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Tomography of the nucleon—OR: why we study
high-Q? electron scattering
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Electron Scatterlng Kinematics @11 GeV

Elastic, E =11 GeV

09020 30 a0

6e (°)

» Particles associated with the partonic (or
other) degree of freedom that absorbed the
virtual photon are found predominantly near
the direction of the momentum transfer q

* Partonic interpretation of electron
scattering data is accessible at large Q° >
particles of interest are located at forward
angles and high momentum
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* Measurements of elastic FFs, SIDIS, DVCS,
etc., involve coincidence N(e,e’X)
(electroproduction) reactions, where X =

* N’ (elastic or quasi-elastic)
* h (SIDIS or DVMP)
v (DVCS)

» Virtual photon angle decreases as

“inelasticity” increases:
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JLab detector landscape

Figure credit: B. Wojtsekhowski (JLab) Arange of 104 in luminosity
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5 . s ans G'EM allows a spectrometer

Acceptance (electron) [msr] with open geomgtry ('>|arge
acceptance) at high L.

11/16/15 Super Bigbite Spectrometer Review slide 9

* Complementary equipment/capabilities of Halls A, B, C allow optimal matching of
(Luminosity x Acceptance) of the detectors to the luminosity capabilities of the targets,
including state-of-the-art polarized target technology.
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The Super BigBite Spectrometer in Hall A

Proton form factors ratio, GEp(5) (E12-07-109)
Hadron Arm

RICH

Proton Arm

GEM
INEFN GEM

BNL GEM HCalo

BigCal
«——Lead-Glass GasCher SIDIS transverse single-spin asymmetry

Al fil i :
ilter Calorimeter experiment: E12-09-018

GEM Electron Arm

Neutron form factors, E12-09-016 and E12-09-019 ) . . .
* What is SBS? 2 A 2.5 T*m dipole magnet with vertical

Hadron Arm bend, a cut in the yoke for passage of the beam pipe to
reach forward scattering angles, and a flexible/modular
configuration of detectors.

« Designed to operate at luminosities up to 10*° cm= s°!
with large momentum bite, moderate solid angle

* Time-tested “Detectors behind a dipole magnet”, two-
arm coincidence approach—historically most productive
in fixed-target expts.

* Large solid-angle + high luminosity @ forward angles
= most interesting physics!
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Experiment E12-09-019 (GMN): First SBS
experiment!

* Use ratio method on deuterium: 12 ]
/ _
o(d(e,e'n)p) N ]
X o(ep—ep) =~ o(en — en)
o(d(e,e'p)n) 100
’ p o % _
o — 1
* Small systematic uncertainties due to high proton \1; ‘ T — 1
e c , m a
and neutron efficiencies, good charge 1D g °° N j il
* See Brian Quinn’s talk for GMN status: i T~
Installation 2020! 0.6 E12:07-104 (Hall B) e
- W E12-09-019 (Hall A;'SBS) | ——— LFCBM - Miller (2002) .
1 1 1 1 I 1 1 1 1 1 1 l 1 1 1 1

5 0 15 20

Electron arm: BigBit€ EMS, Q2 [GeVz]

GRINCH, preshower+shower,

timing hodoscope
A
v / \‘«

Nucleon arm: SBS dipole + HCAL

15 cm LD,, 30 uA, 2x1038 cm2 s1
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E12-17-004: GEN-RP

* World-leading measurement of g—ﬁ at 4.5 GeV? and proof-of-concept for charge-exchange
M

recoil polarimetry!
* See Will Tireman’s talk and also recent Dubna results on Ay R i

T T T
Schlimme, MAMI
Riordan, JLab Hall A
e'D, JLab Hall A (prelim)
E02-013 Preliminary
E12-11-009, Hall C
E12-09-016, Hall A SBS
Present Proposal
E12-17-004 Hall ASBS
Potential Future Proposal SB:
_— —— = ——— RCQM - Miller (2006)
- ="""——__ === VMD-Lomon (2005)
~ —— . Diquark-r - Cloet (2012)
—— - NJL - Cloet (2014)
—— - DSE - Cloet (2010)

\(nl\l -

Nucleon arm: SBS dipole+HCAL+nucleon %m 0.5
recoil polarimeter: GEMS+Cu analyzer + 3"
active‘analyzer + recoil detectors

——  FF, A=300MeV
Our Fit

N
s
N
N PN U FETY PV P P | |

T EEETE SR P |
1 2 3 4 5 6 7 8 9 10 11 12
Q? [GeV?]

0.0f~

15 cm LD,, 30 uA,
2x1038 cm 251

@y Recoil Neutron Polarimetry at High Momentum

< Until recently no data on n+C - n+p+X
at several GeV/c (nor any nucleus) )
Elastic n-p Polarisation

Forward Neutron 173 GeVic
2.0 GeVi

.

0 =
BN T 150 GeV:
¥ . N 1.50 GeVic
np—pn 3.00 GeVic
Forward Proton
e

N
1P, (GeVie)'

@ A for np - np falling rapidly with
increasing neutron momentum

@ Ay for charge-exchange np - pn large at o
sufficiently large t (ep ~ few deg.)

ey Electron arm: BigBite w/ GEM:s,
@ o, factor ~10 higher thana, e O'IG(G;VS/CZ) ‘ e 4 v GR‘[NCH’ preShower+Sh0‘Vver’
timing hodoscope

31st Jan 2019 GMn & GEn-Recoil Status Update 12
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http://inspirehep.net/record/1776806

Experiment E12-09-016 (GEN)

Pumping chamber

TTTT | TTTT | TTTT | TTTT | TTT | TTTT /I dATT TTTT TTTT 17T TTTT TTTT
~ A Plaster (PRC _zgos) R . 0D = 425 inches
1.0 a Riordan (P?L 2010) =T
| O E12-09-01¢, HallA* e | R
o E12-11-009, Hall'C __===""RCQM - Miller (2005) Transfer tubes 13 inches center to center
B / L _~»~" ==== VMD - Lomon (200 -
u Ry e — D 10) _
c= i Ryl Galster fit/Kelly G;n | (
©) 8/ — BLAST fit/Kelly G § et chanie 3
clu 05— RV o — . FF,A=300MV | —
0: - 7 \ Qur Fit = | 60 cm or 23.6 inches ‘
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_I | | | | | | | | L1 1 | L1 I L1111 | L1 11 | L1111 I | | L1011 | | | | |
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2 2
Q° [GeV“]

» Upgraded, high-luminosity polarized 3He target based
on spin-exchange optical pumping and convection-
driven circulation of polarized gas between optical
pumping chamber and target chamber.

* See Gordon Cates’ talk! Conceptual and Engineering Designs

of Polarized *He target
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SBS Form Factor Program—Summary
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E12-09-018 (SIDIS/transversity)

Hadron arm: SBS <
@14 deg. \

Electron arm: BigBite
@30 deg.

