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Nucleon Elastic Electromagnetic Form Factors

Differential Cross-Section represented by a point-like factor and a factor for the internal structure.

G (Q%) = F,(Q?) — 7F,(Q?) is the Sachs Electric Form Factor

Gy (Q%) = F;(Q?) + F,(Q?)is the Sachs Magnetic Form Factor

In a particular reference frame, the Breit frame, Gy and G, are related to the Fourier Transform of the

internal charge and magnetization distributions.
Rosenbluth Separation
+ Fixed Q?-value

do z[a Vary electron beam energy and
el Mott ( %E(QZ) + GM(QZ)]) scattering angle, to make

dQ ﬁl-i_ )\t measurements at different € values
= 2222 (dgy + o7 _€ 2002 2 (2
e(1+1) = TGE(Q ) +GM(Q )
= (eg;, + o7)

Rosenbluth Slope
e=1+21+Dtan*(8/2)™" S=g,/0; = G2(Q?) /tGZ(0?
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Two-Photon Exchange

Pe > > > Pl pe > > > Pt
q1 g2
l l QV \612
plf\f > > > pﬁ;{], pljjif > P > pﬁ;},

e Higher order diagrams, Two-Photon Exchange (TPE), contribute to the cross-section
* TPE diagrams are difficult to calculate
» Studying TPE effects provides insights into nucleon excitation
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Proton Form Factor Ratio World Data Discrepancy

Proton:
1.5———— ! :

* Primary Methods
1

IlIIIIIIII

%22 2. Polarization Transfer (PT)
2310.5 > 2 /D _ .
—o * Gg /G, from 25 consistent with 1.0

« GE /G from PT disagrees by 3-4

sigma
e Possible Solution: TPE effects

~.

e 5 10 5
Q? (GeV/cy?
& GE,M RESEHBlH - SBS projected —-—- Xu 2021 —-—- Lomon 2002
e G2 polarization A SBSGEN-RPprojected T Diehl 2005 — Gross 2008
—-—-= Segovia 2014 e Cloet 2012

Global fit (Ye 2018
( ) Plots: Franz Gross et al., 50 Years of Quantum Chromodynamics
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Neutron Form Factor Ratio World Data

Neutron:

15—

.' N

Q? (GeV/cy?
o G, Rosenbluth = SBS projected
e G;" polarization A SBS GEN-RP projected

Global fit (Ye 2018)
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* Gg /Gy only from PT data

* TPE Effects on the neutron not yet
experimentally established

* The nTPE experiment is first
extraction of G /Gy from RS

—-—- Xu 2021 —-—- Lomon 2002
————— Diehl 2005 —-—=- Gross 2008
—-—-= Segovia 2014 ——me Cloet 2012

Plots: Franz Gross et al., 50 Years of Quantum Chromodynamics

Hall A Winter
Collaboration Meeting




Super BigBite Spectrometer
(SBS) Apparatus in Hall A

« Liquid Deuterium target - source for +
protons and neutrons %

* BigBite Spectrometer — electron arm

e SBS Magnet + HCal — hadron arm
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SBS nTPE and GMn experiments

* neutron Two-Photon Exchange (nTPE) Goal: First measurement of the neutron Rosenbluth slope, extract the neutron
electromagnetic form factor ratio. Seeks to quantify TPE effects.

*  GMn Goal: Precision measurement of neutron magnetic form factor at high Q2.

*  GMn and nTPE took data from October 2021 to February 2022.

* SBS-8 and SBS-9 are kinematics for nTPE.

Q2 Epeam 0, Oy HCal Electron p Nucleon p
(GeVic)? (GeV) (deg) (deg) distance (GeV) (GeV)
(m)
SBS-4 3.0 0.72 3.728 36.0 31.9 11.0 212 24
SBS-7 9.8 0.50 7.906 40.0 16.0 14.0 2.66 6.1
SBS-11 13.5 0.41 9.86 42.0 13.3 14.5 2.67 8.1
SBS-14 7.4 0.46 5.965 46.5 17.3 14.0 2.00 4.81
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The Ratio Method
Measured Observable:

« Simultaneous measurement of both D (e, e'n) and D(e, e'p) reactions for quasi-elastic electron-deuteron
scattering.

» Cross-section ratio cancels many systematic effects

(@), (@)
df) D(ee'n) df) n(e.e’)

R = (dO') — (dO') 'fnuchCfdet
dQ) D(e,e'p) dq p(ee”)
Corrections for Effects:
da) S
—_ Mott ny 2
, (d‘Q n(ee’) 1 e(1+ T)( (GE)* +(Gx) )
R = (@) =R fnuchC fDet (@)
() p(ee’) () p(ee’)
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Neutron Rosenbluth Slope Technique
Goal: Extract neutron Rosenbluth Slope, S™ = (G})?/1,(G})?

« Consider 2 kinematics with same Q2-value and with different values of €.
* Consider 2 elastic neutron-to-proton cross-section ratios as described from the Ratio Method.
Physics Result:

* Consider ‘super-ratio’ of R’ for two different values of €.

2 2
*  Define S"® = (Gg(p)) /Tnep) (Gﬂr;(p)) a
From Data
G ]151) 2 Extraction

" BB wGn?

From Kinematic Information

f T
Tein €2p From Global
5 ein(1+7e,,) €20 (1 T N(GDZ, (GM) , L+ €256, Form Factor
Tern “ean H(GP) (G)E, 1+ €1pSE, Analvsis
€
\E1p (1 + TEl,p) ez’n(l N TEZ,n) ! SIS

Wertz 2026 Jefferson Lab Hall A Winter

®  EXPLOGING THE MATURE OF MATTER

Collaboration Meeting



QE Event
Generation:
SIMC (radiative +
nuclear effects)

Analysis Overview

*  Monte Carlo (MC) Event generator SIMC applies nuclear
effects and radiative corrections.
e Geant4 MC Simulation G4SBS
o MC transports particles through SBS geometry
o Accounts for detector layout and material properties
* Simulated events are digitized and processed with the same
software as the experimental data.
« Experimental observables are extracted by comparing
simulation to data.

Geant4:
G4SBS (detector
effects)

Raw
Experimental
Data

Digitization
Libsbsdig
(pseudo raw data)

Apparatus
Calibration

Physics
Result!
MC Physics
> Histograms |-
Event (signal)
Reconstruction: SBS- Data/MC ( Systematic
Offline, SBS-Replay, Event Selection & c isom f Studies &
and Hall-A Analyzer Analysis Cuts omm—— omparison for Uncertainty
(clusters and tracks Data Physics 5 L DG Analysis
from ADC and TDC .| Histograms
info ) - (signal + ™
background) ( )
Cut Stability
Studies
- @@ J
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Analysis Methods — Introducing HCal Ax and Ay

[

30000

Proton Peak [ 71
oL

\H\‘\HI|\\H|I\H‘IIH \IH‘\\IW\\IW\IIIIF
L L
L
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/

PTTTI \II\‘II\\‘I\H'II\I \I\I|\I

1 I 1 L L
-25 -2 -15 -1 -0.5 0 05 1

_ obs exXp XpicaL Xexpect
Az = THEa — Taow (1)

Q?=4.5(GeV/c)?

Goal: Separate protons and neutrons in HCal that came
from quasi-elastic scattering events.

