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Elastic Electron-Nucleon Scattering and Form Factors

« The Dirac (F;) and Pauli (F,) form factors describe the most general
form of the virtual photon-nucleon vertex function consistent with
the symmetries of QED; namely, Lorentz invariance, parity
conservation and gauge invariance/current conservation

« They are real-valued functions of the (space-like) squared four-
momentum transfer g% = (k — k')? < 0.

« Experimental observables sensitive to form factors include
differential cross sections and double-spin asymmetries involving
polarized e~ beams and/or targets

. . _ Guv \ —/ p1wv
Invariant amplitude: M = 4wrau(k" )y u(k (—> uw(P ) u(P - ~—_ 7 ~
Kveul) (2 ) aPreup) 2 )
v*N vertex function: T* = Fy(¢*)y" + 0y Fy(¢?) Feynman Diagram for elastic eN — eN
2M scattering in OPE approximation
Sachs FF: Gg = F; —1F5 Q2
Gy = Fi+ Fy T = AN2
do do eG% + 1G3, 0 —1
Rosenbluth Formula: 56— = <dQe ) o €L+ T) e = |1+2(1+7)tan’ ( 5)]
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Theoretical Interpretation of High-Q? Nucleon Elastic Form Factors

. Pensiécéz)interpretationsi 3D (low Q2 limit only) or model-independent transverse density
any

* Perturbative QCD: for asym totica}lly large
constituent counting rules; F; « Q~
exchange mechanism

* Constituent Quark Models—define quarks as effective degrees of freedom, solve bound-

%tﬁte Hamiltonian with confining quark-quark interaction, use wavefunction to predict
S.

« Lattice QCD—Experiment far ahead of theory in precision/accuracy, but data help to
benchmark/improve the calculations

QZ, form factor behavior is predicted by simple
F, <« Q~°, assuming dominance of multiple hard-gluon

* Dyson-Schwinger Equations: approximate solutions of continuum non-perturbative QCD

* Connection to Generalized Parton Distributions from sum rules; relevant to Ji sum rule for
proton spin decomposition.

* Some recent reviews of the subject:
« PPNP 59, 694 (2007): https://doi.org/10.1016/1.ppnp.2007.05.001
« EPJ A51, 79 (2015): https://doi.org/10.1140/epja/i2015-15079-x
« PPNP 116, 103835 (2021): https://doi.org/10.1016/1.ppnp.2020.103835
« EPJ C, 83:1125 (2023) (section 10.1 and others): https://doi.org/10.1140/epic/s10052-023-11949-2
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“Measuring” Elastic Form Factors: Rosenbluth Separation
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"Measuring” Elastic Form Factors—Polarization Observables

oL —O0_ :
Ay = -+ = Pheam Prarg |At sin 0” cos ¢™ + Ay cos 0]
04+ + o_
2¢(1 — € r
4, = _\/ Lo T
T —+ ;’r
V1 — €2
A = 172
;7“
GE
r = —
Gum
P, t — P beamAt
P [ P beamAﬁ
Gg P \/T(1+e) P E.+E (0
Gum Py 2€ P, 2M 2
Standard coordinate system and * Polarized beam-polarized target double-spin asymmetry or
angle definitions for nucleon polarization transfer observables in OPE are sensitive to the
polarization components in eN — eN electric/magnetic form factor ratio, giving enhanced sensitivity to

G (Gyy) for large (small) values of Q?, as compared to the Rosenbluth

method
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Puckett et al, PRC 96, 055203 (2017)
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2017 Tom W. Bonner Prize in Nuclear Physics
Recipient

Charles F. Perdrisat
College of William and Mary

Citation:

"For groundbreaking measurements of nucleon structure,
and discovering the unexpected behavior of the magnetic
and electric nucleon form factors with changing
momentum transfer."

Background:

Charles F. Perdrisat, Ph.D., was a professor at the College of William and Mary
(Williamsburg, Va.) for the last 50 years having retired earlier this year.
Throughout his career, Dr. Perdrisat’s research focus included nuclear reactions
with proton and deuteron beams, both polarized and unpolarized. He conducted
research at SATURNE in Saclay, France, TRIUMF in Vancouver, B.C., LAMPF in
Los Alamos, New Mexico, Brookhaven National Laboratory in Upton, N.Y., and
JINR in Dubna, Russia. During the last half of his career, he was committed to the
investigation of the structure of the proton at Jefferson Laboratory, concentrating
in obtaining polarization transfer data in the scattering of polarized electrons on
unpolarized protons. These data, from 3 distinct experiments organized in close
collaboration with Vina Punjabi, Ph.D., Mark K. Jones, Ph.D., Edward J. Brash,
Ph.D., and Lubomir Pentchev, Ph.D., have resulted in a significant change of
paradigm in the understanding of the structure of the nucleon. After completing
his undergraduate training in physics and mathematics at the University of
Geneva in 1956, Dr. Perdrisat became an assistant in the physics department at
the Swiss Federal Institute of Technology in Zurich) in Switzerland, under Prof.
Paul Scherrer; he received his Ph.D. in 1962. He completed a three-year
postdoctoral fellowship at the University of lllinois Urbana-Champaign, before
heading to William and Mary in 1966.

Selection Committee:

2017 Selection Committee Members: Rocco Schiavilla (Chair), D. Hertzog, P.
Jacobs, Kate Jones, I-Y. Lee



Importance of Combined Proton and Neutron Measurements—Flavor Decomposition
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FIG.2 (color). The ratios «;'F4/F{, «,'Fi/F% and
k,'F5/F} vs momentum transfer Q?. The data and curves are

described in the text.
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FIG. 3 (color). The Q? dependence for the u and d contribu-
tions to the proton form factors (multiplied by Q%). The data
points are explained in the text.

Cates et al, PRL 106, 252003 (2011): Extracted quark flavor FFs
EY, qu from proton and neutron Sachs FF data assuming isospin
symmetry, valence quark dominance

- Flavor FFs are a key experimental signature of diquark

correlations in nucleon structure (Trento workshop 2019)
Hall A/C Summer Meeting 8
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Progress in Particle and Nuclear Physics 116 (2021) 103835

Contents lists available at ScienceDirect

Progress in Particle and Nuclear Physics

El SEVIER

journal homepage: www.elsevier.com/locate/ppnp
Review
Diquark correlations in hadron physics: Origin, impact and ()
evidence gy

M.Yu. Barabanov !, M.A. Bedolla?, W.K. Brooks >, G.D. Cates*, C. Chen?®,

Y. Chen®’, E. Cisbani®, M. Ding®, G. Eichmann '%'!, R, Ent '?, ]. Ferretti °,
R.W. Gothe '4, T. Horn '>'2, S. Liuti 4, C. Mezrag '°, A. Pilloni °, AJ.R. Puckett 7,
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Neutron Form Factors Before SBS—Figures from P. Datta Thesis
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Figure 2.4: World data for the neutron electric form factor G%. Black filled shapes represent beam-
target double-spin asymmetry measurement data using a polarized 3He target [64-68]. Red filled
shapes denote beam-target double-spin asymmetry data with a polarized deuteron target [69-72],
while open shapes represent measurements obtained via recoil neutron polarization [73-75]. The
global fit is sourced from [51]. See the text for more details.
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Gy/(1, Gp)

Rock et. al., 1982+1992

0.7 A Ankiinet al., 1994+1998
Lung et. al., 1993 _

0.6 Markowitz et al, 1993  [i...| W Buinsetal, 1995
Gao et. al., 1994 : ¥  Kubonet. al, 2002

05 Xu et. al., 2000+2003 - .

: Anderson et. al. 2007 | @ Lachnietet. al., 2009
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Figure 2.5: World data for the neutron magnetic form factor G%; /(.G p). Black filled shapes
represent measurements obtained using the ratio (or Durand’s) method [84-88|, while red filled
shapes denote absolute cross-section measurements [89-91]. Black open shapes indicate beam-
target double-spin asymmetry measurements [92-95]. The global fit is sourced from [51]. See the
text for further details.
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Proton Form Factors Before SBS: G, and G,

