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Open Questions in Nucleon Structure
Form Factors at High Q?
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e Space-like Form Factors = charge distribution /
e In the One-Photon Exchange (Born) approximation: ‘,
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e FF Descriptions diverge for higher Q2 = 10 GeV? Target /\ Recoil

nucleon nucleon

e Precise data sets up to and beyond Q? = 10 GeV?=> powerful insight on QCD

Plots from [Punjabi et al. Eur.Phys.J. A51 (2015) 79] Vector Meson Dominance
Y1 S e S e e I et i AEMIRBRALLIE i AR [arXiv:nucl-th/0609020 (2006)]
: ] s {1 — Constituent Quark Model

[Phys. Rev. C77, 015202 (2008)]
Dyson Schwinger Equations (DSE)
[Phys. Rev. Lett. 111, 101803 (2013)]

—  DSE + quark-diquark
[Phys. Rev. C86, 015208 (2012)]

— Generalized Partons Distributions
[Phys. Rev. D60, 094017 (1999)]
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Form Factors Datasets: Proton

e World Form Factors Datasets [arXiv:2212.11107 [hep-ph]]:
O Proton: Rosenbluth / polarization measurements discrepancies at large Q?
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Form Factors Datasets: Neutron

e World Form Factors Datasets [arXiv:2212.11107 [hep-ph]]:
O Proton: Rosenbluth / polarization measurements discrepancies at large Q?
0O Neutron: Scarce data beyond Q? ~ 3-4 GeV?
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Super BigBite Spectrometer

e SBS:
0 Major part of Hall A 12 GeV program at Jefferson Lab;
O coupled with Bigbite for electron detection
O GMn (this talk)

O nTPE (this talk) § 2
0 GEN (V. Gamage’s talk) (ofhs‘creen) |

0 GEN-RP e 1
0o GEP (D. Jones’ talk)

e SBS form factor program

e Other Physics:
o SIDIS
0 KLL
o TDIS
o nDVCS
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Super BigBite Spectrometer: BigBite

e Detector package tilted 10% behind dipole magnet
e Function: Electron measurement

e Detector package:

a GEMs: Preshower
¢ 4 front layers 40 x 150 cm?, 1 back layer 60 x 200 cm?

¢ momentum trivector + vertex measurement
¢ 1% momentum resolution, 1mr angular resolution;
0 GRINCH: py
¢ C4F8 Cherenkov radiator e
¢ Cherenkov light readout by 510 PMTs
¢ Electron ID ~98% Pion rejection 1
O Calorimeter: (shower+preshower) —
¢ PreShower: 2x26 lead glass modules |
¢ Shower: 7x27 lead glass modules
¢ Trigger
¢ Electron ID/Pion rejection LI
0 Hodoscope: E

GEMs l Hodoscope

Shower

+ 90 Scintillators 60 x 2.5 x2.5 cm? | R s 0 e
+ scintillators readout on both ends =~ - ————
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Super BigBite Spectrometer: HCal

e 12 x 24 iron/scintillator modules 15 x 15 * 90 cm?
e Function: Nucleon measurement

O Position resolution ~5.5cm

0 Timing resolution (ADC only) ~1.5 ns

0O Energy resolution ~50 %
e Nucleon identification
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GMn Measurement

e GMn: E12-09-019 (A. Camsonne, B. Quinn, B. Wojteskhowski)
o Measurement of G, " at five Q? values: 3, 4.5, 7.5, 10, 13.6 GeV?

0 Durand technigue: simultaneous en/ep measurement on D,

O Separation of p and n with SBS

0o, /o, with reduced systematics (cancellation of Fermi momentum,...)

0 knowledge of o, provides o, => determination of G, "
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GMn Measurement

e GMn: E12-09-019 (A. Camsonne, B. Quinn, B. Wojteskhowski)
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4 Radiative corrections (radiative corrections at vertex, energy loss, ...)
neutron/proton detection efficiency
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GMn Measurement

e GMn: E12-09-019 (A. Camsonne, B. Quinn, B. Wojteskhowski)

N

en->en

o R=

Nep-)ep

Gen
D R — :Rfcorr_N

nlp— O’ep

OMott

1+7,) (0} +e0f) _(1+7,)[7,(G

inel

=1

a

n

O Mott 1+Tn)<0?+60€) (1+Tn)

7,(Gh P +e(GhY)

(Grzlw)z"' E(GZ)ZZRM;(Tp(Gz}\})z"'E(G%)z) - » From proton data

n 1
Q (GM)zzT

n

Ry, 7, (Go)+ e( G| He(GrPHs,,

06/18/2025

3
From GEn fits

From calculations

10



NTPE Measurement

e NTPE: E12-20-010 (E.F., S. Alsalmi, B. Wojteskhowski)
0O Rosenbluth/TPE measurement on the neutron, Q2 = 4.5 GeV?

