E12-17-004 GEN-RP Experiment

U \!/L:)LESITY Jeﬁe—rzon Lab

O'Explorlng the Nature of Matter

IRGINIA

Bhasitha Dharmasena Purijjala
on behalf of the E12-17-004 collaboration

Jan 22 2025




SBS Experiment Series

Talks in this session

e GEP -V Overview
e GEP-V ECal
e GEP-V Tracking

e GMN
e nTPE
e GEN-II

e GEN-RP - this talk

e Future SBS Experiments




e-N scattering
and

Nucleon Form Factors



e-N Scattering and Form Factors

Scattering Amplitude : M = —292“” lietu(k" )y u(k)][—iev(p")TH*(p', p)v(p)]
m

g = —etle (k)" ue (k)

@ k

electron %

Nucleon 2

_ 1K i
JH = ety (p') T a7 " gy | up(p')

F.(Q?% and F,(Q?) are the Pauli and Dirac Form Factors
e G, and G, are the Sachs Form Factors defined from F  and F,, they describe the electric and magnetic distributions
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Super BigBite Spectrometer(SBS) Program at Jefferson Lab

Measuring elastic electromagnetic form factors of the nucleons at the highest 4-momentum transfer (Q?) and precision
achieved so far

GMn & NTPE - Measurement of G", up to Q? = 13.5 (GeV/c)?

GEnN-Il - Measurement of G /G", up to Q? = 10 (GeV/c)? using a polarized target
GEN-RP - Measurement of G"/G",, at Q? = 4.4 (GeV/c)? using a double polarized methods
GEp-V - Measurement of GP /GP,, up to Q%= 12 (GeV/c)?
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GENnRP Experiment



Polarimetry

e When approaching higher neutron momentum’s, the Analyzing power(Ay) drops fast for the
conventional method but has no significant effect on the Charge-Exchange(ChEx) reaction Ay
Higher Figure of Merit(FoM) when approaching higher Momentum transfer for ChEx

e Results from JINR experiment shown below
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Recoil Polarization Method

® The unpolarized target is struck with the polarized electron beam
® The transferred polarization to the recoiling neutron can be parameterized using the Sachs FFs as follows

® The x component below denotes the transverse polarization and the z component denotes the longitudinal

polarization of the recoiling neutron
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® The ratio of the transferred polarization will be a direct measurement of the neutron FF ratio (while
cancelling many of the systematic errors)
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FF Ratio Measurement

® The SBS magnet precesses the polarizations making the longitudinal component of the transferred

polarization measurable.
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\/’T‘*"r(l"‘T) tan® 5 M Py = A¢/TP,P,siny,

® N-N scattering depends on the spin-orbit interaction — produces an azimuthal modulation of the scattering

cross-section
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GEn-RP Experiment

Timing Hodoscope

GRINCH Gas Cherenkov
Glass Shower Counters
. . Schematic View of 4.5 (GeV/c) Kinematic Setting
n n
e ameasurement of the ratio G"./G",, \

'~

GEM Trackers

e a proof of principle experiment

e adouble polarized measurement at 4.3GeV beam energy ;9/
e vty

e unpolarized 15cm LD, target

e polarized electron beam

e BigBite as the electron arm

e Super-BigBite as the hadron/neutron arm
e 2 polarimetry techniques used e Gttt
1. conventional np — np

2. charge exchange np — pn

Coordinate
Detector

SBS apparatus for GEnRP (plan view)
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Spectrometers

LD2 Target

1550 mm

* This was the final run-period with the BB detector setup

BigBite electron arm Super BigBite hadron arm
e Dipole magnet - 750A e Dipole Magnet - 2100A
e BB GEM Tracker e Hadron calorimeter
e  Timina Hodoscone e 2in-line GEM stacks

I P o 1 side GEM stack
e BB Calorimeter e  Passive Analyzer
[} GRINCH CherenkOV Y Act|ve Analyzer

e Side hodoscope layer
Pb-Glass
GRINCH Pre—Shower
BigBite Magnet Gas Cherenkov Pb-Glass
48-D48 Dipole

