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Introduction
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. What this talk isn’t

A detailed review of the entire literature on form factors, theoretical or
experimental

A detailed overview of approved form factor experiments for the 12 GeV
upgrade

A conclusive explanation of the cross section/polarization disagreement on the
value of Gg

A talk that will explore the neutron form factors in significant depth

 What this talk is:

An experimental talk

An in-depth retrospective of a “flagship” experiment of the 6 GeV era

A detailed exploration of the power of the polarization transfer method for
precise AND accurate FF ratio measurements

Probably the last talk dedicated specifically to my Ph.D. experiment

A summary of our recent archival paper: A. J. R. Puckett et al., Phys. Rev. C 96,

055203 (2017)
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Elastic e/N scattering and form factors: formalism

4o 1o’ o
M= Sl u(R)gu i) | Fi(a )" + Fale?) g | ul)

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
tributi
contribution) Gr = F, —71F,
Guy = I+ F
Q2
~— // T= e
N (17) N(p') . |
Sachs Form Factors Gg (electric) and Gy, (magnetic), are
do B o2 24 C0t2 & _|_ EG%\/I experimentally convenient hnlsar;y independent combinations of
dQd. Q2 2 1+7 - | de b
+ T
_ dS2e
el = 1+42(1+7)tan? (§> OR = p :5G2E‘|‘7_G?\4
g
( df2e ) Mott

Differential cross section in the nucleon rest frame:
Rosenbluth formula Rosenbluth Separation Method: Measure cross section at fixed
Q? as a function of ¢ to obtain G2 (slope) and G,,? (intercept).
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Rosenbluth Separation Method

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

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

do_ (do
dQ.  \dQ.

)Mott
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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 et al., Phys. Rev.
Lett. 94, 142301 (2005)

(%)

do.
s,

eG + TG2
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Mott 4E? sin? (%)

eGE + 7G5, _
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Reduced cross sections as a function of
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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 et al., Phys. Rev.
D 50, 5491 (1994)
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Polarization Transfer in Elastic e/V scattering

Polarized e beam Pt — _Pbeam 26(1 B 6) r
T 1+ £r2
P, V1 —¢€2
L — beam 1+ 572
P, = 0
ep —ep H . = GE
Q’'= 2GeV? Gm
€ =10.950 Gp 1 P
Pr=-0.100 = R,=p,—~ = —u, Tte P
) P, =0.277 G PI
* Akhiezer and Rekalo (1968) + Arnold, Carlson,
— Gross (1981):

* Derived relations between transferred
polarization components in elastic eN

scattering and the ratio of electromagnetic
FFs R=uGy/G,,

Unpolarized p target  Perdrisat + Punjabi, 1993 proposal to CEBAF
PAC: A simultaneous measurement of the two
o The ratio of transferred polarization recoil polarization components in a polarimeter

systematic uncertainties (beam polarization,

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

to G at large Q? than the cross section
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Polarized Beam-Polarized Target Asymmetry

* The beam helicity asymmetry in elastic eN scattering
from a polarized target is related to the transferred
polarization by time reversal symmetry.

* The asymmetry A; for target polarization perpendicular
to the momentum transfer but parallel to the scattering
plane (8" = 90°, ¢* = 0) equals the transverse
component P; of the transferred polarization.

* The asymmetry A, for target polarization along the
momentum transfer direction (8* = 0) is equal in
magnitude but opposite in sign to the longitudinal
transferred polarization Pp.

* The sign change between A, and P, is due to the proton
spin flip required for the absorption of the transversely
polarized virtual photon

PI

P = Target polarization
Aen = — FPoeamLiarge: [( 2(1-¢) sin 0™ cos gb*) r+ 1 — €2 cos 0*]
1+ £r2 T
= Piarget [Arsind” cos ¢™ + Ay cos 0]
Ay = P
Ay = —F

= P,=0

A, =
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Proton FFs—Rosenbluth data

T T T T TTTT] I T I
K The problem—Gy, sensitivity 3 - : 1.10
; 0*‘i \~.0f og vanishes at large 0° 14 - i
10-2f \ : “hm—‘i a 1.2 CDQ 1.00
_ N 10U A
N(EE 3 ‘\'\ 3 \ i
+ 10 S a 10 jBAECE N, 090
T \ =T =
o 107 E &)
-~ Globalfitl / : 0.8 0.80
10°E o Giobal fit i 5 I 1 |
- \/ ] 0.6 ]
10—6 : RN qu;/G:,I =1 . | | 0.70
; V ; 04 Ll il T W 11l Ll Ll 1
L TV T-Ru— — 107" 10° 10! 10" 10° 10!
. G* (GeV) , Q* (GeV?) Q? (GeV?)
Maximum contribution of Gz P
term to og vanishes at large t. GEp and Gl\zj[ Rosenbluth Data: GEp ~ M~ (G D
Fits to FF data are described in , Hp
o\ —
Phys. Rev. C. 96. 055203 G, = (1 L@ >
(2017) (more on these later) A?
2 _ 2
OR = €G2E + TG%W A = 0.71 GeV

« Elastic ep cross sections have been measured for 0.003 < Q2 < 31.2 GeV2.
* Rosenbluth data for Gg and Glﬁ 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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Polarization Transfer data for G% /G, (prior to GEp-III)
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GEp-I and GEp-II results from Hall A with

selected Rosenbluth data. Figure from Phys.
Rev. C, 96, 055203 (2017)
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GEp-I: Jones et al., Phys. Rev. Lett. 84, 1398 (2000)
* 825 INSPIRE-HEP citations (1/12/2017)
*  Final results: Punjabi ef al., Phys. Rev. C 71,
055202 (2005)
GEp-II: Phys. Rev. Lett. 88, 092301 (2002)
e 749 INSPIRE-HEP citations (1/12/2017)
*  Final results: Puckett ez al., Phys. Rev. C 85,
045203 (2012)
Extraction of the same physical property of the proton
from different experimental observables yields different
results!
Guichon and Vanderhaeghen, PRL 91, 142303 (2003):
“This discrepancy is a serious problem as it generates
confusion and doubt about the whole methodology of
lepton scattering experiments.”
General consensus: the polarization method provides
the most reliable determination of Gg,, due to superior
experimental sensitivity and precision, and robustness
of the physical observable against radiative and multi-
photon-exchange corrections.
Discrepancy still needs to be fully understood:
*  Refinement of higher-order corrections
*  Direct experimental determination of TPEX
contributions
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physics

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

U c U N N '!effg'gon Lab  1/26/2018 JLab Seminar
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Experiments E04-108
(GEp-111) and E04-019

(GEp-2y)
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The GEp-III and GEp-2y experiments in Hall C

1 \
=

Beam: 60-100 pA, |
80-85% polarized /
e Polarization transfer in 'H(e,e’p). Nominal luminosity ~ 4x103% Hz/cm?

* ”Fast” beam helicity reversal (30 Hz) cancels FPP instrumental asymmetry in
polarization transfer observables
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to the surface of BigCal.

Kinematics

TABLE I. Central kinematics of the GEp-III and GEp-2v experiments. Q? denotes the central or nominal Q? value, defined
by the central momentum setting of the High Momentum Spectrometer (HMS) in which the proton was detected. € is the value
of the kinematic parameter defined in equation (3) computed from the incident beam energy (not corrected for energy loss in
the target prior to scattering), and the central Q*. E. is the incident beam energy, averaged over the duration of each running
period. E. is the scattered electron energy at the nominal Q2. The central angle of BigCal is denoted 6., and can differ slightly
from the electron scattering angle at the central Q2. pp is the HMS central momentum setting. 6, is the HMS central angle. x
is the central spin precession angle in the HMS, P. is the average beam polarization, and D4 is the distance from the origin

Dates (mm/dd-mm/dd, yyyy) Q2 (GeV?) € E. (GeV) E. (GeV) 0. (°) pp (GeV) 0, (°) x (°) Pe (%) Decar (m)
11/27-12/08, 2007 2.50 0.154  1.873 0.541 105.2  2.0676  14.5 108.5 85.9 4.93
01/17-01/25, 2008 2.50 0.150 1.868 0.536 105.1  2.0676 14.5 108.5 85.5 4.94
12/09-12/16, 2007 2.50 0.633 2.847 1.515 44.9 2.0676 31.0 108.5 84.0 12.00
12/17-12/20, 2007 2.50 0.772 3.548 2.216 32.6 2.0676 35.4 108.5 85.8 11.16
01/05-01/11, 2008 2.50 0.789 3.680 2.348 30.8 2.0676 36.1 108.5 85.2 11.03
11/07-11/20, 2007 5.20 0.377 4.052 1.281 60.3 3.5887 179 1772 79.5 6.05
05/27-06/09, 2008 6.80 0.506 5.711 2.087 44.2 4.4644 19.1 2179 79.5 6.08
04,/04-05/27, 2008 8.54 0.235  5.712 1.161 69.0 54070 11.6 262.2 80.9 4.30

* GEp-III goal: extend knowledge of Gg / Glﬁ to highest practically achievable QZ, given

maximum available beam energy (ca. 2008) of ~5.71 GeV
» Hall C HMS was used due to its max. central momentum of 7.4 GeV/c (Hall A HRSs

have pax = 4.0 GeV/e, corresponding to Q2. ~ 5.9 GeV?).

* GEp-2y goal: Measure the € dependence of polarization transfer observables in ep — ep with
< 1% total uncertainty at a fixed Q2 in the region of the Rosenbluth/PT discrepancy

U c U N N .geff;@on Lab 112612018
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A Brief Historical
Digression
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Owl shift summary, 1/25/2008

®  ® EB sefterson Lab | Exploring the | x " Owl shift summary

€ C O @ Secure Mips/ halicwed jiad.org JOBO1_archive/08 5082247 M o

i Apps W 1) Bookmark: 1 imported From Firedon

Main INDEX, Monthly INDEX, PREY, NEXT
Make New Entry, Make Followugp Entry

User name Yall

Log entry time 08:22:47 on January 252008

Entry number 149671

keyword=Ow! shift summary

1725008 Owl shift, Ya Li, Phil Carter, Georgie Mbianda

00:16 No beam for about 8 minutes, using this time, we stopped run 68295 10 reboot Target [OC for 2-second heart beat lost
00:38 Lost Target 10C communication for a minute, then it came back.

05:00 ROC2 error, reboot. At the meantime, reboot target 10C, which has been half dead for the half of night. But since the target temperature was stable, we have been waiting for a chance to reboot since
06:45 replay discovered bad FPP histograms, probably Roc13, Rocl4 problem, but since we caly have a few minutes beam time left, there is no point to reboot Roc13 and Rocl14.

en noticed for a survey.

‘ 0.76 —— T L T T T
Run list: t

68294 2M Good

68295 1AM Good, stopped to reboot target I0C I
68296 2M Good 072
68297 2M Good .
68298 2M Good
68299 2M Good
68300 2M Good [
68301 2M Good F- 1 d t-
68302 2M Good

o I o Inal proauction
68304 2M Good

\> :
68305 2M Good runs Of GEp‘zy 0.647
68307 2M Good
68308 26K Junk, Roc2 Emror; target 10C reboot, [

S Meziane et al.

68311 2M Good 0.60

68312 2M Good
g:ﬁ:‘:mmuwmmnmmum Phys- ReV. Lett. 1'04.

0.68

106, 132501 § oz t .
& i GPD
2011 B oot

00 02 04 06 08 L0
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Screenshot from Hall C Logbook, Day Shift, 1/26/2008

®  ® [ sefferson Lab | Exploring the | x " Hall C Logbook x PN
€ 2 C O O nups/malicwedjab.orghclog/0801 archivefogdirntm| &
it Aops = [ imported From Firedon
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L ML e R L e e Changeover from GEp-2y to Wide-angle
O o O i LIS 0.2 A Compton Scattering: Fanelli et al., Phys.