0O measurement of Gen/(’ep at two beam energies

o oen/crep superratio dependent on proton and neutron Rosenbluth slopes

0 knowledge on proton Rosenbluth slope => neutron Rosenbluth slope;

0O NTPE = Rosenbluth slope <=> polarization data discrepancy

Christy et al.
Phys.Rev.Lett. 128 (2022) 10, 102002
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o uncorrected

AF = corrected £=0.2-0.9

e corrected £=0.5-0.8
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NTPE Measurement

e NTPE: E12-20-010 (E.F., S. Alsalmi, B. Wojteskhowski)
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GMn/nTPE Kinematic tables

Kin Q? E E’ 0, 0, £
(GeVic)? | (GeV) | (GeV) | (deg) @ (deg)
3.01 3.728 | 2129 36.0 319 | 0.721
10.0 7.906 | 2.588 40.9 15.9 | 0.492
13.50 9.860 2.676 | 41.9 12.8 | 0.437
7.52 5.965 | 1.965 | 47.2 17.3 0.456
4.51 5,965 3.565 | 26.5 | 29.9 | 0.797
4.50 4.015  1.618 @ 49.0 22.5 | 0.512

NTPE
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Elastic

e Electron track and electron ID:
Qz <+ 8cm

vertex

O electron track with = 3/5 hits
oE,>0.2

Q “Fiducial Cut’: events with
projected n and p position within
active HCal region

(eliminates systematics from
neutron/proton acceptance)

e Exclusivity cut:

O W? within elastic nucleon peak;

e Nucleon selection:
OE > 0.1

HCAL
of HCAL active region;

0O selection on X, X ,oect

< 30 (spot cuts)
| < 30

yHCAL-yexpect
a |t
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MC/Data Comparison

e Monte Carlo quasi elastic en/ep including radiative corrections (SIMC):

06/18/2025

O MC: kinematic “migration” due to radiative corrections, energy losses, etc

O MC cross section models known, but inexact

0 Comparison with data counts: correction of MC correction models

: , O N
O => provides correction term: R,, ;= G =15
P (Nepéep)meas

fcorr

0 Example: MC/data yield comparison, SBS8 (high ¢):

Data: BG Subtracted dx

simc: Scaled and %2 Minimized
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Monte Carlo Improvements

Preshower block geometry:
before — after

e Multiple Monte Carlo improvements:

0 Small Geant4 geometry fixes:
¢ Preshower blocks geometry (featured)
¢ Scattering chamber window clearance;

O Adjustement of digitization gains for HCal,
shower, preshower (featured)

BBCal Responses

w

PS, data
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PS, MC, before gain adjustment :
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Selection Optimization

e n/p stability over selection cuts:

06/18/2025
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Systematic uncertainties: Inelastic contamination

e Latest improvements on estimation of inelastic contamination:
O Inelastic Monte Carlo combined with out-of-time events

SBS8 SBS8
ha ha_ge
Entries 33490 0.03 Entries 202033
: Inelastic all Mean —0.5165 E QF Sigr'1al Mean _0E166
| Inelast!c proton StdDev 0.8154 B Inelast!c all SidDev  0.4205
0.0025 = Inelastic neutron I~ Inelastic proton
- 0.025 i
B - Inelastic neutron
0.002— 002
0.0015 [~ 0015
0.001}- oot
0.0005 |- 0.005 -
0_4 2 Q -3 1 2
2000 = Data - —
_____ Fit (QE MC + bg.) Jg 3.109e+05 + 3.747e+03
---- p signal (from MC) .‘ 15.81+0.35
1500/ == nsignal (from MC) :

