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Outline

* Introduction/overview of final analysis of
experiments E04-108 (GEp-II1)/E04-019 (GEp-2y)

* New HMS optics calibrations: angle and vertex
reconstruction

* Hall C FPP performance, alignment, and
polarimetry

* HMS spin transport systematics

* Non-dispersive-plane optics/quadrupole misalignment
study

* Final evaluation of GEp-I1I/GEp-2y systematics
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The GEp-III and GEp-2y experiments in Hall C
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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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GEp-I1I/GEp-2y Final Results: Phys. Rev. C 96, 055203 (2017)
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CEBAF Center Auditorium
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Overview of new/final analysis of the Hall C data

* Goal: Improve understanding of systematic uncertainties in order to Epublish 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: improved angle and vertex reconstruction, well-behaved in a wider phase
space

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

* 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:

» Use of more efficient variable-width exclusivity cuts to account for variations of the widths of several
exclusivity cut variables within the HMS acceptance (compared to fixed-width cuts used in the analysis for
PRL publications)

* Improved “fully differential” description of the analyzing power for Q% = 2.5 GeV?
* Accounting for finite-acceptance/bin-centering effects on P, P, R

* More thorough analysis of the nqn—disi)ersi\{e-plane optical study of the HMS to reduce systematic
uncertainties due to spin precession calculation.

* Final evaluation of systematic uncertainties
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HMS Optics Calibration—Sieve Slit/Vertex Reconstruction
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Available optics targets in GEp-III:

4 e 3-foilAl,z= +7.5cm,0cm

. e 2-f0ilC,z= +2cm

. « 2-foilAl,z= 4+3.8cm

— *  20-cm Al “dummy”, z = 3.84 £ 10 cm

- * 15-cm Al “dummy”, z = +7.5 cm

1 * Most optics data were taken at 22-degree central angle, 2.4
. GeV momentum, inelastically scattered electrons, beam

. energy 4.11 GeV

1 * Subset of runs taken at angles of 26 and 30 degrees, p =2.15
] and 1.9 GeV, resp.

* New, more “user-friendly” ROOT-based optics calibration
code developed for this analysis.
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HMS Optics Calibration results—Angle/Vertex resolution
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These resolutions are obtained for 2.4 GeV electrons, no “S0”
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HMS Optics Calibration: Momentum Reconstruction

op_ (%)
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No new calibration of the é matrix elements was attempted, based on good & scan results with
HMS detecting elastically scattered protons at E =4.11 GeV, p = 2.02 GeV
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Limitations of GEp-11I Optics Data

* Our goal was to obtain a calibration of the HMS angle and/or
vertex reconstruction that was well-behaved over the widest
possible phase space, as the spin transport calculation 1s
particularly sensitive to the scattering angle reconstruction.

* It proved difficult to obtain optics calibration data populating
the full HMS acceptance due to the extended target length
and the large HMS scattering angle (31, 35.4, and 36.1 deg
for the high-e kinematics of GEp-2y: € = 0.638, 779, 796,
respectively).

e For the high-Q? kinematics and for € = 0.153, the new
calibration easily covers the full phase space populated by
elastically scattered protons.

* For the aforementioned high-e kinematics, some modest
extrapolation outside the phase space directly constrained by
optics data was required to use the full statistics.
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KPP drift chamber design

GEp-III Focal Plane Polarimeter

80 B Layer Order %
r (with increasing z) w vava,
[ +45° 0%, —45° 55
60 2
:o.nglc 'dcsignotions refer to [N
40 NG drections of wren.
: Direction vector points
20 fr.om lowest numbered R
. wire to largest number 50 [SSSE<
: Labels do not match
Q0 |- our coordinate systems a2
iv')"‘" measures along —45° KX
| 0° measures along  0° e
—20 | measures along +45° ;j >eee
i & TABLE III. Characteristics of the wires used in the FPP drift
w0 [ chambers. The sense wires are gold-plated tungsten, while the
i cathode and field wires are made of a beryllium-bronze alloy.
~60 |- S e Type Diameter (pm) Tension (g)
: HMS Transport Coords = Sense 30 70
—-80 j and layer labels ‘ ‘ : ‘ h | Field 100 150
; | o | | | - - Cathode 80 120
-120 —-100 -80 —60 —40 -20 0 20 40 60
e FPP chambers and CH, analyzers are on separate
 Each chamber consists of three planes of sense support frames, to insure that FPP chambers
wires, oriented at +45°,90° relative to HMS cannot move upon insertion/retraction of the CH,
dispersive direction, with 2-cm “pitch” analyzers
» Protons tracked after each analyzer by a pair of * Space in the HMS hut, cost considerations/etc
FPP chambers, six planes in total limited the number of wire planes used for FPP

tracking system.
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FPP performance: coordinate and angular resolution
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*  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.
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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)