[ T T TTTIT I T TTTTIT [ T T TTTTIT T T T TTTIT T MmT T T B I T [ IIIII I T I IIIIl T T T T T TTT I I_
1.2 % io i — B % i
— 0 _ 1.2— —
1.0 : R S e T N VR --'.;ﬂ,f'j'. s | | . o) —: B % % i
0_8 — Y _: 1 _O _ ol Sty B e ::fq»v::;":_»‘;»ﬁi‘" .. .. ; R y V.__
0.6— — . B i
- . 0 0.8 —
(50 0.4 — (50_ - Direct L/T separations
< - - = B
5 02 — X 06— Kirk 1973 (updated RC) A
0.0 :_ .................................................................................................................................................. _: O — n Sill 1993 (updated RC) m
— o Direct L/T separations e  Polarization observables - 0.4 - _
0.2 - L . Christy 2022 -
— O Xiong 2019 (1.1 GeV) A Xiong 2019 (2.2 GeV) . N ]
-0.4 ;_ v Simon 1980 (GEp only) o Bernauer 2014 ] 0.2 [ g Bernauer 2014 _]
~0.6—— Globalfit (Ve 2018) % - Global fit(¥e 2016) -
| | IIIIII| | | IIIIII| | | IIIIII| | | IIIIII| | | IIIIII| | n 0.0_ | | | IIII| | | | IIIII | | | | IIII| | I—
107 10°° 1072 10~ 1 10 1072 10~ 1 10
Q? (GeV/c)y Q? (GeV/c)
E GM « .
« Left: . Right: p . Figures, references, explanations from section 10.1 of “50 years of QCD”:
M pGD

https://inspirehep.net/literature/2617065 (Eur.Phys.J.C 83 (2023) 1125)

U E U N N 6/17/26 Hall A/C Summer Meeting

10


https://inspirehep.net/literature/2617065

O.

The SBS high-Q? Form Factor Program (status as of 2023)

- —-—- Xu 2021

| - Diehl 2005 e - Gross 2008

—-— Lomon 2002 -

- —-—-- Segovia 2014 e Cloet 2012
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LA Gy, world data

o Gg, Rosenbluth
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SBS projected
SBS GEN-RP projected
L | L L L

5

S
Q? (GeV/c)y

15

Figure from “50 Years of QCD”:
https://inspirehep.net/literature/261
7065 (Eur.Phys.J.C 83 (2023) 1125)
GMN/TPE (E12-09-019/E12-20-
010): Oct. 2021-Feb. 2022

GEN Helium-3: Oct. 2022-Oct. 2023
GEN-RP: April-May, 2024

GEP: April-August, 2025

SBS projected uncertainties are
shown arbitrarily on the 2018 global
fit curves by Ye et al.

G was already complete at the time
this was published; projected
uncertainties were already known
GE, Gg projections shown at the time

were based on the experiment
proposals
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The Super BigBite Spectrometer in Hall A

Proton form factors ratio, GEp(5) (E12-07-109)
SIDIS transverse single-spin asymmetry experiment: K12-09-018

Proton Arm

GEM Hadron Arm
INFN GEM RICH
BI?;\TBI;H GEM HCalo GEM HCalo
Target 48D48 \ Target

Al filter Calorimeter

GEM GasCher

Electron Arm

« What is SBS? 2 (up to) [ BdL ~ 2.4 T - m dipole magnet with vertical bend, a cut
Hadron Arm in the yoke for passage of the beam pipe to reach forward scattering angles, and
a flexible/modular configuration of detectors.
¢ Designed to operate at luminosities up to 103? em™ s’! with large momentum bite,
moderate solid angle
* Five fully approved “large” experiments plus two fully approved “small”
experiments, focused on high-Q? nucleon form factors, transverse SSAs in SIDIS

Neutron form factors, E12-09-016 and E12-09-019

BlgBite PN GasCher « Conditionally approved future program of “tagged DIS”—pion and kaon
Electron Arm / O@ structure
cen Y ECalo » Large solid-angle + high luminosity @ forward angles = most interesting physics!
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The SBS neutron Form Factor Experiments (2021-2024)

L7 P b= ©° GMN, GEN, GEN-RP all involve
R measurements of coincidence
(e,e’N) reactions in quasi-elastic
kinematics on light nuclear
targets
 Common requirements include:

» Scattered electron detection
with tracking, PID, and full
kinematic reconstruction

* Nucleon detection and
charge identification

« Key differences include:

« Physics observables (cross
section ratio versus polarized
beam-target asymmetry
versus recoil polarization)

 Dominant sources of uncertainty:

* nucleon acceptance/detection
efficiency systematics (GMN)

- Statistics! (GEN/GEN-RP)

* Low polarimetry FOM
(GEN-RP)

« Inelastic backgrounds (all)

U E U N N 6/17/26 Hall A/C Summer Meeting 13




Experiments E12-09-019/E12-20-010 (GMN/nTPE)

SBS-G}; Experiment

Setup
=3
£
©
@
m
£ .
LI 3
- CHH
3 oD
g et
a E::E:.' a E:
P:::':v =ik
S
Q " B
SN
Wy g Wy T
Wy S g Wy
¥ Co D
S 7 Wi
v -y 'i'.'.l]:..
; o ’ ....::
. . "'/ e‘
o &
e &
# s 'Q
"'\a SBS {&%
Magnet O
X
<
\
&°
=~ ~
- Target, p n
beam 15cm LD,

UE UNN 6/17/26

Preshower: (241

Timing Bedassope (150 PMITs) Gas Electron Multipliers

(GEMs): 4+1 Layers, 42,000
readout strips

e-beam, up to
10 GeV, 15 uA

BigBite dipole Target, 15-cm LD2

magnet (~0.9 T - m)

Shower + T

Gas Ring Imaging
Cherenkov (GRINCH,
510 PMTs)

Measure cross section ratio d(e,e’n)/d(e,e’p) on

liquid deuterium.
e~ arm: BigBite with upgraded detectors for

high-luminosity running
n/p arm: SBS with HCAL
Ran Oct. 2021-Feb. 2022
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Data/MC Fit to Ax Distribution: Q% = 7.4 (GeV/c)?
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...... n signal (from MC) R 1107 +0.013 < Fit equation:

=== Bg. (Inel-MC) nip . = U * .

+ Residual B 1857 + 38.2
— ] Data = N x (ps1gnal + Rn/p * n51gnal) + B * Inel
- . % Fit parameters:
- g 1. N — Overall proton (p) normalization.
[ - 2. Rfl’;p — Relative neutron (n) to proton normalization.
N . 3. B — Overall background normalization.
= +. A+ | = s Agreement of fit looks good in the entire range of interest.
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GMn Extraction from Data/MC Fit: Q* = 7.4 (GeV/c)”
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Assumption:

= Simulation accurately represents nuclear, radiative, and detector

effects that are known to be present in data.

terpretation:

= The fit parameter R

sf
n/p’

i.e. the relative n/p normalization, is a

measure of the discrepancy in the neutron to proton Born cross
section ratio between simulation and data.

GMn extraction:

/p X RMC’

Tn

€n 2
_G"
E

16

N[



Gy analysis at world-record* Q¢ = 13.6 GeV'?

Q?=13.6 GeV?, 0.16 < W? < 1.44 GeV?, Fiducial Cuts

» Data
-=== Fit . .. -
700 | r== Signal (rom MG) Analysis credit: ‘ Data Erdrion e
— : xeirn .
20 (fom MG} Provakar Datta | St | Norm 5509 + 67.0
so0| Entries 42080 { pimgRalomMC) | [ 0.8801+ 0.0229
x?/ndf  229.3/118 nsignal (fom MC) | #* _ % 165.7 +3.3
Norm 5574 £51.4 y === Bg. (poly. of order 2) : -98.84 +9.89
500 B 5999 +74 4 Residual L é -88.59 +9.90
0,, < 0.6 de
00| P4 &
300

200

100

3 -1 0 1 2 3 4
W2 (GeV?)

Q2 =13.6 (GeV/c)?

