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Neutron Two-Photon Exchange (nTPE) Experiment
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SBS-9 - =7G2%, + G2 = or + €0, « Exploiting the linearity of the reduced
' ' ' ' cross section (o) in € and assuming
OPE, neutron FFs can be extracted:

« 0, = G#is slope

« o = 1G4 is vertical-axis intercept
Rosenbluth Slope Extraction:
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Measured Observable: R,pcorpeq = TR N orn /N o1y, are detector yields for quasi-elastic
ee'p
neutrons/protons

« No free neutron target, so use deuterium. Taking ratios from double-arm experiment cancels
many systematic effects (Durand/Ratio Method).

Nuclear & Radiative Corrections: R, ,rected = feorr X Robserved

« Neutron & Proton in Deuteron are not free particles.

i : OMott “(1+Tp) _ €of'+of
Relation to Cross-Sections: R yyrected = —po p Lrop
Oymore "(1+Tn) €0y +op

n n
€10, + o} B — R €20, + Oy
Rcorrected,61 = RMott,el>< — p, p corrected,e; = ['Mott,e; ¥ Py P
€10; + O0p €20; +0p
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From Observable to Physics Result

Physics result, o and o7:

Consider ratio of Reoyrecteq for two values of € and define ST = ¢/'®) /7P
R 1+ €, ST T
A= corrected,€s | B x —1; ~|B k (1 H aels?
Rcorrected,62 1+ EZSC
From Data Proton Kinematic Physics
Global Data Info Result!

Proton Global Data:
From global analysis of B Rumotte, o 1+ 6,57
e-p cross-section. Ruotte, 1+ €SP
Taken as known.

~1—Ae -SF
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* Primary focus: physics extraction for the nTPE experiment to
determine the Rosenbluth slope for the neutron.
 SBS nTPE is the first measurement of the Rosenbluth Slope for
the neutron using the ratio method
« Thesis will also include the following:
1. GEM Hardware commissioning and installation work for
G1;/nTPE run period
2. GEM gain match software calibration for G,;/nTPE run

period
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Data Analysis Overview

EEY—

Event

" Selection

Reconstruction

Rosenbluth Slope &
TPE for neutron
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Data Qualtiy
Run Selection

-_> Data « Event
Replay " Selection

Calibrations
Event
Reconstruction
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Data Analysis Part 1

i

Rosenbluth Slope &

TPE for neutron
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Data AnalySiS Part 7 sBss & SBS field 100%

2D Histogram of HCal Position 2D Histogram of HCal Position
Difference, no cuts Difference, with cuts

Meanx 001422

Sl Meany -0.7417

BBl Std Devx 0.4684

8l Std Devy 09323

THCal — Lexpect (meter)
T 1Cal — Texpect (meter)

-1 05 0 05 1 -1 05 0 0.5 1
YHCal — Yexpect (meter) YHCal — Yexpect (meter)
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Data AnalySiS Part 3 sBss & SBS field 100%

x10° Invariant Mass, 1§ 2(GeV), no cuts x10° Invariant Mass, W2(GeV), with cuts
N Enes 61046690 A Entries 204548
Mean 2.905 Mean 0.0253
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Data AnalySiS Part 4 sBss & SBS field 100%

1D Histogram of HCal x-direction

1D Histogram of HCal x-direction g . :
Position Difference Residual (data-fit),

1D Histogram of HCal x-direction > :
Position Difference, with cuts

3 Position Difference, no cuts .
x10 ’ F 5 . with cuts
Entries 6104660 L ackground Fit
40 B Mean -0.8118 5000~ Proton Fit, Yield: 100094 L Entries 485
B Std Dev 1.152 Neutron Fit, Yield: 31610 200~ Mean  -0.8922
= ) r Std Dev 1.008
- L Total Fit L
L 4000 — Entries 204548 r
30— C L
L |: 100— ”
- 300 - L |!|\
. - L ﬂ)m 1
201 - 0 ’h} Ll
i 2000~ if ﬂ‘f o
C i [y
r - B ‘”i‘ “
10— 1000 -1001~ \“
C 1 1 1 1 I 1 1 1 1 l 1 1 1 1 I 1 1 1 1 I 1 1 1 1 0 |||llll|||| Illllllll 1 ||| lllllll ||lll :
3 ) 1 0 1 °3 25 2 -15 -1 05 0 05 1 15 2 ")y AR R I Ll Lo
THCal — Texpect (meter) I'E THCal — Texpect (meter) — -2 -1 0 1 2
(meter)