Front GEM
400 x 1500

Timing Scintillator Analyzer
Rear GEM

CA
600 x 2000 Scattered Nucleon

Detector
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Processes

No track detected in front GEMs, Forward proton track after Fe

Passive Fe

dipole Analyzer

Proton track

Charge-Exchange N R e el

(TOP VIEW) _ -
Neut
eutron i GEM tracker (only
P sensitive to charged [ —
particles)
No track detected in GEMs, track in the side GEMs/hodoscope with an
active analyzer response
dipole
Neutron
Active CH
Analyzer
’ I
Conventional Scattering 1 S| | | 5 . 1 HCal
(TOP VIEW)
\
\ Proton track
\‘ /
Neutron . GEM tracker (only
dipole sensitive to charged
particles) “
|
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Data Analysis



Completed data taking during April 16 - May 14 2024
10-12uA beam current on LD2 target

82% polarized beam

BB(750A), SBS(2100A) magnets at 100%

BB, SBS Spectrometer angels at 42.5° and 24.7°

3 hours of LH2 data per day

11.8 C total LD2 data collected

3-4 kHz data acquisition rate (~1.2GB/s)
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Charge-Exchange Event Separation

The hadrons coming from the target goes through the SBS magnet

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)

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

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
e Neutron events can be further isolated from Protons using the condition of not having a track before analyzer
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Charge-Exchange channel Asymmetry
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More work needs to be done for better isolation of the charge-exchange channel

Credits: David Hamilton 17



Calibrations Status

e Detector Calibrations needed for a cooking pass are completed
e Previous calibrations

O GEMs in BB and SBS - credits Andrew Puckett

o Magnet Optics- credits Andrew Puckett

o BB Calorimeter energy calibration - credits Andrew Cheyne

o HCal energy reconstruction

18



Data Simulations comparisons

Andrew Cheyne
HCal Ax Polarimeter Ax HCal Ax Polarimeter Ax
181 r —— All Nucleons S E’ [ ’
F r 8 S1af
1.6 t 3 ~— Protons [ ++
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simulation results of dx distributions on the Analyzer data simulation overlay
plate and on the HCAL face checking reconstruction

this is work in progress

working on adding the backgrounds into the simulations

once completed can be used to study the effects of cuts and understand experimental dilution, proton contamination etc.
MC truth info can be used to isolate certain channels (e.g. charge-exchange) and use that to see how our cut choice
affects things like Asymmetry and Analysing power

e with this expected event sample percentages we can investigate how tracking efficiencies and proton contamination
affects Ay and optimise the data cuts
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Timing Calibrations

e Accidental timing background can be removed using the a coincidence time cut between the two
spectrometer arms. A good timing resolution is important
Recent developments in timing using the BB Hodoscope by Andrew Puckett and others
These were implemented in the for GEn-RP

. . . . Talk from Anu on GMn contains
Improvements in coincidence timing resolution from ~2.1ns to ~1.0ns

detailed information of this method
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Active Analyzer Raw Signal Analysis

Results of event analysis with Fast Fourier Transform(FFT) - William Tireman

Run 1144 Event 7 Raw FADC i Block 7 Run 1144 Event 4 Block 7 DFT Power vs frequency of data
. FFT results:
! |Need to find noise frequency, . .
; : 1000 FFT signal from
maximum amp||tude, and zero constsa?]t noisoe nO|Se frequency 1 22.650 MHg 5
60 5 2
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* Then used a local minimum finding algorithm with a minimum prominence cut of 1.8

« Currently use the first minimum that is found to set the zero crossing point: @ = 27 f, ;4 By dt

min
* Results show 85% success rate at generating noise function for subtraction

* Next major step is to incorporate into SBS offline 21



Side GEMs and Hodoscope

Saru Dhital
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Quasi-elastic Event Selection

180001 — 0) Baseline: bb.tr.n>0 80000 —— 0) Baseline: bb.tr.n>0 80000} — 0) Baseline: bb.r.n>0
- —— 1) + 0.4<W3<1.4 o —— 1) + 0.4<W3<1.4 E —— 1) + 0.4<W<1 4
16000F <0.08 70000/ —— 2) +lbb.r.vz[0]I<0.08 70000;_ —— 2) + Ibb.tr.vz[0]|<0.08