Reconstruct the four-vector of e’ using data from the
electron arm.
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2

-1 -0.5 0 05 1 — 1.5 —
AY = Yi¢ar — Yical
Calculate the four-vector for a neutron that underwent
quasi-elastic scattering with e’ and project to HCal.
Plot the difference between the observed event in
HCal and the projected expected location.
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2 — 2 ] :
@=45@ever Data-Monte Carlo Comparison
* Fit Equation:
40000 — —— Dam
35000 i o f to tal(x i)
7 === Background
E — Profon SIMC MC e p n/p n f — p . —
30000; == Neutron SIMC MC B Sf (Rsf h (xl n) + h (xl p))
25000 E_ ::z:;:‘:;: :F:i2:917.709731810.002?9 + fb kgd (xl)
20000 LTI » Fit Parameters:
15000 1. fP - proton scale factor
10000%— 2. R?]{ P _ ratio of neutron to proton scale
5000; factors
= | | 3. Op(p)- neutron (proton) centroid shift
0 2.5 -2 -15 -1 -0.5 0 0.5 1 parameters
§ so0— 4. fpkga- parameters associated with the
§ oo
T 00— ‘ LA o background
P T L 1T L L . Interpretation: R"™? quantifies the relative
= p Sf q
ol scaling of the neutron to proton quasi-elastic

(m) °' " | scattering cross-section as modeled by the
simulation and as observed in data.

Az
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@*=45@Gevier Data-Monte Carlo Comparison
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35000
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Residuals
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0

Data

Total Fit

Background

Proton SIMC MC

Neutron SIMC MC

data N events : 929779

nip scale ratio H!: 1.07318 + 0.00279

¥2indf: 446.1611145
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Sources of Systematic Uncertainty:

Cut Stability
HCal Nucleon Detection Efficienc
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Simulation:

()
R, . dQ n(e,e'),sim — R
stm CiCT
(@)
Extraction:
R=R"- frucfrcfaet = R;lf/p ’ R;im ) fnuc,simfRC,simfdet,sim
Claim:
* Simulation consistently replicates nuclear, radiative,
and detector effects that are present in the
experimental data.

-1 -1 -1
sim "’ fnuc,simfRC,simeet,sim

p(ee’),sim

Implication:
}fluc fRC fdet
~1 1 22
fnuc,sim fR Cc,sim fdet,sim
(a0)
R = ad n(ee’) _ Rn/p R’
~ (do - sf sim
()]
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HCal Non—Uniformity in Real Datgl

« Liquid Hydrogen data et K :
* Clear non-uniformities (dips) in mE -
the x-direction T | . 4
* Highly-likely caused by issues o= —t i i e o2 Sy HFE .
with HCal hardware JEF NN NEREIERREE
* Position-dependent non- it = ot (m) i )
uniformities in HCal nucleon ’ o
detection efficiency could '
introduce bias to R?]{p B 0_
extractions. E SBS-8, Q%=
* Reweight MC events based on ‘5 1_ 4.5 (GeV/c)?
data map using a relative Sl
efficiency correction factor. i -
E | | | | |

Y (m)
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Inelastic Background
R/

sf VS Functional Form

* Five different functional forms for the
—8—SBS-850% —8—5SBS870% —e—SBS-8100% —e—SBS970%

background
o * The 3 parameterizations provide
1.085 smooth forms for the background
1.08 shape
Lo * The 2 anti-cuts are data motivated and
2 attempt to capture events
S 107 :
o corresponding to background
1085 * Systematic effects on R?]{p due to
1.08

background shape were quantified

1.065

1.05

» B v <K Yo
> & » &'\@6‘ @.\p‘*
O
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Neutron Rosenbluth Slope Preliminary Result

Re¢,is SBS-8 (Weighted Mean), R¢,is SBS-9 For Q2 = 4.48 (GeV/c)?

Rél 0.3908 0.0038 0.97%
Réz 0.3875 0.0032 0.83%
R¢,
— 1.0085 0.0129 1.28%
REz

B 0.98315 0.00281 0.286%
Ae 0.281

i —B

Réz 0.0916 0.0476 52%
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Neutron Form Factor Ratio Preliminary Result

1.5

o) S e

- ¢ World Data (polarization)
~ = This Work (Rosenbluth)

— Global Fit (Ye 2018)

Wertz 2026

e (GeV/cy "

Jefferson Lab

For Q% = 4.48 (GeV/c)?
Gg
ﬂnﬁ = HUnv/ Sy
M
= 0.652 + 0.160

e Does not account for TPE
effects

Conclusions:

S™ result is consistent with the
extrapolation of the global
parameterization.

S™ result suggests an absence of large
TPE corrections for the neutron

S™ result is not precise enough to
experimentally expose neutron TPE
effects
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Summary

Nucleon Structure & Electromagnetic Form
Factors

SBS nTPE experiment and observable
extraction

Overview of Data Analysis Methods

Physics Extraction from Data/MC Comparison
Preliminary neutron Rosenbluth Slope, first of a
kind measurement

Wertz 2026 Jefferson Lab
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Outlook

Remaining Tasks

Potentially improve Radiative Correction models in
MC

Quantifying systematic effects due to Radiative
Corrections for nTPE results: (Implemented for
GMn Analysis by P. Datta)

Updated (Pass-3) data and MC files with improved
detector calibrations

Study effects due to final-state interactions
Quantify effects due to absolute HCal nucleon
detection efficiency

Reevaluate Inelastic Background systematic
uncertainty with improved method (MC Inelastic
and Out-Of-Time): (Implemented for GMn Analysis
by P. Datta)

Reevaluate systematic uncertainty associated with
Event Selection Cuts

Hall A Winter
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Nucleon Electromagnetic Form Factor World Data

Proton: Neutron:
. 1.5 —r—r—r————r—t—r—

IlIIIIIIII

.I|/'II

S
S [
-~
=

Q° (GeV/cy Q? (GeV/cy
o Gg, Rosenbluth = SBS projected —-—- Xu 2021 ——. Lomon 2002
e G;" polarization A SBS GEN-RPprojected ———— Diehl 2005 i Gross 2008
—-—-= Segovia 2014 e Cloet 2012

Global fit (Ye 2018)
Plots: Franz Gross et al., 50 Years of Quantum Chromodynamics
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Super-Ratio A

Kine (@%) (€) /i A (R) o401
(GeV/c)?
Rél SBS-8 4.48 0.799 0.3908 0.0038
RéQ SBS-9 4.476 0.518 0.3875 0.0032
4
A=—1
Réz

A =1.0085 + 0.0129.
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B term

Quantity Value Total Uncertainty
TIL,El 711)’62
el,ng_p‘:;n,el) 62,p5_n‘|"€7_2p,62) 100044

El’p(l—l-’rp’el) 6%’11(1"'7—?1,62)

n
UT,el O-T,EQ

7 7 0.99927 0.00017
O ey O-T’pEQ
1+e2, St
ﬁ 0.98344 0.0028
B 0.98315 0.00281

 Transverse cross-section term is based on Ye et al. 2018 article
*  Proton Rosenbluth Slope term is based on Christ et al. 2022 article

1. Z.Ye.J. Arrington, R. J. Hill. and G. Lee. Proton and neutron electromagnetic
formfactors and uncertainties, Physics Letters B 777, 8 (2018).

2. M. E. Christy etal.. Form Factors and Two-Photon Exchange in High-Energy Elastic

Electron-Proton Scattering, Phys. Rev. Lett. 128, 102002 (2022).
Jefferson Lab Hall A Winter
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https://www.sciencedirect.com/science/article/pii/S0370269317309152
https://www.sciencedirect.com/science/article/pii/S0370269317309152
https://www.sciencedirect.com/science/article/pii/S0370269317309152
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.102002
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.102002
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.102002
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.102002
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.102002
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.102002
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.102002
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.102002
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.128.102002

Determination Proton Rosenbluth Slope for B

S f. e is determined from Christy et al. (2022) article and supplemental material, which provides most recent parameterization for RS from
only e-p cross-section data.

