blinding mechanism (Ongoing Plan A or
“Blinding on RC Effects” or “Blinding at GEM Level”) to
PRad Data and then proceed with such approaches to

PRad-Il.

This study is in collaboration with Weizhi Xiong, Jingyi Zhou, Chao Peng, Bo
Yu, Zhiwen Zhao, Yi Yu, and Haiyan Gao and partly supported by the Dept of
Physics of Duke and Nuclear Physics, the Office of Science of the DOE under
Contract No. DE-FG02-03ER41231

Thank youl! e



Back-Up Slides

from November collaboration meeting



SuperRatio (ep/ee),,, / (ep/ee),

(ep/ee).., / (ep/ee),,
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GEM Efficiency Study (e-e case)

sub_gem_ efficiency_ ee
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RMS Value for difference between 2 sets(%) e-e: ~0.0498

Statistics: 100% Beam Energy: 2.143(GeV)

Page 5



GEM Efficiency Study (e-p case)

sub_gem_efficiency ep
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Case Study and Example:
MUSE Experiment
0.2

Pup = - (A; +0.3cos B;0') (3 —0") A; €]0.25,1] B, € [3,10]
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J.C. Bernauer et al.,
Blinding for precision scattering experiments: The MUSE approach as a case

study, Phys. Rev. C, under review; arXiv:2310.11469v1 [physics.data-an] .
age

citation:
https://indico.Ins.tohoku.ac.jp/event/255/contributions/2094/attachments/788/1103/Talk_MUSE_LEES2024 MichaelKohl.pdf



Goal: Blind analysis for extraction of r,, for PRad-Il

Plan A Blindings

(Proposed in PRad-1 C1 review) 1
Event Reconstruction Calibration Ever.1t Selection
(Analysis started here)

Elastic e-p e-p / e-e Ratio Background
differential cross section <= P Subtraction

Proton Electric Form Proton Char-ge Unblind the Analysis
Factor Radius Extraction r,,
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Event Selections

Ebeam = 2.143 GeV

Reconstructed Energy vs Scattering angle 0 hist |

Entries 1.368438e+09
Mean x 1.19
Mean y 3544

1. Matching hits between GEMs and HyCal.

Remove Dead Modules on HyCal.

Std Dev x 1.132
Std Devy 548.7

edges of HyCal modules cut.

Reconstructed Energy (MeV)

2. For selecting both e-p and e-e events,
Apply angle-dependent expected
energy cuts based on kinematics.

IErec - Eexp‘ < No'det

(Cut sizes depend on detector’s resolution)

_|||||||||||||'
% 1 2 3 ) 5 6 7 1

Scattering angle B (degrees)
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Event Selections

3. In addition to 2, we apply additional cuts
to find the double-arm e-e events:

e Co-planarity; [¢a = 0 — 7| < 10°,

e Reconstructed Vertex z:

Reconstructed Energy (MeV)

L= \/(m + Eg)Rle

2m

( Ry, is the transverse distance between the
hit position on the detector and the beam-line
of the scattered electron.)

e Elasticity :

| Evgtas — By = m| = |Eoy + Eea — Ey — m| < Noge

Reconstructed Energy vs Scattering angle 0

Ebeam = 2.143 GeV

hist

Entries
Mean x
Mean y
Std Dev x
Std Dev y

1.366438e+09

119
3541
1.132
548.7

1

2

4 5

6

7

Scattering angle B (degrees)

Page 7



Background Subtraction

== a — C
v @ T @
Beamline — | | L Beamline — — -
— e — —
\ / \. J
Hy (b) 0 ] (d)
H, i h Hz /_H “
Beamline — —] — Beamline — _— -
. | — — —
. / \, J

a) Full Target run: H, gas was filled directly into the target cell

b)Empty Target run: H, gas was flled directly into the chamber
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Goal: Blind analysis for extraction of r,, for PRad-I

Plan A Blinding

(Proposed in PRad-I1 C1 review)

Event Reconstruction Calibration

Event Selection
(Analysis started here)

do e,b ep( )/\ ; do s.b

(@) ®) = Ne (6 )/\;’;(\.-) (o) )

We are here: got the super-ratio and beginning the iteration in simulation

Elastic e-p 1 e-p / e-e Ratio
differential cross section (Need GEM Efficiency Correction)
Proton Electric Form Proton Charge

Factor Radius Extraction Iy

v
Background
Subtraction

Unblind the Analysis
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