125332000 RS S Py

\

High-luminosity,
transversely polarized *He: _~
1.2x1037 cm™2s71

v —e— E12-09-018 n, 40 days 11 GeV
_— Prokudin 2010

Approved 64 days, A- by 2 o 3 e,
PAC38. '

SIDIS transverse SSA
(Collins, Sivers, etc.)
See Eric Fuchey talk!
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Polarization Transfer in Elastic e/V scattering

Polarized e beam P. = —Pioum 26(1 - 6) r
T 145
V1 — €
P, = beam W
P, =0
ep —ep T . = GE
Q*= 2GeV? Gu
€=0.950 Gp 7_(1 T E) Pt
P,=-0100 — R, = “pG—’F = —m\—5— 5
) P, =0.277 M € e

» Akhiezer and Rekalo (1968):
* Derived relations between transferred

> polarization components in elastic eN
scattering and the ratio of electromagnetic
FFs R=uGr/Gy
* Perdrisat + Punjabi, 1993 proposal to CEBAF
Unpolarized p target PAC: A simultaneous measurement of the two
recoil polarization components in a polarimeter
* The ratio of transferred polarization determines the FF ratio while canceling many
components is directly proportional to systematic uncertainties (beam polarization,

G /Gy, and therefore much more sensitive analyzing power, FPP instrumental asymmetry)

to Gy at large Q? than the cross section

U c U N N -!eff;gon Lab 13120 Hall A Collaboration Meeting 12



Recoil Proton Polarimetry: General Principles

FIG. 9. Principle of the polarimeter, showing a noncentral tra-
jectory through the front chambers, scattering in the analyzer, and a
track through the back chambers; ¥ is the polar angle, and ¢ is the

azimuthal angle from the y direction counterclockwise.

(L.S+)>0
(L.S-)<0 *
\ ]
Analyzer
nucleus

If more S+ than S- (+P:pp)

... more events left than right
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FIG. 15. Precession of the polarization component P, in the
dipole of the HRS by an angle x,.

Proton polarimetry via proton-nucleus scattering is based on the spin-orbit
coupling in the nucleon-nucleon force.

A spin-1/2 particle, such as a proton, is preferentially deflected by a spin-
orbit force along the direction of $xS, where 7 is the incident proton
momentum, and S is the proton spin.

» Note that a spin-orbit force is insensitive to longitudinal polarization!

* Precession in spectrometer dipole field rotates P, into a transverse
component that can be measured

By tracking the incident and scattered protons and measuring the azimuthal

asymmetry in the angular distribution of secondary scatterings, the incident
proton’s (transverse) polarization is reconstructed

1/31/20 Hall A Collaboration Meeting 13



Statistical requirements: asymmetries vs. cross section measurements

Cross sections:

__ 005
o x N : s, . by
g < 0.00 s .

Ao 1 K "Ft ]
_ — — e "_0_05:_ =
o VN - -
. . o 005 Q?=6.8GeV? -
To measure a cross section with - bt ]
-t L 4, a1
a relative statistical precision of 7 O'OGW i
o L ¥ ]
1%, you need 10,000 events. 0.0 .
Asymmetries: B T T T
h __0.05- Q@*=8.5GeV? " +
— A2 . . | . 0 M ]
1 A 0 90 130 270 360 < 0.00 ¥iks ¢

A = [——— ¢ (deg) ="

N < | :
FIG. 6. (Color online) Focal-plane helicity-difference asymmetry -0.05[~ -
ny —n_ = (Noins/2)INT(9)/ Ny — N™(¢)/Ny 1. where Nyips is the A .
number of ¢ bins and N*(¢), NOi are defined as in Eq. (4), for the 0 2 4 6

AA 1 —_ A 2 three highest Q2 points from GEp-II. Curves are fits to the data. See Prop (rad)

—_ text for details.
- FIG. 10. Focal plane helicity difference/sum ratio asymmetry

A NA 2 (f+ — f2)/(f+ + f-), defined as in Eq. (20), for the GEp-III
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

* Typical asymmetry magnitude in a recoil proton polarimeter . wown epiately for evenis with precession angles 5 < o and
. . > mr, illustrating the expected sign change of the sin(¢) term.
at “high” momentum is ~few percent. xom e flesperiel s e fesmnt
 For example: to measure a 5% asymmetry with a relative = Asymmetry measurement must

.. 1-A2 maximize beam and/or target
precision of 1%, one needs N = 10,000x —— ~ 4x10° o s
A polarization, and luminosity X
events! acceptance!

U E U N N -!eff;gon Lab 13120 Hall A Collaboration Meeting 14



/ G polarization transfer data are among the most-cited JLab results

O | ] GEp-I:
1.5 T — * Jones et al., Phys. Rev. Lett. 84 (2000) 1398-
i i 1402: 880 INSPIRE-HEP citations
i % . ] * Punjabi et al., Phys.Rev. C71 (2005) 055202:
- % . 442 INSPIRE-HEP citations
1.0 N O % % o *  GEp-IL
I % 1 ¢ Gayou et al., Phys.Rev.Lett. 88 (2002)
%5 - s 092301: 809 INSPIRE-HEP citations
N TR e N i e Puckett ef al., Phys.Rev. C85 (2012) 045203:
00_ 0.5 @ Punjabi05 i ]

145 INSPIRE-HEP citations

= ~ M Puckett12 T
~ A This work o ¢ GEp -III/GEp-2y:
-/ Christy04 ~— Puckett ef al., Phys.Rev.Lett. 104 (2010)
0.0l 2 Andivanissa 1] 242301, 262 INSPIRE-HEP citations
"L~ Globalfitl = Globalfit I . * Meziane et al., Phys.Rev.Lett. 106 (2011)
" g;aW:‘:"dW lF:O"I“ » 7 132501, 82 INSPIRE-HEP citations
- v an aolone . .
|+ Qattan05 / This work (Q2 = 2.5 GeV?) | Puckett ef al., Phys.Rev. C96.(20.17) no.5,
05—, . , | o o L 055203, 31 INSPIRE-HEP citations
0 2 4 6 8 * Low-Q? data from JLab:
Q* (GeV?) *  Ron ez al.,, Phys.Rev.Lett. 99 (2007) 202002,
*  Extraction of the same physical property of the proton from different 70 INSPIRE-HEP citations
experimental observables yields different results! * Ron et al., Phys.Rev. C84 (2011) 055204, 98
. Guichon and Vanderhaeghen, PRL 91, 142303 (2003): “This INSPIRE-HEP citations
discrepancy is a serious problem as it generates confusion and doubt Zhan et al., Phys.Lett. B705 (2011) 59-64, 181
about the whole methodology of lepton scattering experiments.” INSPIRE—IiIEP citations

. Discrepancy still not yet fully understood .
. Unexpected results of GEP experiments have changed our basic Paolone et al., PhyS.ReV.Let.t. 1'05 (2010)
notions about proton structure! 072001, 91 INSPIRE-HEP citations
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2017 Tom W. Bonner Prize in Nuclear Physics
Recipient

Charles F. Perdrisat
College of William and Mary

Citation:

"For groundbreaking measurements of nucleon structure,
and discovering the unexpected behavior of the magnetic
and electric nucleon form factors with changing
momentum transfer."