Background fit: 4t order
polynomial
Nucleon Fits: Gaussian
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Data Analysis Part 5

1D Histogram of HCal y-direction
10° Position Difference, no cuts

X
N Entries 6154669
i Mean 0.1727
80| SidDev 06123
60 !p
_ f 1
40 L
20 -
L T |
0 -2 0 2

YHCal — yempect (meter)

10

SBS8 & SBS field 100%

1D Histogram of HCal y-direction
x10° Position Difference, with cuts

Enles 445483
Mean 0.05465
SkaDev 05234
F J
| L

-2
YHCal — yempect (meter)
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Relative Change # 'good tracks' (%) vs. Gain Coefficient Set
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Purpose: Compare signal
amplitudes from amplifier cards
(APV). Correct amplitude variations
for each amplifier card by
generating gain coefficients.
First-pass creation of gain
coefficients (max 29 sets) &
thresholds complete.

After gain match most sets see
slight increase in # good tracks
Some runs see reduction in # good
tracks or track based efficiency,
requires investigation.

Need to compare yields from
hydrogen data for subset of gain
coefficient sets and add to main
software. 12/14



In-Progress (me):

Refine Yield fits by implementing ROOT interpolation function and sideband analysis
Refine code for HCal Detection Efficiency for proton. Evaluate multiple methods already
suggested by HCal expert

HCal Detection Efficiency for Neutron will be based on Monte Carlo and Proton Efficiency
matching

Implement better method for backgrounds based on W? Anti-cut

Implement better fiducial and acceptance cuts

Implement Gain Coefficients for pass-2.

In-Progress (collaboration):

Dedicated effort to implement nuclear & radiative corrections into simulation from existing
framework from Hall C

Effort for 2"d Mass-Replay & Detector Calibration is underway, tasks necessary for preliminary
physics results

Determine error analysis, mainly systematics

7/18/23 Ezekiel W. Wertz 13/14



Task April June July Aug Feb Mar April May June

Analysis/
Result

2" Pass
Replay

Writing
Thesis
Parts

Writing
Thesis
Only

Find Job

Defense --

JLUO
Grad Rep

GSA
Board

SR | s GRAD

Other Works JLUO DNP 520

Ends

APS/
GHRS Later

hop Conf
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Thank You!
Questions?

e > ' [} 4 e
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» Electromagnetic FFs are some of the most basic observables of the nucleon

« Encodes internal electric charge and magnetic distributions of the nucleon

» Electromagnetic FFs are the Fourier transform of the charge/magnetic distributions
* Nucleons are the building blocks of ordinary matter in the Universe!

Neutron Magnetic FF Proton Electric &

Bodek o I R FEL L0 B e 5 S, U S Magnetic FF Ratio
1.2F Kelly - e T - Schiavila § Sick : mlnﬂ - 1.6 'g LJN S I N N N N N i e )
Alberi B » Ok . 8
/\ enee 0.08 B — e 11 (1901) : : = P ;_ E
P e A\ \ - = v - F
-3y é Yy - o Wit 12fF =
& *# | 0.06- ; :'-—-n W 5 105 } E
3 i PR s e
Gosk 0.04f - 08 & E
L - 06 ]
0.02 4 o f i t 17
0.6 ] 3 ° b { } &
PP PR B PRI BRI R BRI AP R I PP | PN |, | l— 042:— Polarization data 1
0 2 4 6 8 10 12 14 5 (16 1/8 )2 0%0 05 10 15 20 C Super Rosenbluth data d
Q° (GeV/c 0.0~ 1
Magenta, Black, and Green lines are Q? [GeV?] 0 2 2 2
theoretical models. . Q ( GGV )
Blue and Green points are from previous Experlmental World Data = Rosenbluth Separation Extraction
experiments. Red = Polarization Transfer Measurements
and Magenta points expected data Black = Super Rosenbluth

points from experiment.
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One Photon Exchange (OPE): Two Photon Exchange (TPE):
Can calculate with Quantum Hard to calculate with QED &
Electrodynamics (QED) Strong Interaction!

