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Elastic e-N scattering: Rosenbluth

e Space-like Form Factors = charge distribution

e In the One-Photon Exchange (Born) approximation: ] & N
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Elastic e-N scattering: Rosenbluth

e Space-like Form Factors = charge distribution

e In the One-Photon Exchange (Born) approximation:

do — Oy 2 (2 2 (2
d_Q eN_)eN_ E(1+T)[TGM(Q )+EGE<Q )}

with Sachs Sachs
7=Q /(4 MN) magnetic FF  Electric FF
squared squared

e Neutron data:
O 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

e SBS form factor program

O GMn (this talk) AR SN

O nTPE (this talk) “ HCAL. - |4
0 GEN (G. Cates'talk) |/ (off-screen) £

0 GEN-RP N 7 g i B
O GEP (D. Jones'talk) = S
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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 measurement

¢ 1% momentum resolution, 1mr angular resolution;
0 GRINCH:

¢ C4F8 Cherenkov radiator

¢ 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

b

GEMs l Hodoscope

Shower
*:-;f“g’g_,

¢ Trigger B
¢ Electron ID/Pion rejection A
0 Hodoscope: I8 )
+ 90 Scintillators 60 x 2.5 x2.5 cm® | R o1 flfj
¢ scintillators readout on both ends i ————

06/18/2025 ¢ Precision Timing: 500 ps resolution 5



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 %

)}
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GMn/nTPE Kinematic tables

Kin Q? E E’ 6., I €
(GeVic)* | (GeV) | (GeV) | (deg) @ (deg)
3.01 3.728  2.129 @ 36.0 31.9 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



GMn Measurement

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

06/18/2025

Q simultaneous en/ep measurement on D,, Q? of 3, 4.5, 7.5, 10, 13.6 GeV?

O Separation of p and n with SBS

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

0 knowledge of g, provides o, => determination of G, "at high Q° i

Il
il
Il

X, cq - FECONS cted

Xopeot: PrEMICted from e

AX = XHCAL - Xexpect (m)




GMn Measurement

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

[] R:Nen—)en
Nep-)ep
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a R': ()'en:Rfcorr_N

ep
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nRC(ViQZ,...)X...

\

4 Radiative corrections (radiative corrections at vertex, energy loss, ...)

neutron/proton detection efficiency

¢ Oyor=hCOpy

Q2
4M;,

¢ 7,=

1
4 E°

cosO/2\*E'
sinf/2| E

¢ e=[1+2(1+7)an’(6/2)]
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GMn Measurement

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

[] R:Nen—)en
Nep-)ep
y_Gen_

a R - O _Rfcorr_Ninel

ep

O 147 (D24 €d?) _(1+7,)| 7, (Gl
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’,

From GEn fits A

From calculations
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NTPE Measurement

e NTPE: E12-20-010 (E.F., S. Alsalmi, B. Wojteskhowski)

0O measurement of Gen/% at two beam energies, Q? = 4.5 GeV?
0o, /o, superratio dependent on proton and neutron Rosenbluth slopes

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

O NTPE = Discrepancy neutron Rosenbluth slope <=> polarization data
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® Thiswork Global fi'g_ofth Rosenbluth; slope
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Two-Photon Exchange in en Scattering

e Predictions from Phys. Rev. C72, 034612 (2005) on en scattering:
o small TPE contribution at Q2 around 1 GeV?;
QO significant at 3 GeV? and beyond,;
0O No TPE measurement on the neutron => nTPE(+) at Jefferson Lab

N IR e BT EEAT A Blunden, Melnitchouk and Tjon,
Phys. Rev. C72, 034612 (2005)
pale 1 o uncorrected nG."/G," from
QQDE Mergell Meissner Drechsel
R b i parameterization in
:@Lu Nucl. Phys. A596, 367 (1996)
B THOTY = -
m 1G./G,"+TPE between
o uncorrected g c=02and0.9
O1F = corrected €=0.2-0.9 -
- e corrected £=0.5-0.8 1 @ 1 G./G,+TPE between
0 — e e=0.5and 0.8
0 1 2 3 4 5 6
2 2
Q" (GeV")
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NTPE Measurement

e NTPE: E12-20-010 (E.F., S. Alsalmi, B. Wojteskhowski)

06/18/2025

a

a

a

—p» GEN fits or GEN-RP measurement at

Nen-)en
R =
N opsep
Oen
R': Gep:Rfcorr_Ninel:"'
, :OJ}(1+61/2SH>
€ Og)"(l-l_ 61/2 Sp H From proton data
R, n
A:R' 1:B<SP>X(1+S A 6)
_1+¢,S7
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5= BAe
nTPE =S"-{(G2)*/ (G",)?