Background:

Charles F. Perdrisat, Ph.D., was a professor at the College of William and Mary
(Williamsburg, Va.) for the last 50 years having retired earlier this year.
Throughout his career, Dr. Perdrisat’s research focus included nuclear reactions
with proton and deuteron beams, both polarized and unpolarized. He conducted
research at SATURNE in Saclay, France, TRIUMF in Vancouver, B.C., LAMPF in
Los Alamos, New Mexico, Brookhaven National Laboratory in Upton, N.Y., and
JINR in Dubna, Russia. During the last half of his career, he was committed to the
investigation of the structure of the proton at Jefferson Laboratory, concentrating
in obtaining polarization transfer data in the scattering of polarized electrons on
unpolarized protons. These data, from 3 distinct experiments organized in close
collaboration with Vina Punjabi, Ph.D., Mark K. Jones, Ph.D., Edward J. Brash,
Ph.D., and Lubomir Pentchev, Ph.D., have resulted in a significant change of
paradigm in the understanding of the structure of the nucleon. After completing
his undergraduate training in physics and mathematics at the University of
Geneva in 1956, Dr. Perdrisat became an assistant in the physics department at
the Swiss Federal Institute of Technology in Zurich) in Switzerland, under Prof.
Paul Scherrer; he received his Ph.D. in 1962. He completed a three-year
postdoctoral fellowship at the University of lllinois Urbana-Champaign, before
heading to William and Mary in 1966.

Selection Committee:

2017 Selection Committee Members: Rocco Schiavilla (Chair), D. Hertzog, P.
Jacobs, Kate Jones, I-Y. Lee

1/31/20 Hall A Collaboration Meeting
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How to reach higher Q??

Increase beam energy = Increase kinematically
accessible Q? range; increase cross section for
constant Q2

Elastic ep cross section scales as 0 ~ E?/Q1?
FPP efficiency is roughly Q?-independent

FPP analyzing power scales roughly as pl ~ M
14

/Q*

Statistical FOM scales as NA,* =~ E*/Q*®

Increase beam polarization? 80%—>100% would

only increase FOM by 1.6

Increase luminosity? Best possible at JLab 12

GeV ~ 10* cm=2s!; (factor of 2 above 6 GeV

expt’s).

Most room for growth? = Increase solid

angle/Q? acceptance!

* 2Xincrease in target thickness and solid
angle from 6->35 msr leads to ~30X gain
in figure-of-merit

JLab PAC-approved GgP experiment: E12-07-109;
45 days in Hall A

*  A(UGE/Gy) ~ 0.07 @Q? = 12 GeV?

* “High impact experiment” designation from
PAC41 in 2013

U c U N N .geffégon Lab
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GEM Front
Tracker

GEM Rear

\ Tracker

Scattering
Chamber

SBS magnet

Hadron Calorimeter

Proton Arm
GEM

INEFN GEM
BNL GEM

BigBen
et 48D48 \

Beam .. ==

BigCal
B «— Lead-Glass
Calorimeter

Al filter

Coordinate Dector

Hall A Collaboration Meeting

Proton form factors ratio, GEp(5) (E12-07-109)
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Experiment E12-07-109 (GEP)

Electron arm: High-

tempel.'ature lead-glass EM FPP ///C/;’i:g
calorimeter (ECAL) and ' . D
K] ; & B
scintillator based L (i FPP 1/ s
. | |~ Tor = w o Ml
coordinate detector (CDET) : TRy - HCAL
V) el B
o 2. x I
' A il .
n Bnmhs
U
T
it ) ]
il

30-cm liquid hydrogen target, 75
UA beam current: Luminosity 6 X
1038 cm2s!

Arm: SBS dipole magnet, GEM trackers
1, analyzers for proton polarimetry, iron-
scintillator HCAL for trigger

\’/H-i =}

B
~

. =

(Screenshots from SBS GEANT4 simulation)

* Original motivation for SBS concept. Approved PAC32 (2007), A-. PAC35 reduced max. Q?
to 12 GeV? and beam time allocation to 45 days.
* “High impact experiment” designation from PAC41
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The

- —
==
=

g

1.1 (ADC=28716, 1-6.50026)

P ]
7
s
T

i

* Iron-Scintillator sampling calorimeter with T
high (and similar) efficiency for protons and
neutrons, and other high-energy hadrons

e Threshold ~50% of mean elastic proton

1 (ADCA26862, 1-6.49804) DC=28186, -8

FLETY

§

LIS FEE
DS =T E LR

HHE
i

signal
* Used in all SBS experiments ot | g G wem | = s
* Important for trigger and constraining high- _
rate tracking in GEP, SIDIS, and GEN-RP Cosmic ray tracks through HCAL

U E U N N .geff;20n Lab 13120 Hall A Collaboration Meeting 19



Figure 6 The lead glass blocks used to monitor the radiation dose after the
C16 was placed at 10° and there was 20uA beam on the 15cm LH2 target.
Block 1 was placed parallel to the C16 along the beamline side of the C16.
Block 1 has damage at the front ( left side of photo) and along the side.

Block 2 was placed in front of the C16 and perpendicular to the front face. 1 6'blOCk thermal anneallng prototype test 1n Hall A

Blocks 3,4 and 5 were located at different locations on the spectrometer
platform that was near 30°. These blocks show only moderate damage. Wlth 250 OC OVCII, 20 1 5
GEANT4 simulation with model for radiation-

induced transparency reduction

B N N .geffégon Lab 1131120 Hall A Collaboration Meeting



Benchmarking Thermal Annealing Model

) L B
ECAL in GEP high Q% 1 =75 nA

C16 in Hall A Test, | =20 uA
beam

C16 in Hall A Test, | =20 uA
beam

s — - o hratio 0.10 T T T T T
% 0.10 % |.|‘5J s Entries 69 [ =
£ £ g Mean 1614 | —— c16, rad. damage OFF ]
g % ° 7 n2w/|s 11.08 0.08— ]
3 0.08 3 E %2/ ndf 6.22/16 | |
§ § 6[ po e : —— C16 rad. damage ON :
g 0.06} g 5 r o.oej ]
aF _lJ-L ] i i
0.04 LI-._l-|_|"'rLI 0.04— _
3| - - _
, ] i ]
0.02 0.02— —
1 : : ]
0.0 X oluulunlunlunluubiul :I Ll 0.00 B . o
0 500 1000 1500
2 enth m leadglass (o S et eadglass (o 2T Capth m ondgtass (om) 4 x 4 summed N, max not in edge block
* Radiation dose rate during
Slope = ( 548.1 +/- 0.734) phe/GeV Slope = ( 527.9 +/- 0.7512) phe/GeV .
g 000 3000 r s C16 test ~8X higher (at
A R A P B B R . ] front of glass) than expected
o f T T RS in GEP ECAL
: L oy T A, |+ Radiation damage model
3 - i L - i 5 B - i'__'__'l' i
e on 1 e i ] calibrated to reproduce C16
1000 -_l-__: 10002 g™
] ] test data.
- ] Zall | 1+ Predicts equilibrium state
O N L 2