Tool to probe internal structure of the nucleon
From measuring the cross-section and comparing OPE, can extract TPE effects

7/18/23 Ezekiel W. Wertz
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2
0150 AR y . e do- a E’ 2 O-M
Q% = 2.64 GeV /, ott 2 2 2 2
0145 . —_— =\ T M = — G + G
g - \amorE) M = CHCRRELICR)
A S IMott __ OMott
o135f-7 - 6(1+T) O-R - 6(1+T) (EO-L + O-T)

.0094

.0092 F

. Z—; is the differential Born cross-section for electron-
nucleon scattering, with invariant amplitude M,,.

.0090 |

o088F

a is the fine structure constant.

.0086

.0051F

omott 1S the scattering for a point-like particle.

.0050 F
.0049

e is the longitudinal polarization of the virtual photon.

.0048
.0047

T = Q?%/4M?. E and E’ are initial and final state energies.

.0046
0.0 0.2 04 0.6 0.8 1.0

™
[ )

G and Gy, are the Sachs Form Factors.

——= = reduced cross-section linear fit .
« Method used extensively for proton.

WERREEE  =polarization transfer prediction _ L _ _
* nTPE experiment is first time this method used for neutron.
— — = slope expected from u,Gg /Gy ,
7/18/23 Ezekiel W. Wertz 20/14



1,6_ | PR TR T |

1.4 F

1.2

G /G

0.2F

0.0~
0

7/18/23

Proton Electric &
Magnetic FF Ratio
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Polarization data
buper Rosenbluth data

" 0%(GeV?)

g

= Rosenbluth Separation Extraction
Red = Polarization Transfer Measurements
Black = Super Rosenbluth

Two primary measurement methods:

1. Rosenbluth Separation (Cross-Section

data)

2. Polarization Transfer
Gg/ Gyfrom Rosenbluth consistent with 1.0
Gr/ Gyfrom Polarization Transfer disagrees
by 3-4 sigma
Rosenbluth, identical spatial dependences.
Polarization Transfer, proton’s charge
distribution is more spatially spread out than
magnetization distribution.
Rosenbluth sensitive to TPE, while
Polarization Transfer is insensitive.
TPE could explain discrepancy
Understanding TPE effects gives more
complete characterization of Nucleon FFs

Ezekiel W. Wertz 21/14



Neutron Electric Form Factor
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Experimental World Data

|

Polarization

SBS-8
SBS-9

Transfer
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v

BigBite | BigBite | SBSangle | SBS HCAL Electron
angle  |Distance |(deg) distance distance P (GeV)
(deg) (m) (m)
5.965 26.5 2.00 299 2.25 294 11.0 45 358
4,015 49.0 155 22.5 2.25 20 11.0 45 16
SBS G
Q2 E; 0, Pe 0, Pn
(GeV?) | (GeV) | (deg) | (GeV/c) | (deg) | (GeV/c)
5.02 4400 | 480 1.73 216 349
6.77 6.600 | 340 3.00 222 444
10.18 | 8.800 | 340 3.38 17.5 6.29
SBS GI-RP
| Setting | Q* (GeV/c)* | E, (GeV) | per (GeV) | 6, (deg.) | 6, (deg.) |
1 4.5 44 2.01 41.9 24.7
2 6.0 6.6 3.40 30.0 25.0
3 9.3 8.8 3.81 30.7 194