1/23/18 Hall C Collaboration Meeting 12



Fraction of events
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FPP event selection criteria
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d
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°  Q’=6.8 GeV?
* Q@’=5.2GeV?
Q%= 2.5 GeV?

1.0

FPP1s .. (cm)
2 3
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 9 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.10se» the <2 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

1/23/18

Table 1:
single-track events p

ysis. No explicit 9 cuts we

o defined, r
bet he inci
the point of closest a

with z = 0 at the H focal plane.

FPP event selection criteria as a function of Q2. Only
the “cone test” were included in the anal-
applied. Instead, the ¥ %
from the p T

2

ats. T

Q7 (GeV?) 25 52 68 85
P (GeV/c) 0.06 0.05 0.05 0.05
prer (GeV/c) 12 1.5 15 15
171 081 0.65 0.53
36.7 251 199 163
1.82  0.84 0.67 0.55
39.5 260 204 16.6
22 1.7 14 1.2
65 51 41 33
108 108 108 108
168 168 168 168
207 207 207 207
267 267 267 267
.
pPr p— pp S11 ?9
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FPP polar angle dlstrlbutlons
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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 a21muthal asymmetrles, 1
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Ay (P, ;" cosp — Py " sinp) (20)
1/23/18
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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

300

250

o 1 2 3 4 5 & o 1 2 3 4 5 6
- T ] FPP1 ¢ (rad) FPP2 ¢ (rad)
0.8~ <c>=0.638 T . . . : ..

- i ————————————H *  Spurious, artificial peaks in the helicity-sum ¢ spectrum, at angles

1'2;' 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
1,054 (see next slide)
% + These events are mostly (but not entirely) rejected by the z,,,, cuts.
0.9- Tot f ]
: + _|_ —
0.8;— <a>=?.790 | + : (zftJa(-Tf;-/fZ) " \2fj(f++f-)._ f—i- 4 f_ = i [N S_QO) + N (_QD)]
o”‘z‘”4”(‘g)‘”2”‘4”(‘3) Ap | N Ny
ra ra
e e = [1+ po(p)] X
A FPP FPP - :
2f:l: 14+ Ay (Py,tr COS @ — P:c,tr S (,0) [1 + Ay (Pyb?z];g COs Y — Pgﬁg S1n QD)}
fo+f- 1+ A, (Piﬂﬁcosw—Pfﬁﬁsinw) ~ 1+ po(p) (19)
— 1 FPP _ pFPP _; >
SUEA P cosg = Priteing) GO () =3 [ cos(ng) + s sin(ng)]

n=1
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Irreducible FPP left-right ambiguity
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FPP2z, .. (cm)

300

600
S 400 4q0 200
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10*
\

* The symmetry of wire orientations and common
intersection point of U, V, X wires at chamber
center leads to the existence of two solutions with
(nearly) identical y?2, with hits placed on the
opposite side of all three wires firing in a given
chamber, for tracks at or near normal incidence.

* Ambiguity cannot be eliminated without
introducing scattering-parameter-dependent biases 4 o
in the pattern recognition and track reconstruction, 20 30 (;eggo 50 60
which is dangerous.