For a neutron form factor measurement
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GMn—preliminary results (plots credit: P. Datta, LBNL)

I

1 1 l I

T

1

* Green = “pass 2”

« Red =“pass 3” (w/combined stat. plus syst. error)

* Biggest improvement from “pass 2” to “pass 3” was
timing calibrations—physics results stable

« “Found data” at Q% = 3 GeV? tripled the statistics for
the more optimal SBS field setting used at this Q2
 We intend to publish the results from pass 3

3 Pass of Reconstruction -

_HCal_SH_coinime
Entries 893098
Mean 1.866
£ Std Dev 39.29
6000— 72/ naf 250.6/29
E Constan! it 43194187
1.18120.016
igma_ 3.202 + 0.024

6000

%% 3rd Pass

Greatly improved HCal-Shower
ADC coincidence time resolution
good enough to resolve the beam
bunch structure.
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+ World Data —— Global Fit (Ye 2018) 2000 e N B : non-uniformity in HCal timing
0.2 ! v 3rd Pass] : calibration better aligns the
) 1 0 1 5 09 i : : : coincidence times for D(e,e’p)
1000+ Foihd g : and D(e,e’n) events.
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KN 11597|  10/24/2021 17:15 19:30 LD2 1.75 50 Y 32.4 junk - DAQ keeps on going down in rate
54 11598 10/24/2021 19:41 20:06 Dummy 6.5 50 Y 4 Production Run - Cycle 4
11599 10/24/2021 20:08 20:23 Dummv 6.5 50Y 2.7 Production Run - Cvcle 4
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nTPE experiment: Precision Rosenbluth Separation of en — en

4.8 ! 5 | T 2| T T T
1.5 | | | | | | | - Q 4.5 (GeV/C) 2l
. From Zeke Wertz E B Fit from polarization transfer data for G¥/Gy, ]
- (W&M’ Jlab) = 3 & —— Same, corrected with projected TPE i
e e e = O
. N gl Projected total TPE uncertainty i
EDE y g 5 - Projected measured slope and uncertainty -
C\LUO 5 ; S E e i =1
c | =i i
= ) 4.6 =
] S ., i
oF ] - Actual nTPE" g
- — Global Fit (Ye 2018) . 3 ) 5 il
& This Work (Rosenbluth) | s klne-rlnatlcs | | | -
S N R . ] e 0.2 0.4 0.6 0.8 1

o
—
(&)
Mm

" Q2 (GeVicR
« Left: u,Gf /Gy world data and preliminary result from Zeke Wertz thesis

« Right: projected nTPE sensitivity from proposal 12-20-010 (Eric Fuchey contact)
e Actual kinematics have Ae = 0.3, compared to 0.24 from the proposal
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The J efferson Lab Thesm Prlze 2025

L awaiue”

¢ This Work — - Gross 2008
%21 4+ World Data —  Lomon 2002 N
—— Global Fit (Ye 2018) | |-+~ Diehl 2005
0 5 10 15
Q? (GeV/c)y?

Preliminary results for neutron magnetic form factor
(normalized to “standard dipole”) from the prize-

From left: David Dean, Provakar Datta, Elizabeth Lawson, Loana .. hes;
“Maria” Niculescu, and Matthew Shepherd pose for a group photo after winning thesis

Datta wins the thesis award during the Jefferson Lab User Organization ¢ Thesis: https://inspirehep.net/literature/2853798
(JLUO) annual meeting award ceremony held inside the CEBAF Center JLab press release:

auditorium at Jefferson Lab in Newport News, Va., on June, 25, 2025. . . .
(Aileen Devlin | I?Iefferson Lab) https://www.jlab.org/news/releases/built-hand-

proven-datta
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https://inspirehep.net/literature/2853798
https://www.jlab.org/news/releases/built-hand-proven-datta
https://www.jlab.org/news/releases/built-hand-proven-datta
https://www.jlab.org/news/releases/built-hand-proven-datta
https://www.jlab.org/news/releases/built-hand-proven-datta
https://www.jlab.org/news/releases/built-hand-proven-datta
https://www.jlab.org/news/releases/built-hand-proven-datta
https://www.jlab.org/news/releases/built-hand-proven-datta

E12-09-016: G} /G to 10 GeV? using polarized *Hel(e,e’n)pp

Hodoscope =

— e T TR
Cerenkov A\ Preshower/ \ . e = — .\\'
) —— Scintillator/ #e o Y 'l - '
\ Shower . SRRl 2 Iy </ 18/
BigBite \ =3 8 A | S , Ol BN ./
Magnet \, 1 ~ : A Y e N
“GEM ¥ | o A Y o
/ "\ GEM x4 N/ e N AW 4
¢ P . Beamline P = ;
_—  e—— r—= -
Target =
u T~ {\ SBS GEMs
(Not to scale) SBS R // ¥/ /.
Magnet 17m Path Y/ /i
iy

 Same detector configuration as GMN (E12-09-019) D, /-7 77 [t o R ~
(With GEMS added tO SBS fOI- Commissioning) : LS -"."2":“7‘“’ 1 4 - -y e BB uan Carlos Cornejo : SBS Collaboration Meeting 2017
« High-luminosity polarized 2He target with

convection-driven circulation of polarized gas. * Note: the photo above was taken in GEN-RP

* Measurement to 10 GeV2 has enormous conflgllllratlonA ¢ o
discrimination power among theoretical models ) GEN, ad HC L 17 m 1rom target to Optlml.ZQ ,
. Data-taking completed Oct. 2022-Oct. 2023! coincidence time-of-flight for background rejection
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The SBS-GEN polarized Helium-3 target

GEn-lla GEn-Ilb

+

50 ’ -‘
—F - -’

l’

40 ' ’. +

F
c
2
g
. v s ;
./ [o]
— S R g
y . -S .f ' .
v .
Carbon Foils &=t 3 R . i
p— _ 5 Bl HunterKin2 o ’
< q - . Bl Windmill ¢ *
s \ = 2 o
R ' ,-;":! = ot - HunterKin3 ‘ 4
- | ' ; & Fringe . +t
= ] . - Christine
/ ‘ 10 ¢
L | s Donya .
AR | Error !
My ¢ beam T . — . g
S v Y S v >
: : '1;\,\’ ’V\} ’lv:\? ")'6\, ":'6» ”)D’L
P q a a9 Q) Vv v
| & 3 S D S S D S
3