T Rev. Lett. 115, 152001 (2015)

® E99-114
e this experiment

—CaM ;‘
— SCET

E 149008 01/26/08 12535 Bosted MV for S0P increased i was tee low 06

. e JRi0_600 235 WACS_comminsioningi LHZ 13 o ¢

o 40003 01/26/00 12:0% cdaq.  Ead of Rus 60274 0 4
* 40004 01/26/00 12300 cdaa.  Rus G0)74: WACS comminsioningi L2 A3 om ¢ xad.. 23 8A. ‘

o 242000 01/26/08 12:27 _geakedd  Moller beckous

* 140002 01/26/08 12:26 hoxa/sankell  Moller Sussary 02
e 149001 01/26/08 12:32 o 83235 "

+ 149826 01/26/08 1138 Movhazoes  NaA{ wave Plate -02

m.‘l lllllllllllllllll L

. 149822 01/26/08 11:51 Boated  Target ssapshot 04

149819 01/26/08 11140 cdag _ End of Mus 683681 06

—
— —

.
&

. PEFE BPETET N B

T T YT T E— Y Y T S—— 20 40 60 80 100 120 140 160
¢ 149810 01/26/08 Mludé codag  Moller Rum 683631 IHNP=OUT, tuse run

. 6gm [deg]

.
149802 01/26/08 10:06 cdaq _ Moller Rum 68)62: DAQ test

¢ 149000 01/26/08 10104 Bosted. Tarsesi Tarses moved to MI

¢ JA2008 01/26/00 10104 Doated Targeti Tacges soved $0 15 cm N2 ¢ xed

e 149793 01/24/00 09538 cdeq Ead of Rua 60)64:

¢ 149290 01/26/00 09530 _cdeg Rua 6006405 WACS comminsionings L2 13 cm ¢ xad.. 20 wA.

o 149797 01/26/00 09331 cdeg Ead of Rua 602603

e 149296 01/26/00 09343 puckets Usdated BigCal, BMS _ALC thresbolds

* 149293 01/26/00 09:44  cdag Rua 60260: WACS commissionings L2 A3 cm ¢ xad.. 20 wA. pad=l
* 149094 01/26/00 09342 cdag Eod of Rua 6039:
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Hall C GEp Apparatus
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High Momentum Spectrometer (HMS)

FPP drift chamber pairs

Dipole

e 27m >

* QQQD superconducting, 25° vertical bend
magnetic spectrometer, max central momentum
Pmax = 7.4 GeV/c

* Acceptance:

* 6.74 msr solid angle (~2:1 vertical/horizontal Detector p ackage for GEp_III:

aspect ratio)

e £9% momentum bite * Drift chambers: track scattered protons for
* +5 cm/sin 9 extended target acceptance kinematic reconstruction and incident FPP
* Resolution (standard detector configuration): track definition
. % ~ 1073 * Scintillator hodoscopes: trigger and timing
* Angular resolution ~1 mrad (resolution ~250 ps)
* Vertex resolution ~2 mm (perpendicular to * FPP: measure proton polarization
optical axis) * SO: restrict acceptance to reduce trigger rate
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(L.S+)<0

(L.S-)=0 (L.S-)<0
-— A .
L Analyzer
. nucleus
If more S+ than S (+l’\“ ) ...
o ‘ == \T
¢
X
... more events left than right

(L.S+)=0

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 p xS, where p is the incident proton

momentum, and S is the proton spin.

* Note that a spin-orbit force is insensitive to longitudinal polarization!
By tracking the incident and scattered proton and measuring the azimuthal
asymmetry in the angular distribution of secondary scatterings, the incident
proton’s (transverse) polarization can be reconstructed
Retractable CH, analyzers allow collection of “straight-through” data for
calibration/alignment
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KPP design aspects and motivation

- | | | | | I T y T
pp =3.8 GeV/c
0.10
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0.00 ¥

-0.05 T

Fig. 4. Analyzing powers as a function of p: (a) for different
target thicknesses at p, = 3.8 GeV/c; (b) for different momenta

at L = 51.6g/cm?.

proton momentum, anyway) and for transverse momenta pr = p, sind = 0.7 GeV
* CH, analyzing power significantly higher than C in the few-GeV momentum range

