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Background: The deuteron plays a pivotal role in nuclear and hadronic physics, as both the simplest bound
multinucleon system and as an effective neutron target. Quasielastic electron scattering on the deuteron is a
benchmark reaction to test our understanding of deuteron structure and the properties and interactions of the two
nucleons bound in the deuteron.

Purpose: The experimental data presented here can be used to test state-of-the-art models of the deuteron and
the two-nucleon interaction in the nal state after two-body breakup of the deuteron. Focusing on polarization
degrees of freedom, we gain information on spin-momentum correlations in the deuteron ground state (due to
the D -state admixture) and on the limits of the impulse approximation (IA) picture as it applies to measurements
of spin-dependent observables like spin structure functions for bound nucleons. Information on this reaction
can also be used to reduce systematic uncertainties on the determination of neutron form factors or deuteron
polarization through quasielastic polarized electron scattering.

Method: We measured the beam-target double-spin asymmaigyfor quasielastic electron scattering off the
deuteron at several beam energie$€17, 2.5, 4.2, and 5-58 GeV), using the CEBAF Large Acceptance
Spectrometer (CLAS) at the Thomas Jefferson National Accelerator Facility. The deuterons were polarized
along (or opposite to) the beam direction. The double-spin asymmetries were measured as a function of photon
virtuality Q? (0.13—-317 (GeVMc)?), missing momentump(,, = 0.0-05 GeV/c), and the angle between the
(inferred) spectator neutron and the momentum transfer directigh (

Results: The results are compared with a recent model that includes nal-state interactions (FSI) using a
complete parametrization of nucleon-nucleon scattering, as well as a simpli ed model using the plane wave
impulse approximation (PWIA). We nd overall good agreement with both the PWIA and FSI expectations

at low to medium missing momenta 0.25GeVc), including the change of the asymmetry due to the
contribution of the deuterob state at higher momenta. At the highest missing momenta, our data clearly agree
better with the calculations including FSI.

Conclusions:Final-state interactions seem to play a lesser role for polarization observables in deuteron two-body
electrodisintegration than for absolute cross sections. Our data, while limited in statistical power, indicate
that PWIA models work reasonably well to understand the asymmetries at lower missing momenta. In turn,
this information can be used to extract the product of beam and target polarizagiey) from quasielastic
electron-deuteron scattering, which is useful for measurements of spin observables in electron-neutron inelastic
scattering. However, at the highest missing (neutron) momenta, FSI effects become important and must be
accounted for.

DOI: 10.1103/PhysRevC.95.024005

I. INTRODUCTION cases, a thorough and detailed understanding of the scattering
The deuteron, as the simplest nuclear system servens“aChanism is necessary.
’ P y ' In particular, quasielastic scattering off the deuteron has

the dual r_ole of an effective fr_eg neutron targétd] and been widely studiedl[6,17] as an ideal reaction to disentangle
as a testing ground for sophisticated models of nucleon-

nucleon interactions and scattering mechani [ Elec- various contributions to the reaction mechanism, such as
tron scattering off the deuteron hgas been usﬁs[emd és a meahgslativistic effects, non-nucleonic components of the deuteron
to extract inf?)rmation on its nuclear structure, including o e function, meson-exchange (MEC) and isobar (IC) cur-
the D-wave ( = 2) contribution to the ground-state wave rents, and nal-state interactions (FSI) between the outgoing

. . nucleons. Recent experimenis8[19] have focused on higher
functlon_ [11,_12]. On the other hand, experiments tha_t |°.°k momentum transfers, where one-nucleon currents are expected
for modi cations of nucleon structure due to nuclear binding

to dominate the cross section. Because of the continuing (and
have also used the deuteron as a testhadlp). In all of these growing) importance of the deuteron as an effective neutron
target R0,21], a particularly important question is whether
there is a kinematic region where the simple picture of the
plane wave impulse approximation (PWIA) works reasonably

*Present address: Paci ¢ Northwest National Laboratory, RichlandWell, in which the virtual photon is absorbed by only one

Washington 99354, USA. nucleon inside the deuteron while the other is an unperturbed
*Corresponding author: skuhn@odu.edu spectator to the reaction. Alternatively, one wants to test state
*Present address: Virginia Commonwealth University, Richmondof the art models of FSI to ascertain if they can yield a

Virginia 23284, USA. reliable description of the reaction mechanism. In this quest,
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polarization degrees of freedom are particularly interestingand without polarization information) is often used to access
yet few experiments exist. the neutron form factors3p-32). Furthermore, the novel
From a practical point of view, quasielastic scatteringtechnique of spectator tagging, where a backward-moving
off a polarized deuteron target (with or without detectionproton spectator is detected in coincidence with an inelastically
of a nal-state proton) is often used as a direct measurescattered electron, is being used both to access the free
of the product of beam and target polarization for spinneutron structure (at small spectator momefta(,33]) and
structure function experiment$,8,22]. This requires that to study possible modi cations of nucleons that are part of a
the theoretical asymmetry for this process is well known, arhigh-momentum correlationlB,15]. In all these cases, it is
assumption that should be tested experimentally. imperative to understand both the underlying spin-momentum
In the following, we rst give a brief overview of the structure of the deuteron as well as the reaction mechanism for
theoretical background for the reacti®d(e,ep)n, followed  electron scattering, including FSI effects.
by an overview of existing data. Sectidk describes the The present paper focuses on the reactlé(e,e p)n with
experimental setup, followed by details of the data analysis deuteron target polarized along the direction of the incoming
and our results. The nal section summarizes our ndings. electron beam. The differential cross section for this reaction,

d
Il. THEORETICAL BACKGROUND d0%d dp, 1)

The deuteron is the simplest stable nucleus, consisting of & a function of the (negative of the) squared four-momentum
proton and neutron bound by only 2.2 MeV (see, for instancejransferred by the scattered electron,
the review by Garan and Van OrdenZ3d]). Its structure is > & & D .
amenable to detailed and sophisticated microscopic calcula- Q?=S (kS k)? = 4EE sin’( ¢/2), (2)
tions that range from nonrelativistic approached [based on  jith k = (E,0,0,E) and
the Schodinger equation, to fully relativistic treatment]].
Comparison of these calculations with experiment allows us K = (E ,E sin ¢c0s ¢,E sin esin ¢E cose)  (3)

to constrain properties of nucleons and of the nucleon-nucleogeng the four-momenta of the incoming and scattered electron
potential. In turn, given a model for the nucleon-nucleon inter-iy e itrarelativistic limit), respectively. HeréE is the
action, form factors and momentum or spatial distributions o energy of the incoming electron arfl is the energy of

the nucleons in deuterium can be obtaindl[Most modern  ha scattered electron, while the scattered electron direction
models of the deuteron wave function agree in the basig, given by the polar angle. and the azimuthal angle
features of this momentum distribution: At low momenta, it is

: _ e With respect to the incoming electron beam. The cross
dominated by th&wave ( = 0) where the proton and neutron ¢otion also depends on the missing momenfym  pn

spin are parallel to the overall deuteron spin, while atmomentas the unobserved (but inferred) nal-state neutron; we will

beyond 250-300 Meke, the contribution from the much o5 metrize this momentum by its magnitugig, and its angle
smallerD-wave { = 2) component (which overall accounts * rejative to the direction of the three-momentum transfer
for about 4-6% of the deuteron ground state) becomes more_ | « . . .
. : . . . g = kS k. For polarized beam and target, this cross section
important. In that kinematic region, the expectation value forcan be expressed &34
the nucleon spins is actually opposite to that of the deuteron
as a whole. = o1+ 3IP, AY+hAY, + TP, Al+hAl, |
Experimentally, a large body of data on the quasielastic 4)
deuteron breakup reactiofti(e,ep)n, has been collected to where 4 is the unpolarized cross section,
access information on the nucleon momentum distribution N & Ny (&
_ 1 k (+1)S N(S1)
in deuterium (recent examples can be found in Ref§-[ P, = -
19,25,26]). A very important question in this context is how the N(+1)+ N(O)+ N(S1)
measured (missing) momentum distributions can be connectdsd the vector polarization, and
to the_ deuteron wave functhrﬂ*ﬂ, given their potential N(+1)S 2N(0) + N(S1)
distortion by nal-state interactions (FSI2§]. P,, = >
On the other hand, deuteron targets are often used to extract N(+1)+ N(0)+ N(S1)
information on the neutron, due to the absence of suf cientlyis the tensor polarization of the target (with(0, + 1) the
dense free neutron targets. For example, both unpolarizesccupation numbers for the three magnetic quantum numbers
(see Ref. 29] and references therein) and polariz@d4,22] ms = (+1,0,51)), andh is the helicity of the electrons. We
structure functions of the neutron are often extracted fromadopt here the notation of Ref34], where the vectorAY,
measurements on the deuteron. In particular, in the latter casay,) and tensor A}, Al,) asymmetries are normalized as
a clear understanding of the spin-dependent momentum digomponents of spherical tensors of ranks 1 and 2, respectively.
tribution of nucleons in deuterium is of great importance, notintegration over all azimuthal directions, of the nal-state
only for areliable extraction of neutron spin structure functionsneutron (aroundy) leaves only the asymmetrie&Y, and
but also because the product of target and beam polarization| (because of parity conservation in the electromagnetic
(which enters the measured asymmetries as a constant fact@fijeraction). Both asymmetries are functions of the beam
is often extracted using the polarized quasielastic reactioenergyE and Q? as well aspm, and cosnq. Forming the
2H(e,ep)n[6,8,22]. Similarly, the ?H(e,en)p reaction (with  difference between opposite-sign and equal-sign pairs of