25 Thanks to Prof. Gordon
2 Cates and the target

peak

‘ . a 15
« Above, left: Inside the target enclosure 1 sroup
* Above, right: preliminary target polarization results s -
* Below, right: estimated FOM compared to previous ° & » o o
experiments & &«\\,@
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dx projection

~~~~~

Counts

Counts

dx projection

50000 - Model (0] * { P+ p1]'N + pl2]"l | 18000 ) s
e
gl 16000 :
40000 ] . 14000 .
J 12000 v
30000 ) . 10000 -
F : 8000 |
20000 F . [l X
H WlL 6000 |
u 4000 'L
10000 . 'l -
. .f‘-“ ) J & P
ek ";_H o - 2000 | e ﬁ‘
izt st e F: .
o N eE L YOO o Nl =ToE e
L4 -3 2 -1 0 1 2 3 L4 -3 -2 1 0 1 2
dx (m)
Plots f Vimukthi
(a) (b)
L]
dx projection G'a m age theS]_S (l ] V A_) dx projection
'g 4500 T um 'é s00_ . Fom
(6] 4000 Model p(0) * { P+ pl1]'N + p{2]"1 } (&) ) )"
3500 4000
3000
2500 3000
2000
! 2000
1500 E
1000 5 .
| A~ 1000 F b,
500 I s A{l ".i - H”;}"L
.’"ug,-. [ A e E Pew
OM‘M’.’ G| '“:\..\w‘ - R o‘-.-M.WMQJﬂ_’”: ; . lpv L -ﬂ;‘““‘v“ .
L4 -3 2 1 0 1 2 3 4 -3 2 1 0 1 2
dx (m)
(c) (d)

Figure 6.6: Ax projection distributions showing inelastic and proton contamination

for each kinematic point.(a) Kin2 (b) Kin3 (c) Kinda (d) Kin4b

LUCONN s

3
dx (m)

Quasi-elastic event selection
and 1nelastic background

contamination estimates
Kin. 2 2 Q% = 3.0 GeV?

Kin. 3 2 0? = 6.8 GeV?

Kin. 4a = Q? = 9.8 GeV2 (spring
2023 running)

Kin. 4b 2 0% = 9.8 GeV2 (fall
2023 running)

Inelastic contamination limits
both statistical precision and
accuracy of the result at highest
QZ

Data with SBS GEMs help
understand the signal and
(charged) background shapes
(next slide)
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Raw asymmetry at Q? = 3 GeV'? (plot credit: Vimukthi Gamage thesis (UVA))

T LT TH 1
1 [ 1 T
T A J
[ 1o
1l -
I 11
t T T ™ 1 —e
I

-“_’__,_’_HL-_' |'| | )
———r i | | |
T T
| I . |

Raw Asymmetry (%)
o
naannnnaguannnnasssannAHAEIENRARI

25
Run number (good runs only)

Figure 5.14: Run by run asymmetry for Kin2 after accounting for the half-wave plate
and accelerator settings. Certain runs are excluded from the analysis due to various
quality issues including helicity measurement malfunctions.

« Neutron (proton) asymmetry “large” ("small”) as expected for 3He target

U E U N N 6/17/26 Hall A/C Summer Meeting
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Understanding GEn-II detector performance with SBS GEMs, I

x10° x10° x10° 6
10_""|""|""|""|"" L T T T T | L L A 3 1OE'|" T 1
[ —— Al - 5 b T All
— - — HCAL cuts 8 — Al = — - — Elasticep,0,,=094ns 3
- 10°F 3
— — HCAL and SBS track cuts o — - — HCAL and W2 cuts : /,\ 3
L 103!_ If "I, w
T "- =B of B
{ i s L ] 10k -f'hh 3
# i ol ' [ i }:l Iy X ) {I'F 3
! ] i . - ] TR e o " !
e M o T~ ] 10_1ﬁ'-“!il'l'ly-ﬁ"imh.&:;::.-r LI g,
2 0 1 2 3 4 2 1 2 0 1 2 3 20 0 20
W2 (GeV?) Missing Energy (GeV) Missing Momentum (GeV/c) Atycnigs (NS)
3
N L L L g [T F T e T 2<1O||||_
10— A —-- Good € S oab-reten 40 .
10°F B2 Elastic ep ~ [ Good BB track
Q I s~ <« A I
5 0 30H — - — - Passed GRINCH
> B f R
D Q.0f -k o AR S r - Failed GRINCH
7 B 204 E
—0.2F - i R -
L. 10:[ -
~0.4F- -5 -- bl ] ; ; ;
04 -02 00 02 04 04 -02 00 02 04 8o 05 10 15 20 25 10 15 20 25

BigBite vertex z (m)

BigBite vertex z (m)

Preshower Energy (GeV)

« H, reference cell data from Q% = 3 GeV? with tracking in SBS

LUCONN s

Hall A/C Summer Meeting

Preshower energy (GeV)
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Understanding GEn-II detector performance with SBS GEMs, II—High-Q? data

Q% =9.84 GeV?

2200F
20003
18003
16003
14003
12003
10003

8003

soof

4003

200F

0—1 -0.8 -06 -04 -02 O

LJILLllIlll

02 04 0.6 0.8

Iﬁ 1

Q° = 9.84 GeV?

1 OOO:
800:
600:
400:

200

» Left: fractional deviation of proton momentum from magnitude of
G-(three) vector from BigBite, Without and with W2 cut

« Right: W?, without and with cut o

LICONN =

nﬁ—l

Hall A/C Summer Meeting

This is Helium-3 data (with
a positively charged track
in SBS), at the highest Q2
(Surprisingly?) clean
(quasi-)elastic 3He(e,e’p)np
event selection with full
kinematic reconstruction in
both arms (missing energy,
missing momentum,
etc)>Too bad we can’t do
this for neutron events!
Helps understand signal
and background shape with
large Fermi smearing and
1nelastic background!

QE W? distribution
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E12-17-004 (GEN-RP): G}/GE to 4.5 GeV? via charge-exchange recoil polarimetry

BigBite Completed April-May, 2024

LD, Target

48D48

) Charge-Exchange + Proton

recoil Polarimeter

E12-17-004 layout (above) and projected results (right):
* First use of charge-exchange polarimetry in a FF
experiment
E12-20-008 approved as add-on to measure K;; for yn - m™p

UCONN o=

Hall A/C Summer Meeting

Elastic n-p Polarisation

0.5 PP e, 04— «1.73 GeVic
r “ 42.00GeVic
u - .
0.4 0.2 U ©4.00 GeVic
’ pCH *
0.3F 3 e ¥
F $ i Y 150 GeV/
g, C /v/f4/// & * % 300Gevic
< 02p ) ® 5.25 GeVic
E A = np -> prt 00 GeVic
C / w " I | .00 GeV.
0.1 N 4
E A N 1
E / D e ’
c : = --"’Vl"ii
. |
-0.1
0 0.2 04 0.6 ; 038 1 0'4 ole L 018 it 112 1l4
1/p,, (GeVic) 1(GeVId)

Analyzing powers for np, pp, pA scattering vs. initial
momentum (left) and vs. transferred momentum (right)

> . ] " l.“I T T
‘q:) 0.15(F+| x*/ ndf 13.46 /16 [ o B 10 "\‘
E [le 001789000784 L
E oo~ e Feeeeennens s 103_”..
> C | sy -0.04402 + 0.00797 : ]
< E : : : : : ] -
> 005 i
S Kk g 102
S 0.00F 5
I g C
£ —0.05F : 10E
(4] r : E
O : :
o -0.10 L
—0. A5 .................................. -— :
] ] ] il ] ] ] =l
3 2 4 0 1 2 3 9.0
o (rad)

Above: LH, elastic asym. from GEN-RP
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GEN-RP Analysis Progress—Quasi-Elastic Data

e The hadrons coming from the target goes through the SBS magnet

e  Using the precise g-vector generated using BB information we can calculate the expected position of the hadron(if not
deflected from the SBS magnet) on the analyzer plate(or the HCAL) 0.10—

e  With the deflection from the SBS magnet we can see two separate peaks for Neutrons and Protons

e We can not use the HCAL as a reliable method of distinguishing the particles like it's done in other SBS experiments
(GEn-Il or GMn) because of the possible deflections analyzer in the middle, specially for the charge-exchange events 0.05— _1_

e Neutron events can be further isolated from Protons using the condition of not having a track before analyzer *

l iR
Y |
. Simulated HCAL dx 0.00 _%+ _{% [ _1_ _IL 2

2 22
3
& 2f
10° :, —
100 - e - all B . l
1 r . 0,=0.06 m 12 - charge-exchange|
L P i 10F-
L Ax=-0.25m L—
s~ Np = 633275 o -0.05
1 L NpGEM/NpHCAL 53
=0.42 .
ER TR R R TR

o
Heaiax

at (0, 0) in dx, dy

| !
. i -100 0 100
L SE- Simulated Ana dx
R : ¢ (degrees)

osf- all
...... oaf - i charge-exchange
0.4 06 0.8

L R EAR LR LNy AN LAR LAk L

More work needs to be done for better isolation of the charge-exchange channel

w;w“ Credits: David Hamilt
Simulations: Andrew Cheyne 16 redits: David Hamilton 17

* “Online” asymmetry results promising, but a long, difficult, and statistically challenged analysis
lies ahead

« Isolation of charge-exchange (chEx) channel difficult—backgrounds are significant and relative rate
of chEx events i1s low

» First full cooking pass after a lot of calibration work by students recently completed!
Slides credit: Bhashita Dharmasena (UVA), Hall A Winter meeting, 2026