L T T T T .
0.002 [ @
[ p=3.8GeV/c
g [ £ _
N r L7 s 375 g/cm2 ]
© 0.001 [ ;
’ 7 - 51 6 g/cm2
~~~~~~~~~~ 65.7 glcm?
o B S —
0002 [ ® ]
[ L=51.6g/cm?
Gy i
o ]
L 0.001 [ ]
—3.8GeV/c
- 4.5 GeV/c
[ o T 5.3 GeV/c
o000 L&« . .
0.0 0.2 0.4 0.6 0.8

p:, GeVic

1.0

Fig. 6. Figure of merit as a function of p;: (a) for different
target thicknesses at p, = 3.8 GeV/c; (b) for different momenta

at L = 51.6g/cm?.
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Fig. 5. Momentum dependence of CH,- and C-data. Solid
squares—current data, open circles— Ref. [4]. open triangles
Ref. [5]. Solid line—fit of CH,-data, dashed line—fit of C-data.
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- p,= 2.64 GeV 1
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Azhgirey et al., Nucl. Instr. Meth. A, 538, 441 (2005):

* Analyzing power roughly independent of target thickness at 3.8 GeV
* Polarimeter figure-of-merit essentially saturates beyond one nuclear collision length A of CH, thickness (at 3.8 GeV

Stacking two polarimeters in series, each with approximately one A analyzer thickness, increases FPP FOM by ~1.5
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KPP drift chamber design

GEp-III Focal Plane Polarimeter

B 83
80 + Layer Order
r (with increasing z) o X
[ 445°, 0%, —45° 5[
%
60 —
[ angle designations refer to N
[ direction of measurement,
40 NOT directions of wires
I Direction vector points
20 from lowest numbered b®:
L wire to largest number 50 |SEXXS
L Labels do not match
Q | our coordinate systems 42
[+45° measures along —45° KX
[ 0° measuresalong  0°
[ measures along +45° [SRIRS
~20 i
FY z into plane 8lé
: HMS Transport Coords
and layer labels
-80 — .
B 01 5 10 40 46
-l 1 1 L \ L L L J L 1 1 | 1 1 1 I 1 L 1 l 1 L 1 ] 1 L L I 1 1 1 l 1 1 1 J 1 L
—-12

20 —100 -80 —60 —40 -20 0 20 40 60

* Each chamber consists of three planes of sense
wires, oriented at +45°,90° relative to HMS
dispersive direction, with 2-cm “pitch”

* Protons tracked after each analyzer by a pair of
FPP chambers, six planes in total

U c U N N .gef.f/eZm Lab 12612018

TABLE III. Characteristics of the wires used in the FPP drift
chambers. The sense wires are gold-plated tungsten, while the
cathode and field wires are made of a beryllium-bronze alloy.

Type Diameter (pm) Tension (g)

Sense 30 70

Field 100 150
Cathode 80 120

e FPP chambers and CH, analyzers are on separate
support frames, to insure that FPP chambers
cannot move upon insertion/retraction of the CH,
analyzers

* Space in the HMS hut, cost considerations/etc
limited the number of wire planes used for FPP

tracking system.
JLab Seminar 23



FPP performance: coordinate and angular resolution

— T T T T T T T T T | T T T

10°

1 1 1

0.2 5= 108 um

T T T T
|

1 1 1 1

T
|

0.1

T T T T
1 1 1 1

0.0

5 0 50
Residuals, all planes (cm)

Residual (cm)

FPP layer number

*  Width of tracking residuals for
straight-through tracks with all six
planes firing average about 100 um
for 2.4 GeV electrons, slightly worse
for 2.1-5.4 GeV protons.

103 T T T X103 T T T ><1Oal T T ><103I T T
- — 0=0.217cm - — 0=0.326 cm 60— — o=0.00183 E - — o =0.00223
60 5=0.216 cm 1 40— c=0291cm 1 [—oc=000182 40— ©=0.0021
a0f a0 1
20F . I
20f : 20r { %
1 1 1 1 1 1 L 1 1 1
L a— 0 2 A e— 0 2 2 950 000 0.02 0502 0.00 0.02
Xeppi-Xpms (CM) Yerrr Yums (cm) X'eppi~X'hms YeeprY hms
x10° x10° x10° x10°
T T T T T T T T T T T T
- - 6=0.327cm - - 6=0.426 cm 60r— — 5=0.0019 7 - — ©=0.00216
A0 — 5=0.324 cm 1 3% —o=0.424cm 1 [— c=0.00189 a0l— o=0.00213
a0r .
20f .
20t L
10f 12 1%
1 P Y 1 1 1 1 1 L n 1 1 1 n 1 1
L R T 2 9 %02 "o00 002 09502 000 002
XFPPZ-XHMS (cm) prpz-yHMS (cm) X'FPPZ-X|HMS y Fppz-y HMS

FPP-HMS track parameter differences, before (after) alignment
corrections

Observed tracking residuals correspond to an intrinsic coordinate resolution
of =& 270 um, which is consistent with observed HMS drift chamber
resolution (same gas mixture, similar electric field/drift velocity/readout
characteristics)

As measured by track slope differences between FPP/HMS for straight-
through tracks, FPP angular resolution is o, (O'yr) = 1.8 (2.1) mrad. The
resolution asymmetry between the “x” and “y” directions results from the
orientation/layout of the wire planes.

The smallest polar scattering angle accepted in the analysis is ~0.5 degrees =
9 mrad (for Q* = 8.5 GeV?2, p, = 5.4 GeV/c)
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“SO”

FPP drift chamber pairs

* l-cm-thick plastic scintillator installed upstream of HMS drift chambers to restrict acceptance
to the region of the HMS focal plane populated by elastically scattered protons, and reject
inelastic background processes that occur at a much higher rate, particularly for high-Q?
and/or low-€ kinematics. Consists of two paddles, 15”"X12”X1 cm, coupled to Photonis PMTs

* This addition (or something similar, given HMS space constraints) was necessary to achieve a
manageable trigger rate for the DAQ, even in coincidence with BigCal

* Side effect—multiple scattering prior to tracking chambers makes HMS angular resolution
approximately 3X worse (at 2.1 GeV momentum), compared to standard configuration.
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1,744 lead-glass blocks, “TF1-0" type
*  “Protvino” section (bottom): 32%32 array, 3.8%3.8x45 cm’.
*  “RCS” section (top): 30%x24 array, 4.0x4.0 x40 cm?
*  Optically isolated via aluminized mylar wrapping
* Russian FEU-84 PMTs
* (Calorimeter positioned at maximum distance from target consistent
with HMS acceptance matching for ep — ep kinematics, space
limitations in Hall C, and cable length

|
I

* Detecting the elastically scattered electron in coincidence was necessary to manage trigger rate and suppress inelastic
backgrounds—Ilarge solid angle was needed to match proton arm acceptance for high-Q? kinematics—precludes use of an

existing magnetic spectrometer (e.g., SOS in Hall C)
*  4” aluminum absorber in front of BigCal, used for all but one of the production kinematics, mitigates radiation damage to

the lead-glass
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BigCal Performance (coordlnate/energy/tlmlng resolutlon)
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*  Clustering results (above right):

Typical cluster size is
3X%3.

~98% of elastic electron
clusters at least 2X2
Average (most probable)
total number of hits

above software threshold
~5.8 (5)

* Energy resolution (above, left) was (intentionally) degraded by 4”-
thick Al absorber in front, used to mitigate radiation damage.
Radiation-induced darkening of lead-glass worsened energy
resolution by ~factor of 2 from beginning to end of experiment,
even including the partial UV curing that occurred during Feb.-
March 2008 accelerator shutdown
* BigCal timing resolution ~1.5 ns (above, middle)
BigCal coordinate resolution ~5-6 mm (bottom right)
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Implied shower coordinate resolution is ~6 mm
after subtracting contributions of HMS
momentum/vertex resolution and multiple

scattering in air
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Data Analysis

U c D N N -!effgon Lab 1262018

JLab Seminar

28



Elastlc Event Selectlon GEp-I11
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BigCal energy resolution was too poor to
provide meaningful discrimination between
elastic/inelastic events for any cut with a
high efficiency for elastics—therefore, no
cuts were applied to the reconstructed
shower energy, beyond the BigCal trigger
threshold and the software minimum cluster
energy

The proton momentum and the proton and
electron scattering angles are the useful
quantities for elastic event selection

Three cuts were applied:

*  Proton polar angle-proton momentum

correlation “8p,”

* Electron polar angle-proton

momentum correlation “6p,”

* ¢p azimuthal angle correlation “6¢
These three cuts produce a very clean and
highly efficient selection of elastic events
Dominant background processes are yp —
% and ep - epn®, which are
kinematically indistinguishable within the
experimental acceptance
Contributions from scattering in the
aluminum entry and exit windows of the
LH, target cell are essentially negligible
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Elastic Event Selection, GEp-2y (Q? = 2.5 GeV?)
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Variable-width exclusivity cuts

<e> =0.153

0.00  0.05
6, (rad) 6, (rad)

tar tar

0, (rad)

tar

=5.2 GeV?

el

0.00

0.00 0.05
0., (rad) 0., (rad)
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0, (rad)

tar

_5:

5 GeV?

.00 0.05
6,,, (rad)

Variable-width cuts were applied to

8p, as a function of § = 100x (Z_p _
0

1) and to 8¢, or, equivalently, AB;,,,

as a function of the HMS dispersive-
plane trajectory angle 04, to
optimize the efficiency and purity of
the elastic event selection within the
acceptance, and to minimize cut-
induced bias of the reconstructed
proton kinematics, which are the
inputs to the HMS spin transport
calculation

The resolution of §p, was observed to
vary significantly as a function of the
proton momentum within the HMS
acceptance, by more than a factor of
two at (Q%,€) = (2.5,0.79), the
setting with the largest § coverage for
elastically scattered protons

The elastic peak position in 6¢/AB;
exhibited slight correlations with 6,4,
with deviations from zero in Af;4,- not
exceeding 2 mrad.
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Inelastic Background Estimation, I

LI |

T T T T

T

T T T T

LB

Q? = 8.5 GeV?

LI |

Data

i — Background

T T T ]

TABLE 1V.
contamination f =

S+B

(color online) Estimated fractional background
(where B and S refer to the back-
ground and the signal, respectively) within the final, 3¢ cut
region of the dp. distribution, for all the kinematics of the

GEp-IIT and GEp-2v experiments. The estimates shown are
obtained after applying +3c cuts to dp, and d¢. The quoted
uncertainties are statistical only. The quoted beam energy E.
is the value from Table I, which is averaged over the duration

of the running period, and not corrected for energy loss in the

LH; target.

@ (Gev?)

2

E. (GeV)

(f £ Afurar) (%)

1.873
1.868
2.847
3.548
3.680
4.052
5.711
5.712

D LT NN NN
SR AR RS RS RS

[ed

0.435 + 0.002
0.512 4 0.001
0.161 % 0.002
0.198 4 0.002
0.208 & 0.001
1.018 £ 0.004
0.748 + 0.004
4.89£0.01
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PRI 1T N1 SR R S S R ST R

—1 0 1 2 3
p, (%)
The &p, distribution is used to estimate the residual inelastic contamination
of the final elastic ep selection, because the background shape under the
elastic peak is smooth and relatively uniform (see next slide), and also
because the resolution of 6p, 1s roughly constant within the acceptance.
The cuts applied to 8p,, §¢ strongly suppress the radiative tail of the 6p,,
spectrum for elastic events.
Elastically scattered protons have the highest kinematically allowed
momenta for positively charged particles produced on a free proton target—>
6p, < 0 for inelastic reactions on hydrogen.
The separation between ep and m°p reactions (at “threshold”) in terms of
dp, is comparable to the experimental resolution.
Scattering from Al target endcaps dominates the “superelastic” (6p, > 0)
region due to Fermi smearing of events into the “forbidden” region.

A T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘ T T T ‘
X ]
N’ —m
b I 2 2
Q° =8.5 GeV
10 E
1 - A
e vy ey ey ey 1
-0.6 0.4 0.2 0.0 0.2 04 0.6
o, (%)

Fractional inelastic contamination vs. 6p,
within final cut region, Q% = 8.5 GeV?

L T T T

T T
Q?=8.5 GeV' B
° Data
o  MC total E|
= MC elastic 3
MC background 7
s MCp(y, n°p)+p(ee'p)n’ S
MC Al(e,e'p) 3

Simulated contributions to the §p,

distribution after
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cuts, Q% = 8.5 GeV?2.
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Inelastic Background Estimation, 11

Data (no cuts) Data (no cuts)
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o
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L T

2 1. 0 1 2 3 4 5 3 2 1 0
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* Monte Carlo simulations of the main background processes indicate that the 6p, distribution of the background is
approximately described by a smooth Gaussian in the immediate vicinity of the elastic peak.

* The final §p, spectrum after §p,, 6¢ cuts is well described by the sum of the Gaussian background and the simulated,
radiatively corrected elastic ep yield with realistic detector acceptances and resolutions.

* In particular, after subtracting the background estimated using the Gaussian sideband method, the data agree qualitatively
with the predicted shape of the (radiatively corrected) elastic peak over ~3 orders of magnitude in event yield.

* The experimental resolution of §p,, which is dominated by the HMS momentum resolution and the BigCal coordinate
resolution, is more nearly Gaussian than that of §p,, and §¢, which are dominated by the HMS angular resolution, and
therefore susceptible to significant non-Gaussian tails owing to multiple-scattering in S0 and the HMS drift chambers