Q? = 4.5 GeV? (when available)
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Elastic Selection

HCAL Boundary
_-Active Region
* “Fiduclal Cut”

p Envelope (Data)

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

vertex

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

QO “Fiducial Cut’: events with
projected n and p position within .
active HCal region 2

0.8
0]
0.5

expect (m)

e

| 1 1 1 L | 1 | Il ] 3k 1 1 1 1 1 1 1 1 L
-1 08 06 -04 02 0 02( Da) 08 08 1 -1 08 08 -04 02 0 Ez 0)-1 06 048 1

yexpect expect

e Exclusivity cut:
a W2 within elastic nucleon peak;

e Nucleon selection:
Ok > 0.1

HCAL
of HCAL active region;

0O selection on X, X,oect

< 30 (Spot cuts)
| < 30

Ax (m)

yH CAL_yexpect
a |t

HCAL ™ BBCAL

v (ml

Ay (m)’
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MC/Data Comparison

e Comparison between data and MC including radiative corrections (SIMC):

O provides correction term: . O (Nen»en)meas
R - ()" — fCOI”I”
P (Nep-)ep)meas

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

16000~ Data: BG Subtracted dx
C (‘] ) Boyd ’ A) sime: Scaled and x* Minimized
14000[— i i —— Simulation proton peak
C Simulation neutron peak
12000 — .
- X, FECONStructed
10000 . : ]
: Xomeot: PrEdicted from e
8000
6000 _
4000 F
= 1§
20001 -
- F‘J"
0 Komsmpamanpt 5 | d
-2 -1.5 -1 1
XHCAL - Xexpect (m)
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Selection Optimization

e n/p stability over selection cuts:

O W?;
w2
OF ,E_,E ; W2_hist
ps' Psw Fucar («M Satnik, W&M) Entries 1333590
a tHCAL tShower “'v.... OIS 8 ot g o ﬁz :i ;?ofg:;gglscut

O Ax, Ay, fiducial cuts;

——— W? w/ neutron spot cut

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

n:p ratio across W

06/18/2025

iH{lﬂhIH np_W2_hisi
#ﬁiﬂih{i} ?fﬂd' ©.13143
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5 3 735 2
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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)

1000

500

s==== Bg. (Inel-MC+Randoms) E'

4 Residual

||||||||||||

1000
06/18/2025 >
-500
-1000

AKX

20
t_HCAL - _SH (ns)

30 40
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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) +
e t=:=1 psignal (from MC) _' l N 619.6 £ 0.9 ~=: Bg. (from MC) P. Da.tta., LBN L)
=== nsignal (from MC) ) R, 1.067 + 0.003 7
30000 G Entries 42080
B B0 (Inel-MC-s BI A +3.747
i 22;:: MC+Randoms) ; : " 3.109e+05 ::81 +e;-(;!; 600 x2 / ndf 299.3/ 118
1au . o 8 A
B - ! 5 Norm 5574 +51.4
= -1 1500 5999 +7.4
20000 — =
= =
15000 :— _: 400
10000 — —
= a
= 4300
5000 |— ]
= = |200
1500
1000
500
0 100
-500
-1000 i‘
-3 -2.5 -2 -1.5 -1 —0.5 0 0 5 1 1.5 2 ul
Ax (m)

W? (GeV?)
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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
— o Data SBS8 LH2_

=== Fiducial Region

1

0 Map efficiency along x

expect!’ yexpect’

0.9

0.8

O Efficiency analysis for data, MC;
¢ MC weight: h,_ /h -

MC?
¢ deployed in analysis;

HCal X Expect (m)

0.7

0.6

E 0.5
s s -
B 04
O Hurdle: B 03
¢ proton and neutron detection - .
efficiency not equal a priori; = Ho e 01
:l | 1 Ik 1 1 l 1 I 1 1 I | 1 1 I 1 ‘ I 1 O
i = g 0'5 Hcal Y Ex:)ect (m)
Iv g57§e§;158 L H 2 heff_vs_yexpect_total
5 ! i Entries 1059689 o i Entries 4892
e et Mean  -07818| & o b Mean  0.05463
2 ™ Std Dev 1.039 | =2 fi i StdDev  0.4301
3 08 : 3 08 N
0.6 T - e : =SB
| ]\\NFXY ! T ]\\\\Xr\r L
0.4 ?ﬁ;.z = 0.4 PHF rjf.;,
02 H H pO: 0.9462 + 0.0002 e i | po:0.9363 £0.0002
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i
HCal X Expect (m) HCal Y Expect (m)



HCAL Non-Uniformity Corrections

e Reweight MC events with HCal non-uniformity map:

0 Analysis of all combined SBS8 LH2 settings for map efficiency:
O Neutron efficiency drop comparable to proton;

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

o TODO:
¢ understand neutron response for systematic uncertainty estimation;
045 - pass2_SBS8_LD2 70| (45 ‘ ‘ F:S:_LSBS*U;Z?QZ g
~ ~ Entries 349910 SRR ntries
$BS8 Mean  —0.7222 SBS9 Mean  -0.6386
1 ’Q"’, * ]
0.35 0.35 : T i e
H ' X T + # (3 +Hn:+#+ #ﬁﬁ,
L et bttt | Y PIOTON T Wi + Proton
03 PR A ST A " 0.3 ; '
| S 4 Neutron : .|+ Neutron
0.25 - L z 0.25 i
0.2 3 0.2 i iy
H ‘ H ‘—N_SBSS_LD?JO ' r ) N .
+ ] pass2| SBS9_LD2_§0
B 2 L3 o & (e
0 - ERN AR s =AY 5
| ERET-AR\ AL L = )
R 5 4 l
+ G‘ -— : 3 : '
0.05 ﬁﬁ:— I 0.05 - :
%5 5 -25 5 15 -1 05 0 05 1 15 2 25 3 E b
Heal X Expect (m) %5 5 25 2 15 1 05 0 05 1 15 )%Expzégt(m?