[SL+1 (5

[S2,+1 (8
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helicity h and target polarizatioR, and dividing by the sum, Ill. EXISTING DATA OVERVIEW

we arrive at the double-spin asymmetry Although the’H(e,e p)n reaction has been studied in detail,

_ v there exist only a few measurements of the beam-vector
* o) g 3PoPiAg ) asymmetnAY, and tensor asymmetAy| . These asymmetries
+ o 2+ P.A} ’ are directly related to the double-spin asymmejyas seen

in Eq. (7). The existing data are at a relatively |Q¢ and were
whereP,, is the magnitude of the electron beam polarizationcompared to a model formulated by Aréivel et al. [9,39].
andP; | P,| is the average magnitude of the target vectorThis section will summarize the results of these experiments. In
polarization, both along the beam direction. The target useg§ontrast, the new data reported in the following sections cover
in the present experiment was vector polarized ufPto @ much wider range in kinematics (beam energy @Ayl and
0.4 using dynamical nuclear polarization (DNRE], which ~ can therefore test models of FSI and deuteron structure in a
yields a tensor polarizatioR,, 0.1, according to equal spin region where different reaction mechanisms dominate.
temperature (EST) theorg§].
The simplest model for quasielastic deuteron breakup, the A. NIKHEF

plane-wave impulse approximation (PWIA), assumes that the
virtual photon is absorbed by a single (on-shell) nucleo

(impulse approximation) and the struck nucleon leaves th nd High Energy Physics (NIKHEF). The experiment at

nucleus without further interaction (i.e., as a plane wave). IrNIKHEF used a polarized gas target with a 565-MeV electron

f[h.is. model,_ th? measured asymmetry is.prop'ortional to th%eam B8]. The tensor-polarized deuterium gas was altered
initial polarization of the struck nucleon (ignoring the small |, ..o’ polarization d?;, = + 0.488+ 0.014 andPS =
7z " - " 7z

contribution from the tensor asymmetry for the moment): $0.893+ 0.027 every 10 s. Scattered electrons were detected
by the BigBite magnetic spectrometer. A time-of- ight system

(s++ +8)S (88
+

A= — .
S+ +S

The rst measurements of the tensor asymmetfywere
erformed at the Dutch National Institute for Nuclear Physics

Py 1S 2+P 2(IS 5% = consisting of two walls of scintillator arrays detected knocked-
A= YEReR . (8) out protons and neutrons. The tensor asymmetry was extracted
1+ Q7 Gy as a function of the angle; between the polarization axis

and the missing momentum, as well as a function of the

Here, §=(Q?) is the ratio of electric to magnetic Sachs form magnitude of the missing momentum. The range of missing
factors of the struck nucleo®) andP are its polarization ~momentum was limited to below 150 Mév. The results of

components along and transverse to the momentum transf##is measurement can be seen in Hig.

vectorq (in the electron scattering pland)} is the nucleon Additionally, the rstmeasurements &/, were performed
mass, and at NIKHEF several years lateR%]. A longitudinally po-
larized beam of electrons of 720 MeV was scattered off
Q2 s1 a vector-polarized deuterium target. The scattered electron
= 1+2 1+ YIVE taane (9) was measured at a xed angle= 40, with a solid angle

coverage of 96 millisteradians (msr) and knocked-out protons

were measured at a central angle gf= 40 with a solid

is the virtual photon polarization ratio. (Note that for x@F,  angle coverage of 250 msr. The missing momentum range
and thusA| depend on the beam energy through Within  was increased up to 350 M&/ at aQ? of 0.21 (GeVc)?2.

this PWIA picture, measurementsAjj can be used to extract Figure2 shows that at momenta higher than 200 MeMhe

information on the spin and momentum dependence of thgector asymmetryAY,, becomes sensitive to tilestate of the

nuclear wave function. One goal of the present experiment igeuteron wave function.

to determine the kinematic region where PWIA is areasonably

good approximation.

A more realistic description requires a treatment that )
includes the interaction between the spectator and knocked-oyt The Bates Large Acceptance Spectrometer Toroid
nucleon (FSI). Jeschonnek and Van Orden have developed(BLAST) experiment used a polarized electron beaident
comprehensive theoretical mod@([ for this purpose. The UPON an internal polarized deuterium targef][at the MIT-
authors use a relativistic deuteron wave function by solving théates accelerator. An atomic beam source was used for the
Gross equationl[d]. A current SAID parametrizatior8[7] of polarized deuterium target, providing considerable freedom

the nucleon-nucleon scattering amplitude is used to calculat® the choice of vector and tensor polarization states. Two
the interaction of the two nucleons in the nal state, up to Sets of deuteron data were taken with nominal spin angles of

kinetic energies of about 1.3 GeV in the laboratory frame 32 and 47 to provide perpendicular (, = / 2,0) and
This nucleon-nucleon amplitude includes central, spin-orbitParallel (. = 0,0) kinematics: There are two analyses of
and double spin- ip terms. These various terms can be turned

off within their code to study the impact of FSI on the predicted

asymmetries. Within the kinematic range of applicability, we Beam polarization 60% at 850 MeV.

compare this model directly to our data, including the effects 2( , ) describe the angle of the target polarization quantization
for both the vector and the tensor asymmetries in Eg. ( axis relative to the momentum transfer vectpr,

B. Bates
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T
0.2L (@) rc).qm<1302 SR - PWIA (S only)
1 021 ----- PWIA (S+D) 2
.......... PWBA+FSI /
----- PWBA+FSI+MEC /
——— PWBA+FSI+MECH+IC
— FULL

- - - R R NN T T N S S H A H N R!
0 50 100 150 200 0 100 200 300 400
p,, [MeV/c] p, [MeV/c]
- (b) ‘ ‘ ‘ ] FIG. 2. NIKHEF results for the vector analyzing pow&Y, as
0.41 1 a function of missing momentum 2 = 0.21 (GeVc)? [25]. The
| curves are again from Areibkiel et al.[9,39].
0.2/ 1
1 T T T T T T T T T T T
- o (@) (b) _pwea+Fsi+MECHCHRC
0 0.8L ] PWBA+FSI+MEC+IC
PWBA+FSI+MEC
0.6} T Thwea ]
-0.2+ g
L 0.4- 4 4
0 4: % 02 g 1
- r 7 —— —6—
L [l
_0_67 | | I —0.2- - € 4
-1 -0.5 0 0.5 1 RS
cos 04 T 1
—0.6! L L L L L L L L L L L L L L L L L L |
FIG. 1. Results for the tensor analyzing powerin 2H(e,ep)n 0 01 02 03 04 (03 \?]1 02 03 04 05
from NIKHEF, plotted vs missing momentupng, (a) and vs the cosine Pm [ e C]
of the opening angle between the momentum transfer veajand st B
the momentum in the center-of-mass system (b). Theoretical curves © (d) —pwsA+FsI+MECHC+RC
. o8k PWBA+FSI+MEC+IC
from Arentbvel are also shown. Short-dashed curves are results PWBA+FSI+MEC
L —PWBA+FSI
_for plane-wave Born_approxmatlon (PWBA), long-dashed curves 4t PWBA . ]
include FSls, and solid curves represent the full calculat@h [
0] + ]
0.2F

the BLAST data; the latest work by DeGrugt)] re-evaluated 2:8 o
the work of Maschinot41] to extractAY, andA]. These data
were taken for &2 range of 01 < Q 5< 05 (GeVc)? and —0.27 ="
ten missing momentum bins from 0.0t0 0.5 GeVThe results
of this measurement can be seen in Big.

