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The SBS neutron Form Factor Experiments
\ i w - tet *© Both GMN and GEN involve
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)

* Dominant sources of

uncertainty:

* nucleon
acceptance/detection
efficiency systematics
(GMN)

« Statistics and inelastic
contamination! (GEN)
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| GMN/GEN Apparts, I: 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-
B . Corios Corneio : SBS Collaboration Nieeting 2017 rate charged-particle tracking (not used
in hadron arm during GMN)
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GMN/GEN Apparatus, II: Electron Arm

Timing Hodoscope (180 PMTs)
Gas Electron Multipliers

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

e beam, up to
10 GeV, 15 A

D ——

!!” | C

[l
=
BigBite dipole Target, 15-cm LD2
magnet (~0.9 T - m)

Shower +

Presl;cmar: (241 Gas Ring Imaging
s) Cherenkov (GRINCH,
510 PMTs)

* BigBite spectrometer upgrades for 12-GeV era high-luminosity
running:

« GEM-based tracking—>5 layers, 42,000 readout strips

« Gas Cherenkov with high segmentation (510 PMTs) for pion
rejection

* Replace preshower lead-glass with rad-hard blocks from HERMES

« Highly-segmented scintillator hodoscope (89 paddles) for precise
time-of-flicht measurement




» Above: cryotarget
(LH2/LD2) and optics
ladder for GMN/GEN- :
RP/Pion-KLL

« Middle: scattering
chamber “vacuum snout”

for GEP
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« Above: Polarized Helium-3 target for GEN with
optics foils/reference cel/NMR pickup coils/etc.



SBS Software Infrastructure

« SBS online/offline analysis software i1s based on Podd, the standard C++/ROOT-based Hall A
analysis framework

« Important/’official” repositories (these are the codes that are developed/supported/maintained by
the SBS software “czar” (me§)3

« SBS-offline: https://github.com/JeffersonLab/SBS-Offline Main repository of SBS-specific reconstruction libraries
and source code. Includes raw data decoders that aren® yet standardized under Podd for new readout modules
such as MPD w/VTP and VETROC

. https://github.com/Jeffersonl.ab/SBS-replay Repository for anal(ifzer database files re;c).lay scripts,
analysis and calibration macros, online GUI configuration files, eté. No build system. Just a collection of files.
This repo 1s needed for all SBS analysis.

» Libsbsdig: https://github.com/JeffersonLab/libsbsdig Main 1ib13ary for diglitization of simulation output;

translates g4sbs output (hit time, position, energy deposit, etc) into simulated raw detector signals (“pseudo-
” data structures used b}lf reconstruction (ADC, TDC, crate, slot
a

data”), populates "hi . channel, etc); purpose is for
testing and developing event reconstruction algorithms and for physics analysis; analyzing simulated events
using 1dentical algorithms to those used for real data.

* G4sbs: https:/github.com/JeffersonLab/g4sbs GEANT4-based simulation of all of the major SBS experiments.
Documentation at https://hallaweb.jlab.org/wiki/index.php/Documentation of g4sbs

1O httpsi//github.com/MarkKdones/simc_gfortran/tree/bighite custom SIMC for use in SBS analysis; the
Irflfur}c use case 1n SBS analysis 1s elastic/quasi-elastic event generation with realistic nuclear and radiative
eftects.

« SBSGEM_standalone: https://github.com/ajpuckett/SBSGEM standalone standalone GEM reconstruction code.
Was useful during GEM cosmic commissioning before GMN, but superseded by SBS-offline. No longer under
active development, maintenance, or end-user support.

« There are several other “unofficial” repositories for analysis support written by SBS thesis students
that have proven highly useful.
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https://redmine.jlab.org/projects/podd/wiki
https://github.com/JeffersonLab/SBS-Offline
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https://github.com/ajpuckett/SBSGEM_standalone

Event Reconstuction in GMN/GEN: Common Aspects

» Electron reconstruction in BigBite

« BBCAL clustering: energy, position, time reconstruction (FADC).
Pion rejection via preshower. Define region of interest for tracking

« Hodoscope: precise timing analysis (TDC)
 GEMs: Tracking

* BigBite optics: reconstruct kinematics and vertex
« GRINCH: pion rejection

* Nucleon reconstruction in HCAL
« HCAL clustering: energy, position, time (FADC and TDC)
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« Typical track-based efficiencies and residuals in well-calibrated tracking.
* For more details, see my talk from Hall A Winter Meeting 2024

CONN .

SBS Collaboration Meeting

All hits

3
x10
Entries 86210
6 - Mean 1.784e-06
Std Dev 0.0001858
- %%/ ndf 150.2/10
Constant 5464 + 33.4
= Mean 4.68e-06 + 6.00e-07
Sigma_ 9.608e-05 + 8.806e-07
_q
3
ol ] bl Lo 1x10
Track u/x inc?. residuals (m')2
.
10° All hits
- Entries 86210
Mean 8.954e-07
= Std Dev 0.0001826
%2/ ndf 11.1/10
Constant 5502 +33.5
B Mean  2.37e-06 +6.07e-07
Sigma_ 9.64e-05 + 8.87e-07
_
3
o I | R L. Ix10

Track viy incﬂ. residuals (m?