themselves, incorrect solutions of the left/right ambiguity, and other effects that are difficult to precisely model in MC.
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FPP event selection criteria

— 300 T T T T T T Table 1: FPP event selection criteria as a function of QE. Only
L _| - 3 . 2 — 2 B single-track events p: the “cone test” were included in the anal-
%) 1.0 g 3 10 Q°=8.5 GeV — y»i: No explicit ¥ cuts were applied. Instead, the ¥ y
0 L ) ] X i : v
£ 3 250 CoQmesGev |
S o o : ” ' B . defined, r
o — N : ol £ " Q@2=5.2 GeV? 4 bet he inci
s = 200F 102 £ | the point of closest s
g 0.5 _ ; 2 3 Q%= 2.5 GeV? 1 with z = 0 at the HMS focal plane.
-f-3 150 T’%u ] Q7% (GeV?) 25 52 68 85
8 10 —= ] PP (GeV/c) 0.06 0.05 0.05 005
x & = = = 100 1 piRaT (GeV/c) 1215 15 15
0.0 ——— : ] 171 081 065 0.53
oLy ; ] 367 251 109 16.3
0 |:2pp |? Itiol 6 4 T — 182 084 067 0.55
1 track multiplicity = 300 : 305 260 204 166
E FPP1 8 0q, (cM) 22 17 14 12
~ 65 51 41 33
1.0- 0 Q?=2.5GeV? ¢=0.79 | § 250 ] 108 108 108 108
12t Q?=25GeV2 £=0.64 1 P E .l)(ii .|)(;§ .l)(if .1)(35
S v Q*=25GeV? ¢c=0.15 200 1 N s a0r
2 e Q?=52GeV? 1 ; ] -
m - . L 4
S el B Q*=6.8 GeV? ; E
03 = . q’=85GeV? 7 150 ]
o —w— il ‘ 7
-— r q .
S e g ] 100 ] = 9
E . = $ 1 3 pT p— pp S1n
0.0 N 5 g 1
| L L L L L L L L L L L | Ll 1 \ Ll 4
0 F2PP2 tracl?m Iti I'cs't 0 10 20 30 40 30 60 2 3
ultipiici
P y Vepp (deg) FPP2s,,.. (cm)
[ ]

Useful events in the FPP are selected according to the following criteria:

* Single charged track—multi-track events have low analyzing power, negligible contribution to figure-of-merit

» Tracks must pass “cone test”, requiring the projection of the cone of opening angle ¥ from the point of closest
approach between incident and scattered tracks to the rearmost wire plane to be entirely contained within the FPP
drift chamber active area (the z-dependent large-9 cutoff in the (9, z.;05e) plot is due to the cone test application.

» Distance of closest approach s, between incident and scattered tracks is required to be less than a reasonable
upper limit, chosen to optimize figure-of-merit

*  Z.use the “Z” coordinate of the point of closest approach between incident and scattered tracks, must lie within the
physical extent of the analyzer, with a small additional tolerance to account for detector resolution
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FPP polar angle dlstrlbutlons

Q@’=25 c;ev2
* <g>=0.153
© <g>=0.638
L <e>=0.790
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Table 1:  FPP event selection criteria as a function of Q2. Only
single-track events passing the “cone test” were included in the anal-

. No explicit ¥ cuts were applied. Instead, the ¥ ranges shown
are the effective ranges resulting from the Pr cuts. 'l‘lu une crite-

ria were applied to all three € values at Q = 2.5 GeV? Sclose and
Zelose are defined, respectively, as the distance of vlu:wsl approach
between the incident and scattered tracks, and the z-coordinate of
the point of closest approach between incident and scattered tracks,
with z = 0 at the HMS focal plane.

Q? (GeV?) 25 52 6.8 85
])”"" (GeV/e) 0.06 0.05 0.05 0.05
mar (GeV/c) 1.2 15 15 15
FPPI 9IT ) 171 081 065 053
FPP1 9¢/ 1 (°) 36.7 251 199 163
FPP2 ,/',”’,{,(0) 1.82 084 0.67 055
FPP2 velS ( ) 395 26.0 204 16.6
FPP1 s7%%% (cm) 2.2 17 14 1.2
FPP2 s,’,’,’,’,‘_;’; (em) 6.5 51 4.1 3.3

FPP1 ::' az * (cm
FPP2 :'”’ (em

FPP2 211 ix (cm

11111

)

) .
FPP1 :”"” (em) 108 108 108 108

)

)

)

pr = ppsin?

* Coulomb scattering

dominates for py < 0.06
GeV

* Analyzing power negligible

for pr = 1 GeV

* Polar scattering angle distribution approximately scales with proton momentum, for a given CH,

thickness.

e At Q? = 2.5 GeV?, the py distributions are the same for all three kinematics, at the few-percent level, as

expected.
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FPP azimuthal asymmetrles, 1

| <> =0.638
(Vs
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The 30-Hz beam helicity
reversal cancels the effects of
FPP instrumental asymmetries
due to; e.g., ¢-dependence of
acceptance and/or efficiency
and/or angular resolution

The resulting sinusoidal
asymmetry is proportional to
the effective average analyzing
power of the selection of
events and the incident
proton’s transverse
polarization components.
Only the transferred
polarization components
survive in the difference
distribution between opposite
beam helicity states

The proton’s polarization at
the focal plane is related to the
reaction-plane transferred
polarization components Py, P,
by a rotation describing the
spin transport through the
HMS magnetic field.
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FPP azimuthal asymmetries, 11

0 1 2 3 4 5 6 0 1 2 3 4 5 6

FPP1 ¢ (rad) FPP2 ¢ (rad)

0_3; <e>=0.638
——— : ; | H *  Spurious, artificial peaks in the helicity-sum ¢ spectrum, at angles
12 1 corresponding to FPP wire orientations, and z;, . corresponding to the drift
1.1 chamber locations, result from incorrect solutions of the left-right ambiguity
1.05¢~ (see next slide)
e These events are mostly (but not entirely) rejected by the z;, . cuts.
0.9 + g i ]
: o 2/ 45) m DL 4. T [NT N~
0.8 <a>=?.790 | 1. (f:/_'(_lf_';/z) | (f+ )I_ f—i- + = [ S?O) + (_QO)]
o”‘z‘”4”(‘g)‘”2”‘4”(‘3) Ap [ N Ny
ra ra
(prp (prp — [1 _|_ /*LO (gp)] X
A FPP FPP = .
2f:l: 14+ Ay (P ,tr COS @Y — P:c,tr S (,0) [1 + Ay (Pyb?z];g COs Y — Pgﬁg Sin QD)}
fr+ 1= 1+ A, (Piﬂgcosw—PfﬁgsiHLp) ~ 1+ uo(p) (19)
-~ i FPP _ pFPP >
LAy (B cose = PranTsing) @) yy0) =3 e cos(np) + s sin(ng)]
erd o
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Lesson Learned: Irreducible FPP left-right ambiguity

1600 300

700
1400

250 T ey Gancee s 600

1200

T - £ 1000 & 200 500
8 8
N 800 R 400
a & 150
& 600 & 300
400 100 200
- — S 100
\
3 4
| FPP2 ¢ (rad)
\ 10° 10°
\
* The symmetry of wire orientations and common 10*
. . . . 10°
intersection point of U, V, X wires at chamber = =
center leads to the existence of two solutions with < 10" < 200
(nearly) identical y?2, with hits placed on the N N 107
. . . . . . Q. 150 Q. 150
opposite side of all three wires firing in a given & 10" g

chamber, for tracks at or near normal incidence.
* Ambiguity cannot be eliminated without
introducing scattering-parameter-dependent biases g !
. o . 1 A L ' | FEETET BT 1
20 30 40 50
in the pattem recognition and track reconstruction, 0 op1 Y deg)
which is dangerous.

10

|

20 30 40 50
FPP2 9 (deg)

* Ambiguity can be eliminated (for future experiments) by adding more wire planes; e.g., operating in a single-FPP
configuration with 12 tracking planes by retracting the second analyzer block, or retaining the double-FPP layout, but
slightly reducing the thickness of each analyzer block and adding a third identical chamber to each FPP.
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HMS Spln Transport, 1

Q= 2.5 GeV?

e <>=0.153
<e> = 0.638
<e>=0.790

The precession of the polarization of relativistically
moving charged particles in a magnetic field is described
in the lab frame by the Thomas-BMT equation: Phys.
Rev. Lett. 2, 435 (1959).

* For protons, the equation can be written as:

dS e g g
@ = s (3B (3-1)]By)
dt ym 8 2 (s Rt 2 +
dv - “vxB

dt ym

Q% =5.2 GeV?

P A 02 = 68 G9V2
v Q%=8.5GeV?

0o 1 2 3 4

(3)}
—
3 L
Q_O'J
[

X

AFPP ~  —siny (A,) P.P,

The ideal dipole approximation qualitatively
accounts for the acceptance-averaged behavior of
the sin ¢ asymmetry AEPP,

The wide y acceptance of the HMS provides
adequate sensitivity to P, even at Q2 = 5.2 GeV2,
for which the acceptance-averaged asymmetry is
close to zero.
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Here B and B, are the magnetic field components
parallel and perpendicular to the proton’s velocity,
respectively, and g is the gyromagnetic ratio

In the ideal dipole approximation, the proton spin
component perpendicular to the HMS dipole field (which
roughly coincides with P,) precesses by an angle y =
YKpOpena relative to the proton trajectory (where Openg
is the trajectory bend angle), while the component
parallel to the dipole field does not precess; i.e.:

FPP
P ~ P,

FPP :
P, ~ —sinxFPp

The spin transport matrix is computed event-by-event
from a detailed 5"-order COSY INFINITY model of the
HMS including fringe fields.
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HMS Spin Transport, 11
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» The quadrupoles also cause the proton spin to precess in the non-dispersive (horizontal) plane, mixing P; and P,.

* The total rotation relative to the trajectory can be approximated by the composition of a rotation by angle y4 =
YKp®pena 1n the non-dispersive plane, followed by a rotation through angle y in the dispersive (vertical) plane.

* For the HMS, the differences between this “geometric” approximation and the full COSY calculation are quite small, due
to the ”simple” QQQD layout of the magnets.

* The observed y, x4 dependencies of the measured FPP asymmetries are in good agreement with COSY and the geometric

approximation — f
. B fr(p) = f-(p) . AFPP o — AFPP o 0
FPP azimuthal asymmetry definitions: (o) + f—(9) y v
* A, = analyzing power AFPP  — A PFPP A (S P, +S EPE)
= Y Yy

* §;j’s are spin transport matrix elements

AFPP A PFPE = A (Spi P+ SuiPy)
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Maximum-likelihood Estimators for P;, P,

* The transferred polarization components are extracted using an unbinned maximum-likelihood estimator, linearized by

2
truncating the expansion of In(1 + x) = x — x; + 0(x?) at second order:

event E ; ) ;
PPy = ] ;i ) {14 hiPAD [ (S0P + S P2 ) cos

— (Sgt) Ptobs + S;Zﬁ) Peobs) sin sz:| }

. . . . b nel
* Measured asymmetries are an incoherent mixture of signal Py = (1 = finet) Py + finer P e
(elastic) and background (inelastic) asymmetries: Pobs = (1= fine)Pr + finel Pgnel

o0

* The @-dependent acceptance/efficiency/false asymmetry BE(p)
terms do not contribute to the linearized ML estimators: v

= 14 ) [cncos(ng;) + snsin(ng;)]

n=1
* The linearized ML estimators for the 9 o
transferred polarization components ~ Nevent ()\gz)> )\gz))\éz) Pt Nevent )\(Z) 1— )\gn) ol
are given by the solution of the Z N N 2 [ p ] - Z (4) (4)
system of equations at right, with i=1 )\gz) )\éz) ()\éz)> ¢ i=1 Aot 1= )\'Lnel
shorthand symbols defined below: -
. . Phys. Rev. C, 96, 055203
() — p. (i < ) (i) (i) ] See . 96,
Al = hiPheam Ay ~ fiue) |5 yt COS @i = Sy sing; (2017) for additional details
AD = By Pram A ( fmel) 59 cos ; — 549 sin %] of the formalism!
)\Ei)el = hy PbeamA(’)fnel {(S( D cos ©; — S(t sin goz) pinet 4 (S(g COS Y; — S(e sin goz> Pmel}
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Form Factor Ratio Extraction

i <>=0153 c<>=0638 | ]
1.0 > 20790 —R(Q?, global fit _ e
o W: *or !
0-5_ o | Mu
N (a) _ y 0.07 L
: 1 1 * * * : 5:, A <>=0.153 A .
-0.1 0:— : (b) _: - o <>=0638 ft
- 4.4 . 4; " <>=0.790 ]
_ - s | i
Ql_ 015: i ﬁﬁggigﬁgéﬁ ﬁ E§§ ] 3- veens s -
B gT & éé oy i E L] Il=.l.l.=ll-... ="
_0.20__ @ﬁmﬂ@%?? ? @ * - 2l L LT
2.2 2.4 2.6
' —— , ] Q* (GeV?)
1.0 PEOM i asaa . G Py
C «>=0153 © 1 R = u —GpE =K
| o <>=0.638 ! M ¢
2 0.8 . <«>=0.790 . 7
o : ’ !.ggggiiﬁﬂﬁg @ : K — ,LL T(l + 6)
i . i P 2€
B m |
0.6 . ETTLLLLE 1 2¢(1—¢) 7
. ‘ ‘ ‘ ! ‘ ‘ ‘ L ‘ | t - T 1 + £T2
2.2 2.4 2.6 T
Q? (GeV?) p o V1i- €2
, S 2
L J G D NN JefferSon Lab 172672018 JLab Seminar

P;, Pp vary significantly
within the HMS
acceptance for each
kinematic at 2.5 GeV2,
even assuming validity of
the Born approximation.
R varies more slowly
within the acceptance than
P; or Py individually.

To within experimental
precision, Py, Pp, and R
vary linearly with Q?
within the acceptance,
such that the acceptance-
averaged results of the
unbinned ML analysis are
valid at the acceptance-
averaged kinematics.
O?-dependence of the PT
observables within the
acceptance is consistent
with Born approximation
at 2.5 GeV2.
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Analyzing Power Calibration

— ———— 03— ——1———
I e @®=25GeV?® o AP™ (This work) g
0.2 o @*=5.2GeV? - 7 Ay (GEp-ll) »
i v @?=68GeV> | o2 ° A (Dubna0s) e
B SRR “ . Q?=85GeV?: - . I;\y (This work) /// 7
- | 2 A, (GEp-ll) SIS gt |
< 0.1 < | R - 1
- [ 0.1+ Ta ~
‘% -------- L~ ]
0-0_ f | 0.0 /’ —
B 1 1 1 1 I 1 1 1 1 I 1 1 1 ] 1 1 1 I 1 1 1 I 1 1 1 I 1 1
0.0 0.5 1.0 1.5 0.0 0.2 0.4 0.6

P, =P, sin(9) (Ge\l)

A Ay:]. —
t( ) _ AP,
A=Y = A, P,
H(Ay=1) H(Ay=1)
i, = _ 5
PtBorn PEBorn

p
Ay (pp7pT) — Ag(pT)p_pa

p
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P (GeV")

* The analyzing power distribution in terms of pr = p, sin? is roughly
Q’-independent, up to an overall normalization constant, with a
maximum at pr = 0.4 GeV.

* Both the maximum and the average (for equivalent p; ranges)
analyzing power scale as p,*.

* The analyzing power momentum dependence is corrected for event-
by-event assuming an overall p, 1 scaling, independent of 9.

* Hall C FPP effective A, significantly exceeds that of other
experiments using CH,. This is attributable to the capability to isolate