RS = 1+ ¢;7 + c;7%, where ¢; = —0.456299 + 0.124409, ¢, = 0.121065 + 0.10032, and T = Q2/4M?

ars— (RS, Y L (RS, ’ o 2 ORS RS
- a 1 C1 acz %) a a c, COU(C]_, CZ)

RS RS
9 = P ag, = =12, cov(cy, c,) = —0.778Ac, Ac,
1

i U taint
Uncertainty Value Uncertainty ncertainty

Uncertainty (%) (%)

0.06186 0.01078 " _ 0.06191 0.01074
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Neutron Rosenbluth Slope Uncertainty

on _ (A—B)
BAeg,

Wertz 2026 Jefferson Lab Hall A Winter
¢ SR G Collaboration Meeting



Neutron Rosenbluth Slope Preliminary Result

Quantity Uncertainty Value Percentage
A (S”)Exp 0.0465 50.8%
A (S™)param 0.0104 11.4%
A (S™)potal 0.0476 52%
Quantity Uncertainty Value Percentage
A (S™)giat 0.0144 15.8%
A (S™) cut 0.0227 24.8%
A (5™ 0.0317 34.7%
A (S”)Exp 0.0465 50.8%

Wertz 2026
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Neutron TPE from Theory

0.5 —
/'. 7
0.4k ’ /-/' e * Calculates TPE contributions to the
. - _— unpolarized cross-section by
o — - computing scattering amplitude for
QDE ) TPE diagrams.
=~ 03fF - + For Q2 =45 (GeV/c), TPE
?DLTLJ - correcting a Rosenbluth measurement
~ could increase the neutron form factor
= 0.2 F 7 ratio by 30%
o uncorrected -
01F = corrected €=0.2-0.9 -
e corrected €=0.5-0.8 -
0 M D R R R B
0 1 2 3 4 5 6
Q2 (Gevz) Ref: P. Blunden et al, Two-photon exchange in

elastic electron nucleon scattering
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Neutron Form Factor Ratio Preliminary Result

15 I I I I | I I I I |

- . For Q% = 4.48 (GeV/c)?

* Approximately TPE corrected
based on Blunden et. al.

Gn
Up—= + TPE = 0.867 + 0.160
GM

- } World Data (polarization) .
- — Global Fit (Ye 2018) .
A This Work, = TPE corrected _

~ L L
03 5 10

Q? (GeV/c)?
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Neutron TPE from Theory Expanded
2Re { Mg M2'7} TPE modification to the CS. Here

5 ) M, and M;, are OPE and TPE
‘ MO ‘ amplitudes

e

Here Npox, Nx—box> Pboxs Dx—box

M2fy _ 64/ d4k Nbox(k) +€4/ d4k Nx—box(k) are matrix elements and
(

277 Doox () 2] Dy s (K) ' Popegaton respectively. For

* The TPE amplitude contains * The finite terms can be

finite and IR divergent terms, computed analytically
as well as FFs at the yNN * There are no IR divergent
vertices terms for the neutron

Ref: P. Blunden et al, Two-photon exchange in
elastic electron nucleon scattering
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Neutron TPE from Theory Expanded

N FF functional form taken from FY Fy /26 Ey

2y % older world data parameterization
i3 1,2 (Q ) - Z d QQ ’ available when article published Al i . 3 :
1

ni| 0.38676 1.01650| 24.8109 5.37640
ny| 0.53222 ~19.0246|-99.8420
ny = dy(F12(0) — N7 n/dy). dy| 3.29899 0.40886| 1.98524 0.76533

Ff (O) =1 FJ(0) = Koy Normalization condition dy| 0.45614 2.94311| 1.72105 0.59289

F'(0) = 0 and F7(0) = k,

ds| 3.32682 3.12550| 1.64902 -

Ref: P. Blunden et al, Two-photon exchange in
elastic electron nucleon scattering
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Neutron TPE from Theory Expanded

0.03 - . : . : * TPE contribution to the unpolarized
electron-neutron elastic scattering cross-
section

« The dot-dashed curve for Q% = 6 GeV?
comes from a particular older world data
parameterization

* The other curves come from a different
older world data parameterization

* Magnitude of TPE contribution is approx.
3 times smaller than proton

* Sign change is due to negative neutron
anomalous magnetic moment

e Ref: P. Blunden et al, Two-photon exchange in
elastic electron nucleon scattering

Wertz 2026 Jefferson Lab Hall A Winter
' Collaboration Meeting

EXPLORING THE MATURE OF BMATTER



0.5

n n
G G,
o
w

My
o
N

Wertz 2026

_Neutron TPE from Theory Expanded

" ”/'.
.'/’) /’-‘.
" _—
//' I//,
—
_—

-

o uncorrected
m corrected £=0.2-0.9
e corrected £=0.5-0.8

1 2 3 4 5 6
0” (GeV?)

.Jefferson Lab

* Accounting for the €
dependence, the correction is
applied to the cross-section,
reduced cross-section, and then
the FF ratio.

* For Q?=4.5(GeV/c)?, TPE
correcting a Rosenbluth
measurement could increase the
neutron form factor ratio by 30%

Ref: P. Blunden et al, Two-photon exchange in
elastic electron nucleon scattering
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Improved Inelastic Background Systematic

Q2 = 13.6 (GeV/c)?

» Data
. . . 700 -- :ilgnal (from MC)

Determination of Inelastic Background B8 . rom MC) _ %

« From MC W2 distributions of signal and i [ S T}ﬁ” m
MC inelastic generator events. Select - ';0”" 55‘.597;9++5‘7j ﬁ ‘b‘:
events outside quasi-elastic peak : Wfﬁ,é #. i y

* Select out-of-time events 400 — % # +-#+'jr

 Fitdelta x distribution of selected g _ .* W p S
background events e -

» Use background shape in Systematic 200[ }lf \.‘1’ ¢
uncertainty evaluation - o4 "

100 el N
_ S
Analysis Credit and Ref: P. Datta APS 2025 Talk L

Wertz 2026 Jefferson Lab Hall A Winter
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Systematic: Radiative Corrections

e Radiative corrections (analysis credit: P. Datta, LBNL):
a SIMC events with the following configurations for radiative effects:
+ (1) - No radiative corrections i.e. none of the tails are radiated
¢ (2) - One tail = 0 => All (e, €', and p) tails are radiated
4 (3) - One tail = -3 => All but p tails are radiated

Analysis Credit and Ref: O SIMC events processed through g4sbs — libsbsdig —~ SBS-offline;
P. Datta a Properly weighted Dx distribution for all types of events with the same
selection

O Extract individual yields and then quantify the correction
D(e,e'p) + D(e, e'n)

)
H(e, e'p) Q?=13.5 GeV?
. . hm3 I

| Yield drop: * wes eam|  OA-[ o e/ T i
B (1) — (2) 14% . Mean _0.7265 Entries 309668 4 Entries 213996 | | Entries 205350

022)-(3) 3.6% A StdDev 005901 Msan -0.5231 i WMean -05243 | | Mean -0.5263
L LY Underflow 0.002381 0.08 | |stDev 0.34 + A‘ Std Dev 0.343 | | Sid Dev 0.3447
B hno s Overdlow  0.002607 2 Underflow 0003154 .‘2"- t Underfiow 0.002765 | | Underflow  0.002894

™ *
L e T ¢ ] Integral 3.103 Overflow  0.001249 4w Overflow  0.001093 | | Overflow  0.001042
0.15 j Mean i ; . ) ho B Integral 2.942 " o Integral 2.459 | |!l'.e.=q al Shie i 2.361 |
[ |SWDev 00585 i [Entres 197981 0.06 —Yield drop: it Yield drop:
B gnd::ﬂow gggzg:g _ Mean  -0.7291 (1)—(2) 16.9 %¢ ¥ (1)-(2) 15.9 %
verflow Ny o 0.0