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Current status of G} measurements from the SBS program

1.0

PRELIMINARY

— Arrington18 fit — - Segovial4 (DSE)
— — Riordan10 fit B World data
SBS GEN-RP (projected) ¢  SBS nTPE (preliminary)

A
® SBS GEN °He (pass 2 projected)

LICONN =

5 10
Q? (GeV/c)

Projected uncertainties (statistical
only) are shown arbitrarily at zero
for GEn-II/GEN-RP

GEn-1II (polarized Helium-3)
uncertainties are “worst-case”
based on actually reconstructed
statistics in 22¢ analysis pass (V.
Gamage thesis, UVA)

GEN-RP uncertainty is taken from
proposal estimate (first full cooking
pass recently completed)

nTPE preliminary result is based
on Zeke Wertz Ph.D. thesis (W&M)
Uncertainties statistics-limited for
GEn-II/GEN-RP and systematics-
limited for "nTPE”

Hall A/C Summer Meeting 29



SBS GEP—Original motivation and “flagship” experiment

File Edit View History Bookmarks Tools Help

5 | Live View x| Wl GMn Experiment x  +
¢>0a 0 & halacamabor 30-cm LH, + ~20 UA Electron arm—
?JLab Wl HallAWiki @ SBSwiki |@Hall A Logbooks Hill HV HowTo for Experts ... _— - bea m’ ~870/0 \ ‘ ECAL+ CD ET
advidia - v ver - @

Main Stream Sub Stream Third Stream Image i m— — p O l-a rize d 9 u p to 1 O . 7

ProportionallScale v

APlease click here to Download and install the latest plug-in. Close your browser before installation.

Proton arm—
| FT+CH,+FPP+HCA

« Left: Hall Camera During GEP
I « Right: A simulated elastic ep event in g4sbs
d « Ran April-August, 2025

o * Designated “High Impact Experiment” by
- PAC41
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The SBS High-Temperature ECAL: Performance

Q?>=5.6 GeV?
60000 T T T | T T T | T T T | T T T | T T T | T T T | T T T | T T T | T X2 / ndf = 2607 / 37

Constant! .405e+04 = 3.113e+01

Mean 0.9943 = 0.0002
50000

Sigma 0.1204 =0.0003

40000

minimal darkening

warm crystals
30000

20000

10000

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8

of TTTT |II II| TTT I|I TTT |II II| TTT

] |II II| 111 I|I 111 |II

0 no darkening
hot crystals

* Above: ~10-12% energy resolution, stable
throughout the run

* Right: Photos taken during post-
experiment disassembly

* Thermal annealing concept WORKED
(although we put nowhere near the
radiation dose on ECAL that this heating
system was designed for)

* Energy resolution was STABLE and
sufficient for our trigger needs

darkening evident
coolest crystals
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GEP Experiment Event Reconstruction Challenges

* Main challenge by far is GEM tracking under high occupancy
(space and time signal pileup) and low signal to background
ratios

* The hit comes from the large number of combinatorics = high
computational times + (fake hits + fake tracks)

* 1D cluster formation and 2D hit reconstruction is especially
affected by high occupancy -2 lots of fake hit reconstruction

» Tracking portion itself is done in field-free regions = straight
lines; hence not the most complicated part if the hits fed in are
mostly true/real proton hits

it Front Tracker Raw Strip Occupancies for Kin-3
e FTLO occup.
®m FT L1 occup. !
454 4 FTL2occup. t P'S
& FTL3occup. ‘ o °
v FT L4 occup. " ‘
01 & FTL5 occup. | z *
g # FTL6 occup. ' ‘
§ 'y ® FTL7 occup. : 1 - *
: §
' |
3= ! ¢
a [ L
%l IS
z < *
&
20 :
15 4 ]
n
50 75 100 125 15.0 17.5 20,0 2255 25.0
Beam Current (ua)

UCONN -

Slide credit: A. Rathnayake

Plot: V.
" Vishvanath

. s
H :

Front Tracker strips fired in an event color coded in ADC stn.;ength.
22 uA on LH2 target; one of the highest background cases in SBS.

15 uArun elastic yield 22 uArun elastic yield
A Al aw h1
. N i

Heepyield/C = 24K

DNP Fall Meeting Chicago 2025

Heepyield/C = 11K




Reconstruction Challenges—Not just GEMs! Pile-up in ECAL/HCAL FADC waveforms

0.5

« Current algorithm finds the first
peak above threshold and stops

* In some cases, an obviously better-
timed pulse comes later

0.5—
L l ~ Good Timing / Kip Hunt (UConn)
Window : ;

improving FADC

Amplitude | /\ waveform analysis

O I l | 1 1 | I [ I [ [ If | ‘ I I I

0 10 20

* Pile-ups with multiple pulses

- ,‘/
OW}‘I

U 0 10 20 6)397/26 40 50 60

Time Samples

~—— e — — — —

30 40 50 60
Time Samples

* Overlapping pulses

OSWR/\/\

| | l I N ‘ | | ‘ | 1 1 1 | | | |

a1 A/C S8mmer ﬁ%etmg Tlme SampIeSS



Elastic Event Selection (ideal)

Q2 =11 GeV? (MC) Q* = 11 GeV? (MC) Q* =11 GeV? (MC)
oy . " ) L] L X103 X103

160 200F

C x2/ ndf 1.72e+04 / 37 - x2 / ndf 2.434e+04 /24
140 con 180

L stant1.492e+05 = 1.150e+02 C Constant 2e+05 + 1.6e+02
- 160

120 _— Mean  -0.000919 + 0.000005 L Mean 1.002 = 0.000
C 140

100 Sigma 0.007874 + 0.000004 r Sigma 0.04774 = 0.00003
[ 120
80 — 100 :—
6ok 80F
X 60F
40 ~ C
B 40[
201~ ‘ 20F
0 -l 1 L 1 1 1 1 I 1 1 I 1 1 1 1 1 I 1 Il 0 :

.04 002 0 002 004 0.06 0.08 0.1 -0.1 -0.05 0 0.05 0.1 0 14 16 1.8 z
Ay (m) pp/pel(ep)-1 Ecca/E'(6, )

* Lefttoright:
(Ay, Ax) (aAy, O'AX) = (1 cm,8 mm)
%

0.8%

OEcalo
. ! ~ 4.8%

Expected elastic event selection performance in the
“ideal” scenario from MC: no background, no
alignment uncertainty, no magnetic field and/or optics
modeling uncertainty
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Elastic Event Selection (real), II (w/ad hoc corrections on Ax, Ay)

Q%=5.6 GeV? Q%=5.6 GeV?
————r—r———r—r——] %’/ ndf 142.9/37 ———————— %2/ ndf 49.62/27
- Constant1.208e+04 + 2.828e+01 i Constant1.25e+04 + 3.25e+01
15000 Mean -0.01914 = 0.00003 i Mean 0.9951 = 0.0003
B Sigma 0.01307 = 0.00004 B Sigma 0.1145 + 0.0005
i ] 10000[- =
10000F . - ]
I | 5000 -
5000 5 i 1
C- A e, I I L] I : . e 2 0 ]
-0.10 -0.05 0.00 0.05 8.0 0.5 1.0 1.5 2.0
P,/P_(6,)-1 Ecca/E'(06)
Q*=11GeV? Q*=11GeV? Q% =11 GeV?
S — 154.4 / 37 ——r————r—————| %?/ ndf 4475/ 27
- Constant 9454 + 25.1 B Constant 6405 + 23.2
- Mean  0.01605 + 0.00003 6000 Mean  0.9959 + 0.0005
5 Sigma  0.01315 = 0.00004 5 Sigma  0.1237 = 0.0008
10000 . i 1
- . 40001 .
5000 - - .
« . 2000 —
—0.1 o 1 S PR DRy R 0 0=|=—.—-|—-—""" e i t——— 8 i : i @ g 0§ o5 o5 g -
-0.10 -0.05 0.00 0.05 0.10 -0.05 0.00 0.05 0.10 .0 0.5 1.0 1.5 2.0
Ay (m) p,/P_(6,)-1 Ecca/E'(06)

U E U N N 6/17/26 Hall A/C Summer Meeting 35



Polarimeter Reconstruction (ideal)

Q% = 11 GeV? (MC) Q% =11 GeV? (MC)

3 Q% = 11 GeV? (MC) Q% =11 GeV? (MC)
x10
I_ =)
100 60000 i s
| I o
dpu-
40000
50
20000
laalag ' N GluL—l---l-l- 0
O 2 4 6 8 10 12 14 0 0.002 0.004 0.006 0.008 0.01 0
Uepp (deg) DOCA (m)

chose (m)

* Lefttoright: polar scattering angle, distance-of-closest-approach, z coordinate of closest
approach, correlation between 9, z,;5se
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Polarimeter Reconstruction (real)

o
(6]

'1b' 15
Oepp (deg)

LUCONN s
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PP BPEPETER R — o P |
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5000 7
1 2 3
Zolose (m)
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4000 7
2000F 7
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Uepp (deg)

Uepp (deg)

Q% =5.6 GeV?
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Polarimeter asymmetry at Q2 = 11 GeV2: measured vs. projected

Q® = 11 GeV?: Helicity Asymmetry (diff/sum ratio) Simulated Asymmetry, Q° = 11 GeV?
~ 0.1 —
Z a hphidiff 0-081 hAsym_FPP1
Z  0.08— | Entries 0 — | Entries 0
= — | Mean 16.74 ~ | Mean -581.1
<. 0.06/— | StdDev 0 0.04—| std Dev 0
Z | x2/ndf 14.65/16 | x?/ndf 36.58 /34
0.04— | 0.001119 = 0.003662 C | 0.004153 + 0.002613