4
Energy deposition in block (GeV)
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I
3 4
Energy deposition in block (GeV)

during GEP of (96.3

+ 0.2)% of undamaged
signal
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The High Temperature ECAL, I

Electron arm calorimeter in the model

22

12

Hall A Collaboration Meeting

PAC47 July 30, 2019

DTN W\ \WAWNG555 57

[ 77774/ 777 7777777774/ 77 777

37 lead-glass modules
Elevated temperature of the glass (225-185 C)
provides continuous annealing of radiation damage

17

1/31/20

GEp/SBS  B.Wojtsekhowski
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The High Temperature ECAL, 11

Spring locati?n

St{ud

Lead glass 1 ” Flange 2
Flange 1 ~ Flange 3
Set screw  — - PMT
for spring tightening ~ Screw for PMT
i - Titanium

Light guide wall

Work since Feb SBS meeting

* 126 of out 191 supermodules have been assembled
* JLab Detector Support Group is contributing
manpower to assembling supermodules.

U c U N N JefferSon Lab
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GEp/SBS  B.Wojtsekhowski

Electron arm: Calorimeter’s temperature, 3x3 group

Heat conductor, 0.25 mm Cu foil

/ Air pipe

'l

Heat tape, 225C

mmmmmmm

vallleft

Flange1

PAC47 July 30,2019

Contributions from: NCCU, JLab, YerPhi,
SBU, UVA, JMU, UConn, Glasgow, INFN,
CMU, NCAT

NCCU received large NSF grant to design
and construct ECAL oven

Hall A Collaboration Meeting 23



Logic of the GEp Trigger/DAQ, 1: ECAL

* Trigger for GEP is based on exclusive two- ‘ e
body final state and total absorption [ T  |Mean osats
Calorlmeters for both ﬁnal_state particles) 0.8_ ............. o ................... 44444 b I T .......... Std EDeV 0.2973

with high threshold ; Opel‘atl“g —. s
- Raw data rate dominated by ~150,000 06— - Thresho-ld ....... .... e ]

lndIVidual GEM readout Strlps’ eaCh ﬁrlng 04__ ............ g e b b
at high rate ("online” occupancy T 100% Of BN

approaching 100%) A elastwpeak <<<<< i ..................... ]

)

» Need as-selective-as-possible trigger, for L n o
inelastic background suppression but I ¥ B ¥ S ¥ B ¥ R M v e

especially for data rate management.
 ECAL trigger is based on overlapping sums

» —2>Trigger threshold as high as 80-85% | | |
of elastic electron energy (equivalent) .
at efficiency = 95% - +
Singles rate ~100 kHz ) S SN SRS S F———

“ECAL threshold ('fraction of elastic signal)

U c U N N .geffégon Lab 13120 Hall A Collaboration Meeting 24

of 32 (4 horizontal x 8 vertical) g 1°E+++ ......................... ......................................................... ......................................
* High-temperature ECAL maintains stable g S F— S A
energy resolution of lead-glass at GE—E ~6% YL i3 S A




Logic of the GEP Trigger/DAQ, 11: HCAL
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Num. photoelectrons HCAL threshold (fraction of elastic peak)
] .~ HCAL single-arm trigger is formed from an “OR” of all
s E L possible (overlapping) sums of 4X4 modules (rate vs
=T T, threshold below, left), ~10 MHz at threshold approximately
E’m = Tt 50% of average elastic proton signal (above, left)
3 F T, “Efficiency” for HCAL trigger (above, right) is complicated
TE T, because it is located behind the proton polarimeter (GEM
T e chambers plus CH, analyzers)
YE e Efficiency of HCAL trigger for events of interest for
- + - e
ol + polarlme‘Fry is high (= 90%) .
N e . HCAL trigger may actually increase polarimeter FOM by
0.2 0.4 0.6 0.8 1 1.2 1.4

U c U N N .geffgon Lab

HCAL threshold (fractioﬁ of elastic signal)
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preferentially selecting events with high analyzing power:
* See https://arxiv.org/abs/1908.06159
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Logic of the GEP Trigger/DAQ, I11: ”Level 2” coincidence

g’ 2205— " - -" ;- _; ; : : 0.022 g 1 0_—, ............................................................................................. 107
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HCAL threshold (fraction of elastic)

* To get from ~100 kHz ECAL single-arm trigger rate to <5 kHz event rate to disk/tape, we implement ep
angular correlation in the coincidence trigger.

* To define the coincidence trigger logic, we simulate the single-arm trigger logic with elastic ep scattering
events, and plot the correlation between the respective HCAL and ECAL sums with largest signals.

* We then create a look up table consisting of a list for each HCAL sum of all ECAL sums containing at
least 0.1% of the total elastic yield (for that HCAL sum).

* The ”level 2” coincidence trigger then requires at least one ECAL-HCAL “match” above threshold within
this lookup table.

* The “real” coincidence rate due to inelastic events with this logic is ~3 kHz at the nominal thresholds,
with another 1-2 kHz of accidental coincidences for a 30-ns coincidence timing window
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Gas Electron Multipliers (GEMs): High-Rate, High
Resolution Charged-Particle Tracking

lonizing|Particle GEM foil: 50 um Kapton + few
iy | Dt Cathode M COPPer 0N both sides with
ST 70 um holes, 140 um pitch
Tonization 3 mm - Drilt
Multiplication ——== = = =|l= = =— = =— AE o
(x20) == = === === /
2mm T:ansrq"r
Multiplication L - = =
(x20) —— — = T
2 mm - Transfer
Multiplication L = = = Gem
(x20) —— — =
2 mm - Induction
Readout _|

Readout Plane e —
Strong electrostatic
field in the GEM holes

Recent technology: E. Sauli, NIM A 386, 531 (1997)

* High spatial granularity

- 1.2
= GEM
1 b et
E -ﬁ \}\I\ II
& 'y
08F E\
MWPC \‘L
0.6 | A
o4 Worst-case expected rates
0zl @FTin SBS GEP
experiment Rate (mm*s”)
O 1 1 1 1
102 10° 10* 10° 10°

107

Figure 28.9: Normalized gas gain as a function of particle rate for MWPC [70]

and GEM [84].