Ezekiel W. Wertz




Super BigBite Spectrometer (SBS) Apparatus SKf&Em

,.) )\\ SPECTROMETER
Nucleon Arm Electron Arm "

Hardware
installation,
commissioning, &
expert shifts for
GEM tracking

detectors

= S
=

Z

gBite Sei:t'r'ometer includes Deuteron Ta;ret & BigBite

upe i
Super BigBite Magnet & Hadron Spectrometer includes Gas Electron
Calorimeter (HCal) Multipliers (GEMs), :

Calorimeters, Timing Hodoscope
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* Gy & nTPE data analysis & GEM

Do HUGs, Accepted for June 2023

analysis. In-progress « Attending talk, colloquia, seminars
« GEM Expert support for G install & about nucleon FFs. Yes, Continuing
run. Yes, expert shifts, RC * Give talk at APS or DNP. Yes
» Technical Note for SBS GEMSs. In- Focus: Preliminary Result, No
Progress * Preliminary Resultin 1 Year. Not Yet
* Read nucleon FF & nTPE literature. + Poster at JLUO Annual Meeting
Yes, Continuing Planning for June 2023, I'm an
» Collect/Write material for theory organizer
related sections of thesis. Need to « Continue on understanding of big
do picture nucleon FF and nTPE
« Give talk at GHRS. Yes physics
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Y-COORDINATE

Diagram of a typical GEM
electrode

» Type of gaseous ionization detector, reliant on electron
avalanche and a subclass of detectors known as Micro-
Pattern Gas Detectors (MPGDs).

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

» Single GEM detector gains typically are 103 or 104.

» Triple GEM detector effective gains typically are 104 or
105.

7/18/23 Ezekiel W. Wertz

Diagram of a single GEM
detector with Cartesian readout

-HV

Gas Electron Multiplie

r (GEM)
R

DRIFT

-HV

Ep  DRIFT

=mosssssssssssssssesnes GEMI
Er;  TRANSFER |

| —=mosscscoscsensenensene GEM?
l‘}” TRANSFER 2

==meessscsssssssnsasasee M3
E;  INDUCTION

y READOUT
BOARD

Electric Field in

the region of the

holes of a GEM
electrode

Diagram of a
triple GEM
detector
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GEM Deteotors for SBS Program

X

* 4 INFN GEM layers prepared
for SBS program

+ 4 UVA UV-GEM layers
prepared for SBS program

"GEM Lot sohematic ' - - 11 UVA XY-GEM layers
INFN XY GEM La - schematlc UVA UV-GEM Layer schematic prepared for SBS p¥ogram
and picture with RF shielding . . JSl
and picture with RF shielding
— gt * 2 INFN GEM layers operated
during Gj;

+ 2 UVA UV-GEM layers
operated during G

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

462 m

\

| uoogt I

(w2 0 x 0F) S8INPoOW NI € J0 HoeIS

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

==

UVA XY-GEM Layer schematic
and picture without RF shielding
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Measured Observable: R,pcorpeq = TR N orn /N o1y, are detector yields for quasi-elastic
ee'p
neutrons/protons

« No free neutron target, so use deuterium. Taking ratios from double-arm experiment cancels
many systematic effects (Durand/Ratio Method).

Nuclear & Radiative Corrections: R, ,rected = feorr X Robserved

« Neutron & Proton in Deuteron are not free particles.

i : OMott “(1+Tp) _ €of'+of
Relation to Cross-Sections: R yyrected = —po p Lrop
Oymore "(1+Tn) €0y +op

n n
€10, + o} B — R €20, + Oy
Rcorrected,61 = RMott,el>< — p, p corrected,e; = ['Mott,e; ¥ Py P
€10; + O0p €20; +0p
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Physics result, o and o7:

Consider ratio of Reoyrecteq for two values of € and define ST = ¢/'®) /7P

T
R €10 + o1
Mott,e - P D p p n n
A= Riorrected,e, _ Y €0, +op _ Rumotte, €20, +0r €10, +or
= - n n — ) ) n n
Rcorrected,e, Rusotte. X €20, +0r  Rpyotte, 610'5 + 0'71? €20;, + o7
e eyl + ol
Ruotte, €258 +1 €SP+ 1 €St + 1
Rumott.e, Elsf +1 €SF+1 €SE+1
R 1+ €,S?
Mott,eq €29¢
B = X B
RMOtt,EZ 1 + E]_SC
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Physics result, o and o7:

Consider ratio of Reoyrecteq for two values of € and define ST = ¢/'®) /7P
_ o, ase+l aSf+1 1-eSE 1+ Sl — €SI — e (§M)?
TV ST 1 68T+ 1 1—65"_ 1+ €50 = €358 — (6258)?
B 1+(61—62)S —6162(5 )2 _ 5. “T+ ne- St —6162( )
1 — (€258)? 1 — (e258)?

From Proposal: Equal values of Q? for two kinematics, the t and o7 for two kinematics
cancel. For actual small range of € and small value of the slope. Does this get rid of the
higher order € terms and justify the approximation? Similar derivation and argument for
B,

Ae =€, — €
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From Observable to Physics Result

Physics result, o and o7:

Consider ratio of Reoyrecteq for two values of € and define ST = ¢/'®) /7P
R 1+ €, ST T
A= corrected,€s | B x —1; ~|B k (1 H aels?
Rcorrected,62 1+ EZSC
From Data Proton Kinematic Physics
Global Data Info Result!

Proton Global Data:
From global analysis of B Rumotte, o 1+ 6,57
e-p cross-section. Ruotte, 1+ €SP
Taken as known.

~1—Ae -SF
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From a polarized electron beam on a polarized neutron target the elastic electron-neutron
scattering cross section can be written as the sum of 2 parts:
« X is the unpolarized elastic cross section

« Als the polarized elastic cross section polarization axis
* his helicity (1) T = 0%/4M?

o=234+ hA 6 is electron scattering

angle
Neutron Spin Asymmetry: g+ is polar angle, transfer
p o, —o_ A cpf*tis azimu’lthalll apgle
=0 =% of target polarization
"oto X in Iabgfrar%e

n
2{t(t+1) tan(9/2) g—’flsin 0 cos ¢* 27\/1 +7+ 1+ T)Ztanz(g/z) tan(g/z) cos 6*
M

Ay = — G 2 - o2
(G—%) + 7+ 27(7 + 1) tan? (9/2) (G_’fl) + 7+ 27(t + 1) tan2 (9/2)
M M
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Data Analysis Part 2 sBso s sBs field 70%

2D Histogram of HCal Position 2D Histogram of HCal Position
Difference, no cuts Difference, with cuts

8 P —
B Meanx 02146 : : ntries { —20C
1.5 . ; RN 1777711 |
i Meany  -05603 % O S
:,A SlaDevx 05727 1 i —18C
1 StaDevy 0.9767 16C
/g 0.5
g 14¢
Eo 0 ~
w —12C
3
Q -0.5
5 10¢
B
8
| -1 80
8 1.5 60
g
-2 40

20

1 ~05 0 05 1

- -0.5 0 0.5 1
YHCal — yempect (meter)

YHCal — Yexpect (meter)
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Data Analvsis Part 3 seso & sBs field 70%

%x10° Invariant Mass, 1172(GeV), no cuts x10®  Invariant Mass, W?2(GeV), with cuts
i Enmes 3136409 - Entnes 971637
B Mean 1131 B Mean 0.8508
B SlaDev 05182 Sid Dev 0.242

ol _
- 20 -

40— L
- ynl I

20— ! i !