Within Arenhbvel’'s model, all ingredients including isobar ~ —0.65-x

—0.4r b

(ORI RO 1 B R S W S s B 1 K

020304705

currents and relativistic corrections are needed to describe p [GeVic]
most of the BLAST data. In particular, a reasonable description m
of Aj in parallel kinematics (top right panel of Fig) requires FIG. 3. Results from BLAST for A [panels (a) and (b)] and'

the inclusion of FSI effects at largpr,. This is in qualitative  [panels (c) and (d)] for @ < Q 2 < 0.3 (GeV c)?, for both parallel
agreement with our ndings (see below). Figi@lso shows  [panels (a) and (c)] and perpendicular [panels (b) and (d)] kinematics.
that AY, is described rather well by the simpler PWBA out Theoretical curves have been calculated including meson exchange
to si%ni cantly higher missing momentum than is the casecurrents (MEC), isobar currents (IC), and relativistic correction (RC)
for Ag. [40].
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Region 1
Region 2
Reglon 3

‘(a‘)‘ prrrTrT T T Drift Chambers Electromagnetic Colorimeter

Gp=1.5*Galster

E experimental run was conducted in 2000—2001 for a period of
"-0.5 seven months.
CLAS is divided by six superconducting coils into six
symmetric sectors with several layers of particle detectors.
0 The coils produce a mostly azimuthal magnetic eld. There
are three layers of drift chambers (DC) for tracking in this eld,
followed by a layer of scintillator counters (TOF) for time-of-
ight measurements. Cherenkov counters and electromagnetic
calorimeters in the forward regions are used to identify the
_ scattered electrons. A Faraday cup is used to measure the total
FIG. 4. Double-spin asymmetifte, as measured in Hall C, vs 500 mulated beam charge. The CLAS data acquisition (DAQ)
scattered electron energl (| and vs the angle between the neutron system collected data at a 3- to 4-kHz event rate, triggered by
& coincidence of the signals above threshold from the elec-
tromagnetic calorimeters and Cherenkov counters. A detailed
description of CLAS and its systems can be found in RE].
C. HallC L -
For the EG1b run, longitudinally polarized electrons were
The E93-026 experiment in Hall C at the Thomas Jeffersorscattered from several different targets placed alternatively on
National Accelerator Facility measured the neutron electrighe center line of CLAS and immersed in a liquid helium bath
form factorGP in 2H(e,ep)n quasielastic scattering. In this at1 K. These included longitudinally polarized prot&NHs)
measurement3D,43] the neutron was detected instead of theand deuterium?fND3) targets, as well as auxilia?C and
proton andG was extracted by comparing the measubed  liquid “He (“empty”) targets. Beam and target polarizations
to theoretlcal predictions by Arefliel using variations of the were either parallel or antiparallel with respect to each other
parametrization oGg by Galsteret al.[44]. and the beam direction. The two polarized targedH; and
The target used in this experiment was™AID; target  *°NDs, were polarized by the DNP method. The deuterium
similar to the target used in the present study. The experimernéarget maintained roughly 20—40% polarization during data
was limited toQ? = 0.5 (GeVlc)? and the missing momentum collection. The polarization was measured in real time using a
was less than 180 MeV. The results are shown in £ig. nuclear magnetic resonance (NMR) system; however, the nal
determination was based on measured double-spin asymme-
tries, as explained below. To minimize depolarization of the
targets due to heating and radiation damage, the electron beam
This analysis is based on data from the EG1lb groupvas rastered over the surface of the targets in a spiral pattern
of experiments that took place at the Thomas Jeffersoduring the experimental run. The targets were periodically
National Accelerator Facility (Jefferson Laboratory, JLab)annealed to remove extra paramagnetic radicals and restore
located in Newport News, Virginia. The Continuous Electronpolarization. Further information on the polarized target can
Beam Accelerator Facility (CEBAF) at Jefferson Laboratorybe found in Ref. 46].
provided polarized electron beams from 1.6 to 5.8 GeV to the The EG1b group of experiments collected data using several
CEBAF Large Acceptance Spectrometer (CLAS, see bjig. different experimental con gurations. The polarized electron

0.06 Ge=Galster
>7
< 0.04 %
0.02 Gg=0.5*Galster ]
OF .
L L L L l L L L L ‘ L L L L ‘ L L L L li
2.4 2.45 2.5 2.55
E’ [GeV]
b L I B B B B B B B B TOF Counters ALm Cherenkov Counters
0.08 —( ) GE 1.5*Galster — . .
i 1 FIG. 5. A cross section view of the CLAS detector.
0.06 |- . R _ o
B Ge=Galster in Jefferson Laboratory’s Hall B. The beam polarization
>3 - was periodically measured with a Mgller polarimeter. The

*Galster

©
o
N
T
|
o

R AR SRR RE R ERRNRN

0 0.025 0.05 0.075 0.1
[radian]

using different scaled values Gi [42].

IV. EXPERIMENTAL SETUP
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TABLE 1. All ND 3 EG1b run sets with usable electron beam 3

C L]

data, organized by beam energy and torus polarity. These set labels ¢ :
are used throughout this paper. The sets were further distinguished by 2.5 5000
the polarization of the target during each run. Note that the 2& F

- . : = = L 4000
was ultimately not used in the present analysis. The remaining sets> 2

. . . . . . )] ,
were combined into four major groups, as indicated by the horizontaln |
; ol 3000
lines. 21.5)
FURN @Fa HE
Set Label Egeam (GeV) I orus (A) 1 2000
1.6+ 1.606 +1500 0.5 1000
1.65 1.606 $1500 . , - _
PRI R i fo1 3

17 1.724 +1500 %02 04 06 08 10 12 14 16 18 0
1.7S 1.724 S1500 |p|m [GeVIc]
[2.3+ 2.288 +1500]
2.5+ 2.562 +1500 FIG. 6. A plot of missing energy vs missing momentum where
2.55 2.562 $1500 the red lines represent the cuts placed on the data.
4.2+ 4.239 +2250 . . .
408 4239 & 2950 torus and polarized target coil enclosures) were applied. All

further details can be found in Ref8,47].
5.6+ 5.627 +2250 Information on the neutron kinematics was gained through

5.65 5.627 52250 use of the conservation of energy and momentum. The missing
2% g;gg g;;gg energy Em) was calculated under the assumption that the
5 7 = 764 & 2950 reaction took place on a deuteron at rest, as

Em = myg+ S Ep: (10)

beam had energies of 1.606, 1.723, 2.286, 2.561, 4.238, 5.61&herem, is the mass of the deuteronz E S E isthe energy

5.725, and 5.743 GeV with current from 0.3 to 10 nA. Theof the virtual photon, ant, is the measured energy of the

current of the main toroidal magnet was set at 2250 omproton. AcutE,, < 1.15 GeV was applied to reduce the size of

1500 A and was switched from positive to negative polarity athe data sample to include only events of interest. The missing

times. Positive current polarity resulted in electrons being bentnomentum ,) was calculated as

towards the beam axis (inbending), while negative polarity led _ &

to outbending electrons and extended the accepted kinematics Pm=aS Py, (1)

to lower scattering angles. All EG1b run sets with usablewhere the three-momentum of the virtual photan, is

electron beam data are labeled by beam energy and torgalculated from the measured electron kinematics @nis

polarity (e.g., a 4.2-GeV electron beam run with a positivethe momentum of the detected proton. Because the nuclear

torus current is labeled as 4.2 and are listed in Tablé.  background overwhelms the signal from the deuteron at high

These set labels are used throughout this paper. The 2.3-Ga¥issing momenta, we only analyzed events wji| <

data had too few events for the present analysis to yield.5 GeVic. Finally, the missing masa\,) was calculated

statistically signi cant results and were therefore notincluded.as

The remaining beam energies were combined into four groups, —_—

with average (nominal) energies of 1.6, 2.5, 4.2, and 5.7 GeV. Mm= EZSp3. 12)
Additional experimental information can be found in the

archival publications§,47] for EG1b. Examples of missing mass distributions for different kinematic

bins can be found in Se&/C1. The mass of the neutron
is known to be M4 GeV ¢® and a missing mass cut was
V. ANALYSIS implemented to remove multiparticle nal states:

A. Data selection 0.9<Mpy < 1.0 (GeV ). (13)

The analysis presenteq here builds on the prewouslyi-he combination of these cuts can be seen in&ighe curved
pubhshed st{;mdard ar)alysls of the CO'.””p'ete E.Glb data Sfihes identify the missing mass cut selecting exclugirenal
[8,47], including all calibrations, corrections, basic cuts, ands ates from a deuteron.
quality checks. From that analysis, we selected reconstructe
events containing an electron and either only one proton or one o
proton and one neutral particle (which could be the recoiling B. Binning of data
neutron). Electrons were identi ed through cuts on the signals The asymmetries presented in this paper were calculated
in the Cherenkov counters and electromagnetic calorimetergs a function of three kinematic variables: the squared four-
while protons were selected based on their time of ightmomentum transferQ?, the cosine of the angle between
(measured with the TOF) and their momentum. Fiducial cutshe virtual photon and the neutron momenta, Ggs and
on both electrons (to exclude regions of rapidly varyingthe missing momentunpn,. We integrated over the angle
detection ef ciency) and protons (to avoid both the CLAS between the leptonic and hadronic plane.
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TABLE IIl. Q? bins used in this analysis. TABLE IV. The missing momentum bins used in this analysis.
Bin 2. (GeVIcy 2 (Gevicy  Bin pm" (Gevic) P (GeVic)
0 0.131 0.379 0 0.00 0.05
1 0.379 0.770 1 0.05 0.15
2 0.770 1.56 2 0.15 0.25
3 1.56 3.17 3 0.25 0.35
4 0.35 0.50

For compatibility with the main EG1b analysis, we com-
bined several of the standard EGQS bins [8,47] into four
larger bins in the range.031-317 (GeVc)? (smaller bins
would have yielded too limited s;atistics in the quasielasti
region). Tabldl shows these fouD< bins. .

The data were divided further into three regions of ¢gs corlrecrt] fofr (Ijleaq time effects, I , hat h
from $1.0 to 1.0, corresponding to the spectator neutron n the following, we d'SCUSS.a corrections that ad to be
moving backwards, sideways, or forward relativegtoThe applied to extract the nal physics asymmetries.
exact ranges of these cag bins are shown in Tablg! .

The nal binning is in missing momentum. We are
interested in missing momenta ranging from 0.0 to 0.5 8eV Dueto nite detector resolution, a small fraction of inelastic
This range was divided into ve missing momentum bins events (with additional particles in the nal state) could
shown in TabldV. be present within the region of our missing mass cut; see

In total, we have 60 bins for each of our four major Figs. 7 and 8. This background was studied in great detalil
beam energy groups listed in Sd¥.. Because all of our to correct the extracted asymmetries for this contribution
(three-dimensional) bins are rather wide, any comparison witffor this study, we removed the cut déy, Eq. (L0)]. We
theoretical calculations requires the latter to be integratedetermined the fraction of counfsack = Npack N tota from
over the same bins, weighted with the distribution of actuallysuch inelastic events by simultaneously tting the missing
observed events over each bin. In our nal results, we preseripass distribution for every kinematic bin and for every beam
only asymmetries for those bin and beam energy combinatior@nergy, torus polarity, and target polarization on both sides of
where the following conditions were ful lled: the elastic peak, covering the rangé @ M ,, < 0.8 GeV/ ¢

o o ~and 11<M, < 1.2GeV/ 2. The two regions were used
(1) The missing mass distribution covers the full regiony, account for background tails from the inelastic region,
of our cut, 09 <M < 1GeV/ ¢? and shows aclear, \j > 107GeV 2, that could extend to loweW,, regions
distinct peak inside that region. due to kinematic smearing. We found that a Gaussian tail
(2) The difference between measuretiDs counts and  hrovided a good tin all cases (black solid and dotted line in
inferred background counts from nondeuterium com-gijgs 7 and8). This t was then integrated over our missing
pon_en'ts of the target (see below) exceeded two standayd 555 cut to estim alBack
deviations above zero. Simultaneously, the count rate asymmetry in the upper

These criteria are further explained in the following section.Missing mass region, 1< M, < 1.2GeV/ ¢, was used
to estimate the asymmetnppack, Of this background. The
measured asymmetry was then corrected to get the quasielastic
asymmetry only:

For each of the bins de ned above, the raw asymmetry was Ao S Apacd
calculated as Age = Miraw > Mback back (16)

1St back
(14) This correction changed the nal physics asymmetries by
. ) o _ typically less than 10% of their values, and much less than their
wheren* is the normalized count per helicity state and is statistical uncertainties. We use this change in the asymmetries

whereQ«ec is the Faraday cup integrated charge. The arrows
indicate parallel and antiparallel beam and target polarization.
“The Faraday cup signal was gated on the DAQ live-time to

1. Inelastic background

C. Determination of the double-spin asymmetries

de ned as as a generous upper limit on the systematic uncertainty for this
< N N correction.
n° = a and n* = ore (15)
FC FC 2. Unpolarized background corrections
TABLE Ill. The cos nq bins used in this analysis. The denominator in Eq.1¢) contains counts not only
i o — from the (desired) polarized deuterium nuclei, but also all

Bin COS ng COS ng other components of the target (including the nitrogen in the
0 51.0 %035  °NDs;molecules and the liquitHe coolant as well as various
1 30.35 035 Wwindow foils). Since these target components are unpolarized,
2 0.35 1.0 they do not affect the numerator; see, however, SE€.5.

After determining the contribution from this unpolarized
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FIG. 7. Distribution of events in missing mass [E#j2)] for two
different kinematic bins (leftEgeam= 1.6 GeV,Q? bin 1,p, bin 1,
COS nq bin 1; right:Egeam= 1.6 GeV,Q?bin 1,p, bin 1, cos ng DIN

2). The inelastic background was tted by a Gaussian tail shown a:

the solid and dotted green lines (the dotted line is the interpolatio

between the two t regions). The bottom panel (b) is an example for,
a kinematic setting where, due to CLAS acceptance, no peak is se(QP

within the missing mass cut EdLY), indicated by vertical dotted red
lines. Bins such as these were discarded in the further analysis.

backgroundnasp, to bothn™ andnS in Eq. (14), the undiluted
asymmetry can be extracted as follows:

n* §nS _ n*§nd
nt+nSS2npsp N+ nSSng’

Aundil = a7

whereng = 2nasp. We further de ne the dilution factor as

Ng
n+ + nS )

n++nSSnB_108

Fp = <
D n++nS

(18)
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(@)

5000
4000

3000

Counts

2000

1000

0

Lot b byt e
0 0.2 04 060.8 1.2 1416 18 2

200
180
160
140
120
100

(b)

Counts

A OO @
o O O

O T [T T T T T T T T T T

N
(=)

L T
121416 18 2

o

FIG. 8. Same as Figr for two additional kinematic bins (left:
Egeam= 4.2GeV,Q2bin 1,pm, bin 3, cos nq bin 0; right:Egeam= 5.7
GeV, Q2 bin 3, pr, bin 4, €os yq bin 1).

wo additional target cells: a cell containing only a disk of
2C (“C”) and another cell without target material (“MT"),

th immersed in the same liqutle bath. After normalizing
these counts to the integrated Faraday cup and accounting
for the thickness of all components for each target, we could
extract a pure carbon target count ragg and a pure helium
target count ratey, ., from these auxiliary measurements. The
unpolarized background was then calculated as

(20)

NG
NAsD = Mt + Ia ——2Nc S Nye

cle
for each of our kinematic bins. Herayt is the count rate
on the MT target, » is the packing fraction (the equivalent
length of the target cell after accounting for the percentage of
its volume occupied by ammonia beads), apda/ clc is

The raw asymmetry can then be corrected for the unpolarizethe relative thickness (in target atoms pefof the ammonia

background by dividing out the dilution factor, giving the
equation for the undiluted asymmetry as

Araw
Fo
To calculatenasp (or, equivalently, the dilution factor), we

Aundil = (19)

versus the carbon target. The facté6@accounts for the fact
that there are 7 protons if’N versus 6 in'?C that could
partake in quasielastice(ep) knockout. Finally, the term
lan,. subtracts the amount dHe liquid displaced by the
ammonia from the MT target.