10


https://sbs.jlab.org/cgi-bin/DocDB/private/ShowDocument?docid=492

BigBite Optics
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* Above, left: vertex z reconstruction from
optics-foil targets (4-foil and 5-foil data from
GEN-RP)

« Right' reconstructed sieve hole pattern,
GEN-RP
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BigBite PID example: “SBS-9”, run 13747 (15 uA LH2)

Q%>=4.5GeV? ¢=0.5 Q®=45GeV? £=0.5 Q®=45GeV? ¢=0.5

7000 _IIII|IIII|IIII|IIII|IIIIIIIII_

All events

- Electron cuts

— All events

- Preshower cut
- Preshower and W2 cuts

— All events

- GRINCH and W? cuts

10°
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0
-1.0 -0.5 00 05 1.0 15 20 25 3.0 35 4.0 0.0 02 04 06 08 10 12 14 16 18 20 5 10 15 20 25 30
W2 (GeV?) Preshower energy (GeV) GRINCH cluster size (track matched)
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Neutron/proton separation

4500

4000

3500

3000

2500

2000

—— LH2, SBS OFF
— - LH2, SBS 70%
— LH2, SBS 100%

—— LD2, SBS OFF
— - LD2, SBS 70%

— LD2, SBS 100%

L

LICONN .

Nucleon charge ID is accomplished by a
small vertical deflection of protons in
SBS magnet

Optimal deflection is that which gives
“clean” n/p separation while minimizing
acceptance/efficiency difference between
neutrons and protons

“Fiducial cut” is calculated based on
reconstructed electron kinematics—
requires that both proton and neutron in
quasi-elastic kinematics would hit
HCAL active area with a safety margin
equivalent to ~100 MeV Fermi smearing

SBS Collaboration Meeting 13



HCAL reconstruction and elastic event selection, Q% = 4.5,¢ = 0.5 (SBS-9)

Q®°=4.5,¢=0.5(SBS-9), 0 < W? < 1.2 GeV?
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Experiments E12-09-019/E12-20-010 (GMN/nTPE)

SBS-G}; Experiment
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Preshower: (241

Timing Hodoscope (180 PMTs) Gas Electron Multipliers

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

BigBite dipole
magnet (~0.9 T - m)

Shower + T

Gas Ring Imaging
Cherenkov (GRINCH,
510 PMTs)

PMTs)

e beam, up to
10 GeV, 15 uA

» «—
=y
I
In

Target, 15-cm LD2

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



“Ratio” method for Gj;
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Fic. 1. The angular distribution function A(6,9) sind in the
absence of final-state interactions is plotted as a function of the
proton scattering angle in the nucleon center-of-mass system
[cos#=5-7] for the scattering of 500-Mev electrons through an
angle 9=75° with a momentum transfer giving p=3¢=1.3X101
cm™, A(6,9) is defined in Eq. (11.2); the function F(#) entering
the definition was evaluated using a Hulthén wave function for
the deuteron. The cross section d%/(d0d2.dE,”) is given by
(4.71 X105 cm™ rad™? sterad™ Mev™) A(6,9) sinf. No nucleon
form factors have been introduced into the results.

Figure from Durand, 1959 (Phys. Revw.
115, 1020 (1959))
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Idea: simultaneous measurement of d(e,e’'n)p and
d(e,e'p)n in quasi-elastic kinematics
Simultaneous measurement cancels many sources
of experimental systematic uncertainty (electron
acceptance/detection efficiency, luminosity,
detector and DAQ livetime, etc).

Small nuclear model dependence—nuclear (and
radiative) effects similar/nearly identical for
(e,e’n) and (e,e’p) cross sections

Combine with existing knowledge of free proton
cross section to extract free neutron cross section
Major remaining source of systematic
uncertainty is the relative acceptance/efficiency
between protons and neutrons! > SBS-HCAL
was designed to minimize this

SBS Collaboration Meeting 16
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nTPE experiment: Precision Rosenbluth Separation of en — en

B Arrington18 fit |

- — - — Segovial4 (DSE)

1.0-—— Riordan10 fit
) ] World data

A SBS GEN-RP

3
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SBS GEN °He
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)
N Jalll= Projected total TPE uncertainty
g 5 - Projected measured slope and uncertainty
| — “".‘“.*“.*m*;..-.‘:-w'"‘""
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o Left: u,Gf /Gy world data and projected uncertainties from SBS program

« 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

LICONN .
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GMN extraction using ratio method—Dbasic 1dea

* Goal 1s to extract 0, /0, In quasi-elastic
kinematics with small uncertainties.

* Nuclear and radiative effects are expected
to (mgsztly) cancel 1n the ratio, especially at

high

« Electron acceptance, efficiency,
luminosity/etc also cancel

* Most important known sources of
systematic uncertainty-

» Differences in acceptance/efficiency between
neutrons and protons (f any)

« Inelastic contamination (and other
backgrounds, e.g., accidentals, fake GEM
tracks/etc%

« SBS HCAL was designed to minimize n/p
acceptance/efficiency difference!

» Large acceptance

 High (and very similar) efficiencies for p, n (by
deagn?

LIGTOONN

__Od(e,e’'n)p . Oen—en
Rnp p— ~~
Od(e,e'p)n Oep—sep
2 2
_ eGRT+ 717Gy,
~ 2 2
eGL” + 171G,
2
\ GRZ ~ PR E

T

« BigBite gives g vector and interaction
vertex

* Project to the surface of HCAL and
compare to detected nucleon
position/energy/time.