0 S S — PR S B — ob—— e
0 - 4 cef = 0 1 2 el
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Data Analysis Part 4 sssoasss field 70%

1D Histogram of HCal x-direction 1D Histogram of HCal x-direction 1D Histogram of HCal x-direction

x10° _ Position Difference, no cuts Position Difference, with cuts Position Difference Residual (data-fit),
o 5‘;‘:’?3 3103:;:: 24000~ —— Background Fit with cuts

o SidDev 09883 22000 —— Proton Fit, Yield: 356454 x10° .
B F —— Neutron Fit, Yield: 132880 Entries 2119
B 20000 N = Mean -0.7766

30 18000? {\ Entrics 971637 L StdDev  0.3127
- 16000 - 1=
- 14000 - =

20— 12000 =
C 10000
B 8000
B C

10— 50)0 —
L 4000~
P 2000

o — ) st T B /A0 B
-3 -2 -1 0 1 2 -3 25 2 -15 -1 -05 0 05 1 15 2
THCal — Texpect (meter) THCal — LTexpect (meter) 1= | I J I
-3 -2 -1 0 1 2

(meter)
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Entries
Mean

Sid Dev
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yHCal - ye;npect (meter)

Data Analvsis Part 5 seso & ses field 70%

1D Histogram of HCal y-direction
108 Position Difference, with cuts

1D Histogram of HCal y-direction
«1o2Position Difference, with cuts

B Entries 1777711
30 Mean 0.08635
n Std Dev 05615
20—
: a
10}~
0 1 l 1 1 l 1 1 l 1

-2 0
YHCal — ye:cpect (meter)

Ezekiel W. Wertz 35/14




Big Picture: While TPE has been studied for the proton, there is essentially no TPE data for the
neutron. No free neutron target.
Ryp is the ratio of quasi-elastic yields in scattering from a deuteron target. N, ./, and N, ., are the
quasi-elastic detector yields for neutrons and protons Neern

n/p = Robserved N

To extract the observed ratio from nucleons a correction must occur to account for hadron
efficiencies, radiative corrections, final state effects, and re-scattering

Rcorrected = f corr X Robserved

In OPE R p;recteqa CaN be written
Jﬁott (1+1,) e€of +o7

Rcorrected
p p
Mott -(1+1,) €0] tog

Where o) is the M(()t’)[ cross- s(ec):tlon Tn) = —dnp)/4Mip): € is the longitudinal polarization of
the virtual photon, o; *” and g, "’ are the cross sections for longitudinally and transversally
polarized virtual photons which are dependent on 6#®’ and ¢/’

7/18/23 Ezekiel W. Wertz 36/14
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R _ Opore *+ (1 +1p)
Mott 0_1\13[0“ . (1 + Tn)

Sz}(p) n(p) / Un(p)

Consider R yrecteq fOr two values of € and define =0 T

€10, + o} B — R €,0[ + o7
Rcorrected,61 - RMott,61 D D corrected,e; — "*Mott,€; Py gP
Two unknowns are ¢f* and o*. At Q2 = 4.5 (GeV/c)? the value of S¥is known.
A= Reorrecteder _ B X LreaSe BX(1+ Ae S
Rcorrected,ez 1+e,S% ¢
RMott,el 1+ 6255 14
B = X 5 ~1—A€ -5,
RMOtt,GZ 1 + E]_SC
37/14
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SBS nTPE Extraction

* Big Picture: While TPE has been studied for the proton, there is essentially no TPE data for the
neutron

* No free neutron targets

Start: R, is the ratio of quasi-elastic yields in scattering from a deuteron target. N, ./, and N .7, are
the quasi-elastic detector yields for neutrons and protons.

ee'n

Rn/p = Robserved = N,
ee

€' p
Apply corrections for hadron efficiencies, radiative corrections, final state effects, and re-scattering. Call

this ratio Rgrrectea. its proportional to all(p) and a?(p).

Now fix Q% = 4.5 (GeV/c)? and consider two different kinematic points (€;and €,).

Take a corrected ratio for each kinematic point, call them R orrectede,@aNd Reorrected,e, -

S;l(p) n(p) /an(p)

Consider the ratio of the two corrected ratios and define =0 T

A= Scomrectedes _ po O o B x (14 Ae -SP)
Reorrected.e, 1+€,5¢ ¢

B only contains known proton information.
End: Two unknowns are ;" and a7, which can be extracted.
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