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Measurements of the Deuteron Elastic Structure Functior(Q?) for 0.7 < Q2 < 6.0 (GeV/c)?
at Jefferson Laboratory
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The deuteron elastic structure function(Q?) has been extracted in the range? = Q% =
6.0 (GeV/c)? from cross section measurements of elastic electron-deuteron scattering in coincidence
using the Hall A Facility of Jefferson Laboratory. The data are compared to theoretical models, based
on the impulse approximation with the inclusion of meson-exchange currents, and to predictions of
quark dimensional scaling and perturbative quantum chromodynamics. [S0031-9007(99)08477-X]

PACS numbers: 25.30.Bf, 13.40.Gp, 24.85.+p, 27.10.+h

Electron scattering from the deuteron has long been At sufficiently large momentum transfers the form fac-
a crucial tool in understanding the internal structuretors are expected to be calculable in terms of only quarks
and dynamics of the nuclear two-body system. In parand gluons within the framework of quantum chromo-
ticular, the deuteron form factors, measured in elasdynamics (QCD). The first attempt at a quark-gluon
tic scattering, offer unique opportunities to test modelsdescription of the deuteron form factors was based on
of the short-range nucleon-nucleon interaction, mesonguark dimensional scaling (QDS) [14]: The underlay-
exchange currents and isobaric configurations, as welhg dynamical mechanism during-d scattering is the
as the possible influence of explicit quark degrees ofescattering of the constituent quarks via the exchange

freedom [1,2]. of hard gluons, which implies thaf/A(Q2) ~ (Q?%)°.
The cross section for elastic electron-deutefery) This prediction was later substantiated in the frame-
scattering is described by the Rosenbluth formula, work of perturbative QCD (pQCD), where it was shown

do 0 [15] that, to leading order,/A(Q2) = [a,(Q?)/Q*] X
0 UM[A(QZ) + B(Qz)tarF<E>}, (1) Y dun[IN(Q?/A2)]7 7=, wherea,(Q?) and A are the
whereay = a2E' cog(0/2)/[4E3sinf(6/2)] is the Mott  QCD strong coupling constant and scale parameter, and
cross section. Her& and E are the incident and scat- ¥m.» @ndd,, are QCD anomalous dimensions and con-
tered electron energies, is the electron scattering an- Stants. The existing SLAG(Q?) data [4] exhibit some
gle, 02 = 4EE'sir?(8/2) is the four-momentum transfer €vidence of this asymptotic falloff fap? > 2 (GeV/c)%,
squared andk is the fine-structure constant. The elas- The unique features of the Continuous Electron Beam
tic electric and magnetic structure functiongp?) and Accelerator and Hall A Facilities of the Jefferson Labo-
B(Q?) are given in terms of the charge, quadrupole, andatory (JLab) offered the opportunity to extend the kine-
magnetic form factors’c(Q2), Fo(Q2), Fu(Q?): matical range ofA(Q?) and to resolve inconsistencies in
8 ) previous data sets from different laboratories by mea-
A(Q?) = F2(0%) + o TPFH(Q%) + 3 7F3,(0%), (2) suring the elastice-d cross section for0.7 = Q2 <
f 6.0 (GeV/c)?. Electron beams of 100% duty factor were
2y _ & 2 (12 scattered off a liquid deuterium target in Hall A. Scat-
B0 3 (1 + Ty (0, @) tered electrons were detected in the electron High Resolu-
wherer = 02/4M3, with M, being the deuteron mass. tion Spectrometer (HRSE). To suppress backgrounds and
In the nonrelativistic impulse approximation (1A), the separate elastic from inelastic processes, recoil deuterons
deuteron form factors are described in terms of thewere detected in coincidence with the scattered electrons
deuteron wave function and the electromagnetic form facin the hadron HRS (HRSH). A schematic of the Hall A
tors of the nucleons. Theoretical calculations based on thEacility as used in this experiment is shown in Fig. 1.
IA approach [1] using various nucleon-nucleon potentials The incident beam energy was varied between 3.2
and parametrizations of the nucleon form factors generalland 4.4 GeV. The beam intensity, 5 1@0 A, was
underestimate the existinfQ?) data [3—6]. Recentrela- monitored using two resonant cavity beam current moni-
tivistic impulse approximation (RIA) calculations improve tors (BCM). The two cavities were frequently calibrated
or worsen the agreement with the data depending on the&gainst a parametric current transformer (Unser monitor)
particular assumptions. There are two RIA approached16]. The beam was rastered on the target at high fre-
manifestly covariant calculations [7—9] and light-front dy- quency and its position was monitored with two beam
namics [10,11]. The form factors of the deuteron areposition monitors (BPM). The uncertainties in the in-
very sensitive to the presence of meson-exchange current&glent beam current and energy were estimated to be
(MEC) [1]. Some calculations also show sensitivity to the+2% and *+0.2%, respectively. The target system con-
possible presence of six-quark [12] and isobar configuratained liquid hydrogen and deuterium cells of length
tions in the deuteron [13]. The inclusion of MEC to the T = 15 cm and provided a record high luminosity of
impulse approximation brings the theory into better agree4.0 x 103 cm™2s™! (4.7 X 103® cm™2s™!) for hydro-
ment with the existing data. gen (deuterium). The raster system kept beam-induced
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the two HRS'’s using optical models based on magnetic
measurements of the quadrupole and dipole elements, and
on position surveys of collimation systems, magnets, and
vacuum apertures. The effects from ionization energy
losses and multiple scattering in the target and vacuum
windows were taken into account for both electrons and
recoil nuclei. Bremsstrahlung radiation losses for both