Stable gain up to very high rates

* Ability to cascade several foils: higher gain at lower voltage, reduced discharge

risk

* Readout and amplification stages decoupled—XY and/or UV readout strips—

pitch 400 um
* Spatial resolution ~70 pm

* “Fast” signals (for gas ionization detector): intrinsic time resolution <10 ns;

arrival time spread = 60 ns for 3-mm gap
* Enabling technology for SBS physics program! See Kondo Gnanvo talk!
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Front Tracker and Polarimeter GEMs (INFN+UVA, others)

SBS trackers/polarimeters:
Front tracker: INFN/UVa

Hit spatial resolution ~ 70 um

Stand large background (v ~ 250M Hz/em?, e +  ~ 160kHz/cm?)
Transverse area at least 40x120 cm?

Event rate at the level of 20 kevents/s

Reuse in different configurations (SBS/GEp, BigBite/GEn ...)

13

GEp/SBS  B.Wojtsekhowski PAC47 July 30,2019

GEM Front racker / Cosmic Setup

MPD GEM - II Large scintillators

Readout (VME e — r
i

mode) - JLab )
DAQ -

- =
- 12 simultaneous GEM modules

More than 27000 readout channels !

va
B

@;

|

Chamber j3

Cosmic tests running and under analysis since

.Sept/2018; final setup in place Nov/2018

Running periods: Sep/18, Nov/18, Apr/19, Jun/19 &
.Rest of the time in standby (HV and gas OFF) e

UGUNN .geff.ed{on K
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Nov/18 2 vy

H

B  Chamber j1

Setup for Individual modules test

8/6/2019

[VERSITY
[RGINIA

SBS trackers/polarimeters:
Rear tracker: UVa/INFN

I ——

i

O Protection resistors are outside the chamber: reliable,
easy access.

Q Large alignment pins, away from the active area
QO Wide frames on the two sides not in active area:

better mechanical rigidity and more room for gas
inlets, HV traces etc.

Q Electronics arranged to minimize the material within
active area.

UVa GEMs: Cosmic Setup in EEL124

—d

SBS Coll. Meeting @ JLab
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The tracking challenge at high-luminosity in open geometry: a taste

Reminder: GEM analysis software

* Primary deployed algorithm using recursive TreeSearch

(raw combinatorics also employed for some analyses)

* GEMs provide six time samples over 25ns bins with jitter

* Hits are differentiated by fitting to spatial and temporal components

* Require amplitude matching between x-y components to obtain full 3D reconstruction
* General restrictions are placed on search areas based on other detector knowledge
* Basic multithreading implemented

Primary hit
y h2

Entries 2851

Mean x 2885 HDW slgnal
Meany 2593 :
rusx aese| | €VOIve in

RMSy 1595 time

— TreeSearch pattern recognition

] ] E]
- ] = 0 "5 \e“ S)
- - = 2875 5 a0 95
= = T 875889583 4«\e « ot
- = = Background hit S hee \ Z e
g = = = N "ip Ng_g“‘*‘,?;;@\\\\ A

— = Unig I
E E g g S~~~ of 400 ulh)
= ] E = =

Plot credit :

August 6 2019 Danning Di >

U G U NN Jefferdon Lab

* High-rate tracking in SBS experiments always relies on external constraints
from other detectors, usually total-absorption calorimeters

* Adequate high-rate tracking performance demonstrated for GMN using
existing TreeSearch algorithm.

* However, this approach will not work for GEP, as it relies on analyzing
different 2D projections of the track separately.

U E U N N geffgon Lab
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In all the SBS experiments,
detectors are located in field-free
regions behind large dipole
magnets with vertical bend*.
Magnets shield detectors from
low-energy charged
backgrounds, BUT:

Large flux of low-energy
photons into GEMs—can
convert in GEMs via
Compton/photoelectric effects,
pair production.

* Secondary electrons from
soft photon interactions
ionize GEM gas, give high
rate of background hits:
~0.4 MHz/cm? at Q?
= 12 GeV? in the GEP
measurement

*--except GEP electron
calorimeter, which is mainly
sensitive to high-energy particles
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* To reach high rate, we need to exploit the full
dimensionality of the GEM information both at the

clustering/hit reconstruction level (X, y, z, t, ADC53456)

and the pattern recognition/track-finding level.

* We must restrict the search region for tracking as much as
possible based on information from the other detectors
BEFORE we even attempt any clustering or tracking.

* New clustering algorithm is similar to “island” algorithm:

Choose one “pixel” (xy strip combination) to seed a

cluster based on the largest Pearson correlation

coefficient between individual ADC samples on the
respective X and Y strips.

Build out the cluster from each “seed” pixel by

adding nearest neighbor strips meeting certain

correlation criteria.

* Do (straight-line) track finding/pattern recognition based

on progressive “Kalman Filter-like” approach,
implementing constraints from other detectors.

* New tracking code based on this approach successfully
tested on (so far) 2018 INFN GEM cosmic ray data and

2016 UVA GEM beam test data from Hall A

* See recent SBS weekly meeting presentation for more
details
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New GEM tracking approach
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Cluster XY correlation coefficient Best XY strip correlation coefficient in cluster

XY correlations from INFN cosmic data
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https://hallaweb.jlab.org/12GeV/SuperBigBite/SBS-minutes/2019/PuckettGEM_COSMIC_ANALYSIS_11_13_update.pdf

Tracking residuals and track based efficiency

rack-based efficiency, layer 0 «1 03 x1 03
= 800 1.0 z
E 5 L 21 ndf 160.8/45 T T 22/ ndf 254.6/ 41
; Constant1.156e+04 + 2.437e+01 i Constant1.305e+04 + 2.716e+01
Mean  0.0002481 + 0.0003342 I Mean  -0.000646 + 0.000286
10 Sigma 0.132 +0.001 L sigma 0.1173 +0.0005
10 -
5L | L
- 5 B N
1 L P L L L
2%0.0 = . N - 0 0
-200-100 0 100 200 -200-100 0 100 200 -200-100 0 100 200 -200-100 0 100 200 -2 i 0 2 -2 . 0 2
¥ ram) Y (mm) ¥ (mm) Y (mm) Track X residual (mm), y%dof< 50 Track Y residual (mm), y%dof< 50

* Above, left: “track based” local GEM efficiency from INFN 4-layer cosmic data, 2018
* Above, right: Tracking residuals from INFN cosmic data: (o,,0,) = (132 pm,117 um)