Analysis credit: E. Wertz




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 )
H(e, e’ p) 2 =13.5 GeV? D(e,e’'p) + D(e en)
Vi . . hm3 E
i Yield drop(‘) > Entries 206221 0.1— hno ""*.: hm3 hO
| (1) - (2) 14 A) e Mean _0.7265 [~ | Entries 309668 : ‘ Entries 213996 Entries 205950
0.2 —(2) - (3) 3.6% A Std Dev  0.05901 |~ | Mean —0.5231 + i Mean -0.5243 Mean -0.5263
: .&* . Underflow 0.002381 | | Std Dev 0.34 Hf#*‘ Std Dev 0.343 Std Dev 0.3447
B hno . :‘ Overflow 0.002607 0.08/— | Underfiow 0.003154 ' ;m; Underflow 0.002765 | | Underflow 0.002894
o1 - ——— S 4 Integral 3.103 i Io\t/erﬂolw 0.0021 24:2 ": 't Overflow  0.001093 Overflow  0.001042
. B Mean _0.7999 .: A- = i3 ntegral .9 “ " Integral 2.459 ' Integral 2.361
- e fois 4
| | Underflow 0.002938 Do Mean ~0.7291 - (1)-(2) 16.9 %¢ ¢ (1)~ (2) 159 %
01— Overflow 0.002986 . Std Dev 0.0625 i (2) i (3) 4.0 % * ) (2) s (3) 3.9 %
= Integral 3.627 H . i %
; . Underflow 0.002481 0.041— s . ey
B z . Overflow 0.002511 s 4 e Py
L % £ Integral 2.99 = 5 ‘. _';x’;.
f— i -‘ Q- ot 4
005 B ¥ [= & F'3 'f i-
| : ” 002 = - i; % 4
B 5 . B l? iy ';‘ ‘:-
B ; % £ % g E
0 . B ("
=1 I | | 1 l | 1 1 I | L | I 1 | 1 I 1 | | ‘ 1 1 | \ 1 1 1 O & & L | | | | u | I | k“ = l

|
—
~

|
-
n

-1 -0.8 -0.6 -0.4 -0.2 0 -1.5 -1 -0.5 0 0.5
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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)

06/18/2025
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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 [ L] 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
u;:: 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)?

06/18/2025


https://summit.aps.org/events/APR-J11/1

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).]

1.5

—
——
— —
e — e e e

- ]
- —

m SBS GEN-II prOJected e World Data
—— Global Fit (Ye 2018)

A SBS GEN-RP projected
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|
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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;
O Preliminary estimation of radiative corrections;
0 HCal systematics uncertainties:
¢ understand neutron detection;
¢ evaluate uncertainty correlations between SBS8 and SBS9;

e Next steps:
a 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;

06/18/2025
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Back up
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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
= PS+SH 3.495
80000 )
E —— SH,2.344+ 0436 [“Z%
70000}~
= — PS, 1.136 £ 0.432
60000 Jﬁ{\
50000}~ A 1 A I{ lkﬁ
40000 I 1]1
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

06/18/2025

PS gain: 2.e6

PS pedestal noise 3.0
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SH gain: 8.03e5
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e GMN:

N Nen,gen,accfscalen — Gen _

R'= en,true __

Reminder: GMN/NTPE
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From proton data
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Reminder: GMN/NTPE

e E12-20-010: E. F., S. Alsalmi, B. Wojteskhowski
0 Rosenbluth separation of ¢, /o, at Q* = 4.5 GeV?

0O Neutron Rosenbluth slope extracted from proton data

N o
R: en->en Ry: Gen:Rfcorr
Nep-)ep P
en ()
f = ; (t)>< Nec(V,02, . )X...
ep
\‘ 4 Radiative corrections (radiative corrections at vertex, energy loss, ...)
neutron/proton detection efficiency R
1+ " €, n R 1+ SP
R'. =R, . orll+e,S) =—"~B(S")x(1+S"A€) p=_Mota_ "%
1/2 > €172 Ui(l"‘ 61/2517 R c, RMott,€2 1+ Elsp
™ proton data
A_B Ae=€,SP0/(1+6,5°)(
S"= nTPE=S"—{G})*/ t(G}, )’
o= (Go) (G, )]

™ GEN fits and GEN-RP
measurement at Q? = 4.5 GeV?
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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
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Analysis credit: E. Wertz
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