true single-track events, absent from Hall A and Dubna measurements
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Inelastic Background Subtraction

1.0 @) | | -
] IR
0.5 L | LI i =
AI S I
- | T " &:
L ! ! ¢ -
—0.5j :‘ ‘: -
B | I ]
-1.0— :‘ ‘: .
1.00 b) | I -
i I ey o]
L TR s
— ; E : m B ;.. ...‘i ‘: i
g_l B ecoos L : B
& 0.0:4 ;‘ ‘; :
—0.5F o <c>=0.153 || L
- = <e>=0.638 | i ]
1.0 + <e>=0.790 ]‘ ‘] -

PR RTINS NSRS IR S RUS U SATE AT Vi RS |

-10 8 6 4 2 0 2 4
5p, (%)

obs
Pt

obs
PE

finet, P4, P! are taken into account

(1 - finel)Pt + finelptinel

(1 - finel)PE + finelpginel
* The 8p, dependence of

event-by-event in the ML analysis
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O g,
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- L
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1.0F + Q°=85GeV* = N
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8 6 4 2 0 2
5p,, (%)

TABLE VIII. Inelastic background corrections to P, Py, and
R. Systematic uncertainties associated with the background
correction are discussed in Ref. [52].

Q? (GeV?) (€) AP, AP, AR
2.5 0.153 ~0.0013 0.0024 0.0043
2.5 0.638 -0.0008 0.0005 0.0023
2.5 0.790 -0.0002 0.0002 0.0007
5.2 0.382 -0.0010 0.0015 0.0043
6.8 0.519 -0.0009 0.0030 0.0036
8.5 0.243 -0.0060 0.0096 0.0419
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Events

Data (no cuts)
Data (cuts)
v Rejected events

T

80)
™
-

£ 4 Elastic MC
10° 5 ) w — - Background (est.)
E Q°=8.5GeV o Elastic MC + bg
C Data (cut) - bg
1 04 = TV

10°

A

1023714

10
1
-3 -2 -1 0 1 2 3
o, (%)
TABLE IV. (color online) Estimated fractional background

contamination f = SEB (where B and S refer to the back-
ground and the signal, respectively) within the final, &3¢ cut
region of the dp. distribution, for all the kinematics of the
GEp-IIT and GEp-2v experiments. The estimates shown are
obtained after applying +30 cuts to dp, and d¢. The quoted
uncertainties are statistical only. The quoted beam energy E.
is the value from Table I, which is averaged over the duration
of the running period, and not corrected for energy loss in the
LHs target.

Q% (GeV?) E. (GeV) (f £ Aferar) (%)

2.5 1.873 0.435 £ 0.002
2.5 1.868 0.512 £ 0.001
2.5 2.847 0.161 £ 0.002
2.5 3.548 0.198 £ 0.002
2.5 3.680 0.208 £+ 0.001
5.2 4.052 1.018 £+ 0.004
6.8 5.711 0.748 £+ 0.004
8.5 5.712 4.89 £0.01

Background transferred
polarizations are extracted from the
rejected events using the analyzing
power obtained from the elastic
events.
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Radiative Corrections

TABLE IX. Estimated model-independent relative radiative cor-

rections to R = 1,G%/G", and the longitudinal transferred polar- roe A 4 ° P P !
ization component Py, calculated using the approach described in >AN<IJ-'J >ANQ
Ref. [65]. Note that a negative (positive) value for the radiative . o e s . o

correction as presented below implies a positive (negative) correction e P P P a) bremsstrahiung b) vertex

to obtain the Born value from the measured value for the observable in a) Born term b) vertex

¢) vacuum

question. These corrections have not been applied to the final results e P e 3
shown in Tables X and XI. See text for details. (>W\< {>«w\< >‘M€ >W<k

P obs

2 e e
Q% (GeV?) E.(GeV) my (GeV?) 2= —1 o — | Z)se"energy 4 ) selfeneray
2.5 1.87 003  —14x 107 12 x 107 ) n g
25 2.848 0.08 —2.8 x 10™* 6.2 x 107 M >3:>C<
25 3.548 0.1 —1.6 x 107* 8.3 x 107* . N ]
25 3.680 0.1 —1.5 x 107* 8.4 x 107* A
5.2 4.052 0.08 —5.0 x 107* 2.2 x 107* Bre"’ss"a“'“"g
6.8 5.710 0.12 —3.3 x 107" 3.2 x 10™* Figure 24: Bomn term and lowest order radiative Figure 25: Lowest order radiative correction for
8.5 5.712 0.1 —8.0 x 107* 1.3 x 10™* correction graphs for the electron in elastic ep. the proton side in elastic ep scattering.

The ”’standard”, model-independent O () radiative corrections (RC) to polarization observables in elastic
ep scattering have been developed in, e.g., Phys. Rev. D 64, 113009 (2001), Phys. Lett. B 514, 269
(2001), Phys. Rev. D 65,013006(2001), and also Comput. Phys. Commun. 183,1448(2012)
Polarization asymmetries, being ratios of spin-dependent and spin-averaged cross sections, tend to
experience smaller RC than unpolarized cross sections, as the factorized, virtual terms of the RC cross
section tend to partially or wholly cancel in the expression for the relative RC to the asymmetries.
Elastic event selection cuts applied in GEp-III/GEp-2y strongly suppress Bremsstrahlung corrections to
asymmetries.

Model-independent RC to the FF ratio are very small and found to be negative; corrections to the ratio
Pp/PF°™ are comparable in magnitude and positive.

These corrections have not been applied to the final results.
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Final Systematic Uncertainties—Ratio R

. . . . GP? . . . .
Table 3: Systematic uncertainty contributions for R = —K % = upEpE—. The total systematic uncertainty includes the effects of partial
M

correlations among the various systematic contributions, including A¢;q, and Ayar (correlation coefficient paga, ~ —0.43), and Af,- and

AJ (correlation coefficient pagas =~ +0.26). ARiZts‘il is the total systematic uncertainty, while AR?Z’; is the “point-to-point” systematic

uncertainty for Q2 = 2.5 GeV? relative to the € = 0.79 setting.

Nominal Q? (GeV?) 2.5 2.5 2.5 5.2 6.8 8.5
(€) 0.153 0.638 0.790 0.38 0.52 0.24
%A@W —34x107% —21x10~% —20x1073% —48x10~2 —57x10"3 -0.010
d;'ff; AYsar —2.0x107% —12x1073 —-12x10"% —29x10"3 —-39x10"3% —7.7x1073
%Aem —22x107% —25x107% —25x107% 14x10™2 —50x10"3% 3.0x1073
%Ad 58x 1072 12x1073  90x107* 12x103 —-33x10% 25x104
Tl Aprpp 41x1073 25x107%  24x107%  46x107* —6.0x 1073 —0.017
%AEG —18%x107% —11x107* —56x107° —-19x10* —83x10™° —14x10~*
ARgyst(background) 3.5 x 104 9.6 x 10~° 9.9 x 10—° 2.4 x 1073 1.6 x 103 0.012
AR 79x 1072  40x107% 39x1072 55x107%  9.7x 1073 0.024
ARP?, 43x107%  23x107*  1.1x1074 N/A N/A N/A

* Final systematic uncertainties for the FF ratio are somewhat reduced relative to the original (PRL)
publications, owing largely to the more careful/thorough analysis of the non-dispersive-plane optics of the
HMS, reducing the uncertainty of the total bend angle ¢peng = ¢rp — Grar to Appeng = +£0.14 mrad.

« Partial correlations between uncertainties in A@¢ gy, AY¢qr and AB;4,-, AS are now accounted for in the
final systematics.

» Most systematic contributions for R are strongly correlated between the three € values at 2.5 GeV?2. Same
HMS momentum setting implies same spin transport, FPP analyzing power, scattering angle
reconstruction systematics, etc.
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Final Systematic Uncertainties--P,/ PB orn

Table 4: Systematic uncertainty contributions for Py and the ratio P/ PEBOT" at Q2 = 2.5 GeV2. The point-to-point systematic uncertainty
is calculated relative to the (€) = 0.153 setting. The total systematic uncertainties in Py do not include the global uncertainty of AP, ~ 1% in
the beam polarization measurement. This is because any global overestimation (underestimation) of P, is exactly compensated by an equal
and opposite underestimation (overestimation) of the polarimeter analyzing power A,. See text for details.

Q? (GeV?) 2.5 2.5 2.5
(€) 0.153 0.638 0.790

cﬁ%ﬁ%end 1.3x 1072 1.6 x 102 1.3 x 1072
%Aé)bend 42x1073  32x10"3 25x 1073

%Aytar 8 x 103 9 x 105 8 x 105
aLLNS —25x 107 —18x107% —1.4x 1074
y jfép Aprpp —16x107% —20x107% —1.7x104

AP, (background) 8 x 1073 3x 1075 2 x 1073
4r NA, N/A —15x1073 —1.2x 1073
f”’z AP, N/A —37x107% —29x1073
Tota,l APS?/“ 42x1073  51x1073  4.0x 1073
Total Ayyer ( A N/A 70x107%  7.1x 1073
AP, (Ege—n) N/A 53x 1073 6.1x 1073

* For more details of systematic uncertainty evaluation, see https://arxiv.org/abs/1707.07750
(NIM technical note forthcoming).
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Results
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GEp-III final results

TABLE X. Final results of the GEp-III experiment. These results supersede the originally published results from Ref. [31]. The central Q2
value is defined by the HMS central momentum setting. The average beam energy (Epeam) 1S the result of correcting the incident beam energy
event by event for the mean energy loss in the target materials upstream of the reconstructed interaction vertex. The kinematics of each setting
are described by the average, rms deviation from the mean, and total accepted range of Q% and e. The ratio R = u,G%/GY, is quoted with
its statistical and total systematic uncertainty. The polarization transfer components P, and P, are quoted with their statistical uncertainties to
illustrate the relative statistical precision with which the two components are simultaneously measured.? The quoted values of P; and P, are
the maximum-likelihood estimators obtained after calibrating the analyzing power at each Q? as in Sec. III B 7. The value of P;°™ is quoted
with its statistical uncertainty, which is due solely to the uncertainty in R. p(P;, P;) is the correlation coefficient between P; and P, resulting
from the maximum-likelihood analysis. See text for details.

Central Q2 (GeV?) 5.200 6.800 8.537
(Epeam) (GeV) 4.049 5.708 5.710

(0% + AQ? (GeV?) 5.17+0.12 6.70 +0.19 8.49 +0.17
(Q%,,,0%.) (GeV?) (4.90,5.47) (6.20,7.21) (8.14,8.87)
(€) £ Aéyms 0.382 4 0.026 0.519 4 0.027 0.243 + 0.028
(Emin-Emax) (0.32,0.44) (0.45,0.59) (0.18,0.30)

R £ ARyq £ ARy (final) 0.448 + 0.060 =+ 0.006 0.348 + 0.105 & 0.010 0.145 + 0.175 4 0.024
P, + Aga P, —0.090 + 0.012 —0.063 £ 0.019 —0.020 + 0.024
P, £ Aga Py 0.918 + 0.034 0.842 + 0.027 0.970 + 0.026
pBom + Ay, PBo™ 0.918 & 0.002 0.851 & 0.002 0.970 + 0.001
p(Py, Py) —0.167 —0.076 0.052

2The difference between the absolute statistical errors A P, and A P, is entirely explained by spin precession.

* No significant changes in GEp-III data relative to original publication (Phys. Rev. Lett. 104,
242301 (2010) ), except that the FF ratio statistical uncertainty is reduced from 0.066 —
0.060 at Q% = 5.2 GeV?2. This is a consequence of having neglected the covariance term
between P; and P, in the originally published statistical uncertainties.
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GEp-2y final results

TABLE XI. Final results of the GEp-2y experiment. These results supersede the originally published results from Ref. [47]. Average
kinematics and ranges are defined as in Table X. The central € value corresponds to the average beam energy and the central Q2 of 2.5 GeV?.
The results at (€) = 0.790 are obtained by combining the data collected at E, = 3.549 GeV and E, = 3.680 GeV (see Table I) and analyzing
them together as a single setting, which is justified by the very similar acceptance-averaged values of Q2 and € at these two energies. The

(1+e)
2e

and total systematic uncertainties. R, is the “bin-centering-corrected” value of R at the central Q2 of 2.5 GeV? (see Table XII and discussion
in Sec. IV B). P, is quoted with its statistical uncertainty only.* The total systematic uncertainty in P, is dominated by the beam polarization
measurement. The point-to-point systematic uncertainties are defined relative to € = 0.790(0.153) for R(P;/ P,ZB""‘). p(P;, Py) is the correlation

acceptance-averaged values of the ratio R = —p, % and the longitudinal polarization transfer component P, are quoted with statistical

coefficient between P, and P, resulting from the maximum-likelihood analysis. See text for details.

Central Q2 (GeV?) 2.500 2.500 2.500

Central € 0.149 0.632 0.783

(Ebeam) (GeV) 1.867 2.844 3.632

(0% £ AQ2 (GeV?) 2.491 % 0.032 2.477 +0.074 2.449 +0.105
(Q%. 0% ) (GeV?) (2.42,2.58) (2.33,2.68) (2.18,2.75)

(€) £ Aérms 0.153 +0.015 0.638 % 0.018 0.790 % 0.017
(€min+€max) (0.11,0.19) (0.59,0.67) (0.73,0.83)

R £ ARyy £ ARSY (final) 0.6953 = 0.0091 & 0.0079 0.6809 = 0.0070 = 0.0040 0.6915 = 0.0059 & 0.0039
ARDP (cf. (€) = 0.790) 0.0043 0.0002 0.0001

Rpce & AgaRoce 0.6940 = 0.0091 0.6776 = 0.0070 0.6837 = 0.0059

P, £ Ay P, —0.1481 +0.0019 —0.1881 = 0.0019 —0.1622 £ 0.0013

P, + Ay Py £ A;;;f;'P 0.9750 = 0.0020 & 0.0042 0.7335 = 0.0020 & 0.0051 0.5816 = 0.0014 & 0.0040
1!)‘30m + Aga ,Pg 0.9753 = 0.0003 0.7295 + 0.0008 0.5720 = 0.0006
i £ A i) £ AG Gtr) N/A 1.0055 % 0.0029 = 0.0070 1.0167 % 0.0027 = 0.0071
Ag’;;:( i) (cf. () = 0.153) N/A 0.0053 0.0061

(P, Py) 0.019 0.009 0.006

?As in Table X, the quoted values of P; and P, correspond to the maximum-likelihood estimators obtained using the results of the analyzing

power calibration of Sec. III B 7, performed at (¢) = 0.153 under the assumption P, =
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and applied to all three kinematic settings.
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final results

For the originally published analysis, acceptance-
matching cuts were applied to the two higher-€
points to match the envelope of elastic events at the
HMS focal plane for the lowest €. Additionally,

|6] < 2% was required.

These acceptance-matching cuts were applied to
equalize the average Q2, the analyzing power, and