(analysis credit:
P. Datta, LBNL)
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Systematic uncertainties: Inelastic contamination

e Latest improvements on estimation of inelastic contamination:
O Inelastic Monte Carlo combined with out-of-time events
O neutron/proton cross section ratio obtained with newest function compared with:
¢ 2" and 4" order polynomials, gaussian to fit inelastic background;
¢ Ay side-band selection

40000( & pa | B ' "] Entries 974457 ¥ Data ; .
e e =% Fit (analysis credit:
----- Fit (QE MC + bg.) .1 %2/ ndf 1670/ 196 700 | == Signal (from MC) +
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HCAL Non-Uniformity Corrections

e Method to correct for HCal efficiency non-uniformity:

0 Reweight MC events with HCal non-uniformity map;

Analysis credit: Z. Wertz
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0 Map efficiency along x
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HCAL Non-Uniformity Corrections

e Reweight MC events with HCal non-uniformity map:

0 Analysis of all combined SBS8 LH2 settings for map efficiency:
Q Neutron efficiency drop comparable to proton;
o Correction modifies o_ /o, by ~0.2 % (SBS8) and ~0.5 % (SBS9);
O Other sources of systematics:
¢ Lack of absolute neutron detection efficiency measurement;
¢ Absolute proton detection efficiency uncertainty larger at high Q?;
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Systematic uncertainties: Radiative corrections

e Radiative corrections (analysis credit: P. Datta, LBNL):
o 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
¢ (3) - One tail = -3 => All but p tails are radiated
O SIMC events processed through g4sbs — libsbsdig - SBS-offline;
a Properly weighted Dx distribution for all types of events with the same selection
O Extract individual yields and then quantify the correction

b b )
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Systematic uncertainties: FSI

e Final state interactions calculated by M. Sargsian:

O calculations of final state charge exchange ep —en and en —ep on deuterium

O Since D is symmetric, ep ~en = en—ep :
¢ ratio R__basically not affected
p

¢ uncertainty on ratio R, extremely small

06/18/2025
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Preliminary systematic uncertainties

e Systematics analysis credit: P. Datta (LBNL);
O Improvement can be achieved for radiative corrections and nucleon detection

efficiency
Table 2: Estimated contributions (in percent) to systematic error on R and ufg’fD.
Error Sources Q@ (¢)
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 2.01 2.01 2.02 2.02
A(R) Radiative Corr. 2.31 3.32 3.77 3.87 5.47
s 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 0.37 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
(“fg/’D)sys Cut Stability 0.03 0.07 0.20 0.33 0.30
FSI 0.02 0.00 0.01 0.01 0.01
O Red 0.82 0.92 1.35 1.52 1.33
G% 0.95 0.65 0.62 0.66 0.55
Total 1.83 2.27 2.64 2.79 3.53

06/18
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GMN Preliminary Results

e Shown at the APS 2025 SBS mini-symposium by P. Datta (LBNL)

¢ This Work — - Gross 2008
0.2} _
4 World Data — Lomon 2002
—— Global Fit (Ye 2018) | |-+~ Diehl 2005
0 5 10
Q? (GeV/c)
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https://summit.aps.org/events/APR-J11/1

Flavor separation

e Shown at the APS 2025 SBS mini-symposium by P. Datta (LBNL)

5 LI [ 1 1-5 LI l 1
¢ U quark (SBSGMn+Ye 2018) ¢  dquark (SBSGMn+Ye 2018)
= uquark (Ye 2018) | - d quark (Ye 2018)
a5} .
0.5} o
(=]
o
'uaﬁ 0= » I
Ll a I’y
_osl- : S
¢
-1
3]llllllIlllllllllllllllllllll _15lllllIlllllllllllllllllllllll
o 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Q? (GeV/c)? Q? (GeV/c)?
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e First estimation of the neutron Rosenbluth slope (analysis credit E. Wertz):
ap GG, calculated from Rosenbluth slope without accounting for TPE;

O Other G," measurements and projections are polarization data;

NTPE Preliminary Results

0O Measured Rosenbluth slope hints for the existence of TPE
O Plan: refine systematic uncertainties.