SBS GMN analysis methodology

 All relevant (known) physics and detector effects
are built in to the Monte Carlo simulation:

SIMC: quasi-elastic d(e,e’N) event generation
with realistic nuclear and radiative effects
(suitable modifications for GMN analysis by
Provakar Datta, Mark Jones)

G4sbs: SBS detector simulation (GEANT4-based)
(many contributors)

Libsbsdig: translate simulation output to pseudo-
raw data that can be processed by the same
reconstruction code as the real data (Eric Fuchey)
SBS-offline: event reconstruction (A. Puckett, E.
Fuchey, J.-C. Cornejo, many others)

« Fit real data to the sum of simulated quasi-
elastic n and p scattering (plus inelastic
background)

We interpret the relative normalization
between MC n and p distributions required
to match data as the ratio of the “measured”
0, /0y to the “predicted” ratio from the MC

cross section model.

LICONN .
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High-Q% GMN Data

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

Q2=9.9 GeV?, 0.2 < W? < 1.32 GeV?, Fiducial Cuts

= Data ST Entries 12397
..... : 2 [ ndf 1145/ 115
400 it ,(QEIN;C ' t;%) t++ Noeh 367 5.9
- gra oo R 1.046 + 0.032
350 = * n signal (from MC) p0 2512 + 1.09
=== Bg. (poly. of order 2) p1 -15.8+2.2

'y Residua| p2 —1 487 + 2-06_

300

Analysis/plot credit:
rakar Datt

250

200

150

100

50

14 12 -1 08 -06 -04 -02 0 02 04

11—

A

Data

Fit (QE MC + bg.)
n p signal (from MC)
n signal (from MC)
===== Bg. (poly. of order 2)

Residual

\“‘14|III|III|III|III|I

Entries 33502
x2 / ndf 82.27 /59
Norm 5509 + 67.0
R 0.8801+ 0.0229
p0 165.7 + 3.3
p1 -98.84 +9.89
p2 -88.59 + 9.90

f
-1 -0.8 -0.6 -0.4
Ax (m)

LICONN

SBS Collaboration Meeting

20



Data/MC comparison for W# distribution

” -E-tgg;(@) - Provakar Datta Y +ﬁ++‘; . A.t high-Qz, Fermi-.smearing and
|t 2293118 *ﬁf« b MM kinematic broadening lead to very
08 nTs ?Wﬁ P i  wide W* distribution for quasi-
3 i -.,_:wwﬁf;ﬂrﬁr' il elastic scattering from deuterium.
anof- ;q"* L « SIMC (quasi-elastic) plus built-in
- 4 7, g4sbs inelastic generator (based on
ooF ' Christy-Bosted F2F107 fit)

- qualitatively reproduce the shape of

W (GeV?) e the W? distribution very well even

Q2 = 1.6 (Gevicy? at the highest Q?
= 13.6 (GeVlc
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GMn systematics: HCAL efficiency

 LH2 elastic data give us a clean sample of tagged protons we can use to estimate
HCAL efficiency

* No dedicated calibration data for neutron detection efficiency

« We can achieve a (relatively) clean selection of elastically scattered electrons based
on BigBite variables alone (especially at low Q?)

 We use the LH2 elastic data to benchmark the Monte Carlo calculation of proton
detection efficiency

* To the extent that data and Monte Carlo agree on the proton detection efficiency,
we deem the Monte Carlo simulation trustworthy for both proton and neutron.

« For “SBS-8” (Q%,¢) = (4.5,0.8), we have plenty of LH2 and LD2 data across
multiple field settings of SBS, to populate the entire useful active area of HCAL.

LIGTOONN




Methods for Proton Detection efficiency (PDE) analysis
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All methods of
extracting PDE
involve attempting to
estimate the number
of elastically
scattered protons
from electron
information alone
(“denominator”)
Example at left
shows “inclusive W2
anticut” method
Pros: Includes
background
estimation and
subtraction

Cons: very sensitive
to cuts and fitting



Pure cut-based method for PDE

* Since January 2024, we have adopted a new strategy for proton efficiency analysis
« Idea 1s to use aggressive cuts on BigBite variables alone to obtain a “clean” selection of elastically

scattered electrons

 In addition to track quality and BigBite PID cuts (preshower, GRINCH, etc), we also apply fiducial

cuts on the track midplane projection (“optics validity”), vertex z (reject small end window

contribution), and W2, as well as the usual “fiducial” cuts on the predicted proton position at HCAL
(accounting for magnetic deflection)
* Pros: allows us to study detailed position dependence of efficiency
« Cons: Neglects inelastic background; less reliable for high Q?
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Cut-based HCAL proton detection efficiency example results

All events Passed HCAL Failed HCAL
e T T e T g T * These results are
; - 5 5 i - for QZ —
[ 4.5 GeV2,e = 0.8
) : ) (”SBS-8”)
T * This analysis, done
o for the first time in
1 : 1 January 2024,

10 05 00  QBeaylOm 10 05 00 QBueay1.0m 10 05 00  QBeaylOpm reveals low-
efficiency regions of

e i adle - HCAL proton efficiency _  HCAL
: AR S corresponding to
: : S R i known faulty
NN S - S PR S R S HCAL modules
05-_: ........ . ........ _ ........ ......... ' ..... _- 05-_"' """" ‘ """" '5 """ ‘_- o Need to quantify
\ impact on g, /0,
= I ratio extraction
- IEKLR o . Particularly