O el 227 ; f FeDev DD -(2)~(3)4.0% * (2)-(3)3.9%
B * ‘. Underflow 0.002481 0.04— . * &
L ] Overflow  0.002511 E H : et

M - Integral 2.99 = 4 3. ,'l;i.,

0.05 ' - ¢ t .* V3

i i ’ 0.02— 4 7 2 .
k 2 - i . " -
n P 3 r 3 B
}" % L j % I, s

Hall A Winter
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Future TPE Experiments

1.1 L3

T
- com = 2.2 GeV, 10h ———
- Coeam = 9.3 GEY Eggeamfﬁﬁe(;\%v’zggﬂ —
1.081— -~ Ebeam =44 GOV} 125 Fomea™ 6.6 GoV, 1000h —— |
L beam - 6 6 GeV 1.2 -
-~ 115 -
- + 11 =
1.02— + + B
r 1.05
- + | 1
0-98_ R T T B I I ! I I . | | | |
3 3.5 4 4.5, S 2.9 - 0.2 0.4 0.6 0.8 1
Q° ((GeV/cY) €
Ref: E. Fuchey et al, Measurement of the Two-Photon Exchange Ref: J. Bemaeur et al, Determination of two-photon
Contribution in the Electron-Neutron and Positron-Neutron exchange via e*p/e~p Scattering with CLAS12
Elastic Scattering

Wertz 2026 Jefferson Lab Hall A Winter
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Nucleon Structure

* Hadrons (including protons and neutrons) have an internal structure!
* Not structureless point-like.
» Complex internal structure of valence quarks, gluons, and quark-antiquark pairs.

Important Questions:

* How are the charge and magnetization
distributed inside a nucleon?

* How do emergent properties of the nucleon
arise?

* How does the internal nucleon structure
behave at different momentum transfer
scales (non-perturbative vs. perturbative
regimes)?

* How do the gluon and quark-antiquark
pairs contribute?

1980s

Wertz 2026 Jefferson Lab Hall A Winter
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BigBite Spectrometer (Eleetron Arm)

BigBite Dipole Magnet:

e 12T -m

* 53 msr, 1.6 m from target
Tracking:

Gas Electron Multiplier
Cherenkov Detector:
GRINCH

Scintillator Array:

Electron Calorimeter: 2
BigBite Calorimeter (Preshower =
+ Shower)

Wertz 2026 Jefferson Lab Hall A Winter
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Hadron Calorimeter (HCal)

I. :f:‘ =

* SBS magnet is a large dipole

magnet ﬂﬂllﬂ Wavelength Shifter
*  One module consists of 40 R BB BBl

layers of iron absorber and 40 .
. . s
layers scintillator. 4 Rectangular to cylindrical
Scintillators  Light Guide

* Hadronic showers are created
in the iron absorbers and the
energy is sampled by Waveshifter Lightguide
scintillators and guided to the
PMTs

* 3-4 cm spatial resolution

*  30% energy resolution

Absorbers

Scintillator/Iron Stack
PMT Connection

S

A side view of HCal in Hall A

Interior of an HCal module

Wertz 2026 Jefferson Lab Hall A Winter
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Quasi-Elastic Scattering

e’ /

e_ 1
e e e .

. @

®e

@ . . .

, . : Quasi-Elastic Scattering  |pelastic Scattering on Deuterium
Elastic Scattering on Deuterium on Deuterium WS M
W= Mr W = My J N

* SBS nucleon physics program focuses on quasi-elastic scattering.
* My is mass of the target (deuterium)
* My i1s mass of the nucleon

Wertz 2026 Jefferson Lab Hall A Winter
-t . Collaboration Meeting
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Quasi-Elastic Scattering

Cross section

A
0.4 « W=2GeV
NG N /
5 W=M
* GMn, Q*=3.0—13.5 (GeV/c)? 02 |\ttt W2 GeV
. HTPE, Q2 =45 (GCV/C)2 ) P/ (deep>inzela2tiC)
* Need many statistics and strong 0.0

cuts on the electron arm to resolve 1.0
the quasi-elastic peak above the

inelastic background.
Constant W

(resonances)

T~ W=M
(quasi-elastic)

Diagram: Xiaochao Zheng, Precision Measurement of Neutron Spin Q° (GeV/cy?
Asymmetry Aln at Large xg; Using CEBAF at 5.7 GeV

Wertz 2026 Jefferson Lab Hall A Winter
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Analysis Methods — Introducing HCal Ax and Ay

HCAL

* Definition of Ax (Ay): The
difference between the
observed and the expected
nucleon (assuming neutron)
position on HCal in the
dispersive (non-dispersive)
direction.

* Used to separate neutrons and
protons

BBCAL

Conceptual diagram
introducing HCal Ax and Ay
variables.

Wertz 2026 Jefferson Lab Hall A Winter
' Collaboration Meeting
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Neutron Rosenbluth Slope Technique

Goal: Extract neutron Rosenbluth Slope, S™ = (G2 /71, (G})?

Consider 2 kinematics with same Q?-value and with different values of €.
Consider 2 elastic neutron-to-proton cross-section ratios.
Combine the Ratio Method with a Rosenbluth Technique.

Te, ,OMott

) (61,nU£el + 07’{61)

ro_ . f—1 -1 -1 —
Rel — R€1 fnuc,e‘lfRC,elfDet,61 - TelpO-MOtt

Te, ,OMott

Te, ,OMott

p p
) (El,pO-L,Gl + O-T,G]_)

) (ez,naﬁez + 0-71},62)

I -1 -1 -1 —
Rez - Rez ) fnuc,eszC,eszet,ez - » »
) (Ez;pO-L,ez + O-T,Ez)

Wertz 2026 Jefferson Lab Hall A Winter
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Neutron Rosenbluth Slope Technique

Physics Result:
* Consider ‘super-ratio’ of R’ for two different values of €.

2 2
«  Define S7®) = (G;(p)) /Tn(p) (G;I(p)) and Ae = €1, — €3 4,.

!/
Super-Ratio éz 1+en
—/

From Kinematic Information

f T
Tein €2p From Global
B - ein(1+7e,,) €20 (1 t T p GE, & ) 1+ epSe, Form Factor
Terp e J(Gi). (G)e THeSe |\ i
€
\El,P (1 + Tfl,p) Ez'n(l " Tez_n) 1 : |
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Neutron Rosenbluth Slope Technique

Physics Result:
* Consider ‘super-ratio’ of R’ for two different values of €.

2 2
«  Define S7®) = (G;(p)) /Tn(p) (G;I(p)) and Ae = €1, — €3 4,.

Ré1 From Data
R (G1)? Extraction

B E'B N Tn(GIG)Z

From Kinematic Information

a T
Tern “2p From Global
. ein(1+7e,,) €20 (1 T Teap J(G)E, (GM) 1t epSe, Form Factor
= Ter, Teyn (an;) (Gie, 1+ ¢ pSP Anal
€ na 1 .
\El,P (1 + Tfl,p) Ez'n(l " Tez_n) 1 ys S

Wertz 2026 Jefferson Lab Hall A Winter
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Position- Dependent Etficiency Correction to MC

 Reweight MC events based on data - - : . 1 i e
< — e, H M:an —0.832 ‘:), = - Meansv 0.05975
map ";;_'i; o Std D 0.995 g o Std De 04123
e Treat proton and neutron MC events ‘
equally °e °e T o7
« Relative efficiency correction factor o - o4 il
data .
( ) EH Cal (x' y) 0.2 : A ' 0-0.5484 % 00002 o. p0: (/9330 4 0,000 |
Cc xl y <€data> i H indt: 1553.901/56 - Indf: 872 260/26
HCal 0 -
-36 -3 -26 -2 16 1 05 0 0.5 1 15 2 25 3 -12 -1 -08 -06 04 02 0 02 04 06 08 1 1.2
Thidy = dachieer (M) Ynicr (m)

2
= HCal Boundary

=== Fiducial Region

. eg%gﬁ (x,y) is the interpolated position-dependent

efficiency value
«  (ed3%) is the acceptance-averaged value
*  Comparisons of Ax between uncorrected and

corrected MC events were used to quantify -2
Rn/p
sf

SBS-8, Q2 =
4.5 (GeV/c)?