the spin transport across the three kinematics.

The final analysis is based on the full-acceptance
dataset for all three kinematics.

The full acceptance data contain approximately 2.5
(3.4) times the statistics of the original publication
at € = 0.638 (0.790)

The acceptance-averaged results are quoted, and
considered valid, at the acceptance-averaged
kinematics.

T(1+¢€) P, B G

R L
Hp 2€ Pg GI;W

(Born approx.)

JLab Seminar 52



New “Global” Fits to Proton FF Data

1.5

TABLE XIV. Summary of global proton FF fit results. Form
factor parametrization is G(Q?) = H_bﬁf;%, where
G(Q*) = Gr(Q*) or Gm(Q*)/up. The uncertainty bands
shown in Fig. 28 represent the pointwise, 1o errors computed
from the full covariance matrix of the fit result. The asymp-
totic values of the form factors shown below are normalized
to a dipole form Gp = (1+ QQ/AQ)_2 with scale parameter
A? = 0.66 GeV? corresponding to an RMS radius r, = 0.84
fm. The total x? and degrees of freedom are shown along with
the breakdown of x* contributions among cross section (cr)
and polarization (R%°') data. The x? contributions of cross
section measurements are also separated into “low” (Q* < 1
GeV?) and “high” (Q* > 1 GeV?) data. The best-fit normal-
ization constants of the cross section experiments are omitted
for brevity.

Fit Global fit I~ Global fit IT
a¥ —0.21+0.09 —0.01+0.14
b¥ 12.21 +0.18 12.16 +£0.25
133 12.6 +1.1 9.7+1.3
bE 2344 37T+7
aM 0.058 +0.022  0.093 & 0.025
M 10.854+0.073 11.07 +0.08
b 19.9 +0.2 19.14+0.2
b 44406 5.6 +0.7
limga_, o #}%Mﬁn) ~0.26+0.15 —0.01+0.11
limg2_ o0 ﬁ 0.38+0.09  0.47+0.07
x?/ndf (all data) 706/460 696,455
X% /Ndata (oR) 672/427 653/427
X /Ndata (RE?) 34/53 44/48
X% /Ndata (0r, Q% <1 GeV?)  337.7/275 308.4/275
x> /Ndata (R, Q% > 1 GeV?)  334.5/152 344.1/152

S_0.5— @ Punjabios -
=3 ~ M Pucketti2 7]
~ A This work e
V Christy04 I
~ O Andivahis94 7]
0.0 +
- — — Global fitl === Global fit I .
- Crawford07 Ron11 .
- V¥V Zhani1 Paolone1i1 -
- ¢ Qattan05 ¥ This work (Q% = 2.5 GeV?)
-0.5— T N N R T N A A A M S N SR N S S T
0 2 4 6 8
Q? (GeV?)
Two global fits, differing only in choice of low-
. . u GP
Q2 polarization data for %
M
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Global fit I: includes recent precise recoil polarization
data from Hall A (Ronl1 Zhanl1, Paolonell), excludes
BLAST data (Crawford07) and the two lowest Q?
points from GEp-I (Punjabi05).

Global fit II: excludes Ronl1, Zhanl1, Paolonell,
includes Crawford(07, and all of GEp-I data.
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The low-Q? region

@® Punjabi05
L - B Puckett12
A This work
L \/ Christy04
O Andivahis94

0.8l Globalfitl = Global fit I % n
) Crawford07 Ron11
VY Zhanii Paolone11
¢ Qattan05 Y This work (Q? = 2.5 GeV?)
| | | | | | | | | | | | | | | |
0.0 0.5 1.0 1.5
Q? (GeV?)
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* Unresolved tension
among polarization data
in the low-Q? region.

* The two global proton
FF fits differ only in the
selection of low-Q? data
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R, polarization, data/fit

1.8

New “Global” Fits: Data/fit ratios

1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2

O Global fit I, y%ndf = 29.6/52

[ Global fit ll, y%ndf = 43.7/47

0

0.0
-0.2

—h
<

]
Q? (GeV?)

10

o, dataffit

1.8

1.6
1.4
1.2
1.0
0.8
0.6
0.4
0.2

a

O Global fit I, y*ndf = 672.1/426

(1 Global fit Il, y2/ndf = 652.5/426

0.0

-0.2

+

10" 1
Q? (GeV?)

1072

10

The global fits were used to estimate the bin centering effects for the FF ratio at 2.5 GeV?, and

to ensure a self-consistent extraction of Py/

P{))Born.

The recent Mainz low-Q? data were not included in the fits.
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New Global Fit 1I: Proton FFs

E
3 1.0
o B
IIQ- i o -2 i
l‘a 05_— Gp(rp =0.84 fm) = <1—|—%> 7
% T A2 = 0.66 GeV?
\E - .
%5 0.0
—.....I L ral L vl | i
1072 107" 1 10
Q? (GeV?)
1.0 : . ]
0.8} T
> 0.6 ]
S [ )
o o0.4f 7
e
0.2 .
T B T
0.0 10 20 30
Q? (GeV?)
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GEp-2y full-acceptance data: Q? dependence

1 + Unlike original (PRL) publication,
the unbinned full-acceptance data
for GEp-2y have significantly

0.70 — different average Q? values.
GE .
% 1 ¢ The global Q? dependence of G—g 1S
M
‘E\'s” B used to correct the data to a
=iy 1 common central Q2= 2.5 GeV2.
Punjabi05 * A bin-centering correction is
calculated assuming that the
065 ™ GEp-2y e global Q2 dependence of R
i *  GEp-2y (weighted avg., bin-centered) | factorizes from any € dependence,
at least within the acceptance of
- Global fit I - each kinematic.
] | | | | | | | | | | | | | | | | | | | | | | |
2.3 24 2.5 2.6 2.7
Q? (GeV?)
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Bin-centering e

ffects in GEp-2y data

0.75

0.70

0.65-

Q% = 2.5 GeV?

Bin-centering corrected data for R vs. €, with
linear fit and 68% confidence band.

U c U N N .geff;@on Lab 112612018

TABLE XII. Summary of bin-centering corrections to R at
Q? = 2.5 GeVZ <Q2> and (e) are the acceptance-averaged
kinematics. €. is the central € value computed from the cen-
tral Q? value and the average beam energy. Rpee is the bin-
centering-corrected value of R with statistical uncertainty.
Rpcc — Ravg is the bin-centering correction relative to the re-
sults for the average kinematics reported in Tab. XI.

<Q2> (Gev2) <6> €c Rbcc + Astatf?-bcc Rbcc - Ravg

2.491 0.153 0.149 0.6940 %= 0.0091 -0.0013
2.477 0.638 0.632 0.6776 = 0.0070 -0.0033
2.449 0.790 0.783 0.6837 &= 0.0059 -0.0078

TABLE XIII. Linear and constant fit results for the e de-
pendence of R, with and without bin-centering corrections.
Quoted uncertainties in fit results are statistical only.

No b.c.c. b.c.c.
Slope dR/de —0.0076 + 0.0169 —0.0173 £0.0169
Linear fit x?/ndf 1.78/1 1.02/1
Linear fit “p”-value 0.18 0.31
Linear fit R(e = 0) 0.693 = 0.011 0.694 £0.011
Constant fit R 0.6887 £ 0.0040  0.6837 & 0.0040
Constant fit x?/ndf 1.98/2 2.07/2
Constant fit “p”-value 0.37 0.36
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Theoretical interpretation of high-Q? FFs—PQCD scaling?
04 T | T | v | T | '
A=0.3 GeV

0.3 Belitsky, Ji, Yuan (2003)

g3
\p f‘ii . np

(Q*/In*Q*/A®))F, /F

@
0.2 ”. Top . v yap’
» M.‘ .. - . —> 4 >
l S S E
I Tap S S S ysp’
0.1 2
- * Brodsky, Farrar, PRD 11, F s
: 1309 (1975) Q*
I * Brodsky, Lepage PRL43, . £
0.0 1 l 1 l 1 l 1 l 1 545 (1979) 2 Q2
0.0 2.0 4.0 6.0 8.0 10.0 Belitskv. Ji
5 5  Belitsky, Ji, 2
Q* (GeV¥) Yuan, PRL 91, @ Fy o FY

In? (Q—j)
“Precocious” scaling observed in sz / Flp not 092003 (2003) A

seen in F}'/F{*, for values of cutoff parameter A
similar to that which describes proton data
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Reachlng high Q? in Lattlce QCD

gint (var) 0.4 #3- pt (var.) |{
—Kelly (2004) .!Qj £ Exp. (Lab)
| ¥ ¢ FH
0.3 fx
Ex

s
]
= o1 .
y I }
. & 0.0 I
A —0.1} ‘
# 3-pt. (var.)
$ FH . . . .
—Kelly (2004) 0 2 4 6 8
Q2[GeV?]

FIG. 4. Ratio G;/G,, for the proton from the application of the
Feynman-Hellmann method, from a variational analysis of three-
point functions [29], and from experiment [5—7]. Note this is not
scaled by the magnetic moment of the proton 4, as this would
: ] require phenomenological fits to the low-Q? data, which is not
the focus of this work.

Q*[GeV?)
A. J. Chambers et al., (QCDSF/UKQCD/CSSM
FIG.3. Gg and Gy, for the proton from the Feynman-Hellmann N
b and o o vraionl thod desrbed in Kol ) Collaborations) Phys. Rev. D 96, 114509 (2017)
tiom s from Ref. 1491 * Novel application of the Feynman-Hellman method:

relates hadronic matrix elements to energy shifts,
allowing access to form factors via two-point correlators

OF,

O\ — w ' w as opposed to more complicated three-point functions;
improves signal-to-noise ratio for high-momentum
states
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Dyson-Schwinger Equations/diquark correlations

/JnGrl_;/ GZ/I

&F [GeV?] &F [GeV?]
Fig. 3 Left panel: normalised ratio of proton electric and magnetic form factors. Curves: solid, black — result
obtained herein, using our QCD-kindred framework; Dashed, blue — CI result [18]; and dot-dashed, red — ratio
inferred from 2004 parametrisation of experimental data [65]. Data: blue circles [68]; green squares [69]; brown

triangles [70]; purple asterisk [71]; and orange diamonds [72]. Right panel: normalised ratio of neutron electric
and magnetic form factors. Curves: same as in left panel. Data: blue circles [73]; and green squares [74].

J. Segovia, 1. Cloet and C. Roberts: Few-Body Syst. 55, 1185 (2014)

Quote from the abstract:

of dynamical chiral symmetry breaking in the bound-state problem. Amongst the results we describe,

articnlar inferests (P (O2) /P (02 LS A OO 2 _ 2. anv
the follo.wmg are of p(‘ntlcula‘l interest: GE(Q)/GM(Q ) possesses a zero at 9 = 9.5GeV~; any
change in the interaction which shifts a zero in the proton ratio to larger Q“ relocates a zero in
GH(Q%) /G (Q?) to smaller Q?; there is likely a value of momentum transfer above which G > G%.;
and the presence of strong diquark correlations within the nucleon is sufficient to understand empirical
extractions of the flavour-separated form factors. Regarding the A(1232)-baryon, we find that, inter
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Exposing the dressed-quark mass function

——y — 2. ]

M(p) (GeV)
tp GEp/ Gup

Q* (GeV?)

Repid soquision of mass s In the framework of Dyson-Schwinger equations, the
N et o eluomeloud | high-Q? nucleon FFs (Q? > 5 GeV?) are especially
N sensitive to momentum-dependent dressed-quark mass
noovev || function in the few-GeV region, see e.g.,:

* I Cloet, C. Roberts, A. Thomas: “Revealing
Dressed Quarks via the Proton’s Charge
. Distribution”, PRL 111, 101803 (2013)
bt tadiaty * I Cloet and C. Roberts: “Explanation and
: | 1 . ! Prediction of Observables Using Continuum Strong
i o GeV) ’ QCD”, arxiv:1310.2651v2 (2013), PPNP 77
(2014), 1-69
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Nucleon EMFFs compared to selected theoretical predictions

1 Ose

0.0

0.10

=4 3

Q* (GeV?)

1.0

0.0

@ T 7T

T

—— — Diehl05 (GPD)

— - Eichmannll (DSE)
Lomon06 (VMD)
Gross08 (GCS)
. Santopinto10 (hCQM)

I 1771 1 1 I 1 1

.

Figure from Puckett ef al., Phys Rev.
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1
Q* (GeV?)

C 85, 045203 (2012)
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Rosenbluth-Polarization Discrepancy and Two-
Photon-Exchange
o “Standard” QED radiative corrections to ~ ° "N )" "o e y
ep cross section data at lowest order 1n o >W< 'C>W< >W< %< M
include: e o o X oo b e :
* Vertex corrections

* Vacuum polarization §L,< M
* Self-energy R o e .
* Bremsstrahlung R

* Two-photon exchange (TPEX) process

where both photons are “hard”: previously W >M é} >W<>
neglected >W<>

e Cannot be calculated model-

(a) Born term. (b) Vertex. (¢) Vacuum. (d) Self energy.

Fig. 24. Born ter Te graphs for the electros

independently ¢ oo P
* Has been shown to partially M )33 C(
resolve the discrepancy between . . :
L/T and polarization data for Gg, (@ Two-photon.
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Two-photon-exchange and the G, puzzle—

“Hadronic” approach:

Blunden, Melnitchouk,

Tjon, PRC 72, 034612
(2005). TPEX corrections

with N intermediate state

Rosenbluth w/2-y corrections ve. Polarization data

o)

p‘.
G, Iu
o
=

p
E
=

~
~
T
~

“Partonic” approach:
Afanasev et al., PRD 72,
013008 (2005). TPEX in

“hard” scattering on a
single quark, embedded in

nucleon through GPDs

U c D N N -!effégon Lab 1262018

experiment and theory

Experimental efforts:
Several experimental observables are
directly sensitive to TPEX effects
e-dependence of “R” ratio from
polarization transfer. GEp-2y:
originally published Meziane et al.,
PRL 106, 132501 (2011), and this work
Induced normal recoil polarization or
analyzing power Ay; imaginary part of
TPEX amplitude—never measured!
Elastic e"p/ep cross section ratio: zero
in one-photon exchange, measures real
part of 2y-exchange amplitude. Three
experiments recently published:

 CLAS-TPE (JLab Hall B)

* OLYMPUS@DESY

e VEPP-III (Novosibirsk)
For a recent review, see Afanasev et al.,
Prog. Part. Nucl. Phys. 95,245(2017)
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GEp-2y data compared to model TPEX calculations

S
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Borisyuk: Phys. Rev. C 89, 025204
(2014).

» Dispersion theory calculation
including P53 mN contribution
with width, shape, and
nonresonant continuum

Blunden: Phys. Rev. C95, 065209
(2017)

* Dispersion theory calculation
with “on shell” intermediate N
(green dot-dashed) and N+A
(green dotted)

Bystritskiy: Phys. Rev. C75, 015207
(2007).

e All-order QED RC calculation
using electron structure function
method

Afanasev: Phys. Rev. D72, 013008
(2005).
* Partonic approach using GPD
model
Kivel: Phys. Rev. Lett. 103, 092004
(2009)
*  PQCD approach using DAs
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Status of TPEX

=
All Wavelongths.

PHYSICS TODAY 000 =3
onion structure seen in a new light ?:T::tz.