= s -0.02971 0.00403 0.021— LS -0.03147 = 0.00261

0.02

-0.02

-0.02
-0.04

_+_

-0.06 -0.04
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Jllllll]l
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3
¢ (rad) Prpp

|
©
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(98]

|
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|
—
o
—
N

» Left: Real data asymmetry from ~140k elastic ep events with scattering angles in the useful range

0.07 < pr(GeV) < 1.0 (this represents approximately 1/4th of “worst case” statistics accounting for
polarimeter efficiency)

« Right: Asymmetry from ~440k simulated events with scattering angles in the useful range (note
this is not supposed to represent full proposal statistics!)

* (Consistency of measured and simulated asymmetries suggests analyzing power 1s good and
consistent with (extrapolated) GEp-III parametrization
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SBS GEP—summary of data collected and range of outcomes for high-Q? result

Total charge collected (live-time
corrected):
e Q?=5.6GeV?:3.7C
« Q?=11GeV?:94.2C
« Raw data volume ~6.1 PB (~60% of
total SBS FF program)
« Estimate several mega-CPU-hour per
reconstruction pass
*  “Worst case” assumes no further
Improvements in reconstruction
efficiency
* “Best case” assumes 70% overall
detection/trigger/reconstruction
efficiency
* Current analysis efforts are focused on
detector calibrations, reconstruction
efficiency and speed improvements,
including AI/ML deployment, toward a

first full reconstruction pass in
calendar 2026

LUCONN s
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Summary and Conclusions

« SBS FF E)rolgram occupied the floor of Hall A continuously for four years (2021-2025), generating
roughly 10 PB of raw data volume

 Despite many challenges and setbacks, the goals for Q2 coverage were largely met, while falling
somewhat Shgrt of proposal goals 1n statistical precision for the highest Q< polarization
measurements.

* G/nTPE analyses are both relatively mature—systematics are being finalized and publications are
1In preparation

« GEn-II (GEN-RP) recently completed third (first) full reconstruction passes incorporating recent
ilmp}fonzerélgntS 1n detector timing calibrations—>should improve background rejection especially for
1gh- E
* GEP reconstruction is difficult and computationally expensive> we're targeting a first full cooking
ass by the end of 2026. Backgrounds extreme, calibrations difficult, but event selection is clean,
ondlllnejc’ as(ffmmetmes look good, and the range of physics outcomes 1s already more or less
understoo

. Ma%y SBS instrumentation papers are already in the WOI‘%{S, including one already published on the
BigBite Calorimeter (P, Datta and K. Evans led this effort): . ,
https://doi.org/10.1016/1.n1ma.2026.171669 (and also https://inspirehep.net/literature/3108638)

* Lots of remaining analysis work, stay tuned for results!
« Large remaining approved physics program with SBS (SIDIS/TDIS) and new ideas in development!
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HCAL proton detection efficiency benchmarked with LH, elastic data

Vertical Horizontal
1 2 LI I llllllll i LI B | LN | LI 1-2_! T ! T : LI B | i L ] LN | T 1 2 L ] L 1 L ' L] | ||||||||
| — T K N S SN A AU W Fo T N . :
» SEECE I S
0.8 i @i CHSSRRRSRE SRR SN . 0.8F—--boeeee T L I . 08 i S E S S ]
> p > - : : H : :
: Data st MC . g Data . g
g OB—" """"""" "' """"" - :g 0.6_—" """"""" "' """"" = S 06_.{. ........... ................................. — :g
1T} - ' : * * ] E R : : : : ] = - : : : : : 1 = - : : : : : 1
04:—- )(2 / ndf 1120/65 |- ] 041_" X2 / ndf 638.9/65 |- ] w 0.4f—-- X2/ ndf 438.7/18 |- - L 0.4 X2 / ndf 935/18 |- -
o1 PO 0.0487 £00002 | 02| PO 0.957 =0.000 | .- wob| PO 09494 £0.0002 | ] wab| PO 09619 £0.0003 | ]
0 % _2 4 0 1 2 0 % _2 q 0 1#; _q.5||||L||||_0.5||||0||||0‘5||||1||||1.5 _q-sllllqlhllo.sllllollllo‘sl ||1|III1.5
xz£,1L - ﬁxSBS (m) x;;gAL - ﬁxSBS (m) y::(F_"AL (m) y::—:}ﬂ, (m)

« HCAL detection efficiency non-uniformity built into MC by position-dependent re-weighting of MC events

« Absolute neutron detection efficiency calibration was not possible with our data—rely on MC for this

* Very high and similar proton and neutron detection efficiencies baked into HCAL design, limiting the
systematic uncertainty

* Fiducial cuts minimize/eliminate acceptance mismatch

« Agreement with other world data at lower Q2 gives confidence in our MC simulation
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Total Systematic Error Budget (Preliminary)

Table 2: Estimated contributions (in percent) to systematic error on R and NG—E‘;JD

Error Sources Q° (o)
3(0.72) 4.5(0.51) 7.4(0.46) 9.9 (0.50) 13.5(0.41)
Inelastic Cont. 0.33 0.75 0.84 0.75 2.67
Nucleon Det. Effi. 2.00 2101 2.01 2.02 2.02
A(R) Radiative Corr. 2.31 F32 BI71 3.87 5.47
aye Cut Stability 0.16 0.15 0.40 0.67 0.60
FSI 0.04 0.01 0.02 0.02 0.03
Total 3.08 3.95 4.37 4.48 6.44
Inelastic Cont. 0.17 0.38 0.42 037 1.34
Nucleon Det. Effi. 1.00 1.00 1.01 1:01 1.01
) Radiative Corr. 1.16 1.66 1.88 1.94 2.73
A(;74-)sys  Cut Stability 0.03 0:07 0:20 0:33 0.30
FSI 0.02 0.00 0:.01 001 0.01
Oed 0.82 0.92 1:35 1:52 1.33
G 0.58 0.65 0.62 0.66 0.55
Total 1.83 2.27 2.64 2.79 3.53
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Density interpretations of Form Factors: electron scattering from a
static charge distribution

F@) = [ pxea=its

do do 9
- = — F
d (dQ) Mott )
do a?(hc)? E. 6
| — = i g cos” —
d(2 Mott 4Ee2 Sin B} Ee 2

« In the one-photon-exchange approximation in QED (equivalent to the first Born approximation in
nonrelativistic quantum scattering theory), the cross section factorizes as the product of the “Mott” cross
section, and the square of the form factor F(q), equal to the Fourier transform of the charge density with

GE

GE

Yy
Y

F(q) =

/p(x)eiq'rd3r

/p(r) (1+iq-r— (q-2r)2 +) dr

/ p(r)’r'2dfr/ sianH(
0 0

1
1— = 2
6q

/r2p(r)d3r =1- éq2 <r2>

1

1+41i|q|rcosf — §q27“2C082(9—|-...

)

respect to the three-momentum transfer q = k — k'

 The Mott cross section represents the theoretical cross section for scattering of ultrarelativistic, spin-1/2

electrons from a point-like, spin-less target of charge e.
 In the non-relativistic limit, Q% << M?, we have the correspondence: |F(q)| = G¢(Q?)

« The mean square charge radius of the proton is minus 6 times the first derivative of G (Q?%) at zero Q%

UCONN

6/17/26
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Density interpretations of Form Factors: 3D (Kelly 2002)

Nonrelativistic interpretation:

pch :_f dQQ—]O Qr) GE(Q

lupm ( - f dQQ .]O(Q’ GM(Q

Rest-frame density is Fourier Transform
of “intrinsic FF” in wavenumber space:

) [
pUWz——f dk k?jo(kr)p(k).
mJo

(Model-dependent) Relativistic prescription
to relate Sachs FF to intrinsic FF:

pen(F)=G(Q*)(1+7)*, Ag = Am =2

wpm(k)=Gy(Q*)(1+ 7) u,

LUCONN s

Interpret Sachs FF as FT of
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Statistical requirements: asymmetries vs. cross section measurements

Cross sections:
0.04 o 0.05
0.02F 3 <
o x N o 00 ] :, by
' 0.00F ] < 0.00 -
Ao 1 © 002f - S Ry ]
; T /N7 -0.04F = ~0.05 -
(o) /\/ . = : : . B ]
. — 2 =
; Q*=4.8 GeV? ‘ - .
. . . ) 0.02 — _ 0.05— Q% =6.8 GeV? ]
To measure a cross section with a relative ? 000k E T L S
+ : - — +
. . .. 0 E s ] < 000k ]
statistical precision of 1%, you need 10,000 0,025 : AR g 3