1 — ddefiect (M)

exp
HC

1[\!|!|[1||‘|\I\|\

systematic effects on

-3

T

vk (m)
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P=4 > Data-Monte Carlo C '
@-45Gevier Data-Monte Carlo Comparison
40000 — — Data . :
- o * Fit Equation:
- — Total Fit
35000 — e Background
- =———— Proton SIMC MC ftotal(xi)
30000 — = Neutron SIMC MC n
E data N events - 929779 = Sf( /phn(xl - n) + hp(xl - p))
25000 = np scale ratio R 1.07318 £ 0.00279
25000 = 2Indt: 446.161/145 + fb kgd (xl)
-  Fit Parameters
15000 — 1 f - proton scale factor
100007 2. R ){ P _ ratio of neutron to proton scale
5000 :— fartnrc
obimd — == - o 5 o . 3. Op(p)- neutron (proton) centroid shift
- parameters
=) 600; A fo. .. narameterc QQQn(‘IQfPI“ ‘xnﬂ'\ ﬂ'\p
r% 400 £ s JURYU ™
20‘; :.-a- o, o .-.r,,.-. - .1---‘- - -{--u\:;‘.u---g o - '.“T'T“"““‘?“’;‘"‘""‘i"“-"-"ﬂ‘ background
00— 1 !
—400 %
-600 =

&
)
o)
)
.
)
o
o
H
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@=45@ever Data-Monte Carlo Comparison
40000 = o
35000 ; ———— Simulation:
30000 _ e * D(e,e’n) and D(e,e’p) simulated events
25000 e realistically account for nuclear, radiative,
sooooE a1 an detector effects that are present in

- ata.

e * Calculate the neutron to proton cross-
e section ratio identically to the MC

5000;— do

07—2‘5 —|2 -15 -1 -0.5 0 0.5 ‘1 , (d-Q> n(e,e'),sim

% g;: Rsim - ( @)
B! PRSPPI 0 N P AW LR UV (e en,sim

ﬁ; o ! ‘ I = Rsim : fn_ulc,simfR_Cl,sime_elt,sim

—600 —

s
o
&
>
=
E
o
o
=
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2 — 2 ] .
@=45@ever Data-Monte Carlo Comparison
40000 = — Extraction:
35000% — Bacigound R =R" fuucfrcfaet
= — Proton SIMC MC _ n p
30000? — :‘j“":”s'“”tcr“‘;‘:m - Rs f R::‘im ’ f nuc,simf RC,simf det,sim
25000 ;_ n/p scale ratio ﬁ!: 1.07318 + 0.00279 Clalm‘
20000 RS Simulation consistently replicates nuclear,
15000 radiative, and detector effects that are present
- in the experimental data.
10000 — . .
- Implication:
5000 —
- | | |
0:—25 2 15 A 0.5 0 0.5 1 fnuc 1 fRC 1 fdet 1
% ﬁ g: fnuc,sim fRC,sim fdet,sim
Rl 1 7 O 0 L DL WP (@)
_ﬁi— RI _ d n(e'e’) _ Rn/p 'R’
O, - , ' . = : B (dO’) —Usf sim
AZB (m) dQ p(e'e/)
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Event Selection Criteria

Good Electron Cuts
1. Track Quality
* No. of GEM Layers with Hits
« Track y*/ndf
* Vertex Z position

Quasi-Elastic Event Cuts
* HCal Cluster Energy
* Coincidence Time

° 2
. BigBite Optics Validity W
[ J Ay
2. PID * Fiducial
* Preshower Energy
* Egpca/p

* Cut regions were optimized
* Systematic effects on R?/ P due to cut sensitivity were

quantified

Wertz 2026 Jefferson Lab Hall A Winter
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Event Selection Criteria

Good Electron Cuts
1. Track Quality
* No. of GEM Layers with Hits
« Track y*/ndf
* Vertex Z position

Quasi-Elastic Event Cuts
* HCal Cluster Energy
* Coincidence Time

. 2
. BigBite Optics Validity W
[ J Ay
2. PID * Fiducial
* Preshower Energy
* Egpca/p

* Cut regions were optimized
* Systematic effects on R?/ P due to cut sensitivity were

quantified
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@=45@evey  Preshower Energy (PID cut)

Pre-shower cluster energy (GeV)

X
—
e
W
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@-45@ever Invariant Mass Squared (W?)

No Cuts Applied All Other Cuts Applied

=
(=)
w

W2 (GeV?) W? (GeV?)

6000

5000
120

4000

100

@
=]

3000

@D
o

2000

£
o

ST \[III |I\\| III}W TTTTT Ill\\ |IH><

1000

n
[=]

o
Klliﬂil 1[[} TTT WII \III TTT III T

o
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Proton and Neutron Relative-Rate Comparisons

SBS-8
0.45 _
Entries 349910
Mean -0.7222
04 Std Dev 1.004
0.35
H ++ ¥
: s ol s dh
0.3 [ “u‘w j ﬁrﬁ %*WL %’ rﬂ. M.
PR !
0.25 Pl i
i '
4 :
02 4 =+
‘0 H m— Proton Spot Events
E E m— Scaled Neutron Spot
0.15 i T T Events ]
] 1!
0.1 N :
+ E E 3
0.05 : :
o K
A Pl
—03.5 -3 25 -2 -15 -1 05 0 05 15 2 25 3

T Ea1 — Adeflect (m) (778, (m) )

Proton Spot Events

Wertz 2026
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SBS-9
0.45 :
Entries 13946
Mean -0.6386
04 , , StdDev  0.6946
0.35 : PO TRE g -
. ; ; y
I R
0.25 : A
0.2 : { :
H H m— Proton Spot Events
i i . Scaled Neutron Spot
015 E E A Events
0.1 ; [ —
0.05 L
i +
%5 5 25 2 15 1 05 0 05 1 15 2 25 3

Thica — ddeflect (M) (2}, (M) )

Neutron Spot Events
Hall A Winter
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Extracted R

sf

n/p Values

Setting e N N Al
total stat sys
SBS-8 50% 1.0787 0.0152 0.0082 0.0128
SBS-8 70% 1.0732 0.0110 0.0028 0.0106
SBS-8 100% 1.0651 0.0133 0.0065 0.0116
SBS-9 70% 1.0648 0.0088 0.0034 0.0081
Uncertainty Setting
Source SBS-8 50% | SBS-8 70% | SBS-8 100% | SBS-9 70%
/ HDENU 0.0003 0.0018 0.0012 0.0053
T
A (Bsfp) Cut S. 0.0078 0.0083 0.0052 0.0054
. Ine. Con. 0.0101 0.0065 0.0103 0.0029
| | Total || 0.0128 | 00106 | 0.0116 | 0.0081
F;}{p A (P:]{p) total A (RZ‘;p)nn(‘nrr A (P:;p) COrr
Value for
SBS.8 1.0711 0.0104 0.0054 0.0089

Wertz 2026

Jefferson Lab
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Extracted R’ Values

Setting R! A (R’)total A (R’)stat A (Rf)sys
SBS-8 50% 0.3936 0.0055 0.0030 0.0047
SBS-8 70% 0.3916 0.0040 0.0010 0.0039
SBS-8 100% 0.3886 0.0049 0.0024 0.0042
SBS-9 70% 0.3875 0.0032 0.0013 0.0030

7] a@),, |80, [ 5@
tota, UNCOIT COTrr
Value for
SBS.8 0.3908 0.0038 0.0020 0.0032

Wertz 2026 Jefferson Lab Hall A Winter
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Rosenbluth Separation Technique

Fixed Q%-value e(1+1) E do

Vary electron beam energy and scattering Op = / / OMott
. T E dQ

angle, to make measurements at different € €

values — —Gé(Qz) + GI\Z/I(QZ)

Reduced cross-section linear dependence in € T

= (€0, + or)
e=(1+2(1+1)tan%(8/2))7!