1important for nTPE
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Summary of HCAL proton efficiencies from cut-based method

Acceptance average cut-based efficiency

—
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HCAL proton efficiency map, ALL n"TPE LH2 data combined

Passed HCAL Failed HCAL
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All events
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Example of “coarse-grained” proton efficiency map from data, SBS8/9, all field settings combined

Global cut
E I I I I : 10
.; Vo] TR e e — 0.9
2 : —
§ — 0.8
: OBt P —
- 0.7
0.0 =i B - . ..o -
4 —o0.6
OB OSSR R | s —
4. —{05
IR A I, R R —
- 0.4
B R e Sl e — — 03
28 0] pannd R LR LR R RR AR o | [ccoat___baoaacaoasacasenacdbaoanonoageeggnoaasaacaoaonal | Booo: KRR R EEER R R ——E 0.2
25 ............................. ........... — 0.1
1 I 1 L] OO

1.0
Expected y (m)

« ”Coarse-grained” efficiency map uses bin size of % of HCAL block size (.e., 4 bins/block).
 Combination of SBS field settings covers entire useful area for all kinematics
* Black lines indicate typical fiducial cut boundary
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Formalism for applying ad Aoc etficiency corrections to MC, II:

For each Monte Carlo event, we calculate the following ratio (possible variations on
this theme to be discussed later):

6da’ca (CC y)
Relative efficiency correction factor ¢ = CUt_dbaiied Y)
<€cut—based
where Ggﬁf?based(x, y) = Interpolated cut-based proton efficiency at position

(x,y) from grid/histogram
(O) = acceptance-average value of observable O

* The acceptance-averaged value of the position-dependent correction factor is 1 by construction.

* Our baseline assumption is that the correction factor is charge-independent; i.e., the same for protons and
neutrons, depending only on position and not on field setting or incident angle or anything else.

* In constructing weighted Monte Carlo distributions for comparison to real data, we multiply each simulated
event by the correction factor ¢ before filling the standard "dx” histograms and fitting to data.

« We can also attempt to correct for the absolute efficiency difference between real data and MC by introducing
a modified correction factor:

data data
: . € cut- € it x
Modified correction factor ¢’ = c< K;[lé ba’sed> — cutl\lia(bjsed( ,Y)
<Ecut—based > <€Cut—based >
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Data/SIMC comparison of PDE (SBS-8, 70% field), II (Provakar)

SBS8-SBS70p H(ee’p)
Data SIMC
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n/p Ratio Uniformity (comparing SBS-8/SBS-9 (nTPE kinematics))

N/P ratio = 0.4081+ 0.0009452 N/P ratio = 0.4082 + 0.0009905 N/P ratio = 0.4072 £ 0.0011 N/P ratio = 0.4076 + 0.001101
R N B 15337118 g WO T @/ma 186799 g WO T2/ 2022782 A N 101799
a = : Prob 0.01601 a = : Prob 0.08721 a o : Prob 3.882e-12 a Fo Prob 0.4266
P s po _ 0.4081+ 0.0009 S O SO PO 0.4082 +0.0010 Y SR S PO 04072 +0.0011 S U SO PO _ 0.4076 + 0.0011

C ] I — ........................... ........................... _
VP VUPEDUONIS WP
i ] 5 S S S -
0.0 - 0 Xejm(m) 0.0——03 0.0 yoff‘;(m)
N/P ratio N/P ratio = 0.4083 + 0.0009454
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i L T — - j= o 3 0.01027 o 3 0.04454
< [ B - ] e =2 ol 0.4083 + 0.0009 = 04077 +0.0011
R 1 0.8 ATow . 0.8 W.. P 1
I - - | w - = i L /0 i L i
ol TR e R e e Y C LM 3 T 1 TR S \,‘ .......... - 3
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o T 0 C : 1 ¥ : 1
o - : x - .:.:-.E.- 0.4 1| - | U TP ot ... e — 0.4+ - |- |HUELT L RT W e e -
N S C : ] - ’ 1
- =X - TR e L : ] L : y
o :-F ¥ ot —_la:. S 02f 1 Y- S ERLREE — 0.2 e s £ ERPRRE —
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0.5 0.0 08 m 2 e cevd 2w @y
- 2 _ 2 — - 2 _ 2 —
SBS-8 Q° = 4.5 GeV+,e =0.8 SBS-9 Q¢ = 4.5 GeV+,e = 0.5

« For ”low” Q? data, we can extend the cut-based method for proton efficiency analysis to neutron/proton ratios from LD2 (aggressive cuts to
obtain a “clean” quasi-elastic sample) and select proton and neutron events using cuts on 68,4 and/or Ax,Ay. As long as n/p separation is
sufficient, we can also obtain clean (e,e'n) and (e, e'p) samples.