[E. Wertz, A Measurement of the Neutron Electromagnetic Form Factor Ratio from a Rosenbluth Technique

with Simultaneous Detection of Neutrons and Protons, Ph.D Thesis, William & Mary (July 2025).]
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Summary

e GMN preliminary results presented at APS 2025
e NTPE preliminary results presented here for the first time!

e Monte Carlo:
O Digitization gain adjusments done for all SBS kinematics;
0 Monte Carlo pass 2 generated with a few important fixes;

e Systematics:
0 Update on inelastic subtraction;
0 HCal systematics uncertainties:
¢ Non-uniformity estimated to 0.5% at most;
¢ Remaining uncertainties from lack of absolute neutron detection efficiency;
a Preliminary estimation of radiative corrections;
O Uncertainty from Final State Interactions extremely small;

e Next steps:

Q third pass of calibration for optimization of HCal timing;
O preparation of publication for PRL;

06/18/2025
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Students status

e John, Sebastian, Nathaniel, Anu, Provakar, Maria already graduated
e Zeke to graduate soon!

e Anu, Provakar, Nathaniel continue analysis as post-docs;

e Not all the work that has been put in these results can be presented!

e Massive credit to all students and everyone involved!

06/18/2025
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Open Questions in Nucleon Structure
Form Factors

Form factors = charge spatial distribution inside the nucleon
e Measured by elastic electron nucleon scattering;
e linked to proton size [R. Hofstadter, R.W. McAllister, Phys. Rev. 98, 217 (1955)]
e Proton radius puzzle [R. Pohl, A. Antognini, F. Nez, et al. Nature 466]
(not the focus of this talk!)
e Tackled by FF measurements at low Q% MUSE @ PSI, PRad @ Jefferson Lab, ...;

[H. Gao, M. Vanderhaeghen Rev. Mod. Phys. 94, 015002]

Pohl 2010 (uH) o
Antognini 2013 (1H) = . | Hill and Paz 2010 . .
Lorenz et al. 2012 ———— ————i Zhan et al. (ep exp.)
A’*
-
———8—— CODATA-2014 (ep scatt.) x boost . 0
——e——— Arrington and Sick 2015
Griffioen et al. 2016 b -
& — Sick 2018
PRad (ep exp.) ' =
Alarcon et al. 2019 ——e—i
o Mihovilovic 201%
(ep exp.
Atac 2020 ———
Cui et al. 2021 —e—
Lin et al. 2021 —e— .
oo by by ey by e b by
January 24th 2024 078 08 082 084 086 0388 09 092 31
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HCAL Non-Uniformity Corrections

e Reweight MC events with HCal non-uniformity map:
0 Analysis of all combined SBS8 LH2 settings for map efficiency:

0 SBS8/SBS9 Stable ratio over HCal position;

a Correction modifies Sen/Sep by ~0.2 % (SBS8) and ~0.5 % (SBS9);

o TODO:
¢ understand neutron response for systematic uncertainty estimation;
+ Quantitatively evaluate uncertainty correlation between SBS8 and SBS9

s P I —_”TN' E §+|4-..+"-"“_*‘+‘"-‘-... +| T i

hﬂﬂim 1*~,-“++-+ H+'+1|+ " 4 + et :

) i :

P a =) (
NN et 5 SUVLR i

e AN\ A IREVAN AN

——YLY i V?Y\J:;_// :
Qs 3 2 5 15 9 05 0 05 1 15 2 25 3 992 -1 08 06 04 02 0 02 04 'o_sHCo_a i 12
HCal X Expect (m) al Y Expect (m)
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Analysis credit: E. Wertz
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Monte-Carlo Fixes: G4SBS Geometry

e G4SBS geometry bugs fixes:

06/18/2025

O Dimensions of PS block
(8.5 mm) not matched with
block center-to-center
distance (9mm)

:> “ribS” In Xexpect VS Yexpect
0O PS block material density
out-of-date

O Scattering chamber right
beam window vertical
aperture too small

=> HCAL MC efficiency
degraded in a fraction of
acceptance;

(m)

Optical Cuts + Exclusivity Cuts

Optical Cuts + Exclusivity Cuts

ear
Msany  0.2064
StdDev x  0.3288
Sid Devy 0‘59781

+ | Entries

| Meany
. | Std Dev x

. 3.re3.1. - | StdDevy
M

10937
nx  0.09923

-0.7753
0.3441
0.8325

_y.:]| Std Devy 0.9214
e

*| Std Dev x 0.3424

Before fixes

After fixes

chchchchchchchch
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Monte-Carlo Fixes: Digitization

e Digitization parameters for BBCal readjusted to fit the data better (e.g. SBS8)