10°

N
o
o

102

FPP22z, .. (cm)
I
o

FPP12z,. (cm)

-
(3]
(=]

-

{

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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Analyzmg Power Calibration

T T - 0.3
i o Q2 =25 GeV2 i . A'“a" (ThIS work) g
0.2 0 Q?=5.2GeV? - A7 (GEp)
i v Q?=6.8GevZ | 02 ° A’ (Dubna05) g
B SRR “ . Q=85 GeV? . I;\y (This work) /// 7
. - L 4 A, (GEp-II) T T - i
0.1— i v - i
i ¥ 0.1— A — —
T TET I _/'/: —~ _
0-0_ LS | 0.0 o7
B 1 1 1 1 I 1 1 1 1 I 1 1 1 B 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) (GeV) p: (GeV?)
A A :1 —
t( y=1) — Ay P, ] * The analyzing power distribution in terms of pr = p, sin? is roughly
A — 2-ind dent, up to an overall normalization constant, with a
Ay=1 Q?-independent, up ,
Pﬁ( ) — Ay Pg maximum at pr = 0.4 GeV.
£ (A, =1) P( A,=1) * Both the maximum and the_alverage (for equivalent p; ranges)
— Pt ) analyzing power scale as p,, .
Yy P Born P Born * 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
0 Pp . . S e
Ay (pp, pT) = Ay (pT) —, 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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HMS Spln Transport I

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:

B e (me (3] )
d_v e

= — B
dt fymv 8

——

Q= 2.5 GeV?

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

Q% =5.2 GeV?
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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.

1/23/18

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.

Hall C Collaboration Meeting 19



HMS Spin Transport, II
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~ sin . ] . ]

vt Xo L —  A(Pcos(y)+P sin(y ) 4 L — -A,P,sin(y) 4
~ i 1 S 0. 2 0.

Sgt ~  sinygsiny g o000 ] E oo .

S ~ . : E B T E ...‘ ToTT Totebo orete woss piere Vs 0SeS PN briel aNo e | Setete oritort latied : 7
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Ly = VK pPpeng (F2d) X = VK Bpeng (rad)

» 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 fr(p) = f-(p) _ AFPP s — AFPP g
FPP azimuthal asymmetry definitions: fi(o)+ f-(¢) Y 7 v ?
* A, = analyzing power FPP __ FPP
* §;j’s are spin transport matrix elements Ay = Ay P = Ay(Syebr + SyeFr)
AEPP = A PEFPE = A (S, P + SpePy)
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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
0.0 0.5 1.0 0.5 1.0 0.5 1.0
p_ (GeV) p_(GeV) p_(GeV)

* 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 (1p G / Gp ) klnematlc dependence

1-5__ 02—25GeV2 1 02—25<s.ev2 1 02—25GeV2 ]
- a4 <>=0.153, y¥/ndf= 5.32/14 T a1 <>=0.153, y’/ndf= 9.96/13 T a <c>=0.153, y¥ndf = 7.15/14 1
| e <>=0.638, y/ndf= 18.714 | e <>=0.638, y¥ndf= 12.4/14 | e <>=0.638, y¥ndf= 11.7/14 |
1.0 = <>=0.790, y¥ndf= 18/14 - = <>=0.790, y’/ndf= 11.5/14 | m <c>=0.790, y¥ndf = 21.6/14

C | wrigaSiir il | " r e one Wi n g | “Vel@@gtuan 0 1 "

0.5 T T 1 2
i 1 1 . ( Ri2) E’)
i I 1 ] 2 Ro(Q
0.0 P i
_::I::::'::::I:::::'::::I::::I::::I::::|:::: Z‘ﬁRﬂ'
e Q*=5.2 GeVE, vndf= 11111 e Q?=5.2 GeV? y%ndf = 8.08/11 { e Q?’=5.2 GeV? y%ndf= 9.06/11 | R = J 05 Ro(Qj)
ol = @*=6.8GeV? y%ndf= 15.8/91 = Q*=6.8 GeV? y%ndf= 5.07/9 1 = Q*=6.8 GeV? y%ndf= 6.29/9 S Sk ;1; ’
4+ Q*=8.5 GeV?, 2/ndf= 3.26/4 7 » Q*°=8.5GeV? y¥ndf= 1.63/4 | 1 Q*=8.5GeV? yZ/ndf = 7.19/4 | k )
[ I 1 I 1 2 _ < AR, >
1|— T . T 4 ] i = 2 ’
© [ g ! I{{ 1loe 1 Ei ITﬁI[ I [ 1 Tj{; Il[ 5 i ] Ro(Q7)
% 0 T + T %] o & T UL 1
ol T§ i lx ppet Il o i
I I I T = 1T 1 T ¥ l'LI ]
: I ! I L] ]
—1F T T )
PRI I T S T T E S S S S S S S ' 1 | 1 1 1 1 | 1 1 1 1 | T 1 1 1 | 1 1 1 1 | 1 1 1 1
-0.05 0.00 0.05 -5 0 5 0 5
Oyer (rad) 5 (%) y,, (cm)