0.04F- . 3 < i .
events. 00s = i 005 1
a4 2 2 3 C ]
hd . = Q = 56 Gev ; : ; y ; ; : ;
Asymmetries: 0020 . . : ]
= L 2 _ 2 ]
' 0.00F . ] = 0.05- Q°=8.5GeV " s
© Lo0f 3 Lot e
002 ] £ 0.00; AT
0.04F 3 N
0 90 180 270 360 <t >
¢ (deg) -0.05- —
FIG. 6. (Color online) Focal-plane helicity-difference asymmetry 0 2 4 ° (rz?d)
ny—n_= (Nbins/2)[N+((p)/NJ' — N7 (¢)/N, 1, where Ny is the b
number of ¢ bins and N*(¢), Ny are defined as in Eq. (4), for the FIG. 10. Focal plane helicity difference/sum ratio asymmetry
three highest Q2 points from GEp-II. Curves are fits to the data. See (f+ — f2)/(fs + f_), defined as in Eq. (20), for the GEp-III
text for details. kinematics, for FPP1 and FPP2 data combined, for single-track events

selected according to the criteria discussed in Sec. III B 2. Asymmetry
fit results are shown in Table V. The asymmetry at Q% = 5.2 GeV2is
also shown separately for events with precession angles x < w and

« Example: Typical asymmetry magnitude in a recoil proton % > . illustrating the expected sign change of the sin(y) term.
polarimeter at "high” momentum is ~few percent.
* To measure a 5% asymmetry with a relative precision of

1- A2
1%, one needs N = 10,000x

U E U N N 6/17/26 Hall A/C Summer Meeting 46

- Asymmetry measurement must maximize beam
~ 4%10° events! and/or target polarization, and luminosity X acceptance!




Polarization Transfer Method

Polarized e beam

y
T

Q= 2GeV?

€=0.950

P, =-0.100
' P, =0.277

FIG. 9. Principle of the polarimeter, showing a noncentral tra- i FIIG~f1i~ E;?;Sion of tlhe polarization component Py in the
S jectory through the front chambers, scattering in the analyzer, and a 'pole of fhe Y an angie X

track through the back chambers; ¥ is the polar angle, and ¢ is the
azimuthal angle from the y direction counterclockwise.

» Based on spin-orbit coupling in

Unpolarized p target 1
npolarized p targe proton-nucleus scattering

* A spin-1/2 particle, such as a proton, is preferentially deflected by the nuclear spin-obrit Analyzer
force along the direction of xS, where  is the incident proton momentum, and S is the fmore Se thans. (p) . UCeUS
proton spin. X

* A spin-orbit force is insensitive to longitudinal polarization!
* Precession in a magnetic field rotates P; into a transverse component that can be
measured

* Azimuthal asymmetry in the angular distribution of secondary scatterings measures S ... more events left than right
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Toward high-Q%: Fixed-target Electron Scattering Kinematics @11 GeV
« Measurements of high-Q? elastic FFs, SIDIS, DVCS,

& F etc involve coincidence N(e,e’X) (electroproduction)
% 150 reactions, where X =
S I « N’ (elastic or quasi-elastic)
T 10" » h (SIDIS or DVMP)
- - y (DVCS)
! * Virtual photon angle decreases as “inelasticity” and
5- Q? increase:
: Elastic, E= 11 GeV | Q* = 2MV$B.7
Mo 20 30 40 oo 40 E—1er\400 |
O () 30- — - g:=;g° -~
 Particles associated with the partonic (or other) r e ]
degree of freedom that absorbed the virtual photon 20~ T
are found predominantly near the direction of the B -1
momentum transfer q 10F et -
» Partonic interpretation of electron scattering data is / ,,,,,,,,
accessible at large GF = particles of interest are 8 F
located at forward angles and high momentum 0 0 2 0 4 0 6 0 8 X1 .0
Bj

U E U N N 6/17/26 Hall A/C Summer Meeting 48



JLab detector landscape

A range of 104 in luminosity.

.SHMS

. —*’isg\ > EHAD:- A big range in solid angle:
Siasdeg T B | 1 L from 5 msr (SHMS)

o o hsasadg- -SAUIDSIPIS 6228600 oy 1000 msr (CLAS12).

§— % Pplarized "He  The SBS is in the middle:
for solid angle (up to 70 msr)
and high luminosity capability.

Luminosity [ Hz/cm? ]

oartic In several A-rated experiments
multi-particie
processes ~ ©BS was found to be the best

o et CTTTr Tl match to the physics.
|

5 " o 3 GEM allows a spectrometer

Acceptance (electron) [msr] with open geometry ('>|arge
acceptance) at high L.

11/16/15 Super Bigbite Spectrometer Review slide 9

+ Complementary equipment/capabilities of Halls A, B, C allow optimal matching of (Luminosity x Acceptance) of the
detectors to the luminosity capabilities of the targets, including state-of-the-art polarized target technology.

U E U N N 6/17/26 Hall A/C Summer Meeting
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Helium-3 as an Effective Polarized Neutron Target

0.00L" 0'- Exltracte;d PV\}IA | -8.0x10™} | - oL Ex'tracteld PWIIA
) —-—-- Extracted FSI —.—--Extracted FSI
_1.6x10°F —e— "Free" neutron
-0.05} ' N
| 2.4x10°F \
0.10} -
' Sivers 3.2x10°
~Q0 ~ 0 -0.15F i
8% 1.5% - -4.0x10°
Asge = Po(1— f,)A, + P,f,A, 0003 04 03 02 03 04 05
P, = 0.86f8:8%6 Xy Xp)
_ +0.009
Py = —0.028Z ¢, Del Dotto et al, Phys. Rev. C 96, 065203 (2017)
209
f P 5 He o Effect of nuclear FSI on extraction of neutron Collins and Sivers
Effect; I larizati mation f effects from SIDIS on ?He under good theoretical control
cctive nuclieon polariza .lon approximation for -, Advantages of Helium-3 for study of polarized neutron:
DIS on Helium-3: * Protons almost unpolarized
Scopetta, Phys. Rev. D 75, 054005 (2007) « High luminosity capability (up to several 1037 cm?s?)

 Small holding field 2 small systematics of target spin flips
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SBS Apparatu, * Hadron Arm

SBS magnet as seen
from upstream

Common to ALL SBS experiments:

48D48 magnet: dipole with a cut in iron

yoke for passage of the beam - reach

forward scattering angles

Hadron Calorimeter (HCAL) - efficient

detector for high-energy hadrons

(protons, neutrons, pions, etc)

| Gas Electron Multipliers (GEMs) = high-

8 Juan Carios Comeio : SBS Colaboration Vieeting 2017 rate charged-particle tracking

E U N N 6/17/26 Hall A/C Summer Meeting




Polarization transfer and the ratio u,Gg /G,,: 6 GeV era Hall A/C results

1 -2 T T T T T T T T T T
— e —
1T =
O 8 B \{\‘ \\ =~ - 7
S \'"~..@\ ~ \“‘<:~: o
= R TR
<) 06 N i
(Dm O Jones [11] AN ?\ ~<
~ 0.4 L @ This work \\ = - |
j_ - — — VMD [22] \\‘a...‘.‘- E ~ -
——- PFSA[23] e
—— SU(B) breaking + CQ ff [24] RN
0.2 I ——- soliton [25] S .
e SU(B) breaking [24] Y
———- CQM [26] ..
O L 1 . 1 N 1 N 1 N >
0 1 2 3 4 5 6
2 2
Q (GeV)

HFIG. 2. Theratio u,Gg, / Gy, from this experiment and Jones
et al. (Ref. [11]), compared with theoretical calculations. Sys-
tematic errors for both experiments are shown as a band at the
top of the figure.

Gayou et al., PRL 88, 092301
(2002) (“GEp-1I")

* Figures at right are from Punjabi
et al, PRC 71, 055202 (2005)
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shown by the shaded area.

Jones et al, PRL 84, 1398
(2000) (“GEp-I”)

— O WA B
a) — - Diquark _
— RCQM
Cloudy Bag
—— VMD A=
(€]
Py
(&)
[=1]
3
o —
F—
~N
EH Y
2 2 <
Q° (GeV?)
FIG. 2. (a) The ratio u, GEP/GMP from this experiment, com-
pared with theoretical calculations. (b) The ratio Q2F: 2, /F 1, for
the same data, compared to the same theoretical models as in
(a) and world data; symbols as in Fig. 1. In both (a) and (b)
the absolute value of systematic error from this experiment is
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The Problem with Rosenbluth Separations

T I T T T l T TT [ T 1T l T T°T ] T TT I T 17T I T 1T I T 1T l T 1T O T T : T |
K6 has vanishing sensitivity to G5 if 3 T | ©® Thiswork
E\\__ polarization gives “true” FF ratio. ] & 2-
- ?\\Ié)olarilzatl?n gives 'grue FF 1;at10 ] S Global fi