The archival EG1b paper8,i7] explain how each of the

modeled the contribution from unpolarized target componentparameters entering EqRQ) was determined. We varied all
as a combination of counts from auxiliary measurements oparameters within their uncertainties to estimate the possible
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spread of the magnitude of the unpolarized background and xjps¢
its effect on the extracted asymmetries (with a resultingo.as
systematic uncertainty for the latter between 4% and 11% h
of their nominal values). 03¢

0.25F

3. Beam and target polarization o2F

In addition to the dilution by unpolarized target compo- 5i
nents, the measured asymmetry must also be corrected for e E
target and beam polarization, 0.1

Auyndil 0.05 Events on 'H (Gaussian Fit)
A|| = . (21) —— Events on ?H (Gaussian Fit)
PPy (o] = — Events on *N (Skewed Gaussian Fit)
In principle, both these quantities were measured either 501_2‘ e T s o 0T 01 02
continuously (target polarization, through NMR) or at reg- p [GeVic]

ular intervals (through asymmetry measurements in Mgller

scattering)._ However, the Far_get material can undergo local FIG. 9. Distribution of counts v  for ND; targets. The'H
depolarization due to radiation dam‘,”lge and heating fron’—%eak (green) can be seen on top oftRegpeak (blue) with the scaled
exposure to the electron beam, rendering NMR measureme Sickground (red).

somewhat unreliable. Instead, the product of the beam and

target polarizationR,P;) was determined directly from the wherep,, is the momentum of the protory, is the polar angle
data. The values used in this analysis were obtained froref the proton, andg is the polar angle of the virtual photon.
Ref. [8]. In that work, values oP,P; were extracted from the  For elastic scattering, this quantity is given by

EG1b data set by comparing a theoretical valugApfto a
background-corrected measurementAgf from quasielastic tan( ) = 1
scattering off the deuteron. We used both the extracted values m% + 1.0 tan 5%
and the estimated uncertainty BgP; from Ref. [B] to estimate

the systematic uncertainties of our nal results due to thiswhereE is the energy of the incoming electron beam amd
source. is the mass of the proton. We used the relationship for elastic

scattering to get the sharpest possible peakige,ep). For
4. Target contamination guasielastic scattering, a broader peak is expected due to Fermi
otion.

: (24)

In addition to unpolariz_ed nucleons in t_he target, we must” First, we binned the data for the three targetpin, using
also correct our asymmetries for the potential presence of othet-ﬁ ' !

. : ; . e 4.2-GeV in-bending runs. The count rates were normalized
polarized nucleons outside deuterium. Experience has shown ;
; . : . y the corresponding Faraday cup counts. We used a t to the
that solid polarizedH targets typically contain small amounts

. . carbon target data to emulate the background ftéxnand
of polarized materials other thdi. However, a more recent “He in the ammonia targets. The t has a functional form with

experiment in CLAS with a deuterated ammonia target foundve arameters that were optimized for minimun® in the
a surprisingly large contribution from polarized free protonsregign aroundp = 0 The?\ll—!; data were tted next as a
to the measured asymmetrg][ Therefore, we performed X o
. sum of this (appropriately scaled) background and a narrow
a careful study of the EG1b target, using the method f.ronbaussian cén?epredpqi 1 0 for c)elasticgscattering offH.
Ref. [6], to identify any such polarized proton contamination Finally, keeping all t parameters (other than the adjustable

that would affect the results of this analysis. qormalization factors) xed for both the background and the

The method used in this analysis relies on a comparison 15
exclusivee-p elastic events from the proton and quasielastig:ree proton peak from thENH data, we tthe™ND; data by

. . 1 adding a second quasielastic (deuteron) peak to the other two
events on the deuteron. (Quasi)elastic events odHs, S A .
15 12 : ._,.contributions. The results can be seen in BigThe relative

ND3, and*“C targets were selected by applying the particle Lo .
. = . o free proton contamination is then the ratio of the areas under the
identi cation cuts with an additional cut of 1 2 : . i
H and<H peaks, corrected for the suppression of quasielastic

| eS p|S 1800 |< 3.0, (22) events on the deuteron due to the cut [Eq. £2)]. We

. . nd a contamination around 3.5%. This contamination may
where . is the azimuthal angle of the scattered electron and : o
. . come from NH impurities, frozen HO, or other sources. The
p is the azimuthal angle of the scattered proton.

typical value used in previous analyses (EG48],[E155 [3])

The CLAS detector is much more precise at determininq e ; o
: : s around 1.5%, based on typical isotopic puritie$°Ds.
polar angles than momenta for detected particles. Using the To determine to what degree tHig contamination of the

polar component O.f the proton’s momentu J, we can 15ND; target was polarized, we used the difference between
separate quasielastic events on the deuteron and heavier nuc[lﬁzé normalized count rates for the two helicity states. =
and elastic events on the proton. The difference between., & y .

n* S n>. Contributions from unpolarized target components
the measured and expected polar component of the proton S .
rop out in this difference. For the proton target, we see indeed
momentum was calculated as

5 a narrow peak without any background. The corresponding
p =|pplsin(p)S sin( )], (23)  distribution for the'>ND; target (Fig.10) shows only the
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x10° This factor depends on the kinematical bin, and is composed
80— of three components:

(1) The measured asymmetry risducedrelative to ex-
pectations if some of the deuteron atoms are replaced
by unpolarized hydrogen (e.g., in the form ob®
molecules replacing som&ND; ones). From our
discussion in the previous section, we assume that this
is at most a 4% effect.

(2) On the other hand, we cannot exclude a contribution
from free protons that are at least partially polarized.
This would increase the measured asymmetry and

H B 1 require an opposite correction of roughly the same

Lo L Lo g b b 1o | R B
0.2 015 01 .05 0 005 01 015 02 magnitude, following our discussion in the previous
p [GeVic] section.
(3) Finally, bound protons insidéN can also be partially
FIG. 10. Count rate differences for antiparallel vs parallel beam polarized. In a simple shell-model, one of the seven
and target polarization for the NDarget, vs p . The distribution protons occupies an unpaire‘jslz orbit, Carrying a
is t with a free scale parameter for both D and H. The lowe$t polarization of roughlyS1/3 relative to the overall
results from a t with no contribution from free protons. nuclear polarizationRisy/Pp  0.4-05). This latter
contribution is further suppressed by the larger Fermi
broader deuteron peak; a twith a double Gaussian (aS bEfore) momentum of bound protons in nitrogen as opposed to
yields zero as the most likely contribution from the narrow deuterium; in fact, it is proportional to the unpolarized
proton peak. This would indicate that (most of) the hydrogen background in a given kinematic bin.

contamination in thé®°ND; target is not polarized (e.g., it

could be due to frozen water contamination). We can put an For these reasons, we can write the combined effect of all
upper limit on the contamination from polarized protons of 2%0f these corrections as

(one standard deviation), based on our t. Corrections due to 1 nt & nd

this possible contamination are discussed in the next section. = s (27)
PpP; a(n* + n3) S bng

5. Polarized background [compare with Eq. 17)]. A careful study found thaa falls

As stated previously, there are potentially polarized ny-Somewhere between= 0.976 anda = 1.015, whileb is in

cleons outside of deuterium in th®ND; target, whose thnecg:;{g.rr\]'fll C??Zhe bnal %égoﬁ;s\?fs ﬁ?ﬁm?ﬁﬁgnt&e-ssgsfei]?gﬁ
contribution to the measured asymmetry must be corrected fcﬁ‘y varyilngybotha andb withliJn thesglilmig'][s ! :
(the dilution factor only accounts for unpolarized background). For the highespy, bins (bins 2, 3, and 4), free protons

The rst source of such spin-dependent background stem )
from bound protons in th®N nuclei in the!>ND; target that do not contribute, but the bound protons fréti may have
a different asymmetry than the bound proton in deuterium.

can become partially polarized from the DNP process. (WhilqJ . d
; N : ; nlike the lowerpy, bins, we therefore do not assume that
approximately 2% of the nitrogen nuclei are actuafty, they the bound proton asymmetry is proportional to the measured

add only a negligible contribution to the measured asymmetry). ymmetry. Hence, we use EG5[ whereCy = 1 andCoA,

Finally, there are possibly polarized free protons, as discusset’ o -
in the preceding section. corrects for the contribution from bound protons. It is once