* n/p ratios for nTPE kinematics exhibit non-statistical fluctuations corresponding to regions of known lower efficiency of HCAL

*  With acceptance-matching cuts, we expect near-total cancellation of HCAL efficiency systematics in the “super ratio” between two € points at
the same Q? (Indeed, the projected accuracy of the Rosenbluth slope depends implicitly on this assumption)
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nTPE “Super-Ratio” position dependence (pure cut-based method)
NTPE Super-ratio
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Absolute vyield analysis, I (Provakar Datta)

Yield per Run — SBS4 0% LD2 Yield per Run — SBS4 30% LD2 (Excluding 15t 3 Runs)
# Entries in the Data Histogram R_fit vs Runs | Pol 2‘B_q : hNom'uluademlc vs Runs | Pol2 Bg # Entries in the Data Histogram R fit vs Runs | Pol2 Bg
\ .
. ]
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P 5 Y
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1
lllllll 1 11460

 Comparison of charge-normalized, live-time corrected quasi-elastic yields for LD2 runs with SBS

magnet OFF and ON shows good agreement/consistency.
« QE yield (n+p) from LD2 with p and n with field off agrees with sum of n and p yields (field on) to

better than 1%
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Absolute yield analysis, II (overall reconstruction efficiency)

SBS14 70% LD2 and LH2 Runs

E e Dat gram Nemalued ¢
T
18
018 SBS14-70p LH2 Runs
o1
JorzF ’ Bg. Shape : Side Band
s b
? H oosk- Total Yield from Data : 66305 + 335
20 o
05 o o F]
Total Yield Expected : 75595
SBS14-70p LD2 Runs E oo )
" " . . ° o0zf- Efficiency : 87.7%
SN b,

Total Yield from Data : 58341 + 200

B ::::: v s otal Yield Expected : 7 3 5

TR = Comparison of absolute yield between data and MC

I TSP st vvery I ST ey for LH2 elastic and LD2 quasi-elastic shows high
overall reconstruction efficiency during GMN (~90%)
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GMn “Pre-preliminary” Results (Collecting Various Thesis “Results”)

Gu/(4nGp) World Data and SBS Program Projections (’DB 12 B
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Figure 7-2: [Exploratory] Experimental G7}; values overlaid with world G7%;
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Revisiting GEM Gain drop and Efficiency during GMN-—role of trigger?

1.4

1.2

Efficiency
o
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o
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B °
[ J
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A A
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Beam current (uA), GMN SBS-9 kinematics

LICONN .

Beam Current BBCAL Trigger
Threshold

3 -428
10 -512
15 -554
20-35 -607

We observed a significant drop of elastic
yield with beam current during test runs
taken at the end of GMN

« “Flattening” at high beam current was not
fully understood

* Changing trigger threshold with beam
current suggests trigger efficiency plays
an important role

» Potentially changes the story significantly
on GEM tracking efficiency during GMN!
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GMN analysis roadmap

* Two full reconstruction passes completed
« Calibrations are relatively mature, but significant room for improvement exists in
two areas:
« HCAL energy and timing calibration
 Timing hodoscope calibrations and analysis
* Coincidence timing
* There wi/l/be a third cooking pass of GMN/nTPE before publication, BUT:
* Pass 2 cooking results are of sufficient quality for the extraction of preliminary
physics results.
 Monte Carlo simulation and physics analysis machinery is fully developed and
mature
 We are in the process of chasing down remaining small inconsistencies between the
experiment and the MC simulation, which I won’t belabor here.
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E12-09-016: G} /G to 10 GeV? using polarized *Hel(e,e’n)pp

. B ‘ Arrinét_on1éfit | | | | | T
Started Oct 2022, finished Oct 2023/ - — — Segovial4 (DSE) ]
. . 1.0 Riordan10 fit _|
) ] World data
i A SBS GEN-RP 7
B ¢ SBS nTPE o
%D p e SBSGEN®He
Q) ~
= N
\ .
()0 =EEmm———— Y S— ,& ....................... JI ......................... 2
0 5 10
Q? (GeV/c)?
* Same detector configuration as GMN (E12-09-019) aming chamber
(with GEMs added to SBS for commissioning) R
* High-luminosity polarized *He target with convection- T
driven circulation of polarized gas. Transfer tubes > S
« Measurement to 10 GeV? has enormous discrimination
power among theoretical models L \
e Data-taking completed Oct. 29, 2023! . i e L v
|‘ 60 cm or 23.6 inches >
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Polarization Observables in Elastic eN — eN Scattering

Ay = O+ —9- _ Poeam Prearg [At sin 0 cos ¢* + Ay cos 0]
oL +0_
A = _\/26(1—6) r
T 1+ £r2
V1 — €
A= Tiee
_ Gg
" T Gum
Pt — PbeamAt
PE — _PbeamAE
Gg P \/7(1 +eo_ _RE+E (@)
Gy Py 2€ P, 2M 2

Standard coordinate system and
angle definitions for nucleon
polarization components in eN — eN

* Polarized beam-polarized target double-spin asymmetry or
polarization transfer observables in OPE are sensitive to the

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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The SBS-GEN polarized Helium-3 target
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SBS GEN analysis: Moller Polarimetry: Faraz Chahili and Don Jones

Beam Polarimetry for GEn — Hall A Beam Polarization
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SBS GEN analysis: Quasi-elastic 3He(e,e'n)pp event selection

Kin2 Data/Simulation Comparisons Kin3 Data/Simulation Comparisons Kin4 Data/Simulation Comparisons
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 Plots/analysis credit: Sean Jeffas (UVA)

« Histograms include all (or substantially all) of the data from the first reconstruction pass (does not
include Fall 2023 data which are expected to roughly double statistics at the highest Q?)