* 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?5 *"™)—A, momentum dependence

. . . I . . . | . . e The overall proton momentum
- . dependence of the analyzing
1.1— — power is assumed to factorize
u - from the angular dependence,
according to:

| § E | Ay(ppapT) — Ag(pT)&v

e L N ;
R s p

1.0 * - s A - * The application of identical cuts
" , , 7 on the scattering parameters
- Q°=2.5 GeV | .
Sclose» Zclose, P 1nsures that the
A <>=0.153: P /PP = 0.9998+ 0.0021, y¥ndf = 9.89/13 | average analyzing power for the
- - three € values is the same, up to
09— o <c>=0.638: PL/PEOH‘ = 1.0066+ 0.0027, lendf = 9.53/14 _ differences in the momentum
m <>=0790: /PR = 1.0193:0.0025, y¥ndf = 19.3/14 ~ distribution of incident protons.
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).
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Data quahty checks—Beam Polarization Database

E 1 2 T I T I T T I T T T T T T T T T T T T T T T T T T T T T T T T T T
24 [e p /PB°"‘ 0.9999 £0.0021, ncl = 19717 | - -
o - = » X /N = B i
~ K Born 2 _ 0.95— ]
o - ®  P/P """ =1.0058 *0.0027, y/ndf =16.5/18 - B ]
1.1— 7 - ]
-4 P/PP°"=1.0166 +0.0025, y%/ndf =22.1/18 - 0.90 B
1.0_ ''''' - _§ - @—Q—&M—ﬁs e oiag EE
- 1 Q20 g5 8¢ e L% ]
- . 0.80— -
0.9— - ] ]
B i 0.75 -
0 8_ 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 ] B :

- | Il Il Il | Il Il Il | Il Il Il | Il Il Il | Il Il Il | Il Il Il | Il Il Il | Il Il

67000 67500 68000 66800 67000 67200 67400 67600 67800 68000 68200
Run number Run number

Extracted Bom vs. run number during GEp-2y  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 confirms validity of beam polarization database and stability of beam

Born

polarization between Moller measurements.
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HMS Spin Transport Systematics—non-dispersive plane

Emo— '« NOMINAL M g | | Syt ~  COS X¢
'g : : 3I1POLE I g 5| . _ Sy ¢ R sinxg
5 o o [ 1 8 e ' Szt =~ sinygsiny
L g;:: + E See = —COS)gsSiny
0 o i:} 0 ili% X = ’)/lip<¢fp - (/btar)
T X
i = 7/{1)¢bend
[ % E X = Tkp Ovend
S0 f _
I R B B i | L éz)nd = Z(¢fp|5i)5i
-50 0 50 100 -5 0 5 i
Ve measured (mm) ¢'p measured (mrad) (total) (5) fp car
(o) o) FPP bend bena + @0+ (Dfplytar)yo
P tan(xe) + sin(x) 5rrr vieve — ylaT
R = -Kp5 = ——r +[(Dplrar) — 1] FE
E 1= tan() sin(x) e
P, . prrr yl? + AylP (mm) 0+ 10 0+2
ko= _KE ~ K Xe + Sm(X)—prp ) PP + AglP (mrad) —0.05+0.18 —0.03 % 0.07
! ytor £ Ayter (mm) —0.3£02  —0.3+0.1
(1 +€) s1 + Asy (mm) 0.8+0.3 0.7+0.1
K = py —o $3 & Asy (mm) 1.040.7 1.140.2
o o s3 £ Asz (mm) 27+1.3 3.1+0.8
« FF rat}o 1S h}ghly sensitive to HMS : o7+ Ag")  (mrad) 0161018 0131007
non-dispersive lzi%nd angle gtlhlgh Q oot 4 ApeD (mrad) 0124014 | 0.13 £ 0.08
e At8.5GeV? = — — X/ 777721 35.1/21
ddpend mrad
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HMS Spin Transport Systematics—dispersive plane