The general formalism and speci ¢ assumptions enteringagaln proportional to the unpolarized background in each bin,

these corrections on the asymmetry are discussed in the Ng
archival deuteron pape8]. In particular, this paper shows = O'Ollm +ng S ng 0.03t0Q18, (28)

that the correction is of the general form )
where the factor 0.011 accounts for the relative number and po-

AﬁOfr = Ci(A S C2Ap) (25) larization of protons bound in nitrogen versus deuterium. The
variation inC, corresponds to increasing missing momenta,
and discusses the individual contributions to the coef cientswhere protons bound in nitrogen play a bigger role. The high
C; andCa,. end forC; is an extreme value that applies only for the highest
In the context of quasielastic scattering on the proton withom bin, where other statistical and systematic uncertainties
small missing momenta (our rst twp, bins, 0 and 1), we are still larger. Meanwhile, the values fay, in Eq. (25) were
can make the simplifying assumption that all false asymmetriegstimated from the results for the two lowpgtbins. Since the
are proportional to the proton asymme#ky alone, as is the asymmetries on bound nucleons depend on kinematics (due to
measured asymmetr;. Hence, the correction becomes a interference between different partial waves), we calculate a

simple multiplicative factor: generous upper bound on the systematic uncertainty from this
correction by varying\,, to plus or minus the maximum values
i’ = CqeAy. (26)  consistent with Eq.§).
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6. Radiative corrections ranged fromS0.03 to 0.03. Overall, these corrections were
In order to compare observables like the double-spir‘?’ma” compared to the statistical uncertainties on the measur.ed
asymmetry reported in this paper to theoretical predictions2Symmetries (between 0.01 and 0.03 absolute, corresponding
we must correct our measured results for radiative effects tif €SS than 10% of the asymmetry for most bins), and
convert them to the Born (one-photon-exchange) ones. BotH€ estimated their systematic uncertainty by tak_mg the full
internal and external radiative (higher order electromagnetic§ifference between radiated and Born asymmetries from our

processes lead to a shift in kinematic variables k& q, ~ Simulation.
and the direction of thg vector, which affect the extracted
values folpm and cos nq, and hence the asymmetry, throughits 7. Systematic uncertainties
kinematic dependence on these quantities. However, radiative |n the previous sections, we described all corrections and
effects on asymmetries tend to be smaller than on cross sectiopgnyersion factors entering into the determination of the nal
because the loss of events due to the radiative tail affect§orn (unradiated) double-spin asymmetries for each kinematic
numerator and denominator similarly. o bin. We also discussed our estimates for the systematic
We determine the magnitude of these radiative effect§ncertainties on each of these corrections and conversion
by comparing a Monte Carlo simulation of the measurediactors. We calculated the resulting systematic uncertainty
asymmetries with all radiative effects included to the samey,e to each of these ingredients by varying one of them at
simulation with radiative effects turned off. This Monte Carlo atime (e_g_, app|y|ng or not app|y|ng a Correction, or Varying
simulation was run for beam energies of 1.6, 2.5, 4.2, angactors within their uncertainties) and taking the difference
5.7 GeV. Beam energies of 1.7, 5.6, and 5.8 GeV were Nobetween the extracted asymmetry due to this variation and the
modeled since they were combined with similar beam energ¥tandard asymmetry for the nominal values and corrections.
runs and the difference in radiative effects for slightly differentThese differences were added in quadrature to determine the
beam energies is very small. We generated events distributef,era| systematic uncertainty of each data point.
according to a PWIA model for both the asymmetries and Tne contributions of these systematic uncertainties are
cross sections. The initial proton momentum and polarizatioghown in the plots in the following section as the outer error
was chosen according to probabilities calculated from theyays (systematic and statistical uncertainties added in quadra-
Argonne deuteron wave function, Re#d], and the electron tre). They typically range from about 40% to 100% of the
kinematics transformed into the rest frame of the protongatistical uncertainties, with a few outliers where both types of
For the Born results, the Rosenbluth cross section and thgncertainties are very large. The dominant contributions to the
asymmetry from Eq. 8 were calculated and transformed gystematic uncertainties come from dilution factors (especially
back into the laboratory system. For radiated results, we use{ the higherp,, bins, where only a small fraction of the
the full description of radiative effects in elastic scatteringcounts come from deuterium), corrections for polarized and
by Mo and Tsai $0] for the internal part and calculated ynpolarized background contributions (again, most prominent
the effect of external bremsstrahlung on both the electrory; higherpr), beam and target polarization (especially at
kinematics and polarization. We then applied a parametrizatioghe highest beam energy), and radiative corrections, in this
of our ducial and kinematic cuts to sele_ct events within Our order. We note that most of these uncertainties (except for
acceptance. These events were then binned in the same biggjiative corrections) depend on auxiliary measurements and
as the real data and the asymmetries were calculated. Thgerefore depend similarly on the total amount of collected
code for our simulation had been originally developed forgata as statistical uncertainties. Furthermore, most corrections
the E6 experiment1[3] and ha; been extensively tested andggpn vary signi cantly from one kinematic bin to the next,
compared to other cross-sectional models. We also checkggaking the systematic uncertainties largely uncorrelated. The
that the results of our simulation without radiative correctionsomy exception is the uncertainty B,P; which is a constant
agree closely with the asymmetries calculated from the mode{ormalization factor for each of the four different beam energy

by Van_ Orden and Jesc_ho.nneR41 for their I?WIA case,  groups, independent G2, pm, and cos nq Within one of those
con rming that our description of the scattering process infoyr groups.

the Born approximation is in agreement with theory.
We studied the systematic behavior of the difference

between radiated and Born asymmetries from our Monte Carlo VI. RESULTS

simulation, and found that in all cases, it could be described by - atter applying all corrections, the nal physics (Born)

a term proportional to the asymmetry (likely due to the Changeasymmetry folpm bins 0 and 1 is

in effective virtual photon polarization) and a roughly constant

offset. Therefore, we could write the desired Born asymmetry  Aj;(pm,Q?, oS nq)

as + & RSy & backrnt + S
(n*Sn )SfbackA” Kn n )é . (30)

AP = AeRS (29) " PoPr (1S frad(a(n® S nd) 3 bng)
where the constantsand were determined from linear ts whereng is the unpolarized backgroungyP; is the product
to our simulation results within eac®? bin and for each of the beam and target polarizationsand are correction
beam energy, separately for backward versus sideways aneérms associated with radiative corrections, andnd b
forward spectator momenta.ranged from 0.95 to 1.28, and are corrections terms for polarized background. The Born
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asymmetry foip, bins 2, 3, and 4 is calculated as 1

All(pm,sz COS ngq) i

_ (n* $n%)S fbackAf’lf"cv"(n+ +nd) s SCA 0.5/
PoPr (L3 foacdl(* S nS) S ng] e i
(31) r

The individual correction terms and their systematic uncertain-<(: Un
ties are explained in the previous section. The resulting physics L
asymmetries and their statistical and systematic uncertainties

were calculated for every data set and for every kinematic bin .05 @ -—p=_0-005 Ge\§ c
o . L m---— po=0.05-0.15 GeV,
containing valid data. L Aeeee — Bg: 0.15 - 0.25 GeV/
i V- — pr=0.25- 0.35 GeV/
i cerer— 7= 0.35 - 0.50 GeV/
A. Combination of asymmetries 1 L !
. : . -1 -0.33 0.33 1
For the nal results, we combined the physics asymmetries cosS

for a given kinematic bin from different data sets with similar nd

beam energies. In all cases, we ascertained, using a studentpg_ 12, A, for abeam energy of 2.5 GeV and the sa@ebin as

t-test, that the difference between the asymmetries in theSgsfore (averag®? = 0.54 Ge\F/c2). All symbols and colors have

data sets is small and consistent with statistical expectationghe same meaning as in Fijl.

The asymmetries from different data sets were then averaged

pairwise, using their (inverse squared) statistical uncertaintiegnd 1.# were combined to form the ltxdata set and data

as weight. set 1.6- and 1.7- were combined to form theSl .data set.
First, data sets with different (opposite sign) target polar-This was also done for the 5.6, 5.7, and 5.8 GeV data sets to

ization but the same beam energy and the same torus polaritgrm the 5.x GeV data set. For our nal combined values, we

were combined. Then, we combined asymmetries with similacombined data sets with opposite torus polarity to obtain the

energies and equal torus polarity. For example, data set 1.6four nal data sets: 1.x, 2.5, 4.2, and 5.x.
For our comparison with the theoretical models from

Ref. [34], we rst calculated the predictions over a much
ner grid in kinematic variables, including four values for
- T the azimuth of the hadronic plane. The results were then

i +A +‘ averaged over each kinematic bin, using once again the
0.5 + L u....ﬁ. statistical weight of the data from all data sets that contribute
i Jleaecennosanzannannns N POy to a given bin. Hence, the data can be directly compared to
- \ 4 these averaged predictions, with the same relative importance
= donnnn, of all contributing kinematic points within a bin.