14000— ps. 60000F- —— 3) + bb.ps.e>0.2 600001 —— 3) +bb.ps.e>0.2
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120002— 500001 50000—
10000{— E F
E 40000— 40000—
8000[— F E
E 30000{— 30000—
6000[— F E
4000— 20000 ? 20000 -
20001 10000}~ 10000
PN e = VNN AN A AN A Py =a| N O I o . C L
0 0.5 1 X 4 0 1 4 5 6 10 40 -20 20 40 60 80 100 120 140
W2 [GeV? Q% [GeVA coin time [ns]
e  Track cuts: track chi?/ndf, number of hits on a track for all trackers. Need at least one track on the BB side for the event to be
useful in the analysis
e  Target vertex: |vz|<0.08m for the track to be a physical track originating from the target
° Rejecting pions: ePS>0.2GeV
° Invariant Mass(W?): select quasi-elastic events
e Coincidance time: reject accidentals
e And other cuts such as dx,dy cuts which are not shown in the plots here

These selection cuts to be to be optimised through systematic analysis
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Next Steps



FF Ratio Extraction

Using a single average precession angle

F(¢,) = C{1 £ P} [sin g, % | B} |cos ¢}
extracted from fits
Pr = A/fP.P,
Py = fél?‘jffPePZ sinx,
1 Gk

Po
P,

\/’T+T(1 + 7) tan? %ﬁ

e

Using a maximum likelihood estimation method

)\g) = aj cos ¢; + by sin ¢; + ax cos2¢; + by sin 2¢; + - - -

N = heiA)S[) cos g — S{) sin ¢

i) = A() gl . ) sin é: Spi i lculated
)\§/) = A§/)S}(/y) cos ¢ — 5)(0/) sin ¢; pin precession calculate

for individual events

A = p e,-A§,’)S}(,’z) cos ;i — S sin ;

Nevent )‘)((I) (1 - A((),))

Yo Wa-x2) =
i )\g')(l _ )\(()')) i=1

Nevent

[ a0 a0
A 007 20

S

Event matrix inversion

Py
P,

1| GE

\/7'+7'(1 + 7) tan? %

Cur
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More to be done

Next cooking pass to be started

More detector calibrations

Looking at MOLLER measurements

Beam line studies

FF ratio extraction & polarization modulation through magnet
Simulation and comparisons with data

Corrections

Proton studies

etc.
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e-N Scattering and Form Factors

Scattering Amplitude : M = _ZQQ“V lieu (k" )y u(k)][—iev(p")TH(p', p)v(p)]
q

“

Nucleon p

JH = eﬁp(p’)

single photon approximation
electron transition current is well known
nucleon transition current is complex and unknown

electron transition current can be parameterized using Dirac and Pauli Form Factors, Fl(QZ) and F2(Q2)
32



Nucleon Internal Structure Measurements

Magnetic Moment of a point-like spin %2 particle py = q2—/J,N
(&
Theory for a point-like proton — UnN = %L‘?‘I
. _
Predicted for a point-like neutron — 0
= 2.79
Experimental results for the proton  — H KN
suggested otherwise for the neutron — p=-191un

Proton and Neutron magnetic moment was first measure in 1933 and 1940 and provided the first
evidence that the Proton and Neutron are not point-like particles
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Super BigBite Spectrometer(SBS) Program at Jefferson Lab

;A =0.71 (GeV /c)?

T T T T T T T T

1. ———— Arrington18 fit
-2 I Segovia14 fgDSE) 7
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S B ] World data
o> 05 e : ERR/PR12-09-016
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—-—- Segovia 2014 e Cloet 2012
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e
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x  Kirk 1973 *  Sill 1993 b ¢+ nTPE projected Global fit (Ye 2018) ] . : : . L L L L L |
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Q? (GeV/cy Q? (GeV/cy Q? (GeV/c)
projection of SBS high Q? form factor data global G"; (G"/G",,) measurements

Using GD we can,
° Normalize to baseline behavior, making deviations from dipole behavior more visible
° Compare different FFs in the same scale
° Observe subtle differences as the curve falls sharply

34
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The polarization components can be extracted at the analyzers using the azimuthal distributions of the
secondary scattering

The transferred polarizations to the nucleons at the target can be obtained by reverse processing the spin
precession using the known magnet optics

Once the individual transferred polarizations at the target are obtained, the neutron’s electromagnetic factor
ratio can be obtained

The already known magnetic G",, (from previous SBS experiments) can be used to obtain the G"_