* n/p separation for quasi-elastic scattering is very clean due to magnetic deflection

« Substantial, essentially irreducible inelastic background is present, especially at large Q?
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Preliminary raw 3He(e,e’'n) asymmetries (Sean Jeffas)

Asymmetry vs Run Number
: [ e (e,e'n) events
6 * (e,e'p) events

IHWP OUT t

 Preliminary (e,e’n) asymmetries
at lowest Q? (overlapping
existing GEN data) consistent
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)
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Path forward for GEN analysis

* Detector calibrations still require —— .

substantial work toward a 224 full Arrington18 fit

reconstruction pass—expect significant [~ — Segovial4 (DSE) 7
. . . . 1.0— — — - Riordan10 fit |
increase in statistics (and somewhat | m Worlddata

: : : 25 : A SBSGEN-RP

improved resplutlpn) for higher Q%’s with L ot |
1mproved calibrations | e SBSGEN’He |

* Nuclear corrections: updated Generalized
Eikonal Approximation code obtained
from Misak Sargsian

* Proper definition of estimators,
background contamination, background
asymmetry, background subtraction

* Finalize polarimetry

* Substantial remaining analysis work— 0 a , 10
students graduating - we are several Q" (GeV/c)
years from publishable physics results : ..
from GEN Current uncertainty projections (may prove

too optimistic)
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Improving SBS Timing Analysis, 1

ROOT Object Browser

OLD NEW OoLD NEW
[htmean_vs_1D_old | htmean_vs_ID_new htdiff_yhodo_old htdiff_yhodo_new
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bar ID bar ID Yoodo (M) Yiodo (M)

mmmmmmmmmmmmmm

* Seen as crucial for improving signal/background for GEN analysis

* Proof of concept for simultaneous global fit of all hodoscope calibration constants
(offset, walk correction, propagation speed, time-of flight variation)

¢ See https://sbs.jlab.org/cgi-bin/DocDB/private/ShowDocument?docid=540

* Gary Penman working on incorporating HCAL
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https://sbs.jlab.org/cgi-bin/DocDB/private/ShowDocument?docid=540

Improving SBS Timing Analysis, II:

Eile Edit View Options Tools

Resolving Beam RF structure

hodoscope bar ID = 44 | S—
A” barS 250 T T r;l:: isg;;
oy 30 T T T — T T T ‘ T T T T hdthOdO R FVSl D )?"’t(; f?d‘ 55,23??‘%
2 _ _ _ Entries 434892 ! i Constant 216.4+7.38
= — _ - - Mean x 403 200 I oma 05361200135
< T - I ez - = -_ | Meany -2.799 | |
L 20 ==, - = == - - Std Dev x 16.25 - l l ’
¢ e _Sdbey  _aoes f | :
ucé 10 - - —— - = g - 100 ' ‘ ;‘ “‘ "
: e, = A ) [
% 0 == T ey - = | 1 J‘ |
o _=————__ B PR _=_'__ "-_ - - J \y ; ‘ \ B
_10 — - j- S =i: = —— __;E__ EE %30 20 10 0 0 Ra;/v MO;O-Zfr?]od(tR‘FA ns) (nss)0
B e h——" ke -
_20 _i-ii-;_r __;: == ;—:-;: c_:-_ffg-::_—_ ;__ bb.hodotdc.clus.tmean[0]+bb.gem.trigtime-fmod(bb.tdctrig.tdc,2.004) {bb.tdctrig.tdcelemID==4 && bb.hodotdc.clus.id[0]==44}
—==_ = _E—_g_i'iﬁi__ = — : = - htemp
e e e : e
305 10 20 30 40 50 60 70 80 L) | o 100l StdDev 8624
ar _
80}
« Above, left: Raw hodoscope mean time minus RF time of—
modulo 4 ns versus hodoscope bar number of
« Above, right: for a single bar -
* Below, right: for the same bar during GEN (which used |
2_nS bunCh SpaCing) e = [ - ; SR a—)
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Summary and Conclusions

« GMN/nTPE analysis 1s converging; thesis students graduating,
systematics evaluation making rapid progress, Monte Carlo fine-
tuning, formalism for HCAL efficiency corrections, etc.

« Estimated time to publication ~1-2 years

 GEN analysis 1s less mature

« Significant work on detector calibrations is still needed to improve
resolution and signal/background ratio—especially in the area of time-of-
flight and HCAL energy reconstruction

» Sean Jeffas already graduated, other GEN students, guided by Arun,
carrying the torch

« Estimated time to publication ~2-4 years

 See more detailed summary talks by Provakar (GMN) and
Hunter (GEN)
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Ratios of quasi-elastic n/p yields to total quasi-elastic electrons

Nucleons Detected vs Expected x Neutron to Proton Ratio vs Expected x
£ 05 a 1
S 0.45F- Total Nucleons - 0.9k hxexp_rat
< 045¢ “E Entries 70024
g - Protons -
o 04 0.8—
9 — Neutrons
Z - -
5 035 0.7 8
2 B -
% 03 0.6 %$
= = -
- - | ]
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Figure 107: Nucleon detections and n:p ratio vs expected nucleon x posi-
tion (SBS-9, 70% field). Both plots are bounded by the fiducial cut on this
kinematic setting. The y-axis on the left plot includes an arbitrary normal-
ization. The significant variation in detected protons is strongly pronounced
for this kinematic setting at xex, = 0.25 and results in a systematic upward
shift in the n:p ratio at the same expected x position.