Rosenbluth Slope
S=o0,/or = Gé(Qz)/TGI%/I(QZ)

Wertz 2026 Jefferson Lab Hall A Winter
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Rosenbluth Separation Technique

SBS-8 SBS-9

B e(1+7)E do
E_ T E'dQ
=-GEQ)H + 6@ ©

= (eo; + o7)

OR /UMott

Rosenbluth Slope
S =0a,/or = GF(Q?) /1G5 (Q?)

Wertz 2026 Jefferson Lab Hall A Winter
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Cryogenic Targets:
* Liquid Hydrogen
o 19 Kelvin
o Proton Source
o Used for apparatus
calibrations
* Liquid Deuterium
o 22 Kelvin
o Proton and Neutron Source

o Used for production data
Solid Targets:

* Used for calibrations,
systematics, and optics studies

* Include dummy, carbon hole,
and optics foil targets

Target ladder with Target ladder showing
cryotarget cells. solid foil targets.

Wertz 2026 Jefferson Lab Hall A Winter
Collaboration Meeting
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Gas Electron Multiplier (GEM)

Electric Field in

the region of the

holes of a GEM
electrode

Diagram of a single GEM detector
with Cartesian readout

* Type of gaseous ionization detector, reliant on electron avalanche
and a subclass of detectors known as Micro-Pattern Gas Detectors

Diagram of a typical GEM
electrode

| Drift Cathode

3 mm - Drift

{ ) GEMfil

2 mm - Transfer

(MPGDs).

Used as tracking detectors, preamplification, drift chambers, time
projection chambers, radio imaging.

Triple GEM detector effective gains typically are 104or 10°.
~100 um spatial resolution and 100-500 kHz/cm? particle rate.

Wertz 2026 Jeffgrson Lab

NG THE NMATURE OF MATTER

| ) ) () eemri
2 mm - Transfer
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Diagram of a
triple GEM
detector




462um

\

\.

* 4 INFN GEM layers prepared for

(w2 0G x OF) seNpow WIAD € 40 oIS

SBS program
* 4 UVA UV-GEM layers prepared
& : ‘ iy 2 for SBS program
INFN XY—GEM Layer schematlc ‘ ) * 11 UVA XY-GEM layers prepared
and picture with RF shielding UVA UV-GEM Layer schematic for SBS program

and picture With Shleldmg * 2 INFN GEM layers operated

during Gy;

« 2UVA UV GEM layers operated
during Gy,

* 2 more UVA UV-GEM layers
moved to BigBite during G;

Stack of 4 GEM modules (50 x 60 cm?)

I 200 cm | I

UVA XY-GEM Layer schematic and picture without RF shielding
Wertz 2026 Jefferson Lab Hall A Winter
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GEM DAQ Electronics

INFN Analog Pipeline
Voltage (APV2 Card l Long \_ VXS Trlgger Processor (VTP) )
| " . Fiber

o Optic

20 m Cables

HDMI

Cables Multi Purpose

Digitizer (MPD)
— / CODA3 Platform

Wertz 2026 Jeffergon Lab Hall A Winter
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Gas RINg CHerenkov (GRINCH)

« PID for electrons and pions

* 510 one-inch PMTs in a
honeycomb array

* 4 highly reflective
cylindrical mirrors

 Filled with heavy gas: C,Fy

* Pion Threshold of 2.7 GeV

* NINO front-end cards
instrumented for data
collection in high-
background environment

GRINCH in the BlgBlte Spectrometer in Hall A Cylindrical Mirrors

Inside GRINCH

Wertz 2026 Jefferson Lab Hall A Winter
= i Collaboration Meeting
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Timing Hodoscope

4 -
* High precision timing reference
* 90 plastic scintillators with light
guides and PMTs on each end
* Alternated straight and curved light
guides
* Located between Preshower and
Shower
e ~60 ps timing resolution
e ~5 cm spatial resolution
L Y »
Diagram: Ralph Marinaro, Performance and ) -
Commissioning of the BigBite Timing Hodoscope 7Zoom-in of Timing Hodo scope . TOP'VICW of
goe;f Z,-L;Zl;i’/; gorm Factor Measurements at ‘n BigBi te Spec trometer Scintillator Bar Types

Wertz 2026 Jefferson Lab Hall A Winter
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BlgBlte Calorimeter (BBCal)

*  Preshower and Shower together sample the total
| energy and position of the scattered electron.

* Electron induces electromagnetic shower in the lead-
glass blocks. Light is collected with PMTs.

e Preshower
o 52 lead-glass blocks perpendicular to e’ track
o Pions leave a lower energy signal, ~200 MeV/c?
* Shower
o 189 lead-glass blocks parallel to e’ track
o Electrons deposit remaining energy
* Provides single-arm trigger.
* Allows for energy measurement, constraints on track

search region, and pion rejection.

PMT (glued to LG PMT (glued to LG
using Epoxy) using Epoxy) R
BBCal in BigBite Spectrometer, DN N ) S e
29.5cm —
composed of Preshower and Shower. s e asem

Wertz 2026 Jefferson Lab Hall A Winter
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SmmrBaneNm

/“

gnet

* Dipole magnet

* Deflects positively charged
particles, differentiating
between scattered protons

Sy and neutrons.

=2 ° 100 tons

e 13T'm

* 2.1 kA excitation current

* 35 msr, 2.25 m from target

Side View of SBS Magnet | Downstream View of SBS Magnet

Wertz 2026 Jefferson Lab Hall A Winter
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Theta Scattered Electron Distributions (after all cuts)

For Extraction Theta Scattered Electron values SBS-8: 0.4619 , SBS-9: 0.8506

SBS-9 70%

P Theta for Scattered Electron from Reconstruct Track (radians), all cuts

SBS-8 70%

80000 E o Entries 929779 = ; o elheia_culﬁzs1 —
= Mean 04619 | 49000 — : Mean 0.8506
C Std Dev 0.02168 E 0 628

70000 : E _Std Dev 02811
E H : 35000 = f [L

60000 = LH 30000 :

50000 1= L R —

40000 ;— ““““““““““““ S e — [ S S S 20000 =

30000; 15000 [

20000 :_ ..... . S— I " o H ...... . SO S 1OUUOf

10000 = _ 5000 —

0 :I 1 | L1 Ll L1 | j L1 L|'L Ll L1 | [ L1 L 0 :\ | | | | [ | | L1 Jl L |

0 0.1 0.2 0.3 04 0.5 0.6 07 08 09 1 0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 09 1
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Q* Distributions (after all cuts)

For Extraction Q2 values SBS-8: 4.48, SBS-9: 4.476

. SBS-9 70%
SBS-8 70%
Q2_cut
| Q2cut C " Entries 625172
B |slntmas 924922573 35000 — Mean 4.471
. ean x [ 1
25000 - St ey fyioadl = JI 1[ Std Dev 0.1335
C 30000
20000 - E r l
- 25000 - J [L
16000 [ ol 20000 = f H
- 15000
10000 = c J ll
- 10000 =
5000 = J‘ \
- \ 5000 - JJJ K
00 1 2 3 4 ‘ 5 — 6 0 C | IR R R L
GeV? 0 1 2 3 4 5
GeV?
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Scattered Nucleon Momentum Distributions (after all cuts)