L. 2 00000 -
0.02 I —
0.01 |- 7 i f _
S 0 TTT T ﬁ T
2& —0.01 | T { I _|
&~ 1 = *
I —0.02 - |
55
c —-0.03+ 1 |
VEPP-3 -
—0.04 CLAS +—— | ]
OLYMPUS -+
—0.05 ‘ l - | |
0 0.2 0.4 0.6 0.8 1

€

FIG. 3.  Comparison of the recent results to the calculation by
Blunden. The data are in good agreement, but generally fall
below the prediction. Please note that data at similar € values have
been measured at different Q2. Also note that the VEPP-3 data
have been normalized to the calculation at high e.
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| \ \
Mam spectrometer

——
12° telescopes +=—

Correlated uncertainty -

Blunden N only ---

Blunden N + —_—

= Bernauer ——

Tomalak ——

1.05 =
1.04
1.03
1.02

& 101 -
1 I T 1

0.99 | t ! [ I Hﬁﬁ"'ﬁﬁ*}i
0.98 |- |
0.97 L

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

|
2.0 15 . 10 05 00
Q* [(GeV/e)']

FIG. 2. OLYMPUS result for R,, using the Mo-Tsai [21]
prescription for radiative corrections to all orders. Uncertainties
shown are statistical (inner bars), uncorrelated systematic (added
in quadrature, outer bars), and correlated systematic (gray band).
Note the 12° data point at ¢ = 0.978 is completely dominated by
systematic uncertainties.

Henderson et al., (OLYMPUS Collaboration): Phys.
Rev. Lett. 118, 092501 (2017)

S. K. Blau, Physics Today 70, 14 (2017)

Blunden TPEX calculation with N and N+A
intermediate states is consistent with recent e+p/e-p
cross section ratios from CLAS-TPE, VEPP-3
(Novosibirsk), and OLYMPUS data.

However, all of these data have Q% < 2.1 GeV?

JLab Seminar 67



Summary of GEp-I1I/GEp-2y

* New analysis reduces systematic uncertainty for all
data and significantly reduces statistical uncertainty
for GEp-2y high-e kinematics

* Sharpens the constraints on models of hard TPEX
amplitudes at Q> = 2.5 GeV~.

* Confirms the validity of the polarization transfer
method, 1n the sense that deviations from the Born
approximation are not large in PT observables, and
consistency of data from different experiments over
a wide range of Q7 are highly internally consistent
(see, however, low-Q? data tension)

* Hall C experience carries important lessons for
future efforts to reach yet higher Q?
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Nucleon Form Factors
in the 12 GeV era
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0.6

°
|
A
v
e}
[m}
A
u

| T T T T |
e Data collected in spring 2016 -
*  Data collected in dedicated GMp period in Fall 2016
¢+ Data collected parasitically with DVCS in Fall 2016

t[-‘ Error bar reflects twice statistical uncertainty

t o ¥ F F# ,}Q} {
i 4 i

Andivahis
Bartel
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Janssens I'.}J

Litt |
Sill

Walker
JLab 6 GeV

Q* [GeV?]

Projected results from recently completed Hall

A high-Q? Gy, run

U G U N N -!eff;gon Lab 1262018

Precision elastic ep cross sections in Hall A

Hall A: Two identical HRSs

 Elastic ep = ep cross section at
large Q? is dominated by Gy,

 Existing data for Q> > 10 GeV?
come from a single experiment at
SLAC (Sill et al.,Phys. Rev. D,
48(1), 29 (1993)) with large
uncertainties

* The absolute elastic ep cross
section data serve as the “anchor”

for the determination of all four
nucleon EMFFs

JLab Seminar 70



Electron Scatterlng Klnematlcs @11 GeV

Elastic, E =11 GeV

9020 30

| 1 1 1 | | 1 1 | | 1 1 1 | |

T
40
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 is accessible at
large O’ 2 particles of interest are located
at forward angles and high momentum

U c D N N -!effégon Lab 1262018

Measurements of elastic FFs, SIDIS, DVCS,
etc involve coincidence N(e,e’X)
(electroproduction) reactions, where X =

* N’ (elastic)

* h (SIDIS or DVMP)

« v (DVCS)

* Virtual photon angle decreases as

“inelasticity” increases

Q2 — QMVCIJBJ

6\ C

- B _11 GeV

° 40; —— 0, =10°
SUCHER 0, =15°

30- -
20¢ -
1 0_ ,‘,.""“T _ _/' """ —N—.._:
80 02 04 06 08 1.0
xBj
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The Super BigBite Spectrometer in Hall A

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

Hadron Arm
Proton Arm
 GEM
INFN GEM ‘

BNL GEM \ \ HCalo
BigBen \ ‘

48p4s \ I
Ta rget - ‘.' [ i [ " “;.’; ’..

\

Beam

Electron Arm

ALl —— Lead-Glass GasCher SIDIS transverse single-spin asymmetry
: Calorimet }
e vonmeter experiment: E12-09-018

GEM Electron Arm :

Neutron form factors, E12-09-016 and E12-09-019

* What s it? A 2.5 T*m dipole magnet with vertical bend,
Hadron Arm a cut in the yoke for passage of the beam pipe to reach
BNL HCalo forward scattering angles, and a flexible/modular

Target e \ configuration of detectors.
L m m z o » Designed to operate at luminosities up to 10°° cm2 s-!
. — with large momentum bite, moderate solid angle
| ~ ; : - * Time-tested “Detectors behind a dipole magnet”, two-
BigBite ‘ . GasCher arm coincidence approach—historically most productive
Electron Arm \> O in fixed-target expts.
"V Ecalo * Large solid-angle + high luminosity @ forward angles

GEM
= most interesting physics!
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Gas Electron Multipliers (GEMs): High-Rate, High
Resolution Charged-Particle Tracking

I‘:::lu'm_:]“}‘mh-::lv GEM foil: 50 um Kapfon + few
-V | it Cathecds 1AM COpper on both sides with
! ST 70 um holes, 140 um pitch
\
Tonization \ 3 men - Do > & & »
\ s & &
Multiplication R GEM f N OV €y
(x20) R R R IlRA AR B B Bk - 5 & =
ll 2 mm - Transfar — ; ’8 :
e - &
Matpication 0 DD DED DD Dhee
(x20) ____ll‘:____m«»
\ 2 mm - Transfer
Multiplication EEEREBEREBEEEREB «vo | p—
o) 8 B BENEE0E - L0 0]
» l 2 mm - Induction
Readout '

Strong electrostatic
field in the GEM holes

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

* High spatial granularity

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

* Readout and amplification stages decoupled

* Excellent spatial resolution ~70 um

* Fast signals: intrinsic time resolution <10 ns

* Enabling technology for SBS physics program!

U c D N N 4eff320n Lab 1262018
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02| @FT in SBS GEP
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0 . . — .
10° 10° 10* 10° 10° 10’
Figure 28.9: Normalized gas gain as a function of particle rate for MWPC [70]
and GEM [84].

E e}
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Stable gain up to very high rates
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Experiment E12-07-109 (Gg,/Gyy, at large Q?)

Electron arin: Dead-glass
EM calorimeter and
scintillator based
coordinate ﬂetector_ |

40-cm liquid hydrogen target:
Luminosity 8 x 1038 ¢cm-2s!

Proton Arm: SBS dipole, GEM trackers and
CH, analyzers for proton polarimetry, iron-
scintillator HCAL for trigger

* Original motivation for SBS concept. Need large solid angle to overcome rapidly falling cross section at
large Q? in elastic ep scattering. New double proton polarimeter with GEM-based tracking and hadronic
calorimeter-based trigger

Lead-glass electromagnetic calorimeter to detect the scattered electron in coincidence (using two-body
kinematic correlations to aid tracking in high-rate environment and reject inelastic background events);
also provides a selective trigger for high-energy electrons.
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SBS GP PrOJected Results

15

-"'\‘I III|I

1es

E12-07-109 (Hall A, SBS)

VMD - Bijker and lachello
VMD + Disp. Rel. - Hammer
LFCBM - Miller (2002)

DSE q(qq) - Roberts (2009)

F,/F, o IN(Q%/A%)/Q% A = 300 MeV ]

S
— —

_—
—
—_—
— —

IlIllIIlI

—_—

The SBS GEP experiment in ~11
days running will dramatically
improve the statistical precision in
uGg/G,, at Q? in the range
overlapping GEp-II/111, and in 30
days will reach comparable
precision at 12 GeV? to that of
GEp-II/11I at 5-6 GeV?

Data of such precision carry

0.0 . : e significant discovery potential and
i i may (or may not) settle the
: i questions of a zero crossing of GgP
0% 5 10 75 20 and the onset (or lack thereof) of
Q? [GeV?] dimensional scaling.

 Combined with GEN, GMN,

GMP experiments, full flavor
decomposition of F, and F,

becomes possib]e up to 10 GeV?2 6.6 5.0 253 394 290 348 1 0.023
8.8 80 259 454 228 512 10  0.032
1.0 120 282 460 174 727 30  0.074
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Experiment E12-09-019 (G, at large Q?)

Electron arm: BigBite
Spectrometer

((l;// N'\\\T\
i =
I\

7
—
} T

10-cm liquid
deuterium/hydrogen
target (luminosity ~ 2
x 1038)

————————

Neutron/proton Arm: SBS dipole,
HCAL, and coordinate detector (not
s\ﬁbw\\r\l) for charged-particle veto

\‘\
\\s\

Neutron magnetic form factor at large Q? is obtained from the ratio of quasi-elastic d(e,e’n)p/d(e,e’p)n
cross sections on a deuterium target and precise knowledge of elastic ep cross section

SBS dipole deflects protons to separate from neutrons relative to ¢; nucleon momentum is measured
using time-of-flight method to separate quasi-elastic/inelastic channels.

-

Existing BigBite spectrometer with upgraded detector package detects the scattered electron.
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SBS Gy, projected Results

Neutron form factors, E12-09-016 and E12-09-019

Hadron Arm

/

Coordinate L

Dector

E12-07-104 (Hall B)

—— = VMD - Bijker and lachello

0.6~ Y —— = VMD + Disp. Rel. - Hammer |
- W E12-09-019 (Hall A'SBS) | ——— LFCBM - Miller (2002) .
1 1 L L I 1 1 1 L 1 1 L 1 I 1 1 1 1
0 5 10 15 20
Q? [GeV?]

* SBS as neutron arm w/48D48 + HCAL

* Magnet sweeps charged particles out of acceptance, limiting backgrounds and ”CDet” acts as charged-
particle veto

* BigBite as electron arm w/upgraded 12 GeV detector package (including re-use of GEMs, built for GEP,
not otherwise in use during BigBite expt’s.)

« Standard LH2/LD?2 target

U G U N N -!eff;gon Lab 1262018
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Experiment E12-09-016 (G, at large Q?)

Pumping chamber

TTTT | TTTT | TTTT | TTTT | TTT | TTTT /IOY T TTTT TTTT 17T TTTT TTTT
~ A Plaster (PRC _2{06) R . 0D = 425 inches
1.0 4 Riordan (P? 2010) ,* =T
B o E12-09-01¢,HallA” -~ _=—"" | 5
- © E12-11-009, Flajl,c ,”"_: RCQM - MI"eI’ (2005) | Transfertubes 13 inches center to center
/ , _~»~" ==== VMD - Lomon (200
o Ry — =D 10) _
25 = i Ryl Galster fit/Kelly G;n | L
S, ——— BLAST fit/Kelly G
cw 05— R JF, A=300MV — P e ) B
- — 2 \ Qur Fit = | 60 cm or 23.6 inches ‘
= i ~ B
N
i " i
AN
l r J T]' i \\ ]
_I | | | | | | | | L1 1 | L1 I L1111 | L1 11 | L1111 I | | L1011 | | | | |
1 2 3 4 5 6 7 8 9 10 11 12
2 2
Q° [GeV“]

* Detector configuration same as GMN experiment

» High-luminosity polarized *He target based on spin-
exchange optical pumping and convection-driven
circulation of polarized gas between optical pumping

chamber and target chamber. Conceptual and Engineering Designs
« Reach Q? =10 GeV? (approximately tripling Q? reach of Polarized *He target
of the data)
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The SBS Form Factor Program—Summary

Q? (GeV?)

SBS high-Q? form factor program:

Map transition to perturbative regime—running of dressed quark mass function

Imaging of the nucleon charge and magnetization densities in impact-parameter space in
the infinite momentum frame.

15

n
M

1 GY/G

| —— Diehl05 (GPD) "<
| —--— Eichmanni1 (DSE) ~-_

Lomon06 (VMD)
Gross08 (GCS)

| — - — - Santopinto10 (hCQM)

0.0

Q? (GeV?)

5 10
Q? (GeV?)

 Precision high-Q? form factors have significant impact on GPD extraction from DVCS
GEP: Proton electric form factor, increase Q? range from 8.5 2 12 GeV?

GEN: Neutron electric form factor, increase Q? range from 3.4 2 10 GeV?
GMN: Neutron magnetic form factor, increase Q? range from 5 2 13.5 GeV?
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Neutron form factors: G}
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 Three main methods have been used to measure

Gy

“Ratio” method: measure cross section ratio
of d(e,e’n)p/d(e,e’p)n in quasi-elastic

kinematics

Absolute d(e,e’n)p quasi-elastic cross
section measurement
Beam-target double-spin asymmetry™® in
inclusive quasi-elastic *He(e,e”)
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Lachniet et al., CLAS Collaboration,
Phys.Rev.Lett. 102 (2009) 192001

*Note: double-spin asymmetry method for G,
would not work for a free neutron target, as the
free nucleon asymmetry depends only on the ratio
Gy/G,,, and not G or G, independently.

The widest Q? coverage and precision come from
recent CLAS 6 GeV data for 1 <Q? <5 GeV2—
consistent with the “standard” dipole
Consistency issues exist among low-Q? data
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Neutron form factors: G3
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L RCQM s - x *He(¢€, e’n) Riordan (JLAB 2010)
i GPD / - . % *He(€, e’'n) Bermuth (MAMI 2003)
- - 0.8 [-4 d(é, e'n) Geis (MIT 2008)
0.6/~ - yMD / T » d(2, e'n) Warren (JLAB 2004)
- - - . v d(&, e'n) Zhu (JLAB 2001)
s | —~BDsE /. o | dgé‘, e'ng Passchier (NIKHEF 1999)
0] B - ] ) 0.6 - d(é, e’ii) Plaster (JLAB 2006)
<  ad - - \ m d(€, e'ii) Glazier (MAMI 2005)
%DL” 04— Hpe” - ] &m © d(&, e'it) Herberg (MAMI 1999 {
= T g 1 F oa | d(m) Eden (MIT 1994) —J[ AJLVLEL