Tlrar:krh'as‘edleﬂlclleml:y,‘layerlz . Track-based efficlency, layer 3 - ; krl sleul |:|I cI ,‘Ia rIA - x1 03 x1 03
= - T T 12/ ndf 173.5/89 FoT 12/ ndf 297/85
F Constant2.168e+04 + 2.398e+01 | Constant2.207e+04 + 2.475e+01
20 B Mean 0.001599 + 0.000368 20 Mean  0.0002525 + 0.0003479
Sigma 0.266 + 0.001 [ Sigma 0.2508 + 0.0006
151 - 15 |
10 - I i .
- test spatial resolution dominated by multiple-
i sqattering of ~few hundred MeV electron tragks!
5I- — 5 _
' 00— 0 2 00— 0 2
-200 0 200 -200 0 200 —200 0 200 —200 0 200 -200 o 200
Y (mm) Y (mm) ¥ (mm) Y (mm) Y (mm) Track X residual (mm), XZ/dOf< 100 Track Y residual (mm), Xz/d0f< 100

* Above, left: “track based” local GEM efficiency from UVA 5-layer Hall A data, 2016
* Above, right: Tracking residuals from UVA Hall A data: (0z,0,) = (266 um,251 um)
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Logic of the High-Rate Tracking in GEP

« Random soft photon background hit rate of ~400 kHz/cm? leads to high
“raw”” occupancy of GEM readout strips due to ~200 partially overlapping
background hits/GEM module/event within 150 ns sampling window

* Six ADC samples/strip at 25 ns/sample, with APV25 pulse shaping
electronics:

* Intrinsic GEM timing resolution <10 ns
* Intrinsic GEM spatial resolution ~70 um

* The charge from primary signal hits 1s collected in an area of approximatel
3 mm? and\/produce_s signals on typically 2-4 readout strips in both X and
(or U and V) directions:

Within this 2D area, the probability for a random background hit to overlap with a
signal hit within the acquisition window of an event is ~0.2%

* However, because we have strip readout and not pixel readout, a large fraction
of strip signals will be partially contaminated/distorted by background hits in
other areas of the GEM-> biggest challenge in reconstruction!

* Severely restrict search area for tracking using electron arm information (FT) and
HCAL information (FPP tracker(s))

* Exploit pulse shape from six-sample readout and XY ADC and timing correlation to
suppress background hits

* Machine learning application?
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Exploiting the electron arm information
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Measurement of electron kinematics drastically narrows
the allowed search region for proton tracks

Because our ECAL has no magnets/tracking, it does not
constrain the interaction vertex directly.

Precise vertical coordinate determination with “CDET”
constrains azimuthal angle of the reaction plane very
well.

Without knowing the interaction vertex a priori, the
ECAL+CDET defines an allowed search region at the
front tracker of 4 cm (vertical)

X8 cm (horizontal), and determines the slope of the
proton track to within 10 mrad in both directions
(minimum horizontal size limited by the 30-cm target
thickness)

If the vertex is known, ECAL+CDET confines the proton
track to within a ~1 ¢m? area and the direction to within
+ 3 mrad in both directions.

Tracking strategy involves scanning the assumed vertex
location along the target thickness and searching for
tracks in a restricted area within each z bin consistent
with elastic kinematics. Kinematic fitting is also being
evaluated to enhance signal/background ratio
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Elastic event selection—Rejecting inelastic backgrounds
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* High rate of inelastic background events will be present in the data, even at high thresholds

* Not many of these inelastic events will actually be reconstructed, since tracking will only even
be attempted within a narrow region consistent with elastic kinematics for the detected
electron

* Even if these events were reconstructed, the combined SBS+ECAL resolution plus exclusivity
cuts would suppress inelastic background to <1% (less if kinematic fitting used).
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Polarimetry—Efficiency and Angular Distribution
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Polarimetry— p + CH,

.rmrl..

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

1.8 2.0
P, (GeV)

From previous experiments, we know that the
analyzing power angular distribution has roughly the
same shape as a function of pr = pj, sin9, with the
maximum and average analyzing power decreasing as
Py

Expected average analyzing power based on modest
extrapolation to SBS proton momentum from GEp-III
results (shown at right) 1s ~5.6%

Analyzing power in elastic ep scattering 1s “’self-
calibrating
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analyzing power
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Polarimetry—Spin Transport
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SBS spin transport is much simpler than in
previous experiments—simple, non-
focusing dipole magnet

Precession angle y = yi,0p0n4 18
approximately constant within acceptance
Fit of full spin tracking to 2"-order
expansion of the deviations from ideal
dipole approximation converges—only 15
parameters per rotation matrix element
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Polarimetry—Figure-of-Merit Assumptions

* 75 uA beam
* 30 cm LH, target

* 85% beam polarization

* SBS dipole field strength

scaled with proton momentum

* Analyzing power based on
parametrized angular and

momentum dependence from

GEp-III data (modest

extrapolation in momentum)
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SBS G? Projected Results—PAC47 update

I I I I I ' ' - p— T T T T T T T T
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E12-07-109 Jeopardy update re-approved by JLab PAC47, no change in beam time, scientific rating A-

TABLE I. Kinematics, projected accuracy and beam time allocations. The projected statistical uncertainties in the form factor
ratio include the assumption of 70% overall event reconstruction efficiency due to the combined efficiencies of the individual
detectors, including DAQ dead-time.

Fbeam,| Q% range, <Q2> Opcar [{EL)s| Osps |(Pp)]| (sinx) |Event rate|Days|A (uGg/Gwm)
GeV GeV? | GeV?|degrees| GeV |degrees | GeV |degrees Hz

6.6 4.5-7.0 5.5 29.0 |3.66 | 25.7 |3.77| 0.72 291 2 0.029
8.8 6.5-10.0 | 7.8 26.7 |4.64| 221 |5.01| 0.84 72 11 0.038
11.0 | 10.0-14.5 | 11.7 | 29.0 |4.79| 16.9 |7.08| 0.99 13 32 0.081
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https://puckett.physics.uconn.edu/wp-content/uploads/sites/1958/2019/08/gep_update.pdf

U c U N N .gefftgon Lab

Backup

1/31/20 Hall A Collaboration Meeting

40



275 ,

250 i :
225 \ S — :
200 : ‘ i :
Hel ‘ i
\\ \ !
175 ~ ‘ : -

Charge density ¢ — 10" coulomb]cm?