P>

< 0* .................. +
- e N B. Final asymmetries
-0.5— @ — P - Sevie Our nal results for the double-spin asymmetly versus

i o Bg; 015-025GeV/e  COS nq and several missing momentum bins are presented in
i YT Bro 8320828 &RV Figs. 11 and 12 for two speci ¢ beam energies and the same

1 L \ . Q< bin. Tables of the complete results for all bins and beam
-1 -0.33 oS 0.33 1 energies can be found in the appendix. Only results for bins

nq ful lling the criteria laid out in SecV B are shown.

b , ) Our data show several of the expected featuresAfpr
b FIlG' 1(11§,$"Gf0\r,2/ P v é’f \7_1/'62__1'7 GevV amd™ At jow missing momentum, the asymmetries are large and
n ( evic® Q ' evic’; average Q* = positive, and largely independent of cag within uncertain-

> ) <
0.56 Ge\f% ), Vs the cosine of the anglg, between t.he d'reCt'on. ties. This is the kinematic domain where the struck proton is
of the virtual photon and the spectator neutron in the reactlonnearl on its enerav shell. with asvmmetries close to that for
2H(e,ep)n. The different symbols refer to different bins in missing y 9y ’ Y

momentum: red circles are far, 0.05GeVc, blue squares for the free proton. Indeed, PWIA cglcula_ltlons (dashed lines in

0.05GeMc pn 0.15GeVc, purple triangles for 15 Geic both gures; see b_elow) agree Wlt_h this expectation and th_e

bm 025GeMc, orange inverted triangles for Z5Gevc  data. As the missing momentum increases, the asymmetries
pm 0.35GeVlc, and green star symbols for.35 GeMlc deviate more strongly from the free proton ones, getting close

Pm  0.5GeVic. The inner error bars with horizontal risers indicate 0 zero for 025GeVc pn  0.35GeVc and becoming

the statistical uncertainties, while the full error bars correspond t€VeN negative for our highegt, bin. From a nave PWIA

the statistical and systematic uncertainties added in quadrature. TH¥cture, this is to be expected, as higher proton (and therefore

dashed lines correspond to a PWIA prediction and the solid lines ténissing neutron) momenta correspond to the region where

a prediction including FSI, as explained in the text. They are colorS- and D-state components of the deuteron wave function

coded for the same missing momentum bins as the data. interfere or theD state becomes even dominant. From simple
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Clebsch-Gordan arguments, it can be shown that the average TABLE V. 2 per degree of freedom of our data compared to a

proton polarization inside deuteriumnggativefor this case  model B4] without (PWIA) and with (FSI) inclusion of nal-state

and becomeS 1/ 2 of the overall deuteron polarization for the interaction effects. All %/ dof's were calculated using all data points

D state alone (it is- 1 for a pureS state). Again, this picture is in a given @ bin. The 5.x data set could only be compared with

supported by the PWIA calculations. However, some deviatiorthe model using PWIA. The 2.5- and 4.2-GeV data sets have few

from these expectations is seen in the ggsdependence, count_s and the_refore large (non-Gaussian) statistical uncertainty in

which shows a tendency for the data points in qﬁsbn'] 2 the hlghest @bln 3, resu!ting in the low 2/d0f values stated. 2

(with forward spectator momentum) to rise above the PWI Avalues were calculated with the statistical and systematic uncertainty

curves for the highegt. This effect is likely a consequence 2dded in quadrature.

of FSI, as we explain in the following.
We compare our data to the Jeschonnek and Van Orden®"9%eam

Q?Bin FSI 2/ dof PWIA 2/ dof dof

model B4] for both the FSI and the PWIA cases. Two 1.x 0 2.406 2.576 9
representative samples of the results can be seenirlRiged  1.x 1 1.487 1.313 15
12. The dashed lines indicate the result for PWIA only, while 1.x 2 1.409 1.981 7
the solid lines correspond to the full calculation including FS12.5 0 1.054 1.71 8
(see Secll). Each line has a color matching the color of the2.5 1 1.523 4.817 10
data in the correspondinmy, bin. It should be noted that for 2.5 2 1.166 1.562 14
the 5.x GeV results, there was no model for FSI available ye2-5 3 0.584 0.543 7
and the results can only be compared with the PWIA model4-2 1 1.206 1151 7
In Fig. 11, it can be seen that there is very little difference 4-2 2 1.097 1.212 8
between the FSI and PWIA model for the rst thrpg bins. 42 3 1.023 0.544 6
For the two highespr, bins, the two models predict different - 2 n/a 0.456 >

5.x 3 n/a 2.108 7

values as a function of cogy. The FSI model predicts a more
positive asymmetry in the forward cag, bin than the PWIA
model? The same observations can be made in ER).The
data show a similar trend, especially fof, bin 3 in Fig.11
andpn, bin 4 in Fig.12, albeit somewhat less strongly (perhaps model, in particular at highm > 0.2 GeVic where FSl effects
due to statistical uctuations). are the largest and most of this difference arises. Conversely,
We tested quantitatively whether inclusion of FSI in theat low py, the two models differ only by a little, making the
model improves the overall description of our data through &P?WIA description alone already a reasonably good one (within
2 test for goodness of t. The 2/ degrees of freedom (dof) afew percent). For higher precision, or to cover highgbins,
values were calculated for ea@t bin and beam energy as ~ FSI must be included. The FSI model by Jeschonnek and Van
Orden 34] appears to give a good description of the data over

measured p theory
cos w all kinematics, although the agreement is not perfect.
2/dof= —Pm P data (32)
N L
where N dof is the number of data points summed over. VII. SUMMARY

Since most of our systematic uncertainties (due to polarized | summary, we have measured the exclusive double-spin
and unpolarized backgrounds, dilution factor, and radiativeysymmetrya, for longitudinally polarized electrons scattering
corrections) are largely uncorrelated bin to bin, we used thgasielastically on a deuteron target polarized along the beam
statistical and systematic uncertainties added in quadrature fefirection, with simultaneous knocked-out proton detection,
the denominator, gara. The values for ?/ dof can be found  for 103 kinematic bins. Our data agree quite well with
in Table V. This table shows that the FSI model yields aexpectations of PWIA models for most bins, especially at
lower 2/ dof for most kinematic bins than the PWIA model, |ower missing momentapm < 0.2GeVic. They also are
sometimes drastically so. The few bins with opposite tren‘hualitatively consistent with they, dependence seen in

either have very low % dof< 1 for both models, or the previous measurements at somewhat lo@ér(see Seclll;
difference is minimal. The total value for?, summed over all pnote that the variabld\Y, plotted in Figs.2 and 3 has the

(dof= 91,p < 3x 10°%or 2= 1823fordof= 103when gecrease in magnitude and even change in sign at higher
we include the 5.x GeV bins) and? = 121 (dof= 91,  missing momenta due to the increasing importance of the
p 2002) for the model with FSI included. This difference p_state component of the deuteron wave function. While our
in < indicates that the FSI model provides a signi cantly gata are less precise and more sparse in missing momentum
better description of the asymmetries overall than the PWIAhan those collected at NIKHERS] and BATES [0], we

cover a much larger range i@? and beam energy as well

as spectator momentum angle cqs We clearly see the

3Large forward neutron momentum increases the likelihood thageffects of FSI in the dependence on this angle in several of

the neutron interacted with the struck proton, thereby increasing itour kinematic bins. Overall, our data are well described by a
momentum. Therefore, the asymmetry for these kinematics is mordetailed theoretical model of the asymmeBy][only if these
similar to that for lower missing momenta. FSI effects are properly included. They can serve to test future
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APPENDIX

TABLE VI. Measured asymmetries and bin averages of the kinematic variables for beam energy 1.X GeV.