S . R TS e T U S USSP UPUS SUSUPUUURRROS AUURRRRP ] L
10 E \\\\\ : : : : g .E L
- - | z T ——— 3 = |
BT - O
$ 10—2 S T B B R — \Lu
oL - : O]
©) . § o
C\\l\-L’lJ 10—3 EEESSUSNUUUUONS SUOUUUUUNUPUUOY AUTUUUOUURUOUUOT SUNUUUROINIR. -\ ... SAOUOOUOOOUNOOOUONON . e oaecoceaa: ] =
O = . o | |
- —— Gilobal fit (Ye 2018) = — - _— _ Global fit, wo GMP12 ——
L s s : . E u _
107 S DU Lo A P A U 2 R E - — - Polarization transfer — i
E o _ ssumlng M _ Mp : E . 1 1 | 1 | | | 1 | | | 1 | | | EBI |
- : : : : 5 § : : = 0 5 10 15
10—5 1 1 1 | 1 1 1 I 1 1 1 [ 1 1 1 l 1 1 ] | I 1 1 1 | 1 1 1 | 1 1 1

Q? (GeV/cy

High-Q? Rosenbluth Separations from Hall A:

M.aximum. Fraction of the Reduced Cross Christy et al, Phys. Rev. Lett. 128,
Section Carried by the electric term versus Q* 102002 (2022)

(50 years of QCD: EPJ C 83:1125 (2023))
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SBS GEN analysis: Moller Polarimetry: Faraz Chahili and Don Jones

Beam Polarimetry for GEn — Hall A Beam Polarization

Wien(H) | 23.4° | 0° | 646 | 472° | 483° |
H/A QE| 0.2106 | 0.2775 [ 0.2233 | 0.5021 | 0.3827 | 0.3350 | 0.3373 | 0.2758 ‘
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87.0 : : : { ———- §=84.089 +0.181, Prob = 0.4570
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Grouped Polarization Measurements
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The SBS Collaboration (Photo from July 2023 Collab. Meeting at JLab)

UCONN s

Hall A/C Summer Meeting

UConn

UVA

W&M

JLab

Glasgow U
Hampton U

U. Mass Amherst
CNU

Carnegie Mellon
Northern Michigan U
INFN

Virginia Tech
LBNL

Syracuse

Ohio U

Temple

Others...

* Approximately 100 members from 20+
institutions, including, but not limited
to (and in no particular order):

« NOTE: this photo only shows ~1/4th of
our active members!
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FPP Kin. 1 azimuthal distribution and asymmetry

Q?=5.6 GeV? Asymmetry (difference/sum ratio), fit = C1COS(cp)+S1Sin(cp)

12000 . ~ 005 —
% [T | | Z § x2 I ndf 12.27 /16
i L i g 004 Cy 0.006622 =+ 0.003629
10000— ——— — Z. oo3E Sy -0.02811 =+ 0.00377
— —— — + . H T T ]
- — — £ : : : : : : :
4000 - I g — ] 0.02 ..... ...................... ....................... ........................ ......................
: — —_— : 0.01 ............... ........................ ......................
6000 — p— 0_00 : ..................... ; ........................ ; ........................ ; ..................... ; ........................ 5. ...................... E
: — ==—l—_._, : —~0.01 ....................... ........................ ...................... ..................... ....................... ......................
4000 f—— —— T = — : : : : : : :
| = . e _| -0.02 R RRMIREE e RRAARMILEEE O RRERRRIEE T ....................... e . ................... :
N N,+N. _ i : : : : : 5
g [0 [ ) S P P PP PP PP FEETE it e [STETTY [ESTTTTY ORI :
2000}— N, — : z z z z z 5
- N _ -0.04
[ | | | C | 1]
073 2 1 0 3 > 3 -0.05
¢ (rad) ¢ (rad)

* Left: FPP azimuthal angle distribution passing all exclusivity and other cuts; for helicity sum and individual
helicity states—large instrumental asymmetry due to nonuniform acceptance/efficiency

* Right: Helicity asymmetry: difference/sum ratio and cancellation of false asymmetry

* Asymmetry amplitude and relative sign/magnitude of sine and cosine asymmetries are consistent with
expectations, with low statistical significance

« NOTE: both asymmetry signs are reversed for this Q2 due to not accounting for correlation between IHWP
state and absolute beam polarization sign as determined by Moller measurement.
No evidence (yet) for analyzing power increase due to HCAL energy sensitivity—result is consistent with
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Figure G.1: BigCal in Hall C with the front opened, February 2008.

0.10

0.08

0.06

0.04

0.02

0.00,

The high-temperature ECAL: motivation

——— C16, rad. damage OFF

——— C16 rad. damage ON

I tnndld )

(=)

500

1000 . 1500
4 x 4 summed Nphe’ max not in edge block

LUCONN s

Relative Gain

Figure 6 The lead glass blocks used to monitor the radiation dose after the C16

. was placed at 10° and there was 20uA beam on the 15cm LH2 target. Block 1
:‘ T T .X. T T was placed parallel to the C16 along the beamline side of the C16. Block 1 has
0 50 100 150 200 250 300 350 400 damage at the front ( left side of photo) and along the side. Block 2 was placed
in front of the C16 and perpendicular to the front face. Blocks 3,4 and 5 were
Beam Charge(C) located at different locations on the spectrometer platform that was near 30°.

These blocks show only moderate damage.

Above, left: GEp-III BigCal, radiation-induced darkening of lead-glass, 2008
Below, left: Benchmarking continuous thermal annealing prototype in
simulation

Above, center: Signal reduction due to radiation damage during GEp-I11
Above, right: Comparison of lead-glass blocks irradiated in Hall A, inside
and outside the 250 deg. C oven
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FPP Kin. 3 azimuthal distribution and asymmetry

2 _ 2 . . .
Q" =11GeV Q% =11 GeV> Helicity Asymmetry (diff/sum ratio)
— 0.1
14000 — < - hphidif
- N +N_ Z  0.08— | Entries 0
C + ; = | Mean 16.74
12000 — N T,  0.06— | StdDev 0
~ + = - x2 I ndf 14.65/16
- = | ¢ 0.001119 = 0.003662
10000 —— e N. 0.04 - LS ~0.02971 0.00403
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I've aggregated many different Kin. 3 replays done over summer 2025 here.

False asymmetry distribution is still quite ugly due to front/back misalignment and acceptance/efficiency
nonuniformity

Helicity asymmetry (diff/sum ratio) shows expected sinusoidal behavior, consistent sign/magnitude with
expectation

(3 £ 0.4)% sin(¢) asymmetry indicates analyzing power is good, roughly in line with expectation

cos(¢) asymmetry consistent with zero (also as expected given small P; component)

Lots of work to do but this result is super-encouraging

LUCONN =
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Generalized Parton Distributions and transverse densities:

by [fm]

1.5

1

0.5
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FIG. 1: Quark transverse charge densities in the proton. The
upper panel shows the density in the transverse plane for a
proton polarized along the z-axis. The light (dark) regions
correspond with largest (smallest) values of the density. The
lower panel compares the density along the y-axis for an un-
polarized proton (dashed curve), and for a proton polarized
along the z-axis (solid curve). For the proton e.m. FFs, we
use the empirical parameterization of Arrington et al. [14].
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FIG. 2: Same as Fig. 1 for the quark transverse charge den-
sities in the neutron. For the neutron e.m. FFs, we use the
empirical parameterization of Bradford et al. [15].

Proton (left) and neutron (right) 2D transverse charge densities from
Carlson and Vanderhaeghen: Phys. Rev. Lett. 100, 032004 (2008)
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G. Miller, Phys.Rev.Lett. 99 (2007) 112001

G. Miller, Ann. Rev. Nucl. Part. Sci. 60 (2010) 1
25

* Model-independent sum rules relating FF to
GPD moments lead to model-independent
1mpact-parameter-space densities as 2D FT of
FF 1n the infinite momentum frame
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