150 |
Ve M3 '
125 =
1A {1 ‘
100 o Mg
T !
| ca ! ‘
075 +—— Y S AT SE—
| ! h :
| S5 | !
L C P
! {
| ‘ {
025 o\ ~ W A —
[ - - | - !
| He - | |
Hx i < ‘
o ‘ >
© 1 2 3 4 5 6 7 8 9 1

Radial distence (107 >cm)

Nuclear Charge Densities

« Above: (R. Hofstadter Nobel lecture):
Nuclear charge densities as measured in
electron scattering, within Fermi model of
the shape

« Top right: example nuclei, r ~ A3 (volume
proportional to number of nucleons)

* Bottom right: “Packing fraction” = ratio of
volume of A nucleons to nuclear volume

U c U N N .geffégon Lab
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Nucleon “imaging” (traditional): Rest-frame charge and
magnetization densities in 3D space

AE

U c U N N .geff;gon Lab

= Ay =2
Ech(k):GE(Qz)(l'*_T))\E,

wpnm(k)=Ga(Q*)(1+ 7) u,

0
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f dk k2jo(kr)p(k).
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J. J. Kelly: PRC 66, 065203
(2002)
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Proton FFs and “imaging”: transverse densities, I
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 Miller et al, Phys. Rev. C, 83, 015203 (2011): model-

independent, impact parameter-space charge and
magnetization densities in the infinite momentum frame,
derived from GPD-FF sum rules.
* Proton results shown for

* Charge

* 2D Fourier transform of F, (Pauli FF)

* Anomalous magnetization density

p®) = 5 [ QIQA(@HF(@)

) = 5 [ QIQIQDFQ

d

pm(b) = _b%:@ (0)

b
- / Q2dQ.J1(Q)Fy(Q?)
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Statistical requirements: asymmetries vs. cross section measurements

Cross sections:

__ 005
o x N : s, . by
g < 0.00 s .

Ao 1 K "Ft ]
_ — — e "_0_05:_ =
o VN - -
. . o 005 Q?=6.8GeV? -
To measure a cross section with - bt ]
-t L 4, a1
a relative statistical precision of 7 O'OGW i
o L ¥ ]
1%, you need 10,000 events. 0.0 .
Asymmetries: B T T T
h __0.05- Q@*=8.5GeV? " +
— A2 . . | . 0 M ]
1 A 0 90 130 270 360 < 0.00 ¥iks ¢

A = [——— ¢ (deg) ="

N < | :
FIG. 6. (Color online) Focal-plane helicity-difference asymmetry -0.05[~ -
ny —n_ = (Noins/2)INT(9)/ Ny — N™(¢)/Ny 1. where Nyips is the A .
number of ¢ bins and N*(¢), NOi are defined as in Eq. (4), for the 0 2 4 6

AA 1 —_ A 2 three highest Q2 points from GEp-II. Curves are fits to the data. See Prop (rad)

—_ text for details.
- FIG. 10. Focal plane helicity difference/sum ratio asymmetry

A NA 2 (f+ — f2)/(f+ + f-), defined as in Eq. (20), for the GEp-III
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

* Typical asymmetry magnitude in a recoil proton polarimeter . wown epiately for evenis with precession angles 5 < o and
. . > mr, illustrating the expected sign change of the sin(¢) term.
at “high” momentum is ~few percent. xom e flesperiel s e fesmnt
 For example: to measure a 5% asymmetry with a relative = Asymmetry measurement must

.. 1-A2 maximize beam and/or target
precision of 1%, one needs N = 10,000x —— ~ 4x10° o s
A polarization, and luminosity X
events! acceptance!
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FFs and “imaging”: transverse densities, 11
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FIG. 1: Quark transverse charge densities in the proton. The
upper panel shows the density in the transverse plane for a
proton polarized along the z-axis. The light (dark) regions
correspond with largest (smallest) values of the density. The
lower panel compares the density along the y-axis for an un-
polarized proton (dashed curve), and for a proton polarized
along the z-axis (solid curve). For the proton e.m. FFs, we
use the empirical parameterization of Arrington et al. [14].

FIG. 2: Same as Fig. 1 for the quark transverse charge den-
sities in the neutron. For the neutron e.m. FFs, we use the
empirical parameterization of Bradford et al. [15].

Proton (left) and neutron (right) 2D polarized transverse charge densities from Carlson and
Vanderhaeghen: Phys. Rev. Lett. 100, 032004 (2008)
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Simplistic physical picture of form factors—Scattering of ultra-
relativistic electrons from a static charge distribution

do ( do ) 5
= = |70 [F(q)]
ds) dS2 ) aroes
do a?(he)?® E. 50
— = cos” —
) .., AE2sin* ¢ E. 2

F(q) = / p(x)e' V¥ d’x

* In the one-photon-exchange approximation in QED (equivalent to the first Born
approximation in nonrelativistic quantum scattering theory), the cross section
factorizes as the product of the “Mott” cross section, and the square of the form
factor F(q), equal to the Fourier transform of the charge density with respect to the
three-momentum transferq = k — k'

* The Mott cross section represents the theoretical cross section for scattering of
ultrarelativistic, spin-1/2 electrons from a point-like, spin-less target of charge e.

« In the non-relativistic limit, Q% << M?, we have the correspondence: |F(q)| =

Ge(Q%)

U E U N N -!efftgon Lab 13120 Hall A Collaboration Meeting
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Form Factors for a point nucleon

[\

Gp(@ =0) = 1

Gh (Q*=0) = p,=+2.793

Gp(Q*=0) = 0

G (Q°=0) = p,=—1.913 g
FP0) = 1 %
FP(0) = kp=pp—1=+1.793
Fr0) = 0
FP0) = kp=—1.913 :

* In the low-Q? (long-wavelength) limit, the
electric and magnetic form factors reduce to
the proton and neutron charges and magnetic
moments.

 If the nucleon were pointlike, the form
factors would have these constant values at

any Q2

U c U N N .geffgon Lab

effects.
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F1c. 24. Electron scattering from the proton at an incident
energy of 188 Mev. The experimental points lie below the point-
charge point-moment curve of Rosenbluth, indicating finite size

R. Hofstadter, Rev. Mod. Phys., 28, 214 (1956)
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Electron scattering |
_. from hydrogen !
(188 MeV lab) }

R. Hofstadter
Nobel Prize 1961

(9]
Point charge,
point moment
{anomalous) .
curve !

Cross section in cm? | steradiar
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Fig. 9. Electron scattering from the proton at an incident energy of 188 MeV. Curve
" . . . . (a) shows the theoretical Mott curve for a spinless point proton. Curve (b) shows the
for hlS pionecrmg Studles Of eleCtron theoretical curve for a point proton with a Dirac magnetic moment alone. Curve ()

SC attering in atomi C nuCI ei and for hlS shows the theoretical behavior of a point proton having the anomalous Pauli contribu-

tion in addition to the Dirac value of the magnetic moment. The deviation of the ex-

thereby achieved discoveries Conceming perimental curve from the Curve (c) represents the effect of form factors for the proton
and indicates structure within the proton. The best fit in this figure indicates an rms

the structure of the nucleons" radius close 10 0.7 - 10 cm.
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Measuring Form Factors—Rosenbluth Separation

The nucleon structure-
dependent part of the cross
section factorizes from the
“point-like” part.

The “reduced cross section”
ogr depends linearly on € for a
given Q?, with slope G# and
intercept TG .
Experimentally, one measures
do /df) while varying the
beam energy and scattering
angle to change € while
holding Q* constant

.0150

Q% = 2.64 GeV?