Q2Bin Pm BiN COS nq BiN A st os Q2 Prm COS g
0 2 0 0.525 0.147 0.195 0.244 0.200 $0.670
0 2 1 0.562 0.219 0.220 0.242 0.201 0.016
0 2 2 $0.056 0.181 0.024 0.255 0.206 0.628
0 3 0 0.246 0.103 0.060 0.235 0.293 $0.670
0 3 1 0.093 0.108 0.037 0.241 0.296 0.039
0 3 2 0.383 0.132 0.062 0.264 0.298 0.646
0 4 0 0.071 0.099 0.034 0.231 0.404 $0.624
0 4 1 $0.164 0.077 0.044 0.236 0.416 0.069
0 4 2 $0.120 0.127 0.028 0.258 0.417 0.622
1 0 0 0.570 0.073 0.057 0.617 0.037 $0.687
1 0 1 0.628 0.086 0.076 0.610 0.037 $0.018
1 0 2 0.913 0.194 0.217 0.605 0.036 0.662
1 1 0 0.399 0.046 0.041 0.550 0.110 $0.692
1 1 1 0.504 0.063 0.060 0.547 0.111 $0.014
1 1 2 0.666 0.101 0.162 0.551 0.111 0.649
1 2 0 0.540 0.144 0.169 0.514 0.195 $0.696
1 2 1 0.679 0.194 0.199 0.510 0.198 0.022
1 2 2 0.705 0.225 0.164 0.513 0.205 0.656
1 3 0 0.194 0.211 0.093 0.497 0.290 $0.665
1 3 1 0.041 0.203 0.058 0.497 0.296 0.060
1 3 2 0.392 0.183 0.114 0.505 0.301 0.693
1 4 0 $0.006 0.372 0.068 0.480 0.400 $0.590
1 4 1 $0.209 0.128 0.057 0.497 0.413 0.083
1 4 2 $0.146 0.118 0.066 0.519 0.416 0.726
2 0 0 0.583 0.052 0.049 0.858 0.034 $0.678
2 0 1 0.553 0.052 0.038 0.865 0.035 0.003
2 0 2 0.690 0.049 0.047 0.874 0.035 0.686
2 1 0 0.494 0.058 0.039 0.842 0.097 $0.663
2 1 1 0.667 0.055 0.043 0.858 0.099 0.007
2 1 2 0.655 0.046 0.041 0.878 0.099 0.685
2 4 2 0.601 0.425 0.128 0.844 0.425 0.765
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TABLE VII. Measured asymmetries and bin averages of the kinematic variables for beam energy 2.5 GeV.

PHYSICAL REVIEW C95, 024005 (2017)

Q2Bin pm Bin COS nq Bin A stat sys Q2 Pm COS g
0 2 0 $0.103 0.134 0.051 0.234 0.202 $0.666
0 2 1 0.175 0.169 0.067 0.232 0.203 0.017
0 3 0 0.062 0.083 0.025 0.232 0.295 $0.675
0 3 1 0.143 0.098 0.057 0.236 0.297 0.034
0 3 2 $0.088 0.132 0.012 0.262 0.298 0.644
0 4 0 $0.185 0.099 0.137 0.230 0.405 $0.636
0 4 1 0.008 0.081 0.031 0.237 0.415 0.056
0 4 2 0.259 0.124 0.084 0.261 0.415 0.620
1 1 0 $0.064 0.115 0.062 0.559 0.115 $0.683
1 1 1 0.131 0.226 0.019 0.544 0.115 $0.010
1 2 0 0.017 0.089 0.038 0.540 0.199 $0.698
1 2 1 0.257 0.135 0.041 0.528 0.201 0.018
1 3 0 0.308 0.150 0.070 0.527 0.293 $0.682
1 3 1 0.060 0.125 0.025 0.523 0.298 0.049
1 3 2 $0.092 0.129 0.020 0.525 0.302 0.688
1 4 0 $0.184 0.163 0.070 0.522 0.404 $0.625
1 4 1 $0.090 0.092 0.026 0.525 0.415 0.077
1 4 2 0.201 0.070 0.029 0.537 0.418 0.716
2 0 0 0.553 0.055 0.060 1.176 0.036 $0.684
2 0 1 0.582 0.055 0.043 1.192 0.036 $0.007
2 0 2 0.482 0.055 0.035 1.219 0.035 0.674
2 1 0 0.346 0.044 0.031 1.064 0.106 $0.689
2 1 1 0.502 0.049 0.053 1.098 0.106 $0.012
2 1 2 0.454 0.050 0.073 1.142 0.105 0.661
2 2 0 0.495 0.160 0.162 1.015 0.194 $0.684
2 2 1 0.418 0.224 0.101 1.037 0.196 0.008
2 2 2 0.464 0.269 0.090 1.044 0.202 0.663
2 3 0 0.305 0.272 0.069 0.989 0.290 $0.658
2 3 1 0.315 0.302 0.079 1.003 0.297 0.042
2 4 0 $0.483 0.395 0.107 0.967 0.401 $0.604
2 4 1 $0.534 0.267 0.113 0.994 0.415 0.080
2 4 2 0.531 0.218 0.134 1.004 0.422 0.734
3 0 0 0.708 0.127 0.082 1.729 0.035 $0.675
3 0 1 0.750 0.113 0.049 1.731 0.035 0.000
3 0 2 0.699 0.110 0.046 1.737 0.035 0.685
3 1 0 0.661 0.140 0.072 1.709 0.098 $0.666
3 1 1 0.601 0.113 0.034 1.727 0.101 0.022
3 1 2 0.532 0.091 0.035 1.746 0.103 0.695
3 2 0 $0.119 0.499 0.059 1.685 0.189 $0.639
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TABLE VIII. Measured asymmetries and bin-averages of the kinematic variables for beam energy 4.2 GeV.

Q2Bin Ppm Bin COS nq BiN A stat oys Q2 Pm COS ng
1 2 0 0.313 0.248 0.071 0.545 0.202 $0.693
1 3 0 $0.066 0.336 0.081 0.536 0.294 $0.693
1 3 1 $0.022 0.271 0.034 0.532 0.298 0.045
1 3 2 $0.196 0.314 0.064 0.533 0.302 0.687
1 4 0 0.545 0.315 0.224 0.530 0.405 $0.648
1 4 1 0.368 0.204 0.115 0.530 0.415 0.073
1 4 2 $0.169 0.211 0.047 0.547 0.417 0.713
2 0 0 0.422 0.145 0.076 1.243 0.037 $0.686
2 0 1 0.501 0.161 0.094 1.229 0.037 $0.016
2 1 0 0.299 0.093 0.043 1.128 0.111 $0.698
2 1 1 0.538 0.134 0.156 1.126 0.111 $0.019
2 2 0 0.710 0.228 0.121 1.055 0.197 $0.705
2 2 1 $0.112 0.323 0.151 1.053 0.199 0.004
2 4 1 0.070 0.297 0.063 1.031 0.415 0.074
2 4 2 $0.032 0.378 0.167 1.030 0.422 0.726
3 0 0 0.436 0.087 0.048 2.025 0.035 $0.682
3 0 1 0.514 0.087 0.056 2.020 0.035 0.000
3 0 2 0.477 0.085 0.050 2.034 0.035 0.680
3 1 0 0.539 0.087 0.056 2.025 0.102 $0.682
3 1 1 0.469 0.079 0.053 2.032 0.102 0.000
3 1 2 0.383 0.076 0.049 2.074 0.102 0.674

TABLE IX. Measured asymmetries and bin averages of the kinematic variables for beam energy 5.x GeV.

Q2?Bin pm Bin COS pq Bin Al stat sys Q2 Pm COS nq
2 1 0 0.152 0.056 0.206 1.190 0.113 $0.699
2 1 1 0.298 0.385 0.217 1.170 0.112 $0.019
2 2 0 0.487 0.098 0.158 1.118 0.198 $0.708
2 4 1 0.432 0.308 $0.231 1.081 0.416 0.071
3 0 0 0.088 0.059 0.296 2.079 0.036 $0.682
3 0 1 0.088 0.061 0.297 2.112 0.036 $0.003
3 0 2 0.088 0.062 0.296 2.136 0.036 0.676
3 1 0 0.077 0.036 0.301 2.037 0.103 $0.683
3 1 1 0.076 0.040 0.303 2.078 0.103 $0.005
3 1 2 0.078 0.036 0.293 2.149 0.103 0.672
3 2 0 0.358 0.124 0.249 2.015 0.194 $0.681
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