For Extraction Scattered Nucleon Momentum values SBS-8: 3.19 , SBS-9: 3.19

SBS-8 70% SBS-9 70%

7 h_pN_cut h_pN_cut
I~ Entries 929779 16000 Entries 625172

= Mean 3.192 ﬂ Mean 3.186
10000 M Std Dev 0.06221

N wqu Std Dev 0.1369 14000
8000 B ’L"Lm 12000

- I NLL\_\\ 10000 [t s o

6000
L f Hi 8000
Y 6000

4000
C { \‘1\ 4000

2000

C J \\ 2000

oLl & won | ¢ st d v oo oy i 4 8w i w yhed ooy ¢ d o

2.6 2.8 3 3.2 3.4 3.6

P TTTTTTTTTT I TTT I TTTITT T TTITITTT
L " H
L

38
p, (GeV)
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€ Distributions (after all cuts)

For Extraction € values (neutrons) SBS-8: 0.79925 , SBS-9: 0.51802

0
SBS-8 70% SBS-9 70%
hepsilon_cut hepsilon_cut
i i i i L 35000 i
60000 ; ‘ , ‘ Entries 929779 = 51""'55 624172
- Mean 0.7988 - ean 0.5183
- - Std Dev 0.02219
- Std Dev 0.0208 30000 =
50000 - l
- 25000 -
40000 — - |J l‘
C 20000
30000 - g r \’
E 15000 -
20000 — = r L
F 10000 [
10000 — E Jf l
C 5000 |-
ol | [ L | | L - j k
0 0.1 0.2 0.3 04 0.5 0.6 0.9 1 0 e v e e e s v L b e e Lo e b Loy
0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 09 1
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Analysis Methods — Introducing HCal Ax and Ay

a4 Ax = xOHbCSal L xg{é)ab

Ao = 18— Ve
: R (Eintersect — 6HCa1) - £HCal,
Yt = (Eintersect - 5HCa1) - UHCal

YHall

hintersect — U + SintersectP N’ -
(OHcal — ?7) - ZHCal
DN’ * ZHCal

Wertz 2026 Jefferson Lab Hall A Winter
-t . Collaboration Meeting

THall <

target

P = (sin@nv cos @, sin O sin @, cosOnr) . Sintersect =

EPLORING THME MATURE OF MATTE)



Analysis Methods — Introducing HCal Ax and Ay

HCAL
* Definition of Ax: The difference
bs
—1 Ay between the observed (x7 25, ) and
JQ}—/I:|— OncaL the expected (x;,,,) nucleon
position on HCal in the vertical
/ e :|:A:r (dispersive) direction.
\ / "y +X * Definition of Ay: The difference
between the observed (v725,) and
G = Po— Do the expected (yf}’éﬁ ) nucleon
position on HCal in the horizontal
Conceptual diagram (non-dispersive) direction.
Pe introducing HCal Ax and Ay
€ variables.
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Q?=4.5(GeV/c)? Track X2 /?’Ldf

x10°
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Q*=4.5 (GeV/cy’ Vertex Z position (m)
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Optics Validity Cuts

Q?=4.5(GeV/c)?

5 5

4.5;— 120 4,55—

af af-

- 100 =

. 35F — 35—

[a\} - &\l -

> 3 - 3

<b] - eb] =

9/ 251 9/ 25

I - I -

E 2— E 21—

155 15

1 1=

05/ Dl
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ypB (M)
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2= 4.5 (GeV/cy?
L TG Eppcal/p
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3000 [— B L i —

2000 [— e — e — e —

1000 [ e /J,

Wertz 2026 Jefferson Lab Hall A Winter

# EXPLORING THE NATURE OF MATTER

Collaboration Meeting



@=45@eviey  HCal Cluster Energy (GeV)
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Q?=4.5(GeV/c)?

No Cuts Applied All Other Cuts Applied
, HCal - SHADC coincidence time (ns) HCal - SH ADC coincidence time (ns)

2500;_ 2()0{3(]E |
20005— = :

- 15000}
1500 [— C
1000; 100005—-
5005_ ..... sooof—

93_0 30 % _1|5 10 - 1‘5| 20
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Q> =4.5(GeV/c)?
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2 — 2
Q" =4.5(GeVie) Neutron Envelope Proton Envelope
3_ === HCal Boundary 3_ === HCal Boundary
- = Acceptance Region —14c - = Acceptance Region —{14c
r == Fiducial Region r == Fiducial Region
2 2
: —12( : —12C
1= —10( 1= —10¢
Bl Bl
S - R -
=T 80 =T 80
Aok ador
S S
8 8
L 60 L
1 1~
L 40 L
-2 -2
- 20 -
_3_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII 0 _3_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII
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Q2 =45 (GGV/C)2 FidUCial Cllt

Proton Envelope

For a given electron ;
event, the Fiducial 37 6 B
Cut ensures the gé Sor ’
event 1s in the ! f

acceptance for both | )
a scattered neutron :
and prOton. Ll | | | | | | L | | | | | | | )

YriCar (1) Yrical (M)

Wertz 2026 Jefferson Lab Hall A Winter
¢ SR G Collaboration Meeting



Cut

Optimized Cut Regions

Variable SBS-8 50% SBS-8 70% SBS-8 100% SBS-9 70%
NGEMhits >3 >3 >3 >3
Track x?/ndf <15 < 15 < 15 < 15
v, (m) [—0.07,0.07] | [-0.07,0.07] | [-0.07,0.07] | [-0.07,0.07]
rpp (m) (—0.15,0.30) | (—0.15,0.30) | (=0.15,0.20) | (—0.15,0.30)
ygg (m) (—0.09,0.09) | (—=0.09,0.09) | (—0.08,0.08) | (—0.09,0.09)
Eps (GeV) > (.2 > (.2 > 0.2 > (.2
ERBCal /D (0.8,1.2) (0.8,1.2) (0.8,1.2) (0.8,1.2)
Frca (GeV) > 0.055 > 0.055 > 0.055 > 0.05
At (ns) (—10, 10] (—10, 10] (—10,10] [—10, 10]
W? (GeV?) 0.6, 1.1] 0.6, 1.1] 0.6, 1.1] 0.65, 1.1]
Ay (m) (—0.3,0.3] [—0.3,0.3] [—0.3,0.3] [—0.3,0.3]
e (—2.32,0.83) | (—2.32,0.83) | (—2.32,0.83) | (—2.32,0.84)
e (—=0.51,0.51) | (—=0.51,0.51) | (—0.51,0.51) (—0.5,0.5)
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Correlated Cut Variables Pt 1

u = —1450
~ —14000 —
[ 1.5 —400
2r —13500 =
- | 8 TR R SR N A —1350
1= —3000 — 200
— 0.5
_E 2500 _F
8 S = 250
e 2000 EOE 200
2 ¢ SZ 05}
= 1000 - 100
2— -
— 500 -15 50
Be 04 02 0 02 04 06 0 202 015 -01 005 0 005 01 015 02
LBB (m) YBB (m)
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Correlated Cut Variables Pt 2
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Cut Region Optimization
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Cut Region Optimization

poIO: y = 1.08162 +0.00253, Fit y?ndf: 3.905 i i i
_pofi:y.= 0.00%77.x +1.07959, Fit ¥2/ndf:3.996 ...l

— -
w I

—
[V}

oIII|II\I|IIII|IIII|IIII|IIII|IIII|II

n/p
sf

R

EDVINE N

—

o
©

o
o)

t eacrossrange: 000380 | 1 b

Rsf Mean = 1.0B345 + StDev = 0.06234 : :
| | | | | | | | | | | | | | | |

0.5 1 1.5 2 2.5
Epg (GeV)
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Cut