Etot {abs(W2-0.88)<0.3 && thetapq_p<0.05}

e HCal gain adjustments underway

Etot {EPS>0.2 && abs(W2-0.88)<0.3 && thetapq_p<0.05}

h Etot
90000: B88332
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80000 )
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70000}~
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30000 / r\\ 7 f HL
= e ann Sm
10000 /
g 7N\ ”\\§§
O:l%AA\I ..lllu\l\la/"‘j““h._u.
0 0.5 1 15 2 2.5 3 35 4 45
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PS gain: 2.e6

PS pedestal noise 3.0
SH gain: 7.5e5

SH pedestal noise 4.5

PS gain: 1.84e6
PS pedestal noise 3.0
SH gain: 8.03e5
SH pedestal noise 3.0
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Digitization gain adjustments: BBPS, BBSH

e Link to tables for all GMN kinematics: [Share point], [spreadsheet on wiki]

Total HCal energy Total HCal energy

h1 EtotHCAL data i h1 EtotHCAL data
@ 2352 1701
i UH d 0.6837 H i 0.6592
)
Datq: 0.659 it 0.258 L, Data: 0.636 + 0.269 0.2547
—— MQ: 0.635 £ 0.277 —— MC:0.639 + 0.278
My
o P B i L R, 2P Mooom oo 10 0 4 e b il
0 0.5 1 15 2 2.5 : 2 2.5
Eioy pioaL (GEV) Eioy, HoaL (GEV)

a Gain correction: [y, /4, ]
0 Response compatible with sampling fractions evaluated by Sebastian

% E H : : : : H
oot o] R EER e e . —
g F E,c, =0.0948955 +0.137646 T,

% R r ...................... ....................... ....................... ............
% : : : : :

£
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https://wmedu-my.sharepoint.com/:x:/r/personal/epfuchey_wm_edu/Documents/GMN_BBCal-HCalresponses.xlsx%20?d=w644adacf0d6141d7ae973215006a5e79&csf=1&web=1&e=ZJCjoP
https://sbs.jlab.org/wiki/images/1/12/GMN_BBCal-HCalresponses.xlsx
https://sbs.jlab.org/DocDB/0003/000397/001/APS%20April%20Meeting%202023%20%281%29.pdf
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Digitization gain adjustments: HCal

HCal Response

A
A
A

HCal, data

HCal, MC, before gain adjustment
HCal, MC, after gain adjustment

............................

New gains

Kin

HCal

4

9.93e5

HCal Response Data/MC ratio

7

1.04e6

11

1.03e6

HCal before gain adjustme

nt

Data/MC energy ratio

0.85F—

0.8

HCal after gain adjustment

.........................................

14

1.04e6

1.04e6

1.10e6
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Digitization gain adjustments: BBPS, BBSH

e Link to tables for all GMN kinematics: [Share point], [spreadsheet on wiki]

h1 EtotBBCAL_data

Total BBCal energy

18000 | SBS4
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h1 EtotBBCAL_mc
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- SBsa |
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|sBs4

42754
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0.1874

____________ Psgalnl63*106p

............ SHgaInSll*lOS 1

E

M: response peak; o: response width; H: LH2; D: LD2; d: data; _s: simulation

tot, BBCAL (GeV) 3 7


https://wmedu-my.sharepoint.com/:x:/r/personal/epfuchey_wm_edu/Documents/GMN_BBCal-HCalresponses.xlsx%20?d=w644adacf0d6141d7ae973215006a5e79&csf=1&web=1&e=ZJCjoP
https://sbs.jlab.org/wiki/images/1/12/GMN_BBCal-HCalresponses.xlsx
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Digitization gain adjustments: BBPS, BBSH

BBCal Responses

2.5

PS, data

SH, data

PS, MC, before gain adjustment
SH, MC, before gain adjustment
PS, MC, after gain adjustment

Energy (GeV)

0.5

gogdome

SH, MC, after gain adjustment

15_ _____________________ + + _______

oy b ;

New gains

Kin

PS

SH

1.68e5
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7

BBCal Responses Data/MC ratio

1.78e5
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eg'RBeV/c) 11

1.72e5

8.32e5

14

PS before gain adjustment
SH before gain adjustment
PS after gain adjustment
SH after gain adjustment

Data/MC energy ratio
TTTT
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________________________ 9
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