35



BigBite Electron Arm

GRINCH gas cherenkov

e used for particle identification

e separates electrons from pions

e electrons emit Cherenkov radiation and pions do not

e C,F,0O heavygasis used

GRINCH
Cherenkov Light
Preshower Cluster Energy Dsitrubution GEM
hist

40000 E_ ;’:::5 5:22‘;3 BigBite Magnet Cylindrical
35000 frtudus B ~Mirrors
30000 ;
25000 é— e
20000 %— Target
15000 f— / PMT Array
10000 - ol

5000

0

1 1.2
Energy (GeV)
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BigBite Electron Arm

Shower

Pre- Shower} BigBite Calorime

(i

Pb-Glass
Pre—Shower

GRINCH
Gas Cherenkov

BigBite Magnet

Dimensions mm 4

LD2 Target . 41 e
1550 mm \ \\
Front GEM - o 7Y Wik TR o
400 x 1500 AR e Timing Scintillator ——— \ -3 | » . ' : . N T - :
600 x 2000 ' B ' gt}fgg’[‘[ d "‘Q
- - e Layer Chamber
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BigBite Electron Arm

Pb-Glass Calorimeter

e provides energy measurements for the electron arm
e tuned for elastically scattered electrons
e additional correlations between shower and pre-shower to distinguish electrons from pions

preshower Charged

particle
-

shower

26 row x 2 col blocks
9 x 9 x 30 cm rad hard
lead glass blocks

27 row x 7 col
8.5 x 8.5 x 37 cm lead glass blocks
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GEMs config

e resolutions of each of the detectors
SBS Magnet: 2.0 - 2.5 Tm field strength
HCALL: a time resolution of 0.5 ns RMS, and an angular resolution of 5 mrad
GEMs: For tracking it achieved 70 um position resolution and a momentum resolution of op/p~1.5%
BBCAL: energy resolution of~6% and timing resolution of 2.5 ns

Hodosco [p€: a position resolution of 4-6 cm in the non-dispersive (horizontal) and 1.5-2 cm in the dispersive (vertical) directions, and time

resolution of 500-750 ps have been observed.
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Tracking Detectors



GEMs in GEn-RP Experiment

Cherenkov
detector

150 x 40 cm?®
GEM layers

e

BigBite dipole

Electromagnetic
magnet

calorimeter e S

BigBite Spectrometer (electron arm)

Bt o e 4 UV layers (single UV module per layer)
=1 e 1 XY layer (4 XY modules per layer)
~ 42,000 total data channels

bigbite detector assembly

Super BigBite Spectrometer (Hadron arm)

e 2 XW layers (single XW module per layer)
e 8 XY layers (4 XY modules per layer)
e ~ 105,000 total data channels

super bigbite detector assembly
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BBCal Energy Calibrations

E/p per SH block

12000}

— Before calib., p = 1.01, 6 = (10.206 + 0.030) p

— After calib., p = 0.99, ¢ = (6.705 + 0.019) p

10000}

8000

6000

4000

2000

E/p per SH block | After Calib. E/p vs Track x E/p vs Track y E/p vs Track theta

25

o 1 1 1 ! 1 1
-02 -015 -01 -005 0 005 01 015 02

E/p vs Track theta | After Calib.

E/p resolution improvement ot :
NILEL A B N o ool il I
10'2 N 6.7 X 02 0 02 O X X . X ~02 -0.15 -01 -0.05 0 005 01 0.5

Credits to Provakar and Kate for BBCal calibration scripts and

documentation and to Andrew Cheyne for the work on GEnRP data
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Side GEMs and Hodoscope

Saru Dhital

« Top 4 plots-Time Correlation plot between

£ FRwWeltop, otiTRIGEE ime: PRdetectors(PRhodscope , PRGEMs) in terms of adc.
ICorreIatnon plot between PR detector’s +  Bottom 4 plots-Time Correlation plot between
ayers PRdetectors(PRhodscope , PRGEMs) in terms of adc
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Event Selection

e Preshower Energy: particle identification
Min: 0.18 to reject pions

e Invariant Mass? (W?): quasi-elastic events
~0.76 GeV? < W? < ~1.0 GeV?

e Track vertex:
-0.08< Z coordinate < 0.08

e More track quality cuts:
number of hits on GEMs, track 2 etc
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SBS Collaboration

* Not everyone is in these pictures

Photo credits: Jefferson Lab