Systematic Uncertainty Contribution

Variable SBS-850% | SBS-870% | SBS-8100% | SBS-970%
i 0.0025 0.0061 0.0029 0.00007
Track x2/ndf 0.0005 0.0005 0.0002 0.0014
v, (m) 0.0017 0.00003 0.0003 0.0009
zBp (m) 0.0012 0.0044 0.0021 0.0019
ype (m) 0.0014 0.0013 0.0023 0.0007+
Eps (GeV) 0.0002 0.0002 0.0006 0.0005
Eppcal/p 0.0002 0.0007 0.0013 0.0003
Erca (@) 0.0006 0.0002 0.0003 0.0002
At (ns) 0.0027 0.0023 0.0022 0.0030
W2 (GeV?) 0.0063 0.0007x 0.0012 0.0035
Ay (m) 0.0041 % 0.0019 0.0012+ 0.0010+
e 0.0006% 0.0002+ 0.0006+ 0.0008+
oD 0.0007+ 0.0007+ 0.0013+ 0.0011
N . 0.0078 0.0083 0.0052 0.0054

Wertz 2026

.Je;fferson Lab

XPLORING THE MATURE OF MATTER

Hall A Winter

Collaboration Meeting




”  polp: y = 1.07988 +i0.00083, Fit x*/niif: 0.016

- ol: y = 0.00009 x i 1.07847, Fit y¥ndf: 0.003 |
1.083 |—-Poy = 000 xx LA T 1 fhdf:0008 @ o e ]

L s e SIS S
L0 S N PO
. 1.08
o |
74 e e e e 5 SO A
1,078 [ oo O SO N
1,077 oo
- Rise across range: (.00094
— Rsf Mean = 1.07988 i+ StDev = 0.00035
1.076 CTTTT [ B I T | T P
o 10 12 14 16 18 20
0 2 4 6 8 1M 12 14 16 18 20 2
Track ng'ndf Track X /ndf

Wertz 2026 Jefferson Lab Hall A Winter
Collaboration Meeting

# EXPLORING THE NATURE OF MATTER




0 02 04

Wertz 2026

06 08 1 12 14 16 18

W2 (GeV?)

- | 1.07949 +10.00140, Fit xndf: 0.059 |
1.083 2 20.00962 X + 1.08548, Fit y¥ndf: 0.015 1~~~
1.082
LT i Ll L
1.08 -4
= [
= o
= w L
K 1079 —
1,078 [ b
LE T4 i L I .-
1.076 [ Rise across range: 0.00148-+------micrrsssior et
- Rsf Mean = 1.07946 + StDev = 0.00068 ; : i :
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1.084 —polp:y = 1.08017 £ 0:00124; Fit j2Arafs Q.080; =i e
L poli:y = 0.00248 x + 1.08034, Fit y2/ndf: 0.054
1.083 -
1.082 —
1.081 — e
C ¢
S = . ¢
B 108
C L
1.079 —
1.078 —
1.077 [~ i
—  Risk across range: -0.00005
[ RsfMean = 1.08017 + StDev = 0.00056 : : :
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Proton Relative Rate Information

Data
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Proton Relative Rate Information

Data Combined
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HCal Non-uniformity Systematic

Setting sz/p from R:;p from SBS-8 | Absolute Difference
Uncorrected MC Map Corrected MC
SBS-8 50% 1.0842 1.0845 0.0003
SBS-8 70% 1.0782 1.0764 0.0018
SBS-8 100% 1.0678 1.0666 0.0012
SBS-9 70% 1.0876 1.0823 0.0053
Uncorrected MC MC Corrected for HCal Non-Uniformity
awovof- w000 E o
E E %ﬂmxw‘g.wncwr
30000(— 30000 —
20000 20000
ol oo
C:-zl.s =) = = 05 0o 05 T 02—55 -2 -5 -1 05 0 o5 i
% |z§ N K » DataTotal Fit % ‘z%: Dala-Tolal Fit
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SBS-9 Proton Relative Rate
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Spot Cuts for HCal Non-uniformity

Neutron Spot Proton Spot
1= w !
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SBS-8 and SBS-9 Comparison

. neutron , proton

0.25 : 5 : 0.45 .
H H Entries 1315 Entries 349910
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Detection Efficiency (MC)

HCal Efficiency, SBS8 Method:

105 " Foen « Simulate, digitize, replay protons and

= e neutrons separately, with momentum

1-9 GeV. Throw flat and populate

I N 5 : 1000 events/channel.

i - “""5’~'.--.,. * Get energy spectra vs nucleon

A : | Vi, momentum. Fit each peak to
determine mean E for p bin.

» Total: Populate energy per p bin
regardless.

» Pass: Separately populate energy per p
bin>E_., /4.

* By looping over p bins, evaluate the

80JIJJJJIJEJJJIL;JJJIJJJi]JJJI]jJJI]JJIJ];JJIJ]J lntegralOfenergthStOgramSSO

1 2 3 4 5 6 7 8 9 1 =
Nucleon Momentum (GeV/c) EfﬁCIency Pass / Total.

100

Efficiency (%)

95
90

85
pals
uxn
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Detection Efficiency (MC)

_ Proton Neutron
s HCal Efficiency, SBS8 - Efficiency | Efficiency
s F | SBS4 96.6% 95.6%
E 100_
: .’,.7--2"-"'.'.“""7""?“‘*‘* S .
- e - NN SBS8 97.8% 96.7%
o5 T |
74
- SBT;) 97 8% 96.7%
o relim
N SBS14 97 9% 'naE)é
- g & & & o SBS7 96.7% 96.5%
- a @ & @ @
80_1 Jl 1111 é 1 J | :13 11 A 111 I é L1 11 é ] 111 _l' L1 11 é L1 11 g 1 SBS1 1 94.9% 96'0%

Nucleon Momentum (GeV/c)
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Coincidence Time Anti-cut
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W2 anti-cut

W2 (GeV?)
4500 E i 26000 :—
4000 — 24000
= 22000 —
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C 20000 [~
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Inelastic Background Systematic

Bked R value
Model SBS-8 50% SBS8 70% | SBS-8 100% | SBS-9 70%
Gaussian 1.0655 1.0658 1.0611 1.0630
Polynomial-2 1.0787 1.0732 1.0651 1.0648
Polynomial-3 1.0639 1.0687 1.0554 1.0692
At Anti-Cut 1.0813 1.0762 1.0681 1.0729
W2 Anti-Cut 1.0869 1.0823 1.0828 1.0681

Wertz 2026

Jefferson Lab
& EXPLORING THE MATURE OF MATTER

Hall A Winter
Collaboration Meeting




Weighted Mean SBS-8

) _ R
Weighted Mean Formula: Ryf \,, = M where w; = —

i=1W auncorr,i

Uncertainty on the weighted mean, for uncorrelated uncertainties: Jﬁwan’unwrr =1 /23 s
i=1 L
Uncertainty on the weighted mean, for correlated uncertainties, procedure:

1. Add the correlated error, oo, for a given data set to the scale factor, Ry ;: R;’fl,l- = Rgf i + Ocorri
Apply step 1 for every data set

2

3. Calculate a new weighed mean from the above formula with all Rsf iS, call it Rsf w
4.  The correlated uncertainty on the weighted mean is the absolute value between R Fw and R Fow
Omean,corr = |Rsf w sf,w|

5. Repeat Steps 1 through 5 but considering R;f{i = Rgf; — Ocorr,i- This should obtain the same value for

O-mean,corr

Total Uncertainty on the weighted mean is Opmean totar = \/ O eanuncorr + Omean corr

Values for SBS&

R = 1.07113

Gmean.totar = 0.01036, or 0.97% Gmeanancorr = 0.00538 Gmeancorr = 0.00886
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