* Note: neutrons fall outside the “dip” region for the
most part, ratio distribution more uniform

LICONN .

Figure from Sebastian Seeds’ thesis
Cuts include “good electron” in
BigBite, aggressive fiducial y cut,
and W?2

Aggressive fiducial cut in y
enhances the “dip” region for
protons in SBS-9

“Proton” and “neutron” events are
selected with aggressive “spot” cuts
(20 elliptical)

Form ratio of n and/or p events to
total “quasi-elastic” electron events
as a function of expected neutron x
position.

This 1s not a detection efficiency,
but we can attempt to reproduce
these ratios in MC as a proxy for
“efficiency”
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Cancellation of position-dependent efficiency systematics in nTPE “super-ratio”

Neutron to Proton Ratio, SBS-8

€ = 0807

Q
0 P
¥
E %
g P ]
X P % o W
s g 4 b

hxexp_rat

Neutron to Proton Ratio, SBS-8

09F

E ¢, = 0.807

1hyexp7rat

08f ‘ Entries 58219

03
m)

Neutron to Proton Ratio, SBS-9

hxexp_rat|

Neutron to Proton Ratio, SBS-9

hyexp_rat

Enwies 70024

n:p, SBS-8 to SBS-9 Ratio
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Figure 108: The top row plots are neutron to proton ratio vs expected x
from ¢’ projections. The bottom row plots are the same, except vs expected
y from ¢’ projections. The first column plots are from SBS-8 (g, = 0.807).
The second column plots are from SBS-9 (g, = 0.517). The third column
plots are & n:p ratio (SBS-8, 70% field) divided by &, n:p ratio (SBS-9,
70% field). The pronounced systematic effects, consistent with losses in
detection efficiency, are shared across kinematics and largely cancel in the

super-ratio.
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hyexp_ratio_

Entries 14394

ndt 476 /182
0.9829 = 0.0070

Figure 1s from Sebastian Seeds’ thesis.
Top row x axis is expected (neutron) x position
Bottom row x axis is expected (neutron) y
position
Left (middle) column y axis is SBS-8(9) n/p
ratio

(2
Right column y axis is double ratio —(Z SB58

)

p)5359
illustrating (partial) cancellation of efficiency

non-uniformity in the double-ratio.

Fiducial cuts are aggressive (especially for SBS-
8) to match smaller envelope of elastic events
on HCAL for SBS-9.

This artificially enhances the “dip” region.
Wider fiducial cuts reduce sensitivity to the dip
region 1n the acceptance-averaged ratios
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Data/SIMC comparison of PDE (SBS-8,

SBS8-SBS70p H(ee’p)
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Good e- track cuts
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0.65<W2<0.95
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Good e- track cuts
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0.65 <W2<0.95
pdx_nS < 3.5
dy_nS<3.5
eHCAL>0
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* |dentical event selection cuts have been applied to dataand MC
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SIMC

70% field), I (Provakar)

LA LALR LR LAA RN LRI RARAY LAARS LALRIRARLIRAS

LELELELE B B

ol

Ay (m)

Denominator:
Good e- track cuts
Fiducial Cut
0.65<W2<0.95

Numerator:
Good e-track cuts
Fiducial Cut

E 0.65 <W2<0.95
| ] pdx_nS< 3.5
2 25 3 dy_nS<3.5
eHCAL>0
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Statistics requirements: asymmetries vs. cross section measurements

Cross sections: vos — —
TP Q =4.0 GeV~ ] . 005
0.02f~ 3 -
A 1 ', 0.00 ] S 0.00EE T
o T 0.02F = o [ i ]
; - -0.04F 3 ~0.051 ]
o vV N 0.04F- : > = - .
" Q*=4.8 GeV? . - .
. . . o 0.02( — __ 005~ Q@*=6.8GeV? -
To measure a cross section with a relative IO : T f I
+ ° C = + C ¢ ]
.. .. K c ] < 000k ]
statistical precision of 1%, you need 10,000 0,02 = = N ettt 3
0.04F- . = < i .
events. 004 | - _0.0s]- 3
04 2 2 = C ]
0 N - = 56 GGV ' —t T E— + ' t — —t
Asymmetrles. . 002 s Q . - ' ' "
= L 2 _ 2 ]
T 0.000 . . - 0.05- Q?=8.5GeV N s
= o0f - Lot e
PO ] £ 0.00; A
AA = 0.04F ] SR ]
0 90 180 270 360 S 5
¢ (deg) -0.051 -
AA FIG. 6. (Color online) Focal-plane helicity-difference asymmetry 0 2 0 (rz?d)
ny —n_ = (Nyins/2)INT(9)/N{ — N™(9)/ Ny 1, where Ny is the oP
- = number of ¢ bins and N*(¢), Ny are defined as in Eq. (4), for the FIG. 10. Focal plane helicity difference/sum ratio asymmetry
A 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. Typlcal asymmetry magnltude 1n a reCOll prOton x = m, illustrating the expected sign change of the sin(¢) term.
polarimeter at ”high” momentum is ~few percent.
* To measure a 5% asymmetry with a relative precision of 1%, one

_ A2
needs N = 10,000% 1A';1
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- Asymmetry measurement must maximize beam and/or
~ 4x%x10° events! target polarization, and luminosity X acceptance!
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SBS/BigBite with GEMs—Hall A enters the “Big Data” era