0145 |
o
o .0140 |

0135

0094 F : ‘
Q® = 3.20 GeV?
0092 F

x 0090 F
0088 F
0086 |

0051 F g2 = 4.10 Gev®
0050 |
0049 |
0048 | .
0047 f -~~~

0046
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&

FIG. 2 (color online).
e. The solid line is a linear fit to the reduced cross sections, the
dashed line shows the slope expected from scaling
(/.LPGE/GM = 1), and the dotted line shows the slope predicted
by the polarization transfer experiments [6].

Qattan ef al., Phys. Rev.
Lett. 94, 142301 (2005)

do do eGE + 7G5, _

Q. (E>Mott e(l+7) T

do a? cos (%) E! B
(d—m)Mott B 4FE?2 sin (%) FEe © =

eG + TG2

1/31/20

Reduced cross sections as a function of

Hall A Collaboration Meeting

1 T
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Q2 (GeV/c)?
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FIG. 22. Reduced cross sections divided by the square of
the dipole fit plotted versus € for each value of Q?. The 1.6
GeV data points correspond to the leftmost point on each
line, and the E136 data point is the rightmost point on the
Q? = 8.83 (GeV/c)? line. The inner error bars show the
statistical error, while the outer error bars show the total
point-to-point uncertainty, given by the quadrature sum of the
statistical and point-to-point systematic errors. An overall
normalization uncertainty of +1.77% has not been included.

Andivahis ef al., Phys. Rev.
D 50, 5491 (1994)
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Hall A G, preliminary results from 2016 data GMp and other High Q” data

F -+ GMp S
Eoma™e > JLab data critical for Q2> 6 GeVz |- Sill
0.9 ‘n — Andivahis
E . . A .
O.Bf— - . . ...' . ° . -#- Christy
E .
07, ¥ a v * .
= " . . v
0.6 v R v v
E = - -m
w 05':— - - v v
- v
0.4 - v
E Yvy
0.3 - M v Yy
E B -
0.2 ‘
0~
i 1 1 1 1
00 5 10 15 20
Q%GeV?)
; d e(G"]2+r(G")2
- GMp12 data at much smaller ¢ than Sill data o _ E M
d Q Mott e (1+ _[)
i Less sensitivity to G_ in extracting G,,
Lever arm in ¢ provides sensitivity to:
- 2y from global fit utilizing G_/ G,, from polarization transfer
Eric Christy Hall A/C Summer 2019 9

GMp - E012-07-108 final cross sections Impact of E12-07-108 data on G_/G,, at large Q?

12— U T
o Andivahis _
= o Sill (3% norm. uncert. not shown) .
N | " [¢ GMp-Global 4 Walker Prelimin ary
Q L] Walker 2+ #  Christy \d Andlw{ah-is
e 1 i (‘) é 5 Christy - [+ Qattan ¢  Polarization Transfer
z : ¢ ¢ N ° Our results(3/2019)(1.5% norm. uncert. not shown) : 15 :_ 1
o | t Iy Additional GMp points to be analyzed i o 1
3 N - 4 _
g 08— L) 4 — o bt L ' 4
g - - ST R } LM ! Y
g B t + . ‘bn = Q¢¢¢+¢:+¢? ! T* !
4 3 - T
g I 1 osf- S
= 06— — = o 3’,%’ S
- b - S [ e
- $ $é $ -1 o= ... Gayou fit ARREE .
04 [ ! e R | ] o
) 10 5 20 30 05— | | L
Q?[(GeV/c)] 2 3 ] 0
Q% (GeV?)
» Cross section relative to 1-y cross section calculated withG_=G_/u=G o o )
E M dip i Lab Hall AGMp12 data significantly reduce uncertainties on G_/G,  at largest Q

* Significant improvement in precision for Q* > 6.
* Systematic uncertainties on Fall 2016 LHRS data ~1.3% (pt-pt), 1.5% (norm)

RHRS (additional 2% from optics) -
Eric Christy Hall A/C Summer 2019 20

U U U I“ I“ %ETI-GTSOH Lap

=> further highlights discrepancy with P-T data up to Q*> 9
Full data set provides significantly more sensitivity than shown in select L/T separations

Eric Christy Hall A/C Summer 2019 22
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Proton FFs—Rosenbluth data

! \. The problem—Gy sensitivity - - . 1.10
10l N ~9f Ok vanishes at large (0’ ] 14 - i
_; \ T T s | | & 100 gE
a N T A CSa T
g .0 N~ 1 3
+ 107 . 1 g 10 tetaRER N, 090
X - o =
aw 1074 E &)
© E ——— Globalfitl E 0.8 0.80
10°E o Giobal fit i E I l 1 A
F \/ 3 0.6 ]
106 ——— nG/G,=1 | i 1 0.70
i \{ ; 0.4 IIIIII 1 1 1 IIIIII 1 1 L1 1111 IIIII 1 1 ||||||| 1 1 |||||||
107 107" 10° 10" 10" 10° 10!
0 5 10 15 20 25
. Q* GeV) , Q? (GeV?) Q* (GeV?)
Maximum contribution of Gz P
term to o vanishes at large 7. Gr and Gi; Rosenbluth Data: GL ~ X ~ G,
Fits to FF data are described in Hp

2 —2
Phys. Rev. C. 96, 055203 ar (1 N Q_2 )
(2017) A
on = €G%4 TG A = 0.71 GeV?

» Elastic ep cross sections have been measured for 0.003 < Q? < 31.2 GeV2.
* Rosenbluth data for GE and Gﬁ, are qualitatively described by the “dipole” form factor, which is the

Fourier transform of a spherically symmetric, exponentially decreasing radial charge/magnetization
density.
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https://journals.aps.org/prc/abstract/10.1103/PhysRevC.96.055203

Elastic e/N scattering and form factors: formalism
M= T k) | B + Fale) | i)

Invariant amplitude for elastic eN scattering in the one-photon-exchange approximation

* The most general possible form of the virtual photon-nucleon vertex consistent
with Lorentz invariance, parity conservation and gauge invariance is described by
two form factors F'; (Dirac) and F, (Pauli):

» [, describes the helicity-conserving amplitude (charge and Dirac magnetic
moment)
» [F, describes the helicity-flip amplitude (anomalous magnetic moment

contribution) Gp = F,—1F,
?? GM = F1 + F2
N N Q2
~_ 7 p
N(p) N(p)

T = 4M2

Sachs Form Factors Gg (electric) and G, (magnetic), are

do a2 (h C)2 cos2 % B! Te2 L rG2 experimentally convenient linearly independent combinations of
— 2 e E M F,,F
dQ2, 4E?2 sin? %@ E. [ e(1+7) ] b2
do
1 2 Oe 6(1+7-)<d§2 )
- = 1+ 2(147)tan 5 op = — = eGE + 7G5,
( dS2e ) Mott
Differential cross section in the nucleon rest frame:

Rosenbluth Separation Method: Measure cross section at fixed
Q? as a function of € to obtain G;? (slope) and G,,? (intercept).
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Rosenbluth formula