m | | | | | | | | | |
S 0.04] l l -
b, =(181.7 + 0.9) deg .
0.02] .
- y?%ndf = 8.710 -
0.00- ¢ :
0.02- .
i = 5.2 GeV? ]
-0.04— ]
| | | | | | | | | | | |
2.5 3.0 3.5
v (rad)
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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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@¢ 4y, AYtqr 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 P, and the ratio Py/ PZB °rm at Q% = 2.5 GeV2. The point-to-point systematic uncertainty
is calculated relative to the (¢) = 0.153 setting. The total systematic uncertainties in P, 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

dfii —Adbend 1.3x107%  16x10* 13x10~*
To— Abbend 42x 1072 32x107%  25x 1073

d‘fﬂ AYtar 8 x 10—5 9 x 10-° 8 x 10-5
e NS —25x107% —18x107% —1.4x10~*
dsjfgp Aprpp —1.6x107% —20x10~4 —1.7x10~*

AP, (background) 8 x 1075 3x 1075 2 x 1075
4 N4, N/A —1.5x 1073 —1.2x103
‘“’3 AP, N/A —37x107% —29x1073
Tota.l APsySt 42x107%  51x107%  4.0x 1073
Total Ayst ( A N/A 70x107%  7.1x 1073
AP () N/A 53x 1073 6.1 x 1073
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Summary and Conclusions

* Final GEp-III/GEp-2y results published 1n archival
Phys. Rev. C paper: A. J. R. Puckett et al., Phys.
Rev. C 96, 055203 (2017)

* Come to JLab seminar this Friday, Jan. 26, CC
auditorium, for full overview of experiment, final results,
physics implications, and outlook for the future

 Technical details presented here are discussed 1n
arX1v:1707.07750

* NIM article based on the above 1s forthcoming
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HMS Optlcs xta,./Raster Correction

The correction for
Xtqr» the vertical
intersection of the
trajectory with the
- plane
perpendicular to
the HMS optical
axis containing the
origin, 1S more
important than
usual for GEp-III

R

Ope VS. Yeqr for different 6,,, bins, Ope vs. 0,4, for different y;,, bins,

. - due to long (20-
Nno X4, COTTECIONS.
N0 Xtqy COITECHIONS .. - cm) target.
— p, (6
5p, = 100 x 2= Pr(0)
‘ Po
— (6.
i sp. = 100 x P Polle)
0 Po
Il 0p = Ge—p—
‘..F 1< Improves resolution of
oo A elastic peak without
| '1\“ changing the background
Y NS PRI PRI PUROT T .‘.".":‘7.:7?-.-.-‘—:: Shapeeincreases

;? signal/background ratio
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Varlable-Wldth Exclusw1ty Cuts (GEp 2y)

P ERCAV N I YA i

<e> = 0.153 : : <e> = o 638 - | <e>=0.779

-0.05 0.00 0.05 -0.05 0.00 0.05

6,,, (rad) 8,,, (rad) 6. (rad) B.ar (rad)

* Resolution of §p, = 100 X(p, — Py, (919)) /Do varies by more than a factor of two as a
function of § within the HMS acceptance for highest €.

* ABiyr = Otqr — Orar (e, 8,) exhibits slight correlation with 8;,,.. Deviation from zero does
not exceed 2 mrad anywhere in the acceptance.
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Variable-width exclusivity cuts (GEp-I1I)

T T T T T T T T[T T T T T T T

1

5 Q?=8.5GeV: | .

()
N
]|
o
N
(@)
(1)
i <
N
|

Illllllf.f'll

0.02- : 0.02

©7-0.05  0.00 005

20,05 0.00  0.05 ) . .
0,,, (rad) 0,,, (rad) 0,,, (rad)

AB. 4, vs. 044, correlation exhibits some small non-linearity for Q? = 6.8, 8.5 GeV2. These
non-linear distortions are attributable to a +3 mm vertical beam position offset during these
kinematics; the x;,,.-dependent matrix elements are not independently calibrated and are fixed
during the calibration of x'; ., which took place with the beam vertically centered.
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* Op, resolution is roughly independent of proton kinematics within the acceptance, and is
dominated by HMS momentum resolution =2 +30, fixed-width cuts used.

* 0p,, 0¢ are dominated by HMS angular resolutions, use variable-width cuts to optimize
efficiency, signal-background ratio, and avoid cut-induced bias of spin transport calculation
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