SBS G}, Data Acquisition (DAQ) Facts

JLab Raw Data to Tape Fall 2021

700 —o— Hall A
—o— Hall B
600 - —8— Hall C
—&— HallD =  Data Acquisition challenges:
= 2001 o 43,000+ detector readout channels!
E 400 - o Very high luminosity, ~103% ¢cm =251
a = During 5 months (Oct 2021 - Feb 2022) of SBS
2 3001 Gy running, Hall A has recorded ~2 PB worth
< 200 of raw data!
o  This is more than any other Hall.
100 ~ o Also, 5 times more data than all prior Hall
A experiments combined in 25 years!
0 -~
Q o A0 A N o o
2 L R 2 2
Month
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GEM-based tracking in BigBite: what we’re up against (run 13727, 12 uALD2, Q% = 4.5 GeV?%,E = 4 GeV)

File View Edit Format Help

slot 20 fiber 23

Online Hits Layer: 0

Online Hits Layer: 1 = Online Hits Layer: 2

layer2 gemo

Online Hits Layer: 3

layer3 gem0O

Online Hits Layer: 4

1536 layerd gemO

H|

Il

i —

0 Tstrip #] 2
536 layerd geml

0 Tstrip #] 12
layerd gem2

!s!np #) 12

layer4 gem3

80

Detector 2D Strips |4

800 AD

0 ADC

File: |/adagebl/datal/e1209019_13727.evi0.0.60 Choose File

Event Number: 4 =
Max events for pedestal: 5000
Pedestal Text File Output Path:  |database/gem_ped_13727.dat
Commom Mode Range Table: e/CommonModeRange_13727.txt
Generate Pedestal/commonMode: Generate

Load Pedestal File From: | run13142.dat Choose Pedestal
Load Common Mode From: )_run13142.txt |Choose Common Mode
Load Mapping File From:  nap_BigBite.txt

File Split Range for Replay: 0 -1
Replay Hit File Output Path:
Replay to Hit ROOT file: GEM Hit Replay
Cluster File Output Path:

Clustering Replay: GEM Cluster Replay

h_crate_20_mpd_0_adc_ch_0

System Log:

total apv in current event : 326
total apv in current event : 326
total apv in current event : 327

e Single-event display from BigBite GEM trackers during typical SBS GMN production

run
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Xyrack * Xbcp (M)

Xyrack = Xgcp (M)
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Ee Eet Yow Qotons Toos

bb.tr.x+1.9°bb.tr.th-bb.x_bcp:bb.tr.y+1.9*bb.tr.ph-bb.y_bcp {bb.ps.e>0.2&&bb.tr.n==1}

L Ll |
-0.06 -0.04 -0.02 0.00 0.02 0.04 0.06
Iruck-ybcp
bb.tr.x-bb.x_fcp:bb.tr.y-bb.y_fcp {bb.ps.e>0.2&&bb.tr.n==1}
T
. . . . |
-0.06 -0.04 -0.02 0.00 0.02 0.04 0.06
ylr:ck-y (m)

fep

BigBite calorimeter narrows search

region for tracking

= approximate size of calorimeter-constrained track search region at each layer

SBS Collaboration Meeting
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High-Q% G} and quark flavor FFs
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- i —
B u quark o 7
oo 02— . —
IL — —
- L T ’ ]
8] B a i
‘.;Cc- B ) o bt i
0.1 . . —
- o d quark x 0.75 -
I i
1.0 _— o —_
- u quark > i
[ o * ]
C o5t o & : —
~ : o & ¢ I 1
B ) ! i
CL? d quark x 2.5 i
00 PR T TN T [N TN TR TN TR (N TR TR TR T (T S T T 1 PRI [T T T TR T T ST T S | PR
05 10 15 20 25 30 35 40
Q? [GeV?
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)
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0.6
0.5
0.4
0.3
0.2

0 2 4 6 8 10 12 14 16 18 20

— Kelly Fit (GE +0.1Gy)
— Kelly Fit
CLAS data

A SLAC data
« Hall A projected

SBS-GMN could establish a zero-crossing of F‘li--

- challenging to interpret in GPD framework

Q? [GeV?]

Notable behaviors: d and u quark FFs show dramatically different
0Q? dependence.

Flavor FF ratios F!/F! almost constant for both u and d above 1

GeV?2
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The SBS high-0? Form Factor Program in Hall A

—-—- Lomon 2002 -

- —-—- Xu 2021
: ————— Diehl 2005 ——s Gross 2008 ]
- —-—-- Segovia 2014 ——mme Cloet 2012 ]
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e G2 polarization v Christy 2022

x  Kirk 1973

x SiII 1993

o Gg,, Rosenbluth
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Figure from “50 Years of QCD” (EPJ C
83, 1125 (2023)):
https://inspirehep.net/literature/261706
5

GMN/nTPE (E12-09-019/E12-20-010)
using “ratio” method on deuterium:
Completed Oct. 2021-Feb. 2022

GEN Helium-3: Completed Oct. 2022-
Oct. 2023)

GEN-RP: Completed April-May, 2024
GEP: Projected run 2025

Except for Gj;, all SBS form factor
measurements are based on
polarization observables.

« Small elastic cross sections and
asymmetries require as large as
possible FOM (= Luminosity X
Polarization2 x Acceptance)

a1
~J


https://inspirehep.net/literature/2617065
https://inspirehep.net/literature/2617065