02— // = pQCD, A = 150 MeV o2 L —— Guidal (2005)
B ’/ — + - pQCD, A =300 MeV 7 Lorenz (2012)
- Our Fit . . — — Cloét (2012)
L 4 A e Lomon (2012)
11 1 1 I 1 1 11 ] 11 1 1 I 11 11 | 11 1 1 I 1 1 11 I 1 11 1 I 11 1 1 O l I I : l : :
00 05 10 15 20 25 30 35 0 0.5 1 o 2, 25 3 3.5
Q2 [GeV?] Q* [GeV7]
Riordan et al., Phys. Rev. Lett. 105,262302  Schlimme et al,, Phys.Rev.Lett. 111 (2013),
(2010) 132504

* Gy, 1s the least well-known and most difficult to measure of the nucleon EMFFs:
* Goes to zero at low Q? and cross-section contribution is small at large Q?
* Existing knowledge is based on polarization observables:
« Beam-target double-spin asymmetry in semi-exclusive quasi-elastic *He(e,e’n)pp
* Beam-target double-spin asymmetry in semi-exclusive quasi-elastic 2H(e,e’n)p
* Neutron recoil polarimetery: d(e,e’n)p
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Custom HMS trigger logic

* Because the standard “S2” scintillator planes were
removed from the HMS, the requirements applied to the

SO0X1 . %)fgﬂ “S1” signals for the GEp-III trigger were somewhat
e more restrictive (and potentially less efficient) than the
30ns “standard” requirements.
P * At least one paddle with both PMTs firing was
S0X2 Diserim. Trig. required in both “S1X” and “S1Y”

» A distinguishing feature of the proton trigger for GEp-
III (in common with GEp-I/1T) was that the proton
trigger was formed entirely prior to the secondary
SIX+ polarization-analyzing scattering in CH,, such that the
trigger could not be biased according to scattering
direction in the FPP.
* Since GEp-III did not intend to measure absolute cross
sections, some efficiency losses were deemed
SIX- acceptable.
* For all but two production kinematics, the HMS trigger

AND OR

s was a coincidence between “S0” and “S1”
i * For the kinematics with the largest HMS central
T } angle, the HMS trigger was based on”S1” only
J L * “S0” and “S1” triggers were found to be nearly 100%

S1Y- efficient in any case.

Discrim.
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BigCal Trigger Logic
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Eight-channel analog (NIM) summing modules
were used to form the trigger, and to amplify the
signals (4.2X) before transmission to readout
electronics

Amplification of the signals allowed operation of
PMTs at lower gain, for lower power
consumption and longer lifetime

“First-level” sums-of-8 were combined using the
same summing modules into “second-level”
sums-of-64, grouped with partial overlap to avoid
regions of inefficiency.

A global logical “OR” of all 38 “second-level”
sums with a threshold equivalent to roughly half
the elastically scattered electron energy defined
the BigCal trigger

The main DAQ trigger was defined by a
coincidence between the BigCal and HMS trigger
signals within a (typically) 50-ns window

Lack of overlap in trigger logic between left and
right halves limits threshold to less than half of
the elastically scattered electron energy to insure
high, uniform efficiency
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Coincidence Trigger Logic

S0X1 trig. N HMSI trig.

AND)
SO0X2 trig. N HMS?2 trig.

AND)
S1 trig. Trigger

Supervisor
__AND
COINT1 trig.

W

ND
COIN?2 trig.

BigCal trig.
* Separate singles and coincidence triggers were defined for each of the two paddles of “S0”
* These two coincidence triggers could be prescaled separately by the DAQ system
* The “S0X2” paddle covers the center of the HMS focal plane, while “S0X1” covers the lower-
momentum (inelastic) region
* For some kinematics, the entire envelope of elastically scattered protons was cointained within
“S0X2”, and “S0X1” was dominated by inelastics, and could thus be heavily prescaled.
* For other kinematics, elastic protons were spread out over both paddles.
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Overview of new/final analysis of the Hall C data

* Goal: Improve understanding of systematic uncertainties in order to publish full-
acceptance results from GEp-2y and final archival results from GEp-2y and GEp-III.

* Major aspects of event reconstruction/calibration revisited:
* HMS optics calibration: angle and vertex reconstruction

 HMS and FPP time-to-distance calibration performed run-by-run (and card-by-card for
FPP drift chambers)

e Improved FPP-HMS drift chamber alignment from straight-through data
* Minor improvements/bug fixes to HMS/FPP tracking algorithms

» Recalibration of BigCal energy reconstruction for some run ranges

* Minor improvements to BigCal shower coordinate reconstruction

* Updated beam position/energy database from EPICS (beam position + raster corrections
important for momentum/out-of-plane angle reconstruction)

* More thorough run-by-run data quality checks

* Exclusion of runs with significant FPP data quality issues from GEp-2gamma analysis (minimize false
asymmetries)

* Fix minor problems with beam polarization database

* Major aspects of physics analysis revisited:
* Refined elastic event selection cuts
« Improved “fully differential” description of the analyzing power for Q% = 2.5 GeV?
 Bin-centering corrections for full-acceptance data at 2.5 GeV?

* More thorough analysis of the non-dispersive-plane optical study of the HMS to reduce
systematic uncertainties due to spin precession calculation.

* Final evaluation of systematic uncertainties
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Data quality checks (u, G’; / GpM)—Analyzing power cancellation

1-5;‘ Q%?=2.5 GeV?, £ =0.153 " Q?=2.5 GeV?, £ =0.638 “ Q%?=2.5 GeV?, £ =0.790 '
1 03_ 2ndf=21.4/23 1 y¥ndf=133/23 1  Zndf=18.9/23
Y XA T T L
L 1 () 1
0.5- T T ’
0.0
:::::::::::::::__::::}:::.}.:::__::::}::::}::::_
4- T T ]
2 o1 . i
i? Assssd L @ ::;Ei 584 o l ¢ ¢
=0 ol LA Hifii
—2r Q*=52Gev? T Q? = 6.8 GeV? Q?=85GeV?
_ql  ¥ndf=141/20 1T ndf=9.55/12 + T ndf = 9.99/ 12
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* The constancy of the extracted FF ratio as a function of p; = p,, sin9 confirms the
cancellation of A,, in the ratio P; /P,
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Data quahty checks (up GY / Gt )—klnematlc dependence
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* The absence of spurious dependence of the extracted FF ratio on the reconstructed proton
kinematics validates the ML method for the extraction of R and the accuracy of the HMS
optics and spin transport calculation.

 Here y? is computed with respect to the ratio of R to its “expected” value based on a global
proton FF fit, to account for the Q2 dependence of R within the acceptance.
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Born

P /P

Data quality checks (P,/P? ”"™)—A, momentum dependence

. . . | . . . | . . * The overall proton momentum
- = dependence of the analyzing

1.1— — power is assumed to factorize

u _ from the angular dependence,
according to:

- 1 7] pp
s ﬁ E— Ay(pp,pT) = AS(pT)—,

- i__ﬁT ;T i—-— Pp
1.0__?_ ﬁ ' %} *__% T+ The application of identical cuts

on the scattering parameters
Sclose» Zclose, P 1nsures that the

A<e>=0.153: P /PE°™ = 0.9998+ 0.0021, 3%/ndf = 9.89/13 | average analyzing power for the
- - three € values is the same, up to

0.9— e<c> = 0.638: PL/PEOrn = 1.0066+ 0.0027, lendf = 9.53/14_ | differences in the momentum

distribution of incident protons.

m<c> = 0.790: PI_/P:orn = 1.0168= 0.0025, xlzlndf = 19.3/14

2.2 2.4 2.6
Q? (GeV?)
Born

Measuring the relative € dependence of P,/ P,

at 2.5 GeV? relies on the assumption that the average

: : : : 1 : :

analyzing power is the same for all three kinematics, up to an overall o scaling which accounts for the
p

differences in Q# acceptance/average Q% between the different kinematics.

The lowest € point is used to calibrate 4, under the assumption P, = P7°™, since —lase -0,

and is thus very insensitive to the FF ratio (P;°™ = 0.9753 + 0.0003 at < € > = 0.153).

P{)Born
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Data quality checks—Beam Polarization Database
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Moller measurements of beam polarization during

GEp-2y with associated run ranges

* Moller measurement of beam polarization was carried out roughly every 2 days during GEp-2y. As an
intrusive measurement, data taking had to be interrupted to measure polarization; no “online” monitoring
of beam polarization was possible, except via FPP asymmetry magnitude.

« Stability of extracted

Born

polarization between Moller measurements.
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confirms validity of beam polarization database and stability of beam
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HMS Spin Transport Systematics—non-dispersive plane
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HMS Spin Transport Systematics—dispersive plane

m | | | | | | | | | |
S 0.04] l l -
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Expected xo = (180.42+ 0'002) « Systematic uncertainty in dispersive-plane total bend
Measured xo = (181.740.9) angle estimated from asymmetry zero crossing at 5.2

A
Aebend X0 = 3.2 mrad G€V2
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High-Q? Nucleon Form Factors, GPDs and Spin

Flavor decomposition of nucleon 4 ] i [GoVY) ] GV
EMFFs (neglecting strangeness): " S |G

D~ U d 03 | ‘ -
F1’2 ~ eu 1,2 —l_ edFl,z Ll | 0.10

0.05

n .~ d U ol
Fi o= eyl 5+ eqky s |

Quark ﬂavor FFS are integrals Of 0 0:5 1j0 \/j:-[.)G(\\/] 2i0 2?5 3.0 0 015 1‘.0 1l,5 C 2‘,0 25 3.0
valence quark GPDs H and E at 035 04
zero skewness : 030 | |t Fy [GeVY]
1 0.25 ] 031
q _ 020 } \ | i
Fi(t) = / H!(x, t)dx . | 02 |
0 0.10 } \’ | |
1 O:O_ _ TS| " : N—_—
q B -
F2 (t) _ / E’lq) (:I:’ t)dm 00 0.5 1.0 1.5 2.0 2.5 3.0 UU O.Ié l.I(J 1{5 2I.0 2I.5 3.0
0 VT [GeV] V= [GeV]
Phys.Rev.Lett. 78 (1997) 610-613: Ji Diehl, Kroll. Eur. Phys. J. C (2013) 73:2397

sum rule for total angular momentum ., g ga¢a + forward PDFs from global DIS fits =
J, _1 [ 1 dxex[HO(x, &1 =0) + E(x, £,1=0)]. model-dependent extraction of GPDS |
2/ * Compute valence-quark contributions to the Ji sum

rule:
_ +0.009 d _ +0.010
Jll)/t = 0-230_0.0245 Jv — _0’004—0.016
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The under-appreciated importance of knowledge of the
high-Q? FFs in the extraction of GPDs from experiment

From the recent paper by M. Diehl and P. Kroll. Eur. Phys. J. C (2013) 73:2397
*  “This requires an ansatz for the functional form of the GPDs and in this sense is intrinsically model dependent, but on
the other hand it can reach values of the invariant momentum transfer t much larger than what can conceivably be
measured in hard exclusive scattering...”
*  “We note that the electromagnetic form factors provide indirect constraints on GPDs at high values of t, which will
conceivably never be accessible in hard exclusive scattering processes.”

e e, el e e’
e / 7 \/ \/

(b)

/

* DVCS experiments actually measure the interference of Bethe-Heitler and DVCS handbag
mechanism at the same order of a—=2>precise knowledge of elastic FFs is needed to separate
DVCS contribution!

* EMFFs thus provide both direct constraints to GPDs via the sum rules and crucial input to the
extraction of Compton Form Factors from experimental observables
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Polarization Transfer FOM vs. Q?: HMS/HRS vs SBS

o 1 08 R S S ; GAssumptions:
P = . eV beam energy
c 1 07 L =11 Gev *  85% beam polarization
2 S — - —  AQYQ%= +5%, Adp_= +3.5deg, Ldt= 1e+06 fb" *  FPP coefficient of merit
1 06 N P scaled by 1/Q? relative to
= AQY/Q* = £10%, A9, = +30 deg, Ldt = 2.1e+06 fb” Hall C Q2 = 8.5 GeV2 result
5C * Integrated luminosity
107
= corresponds to ~30 day
1 04 -E’\ experiment at 100%
= efficiency on 20-cm/40-cm
30 LH, target
10°E
102 L \AR ~ 0.05, Q% = 12 GeV?
10;E ................................... .............. ......................... - SRR .............................. €«<——AR ~ 0.3,@2 — 192 GCV2
1=
-1 - ,
10

I 5 T 10
Q? ~ 3.0 GeV3,AR=0.01 / Q?~8.3 GeV2 AR =0.1 Q2 (G.eV2

Q% ~ 6.8 GeV?, AR = 0.01 ~ 14.7 GeV*, AR = 0.1

Increase in proton solid angle from 6235 msr and ~2X increase in luminosity leads to

doubling of Q? range for which absolute A(nGy/Gy) < 0.1
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Statistical FOM of PT expt.’s

Experiment Q% (GeV/c)* E. (GeV) | AQ, (msr)| P. (%) A (u,GL/Gh)) Reference
GEp-I 0.5-3.5 0.9-4.1 6.5 40-60 0.01-0.05 PRL 84, 1398 (2000),
PRC 71, 055202 (2005)
GEp-II 3.5-5.6 4.6 6.5 70 0.05-0.09 PRL 88, 092301 (2002)
PRC 85, 045203 (2012)
GEp-III 5.2-8.5 4.0, 5.7 7 80-85 0.07-0.18 PRL 104, 242301 (2010)

Future Experiments: Moderate increase in Solid Angle = Huge increase in FOM!

T T T T T T T T T
AQYQ? = +10%, Ld! = 2.1e+06 fb™, Ag, = ¢3B deg
E= 11GeV

Ay
15
Q? (GeV?)

Theoretical PT FOM vs. Q? for different beam
energies
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il Q= 6GeV?
10" —— — Q@’= 8GeV?
i —  — @= 10GeV
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€
Theoretical PT FOM vs. ¢ for different Q>—
recall P, ~ V(2¢(1-¢))
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