\ Scintillators
Il

};0 incident and scattered electrons in the target and vacuum
Scintillators Beam  Windows as well as internal radiative effects were also
/ bump taken into account. Details on this simulation method can
be found in Ref. [17]. Monte Carlo simulated spectra of
scattered electrons and recoil nuclei were found to be in
very good agreement with the measured spectra.
/ The e-p elastic cross sections measured with (without)
the acceptance-defining collimators were found to agree
e oxponmant S ot ho S Poicing douacuniin 0.3% (o be igher by 2.6%), on average, it
the c_ryc_)tgrget, the two magnetically identical Specgtrometef%/alues calculated using a recent fit !18] to world data of
(consisting of quadrupoleg;, 0, 05, and dipoleD), and the e proton form factors. Ale-d cross-section data taken
detector packages. without collimators have been normalized by 2.6%.
Values for A(Q?) were extracted from the measured
density changes at a tolerable level: up to 2.5% (5.0%) at-d cross sections under the assumption #@®?) does
120 pA for deuterium (hydrogen). not contribute to the cross section [supported by the ex-
Each HRS used two planes of plastic scintillators foristing B(Q?) data [19]]. They are presented in Fig. 2,
triggering, and a pair of drift chambers for track reconstructogether with previous SLAC data [4] and theoretical
tion._In addition, HRSE was equipped with a gas thresh<¢alculations. The error bars represent statistical and sys-
old Cerenkov counter and a lead-glass calorimeter fotematic uncertainties added in quadrature. The statistical
electron identification. The efficiencies of the calorime-error ranged from+1% to +28%. The systematic er-
ter andCerenkov counter were-99.5%, and of scintil- ror has been estimated to b€.9% and is dominated by
lators and tracking almost 100% for both spectrometershe uncertainty in(AQ)yc (£3.6%). Each of the two
Coincidence events were identified using the relative timdnighestQ? points represents the average of two measure-
of flight between the electron and recoil triggers. Elasticments with different beam energies (4.0 and 4.4 GeV).
electron-protor(e-p) scattering in coincidence was mea- Tables of numbers are given in Ref. [20]. Our data agree
sured for eacle-d elastic kinematics. The-p kinemat-  very well with the SLAC data in the range of overlap and
ics was chosen to match the electron-recoil solid angle
Jacobian for the correspondiagd kinematics. Data were
taken with and without acceptance-defining collimaters in

Hadron Spectrometer
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and e-d elastic, respectively), an@etf = Cyet Cedt Crni -
Here Cq, is the electron and recoil detector and trigger
inefficiency correction (2.6%); .4 is the computer dead-
time correction (typically 10% foe-d elastic), andCy,; is
the correction for losses of recoil nuclei due to nuclear
interactions in the target (0.7%-1.8% for protons and 10-9
2.8%—5.1% for deuterons). P I I B PR SR i
The effective double-arm acceptance was evaluated 1 2 3 4 5 6
with a Monte Carlo computer program that simulated Q® [(GeV/c)?]

elastice-p and e-d scattering for the conditions of oUr i > The deuteron elastic structure functigQ?) from

measurements. The program tracked scattered electrofts experiment compared to RIA theoretical calculations [7,8].
and recoil nuclei from the target to the detectors throughlso shown are previous SLAC data [4].
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exhibit a smooth falloff withQ? with no apparent diffrac- It should be noted that another JLab experiment has mea-
tive structure. suredd(Q?) intheQ? range 0.7 td .8 (GeV/c)? [25]. The

The double-dot-dashed and dot-dashed curves in Fig. ®vo curves are from a recent nonrelativistic 1A calculation
represent the RIA calculations of Van Orden, Devine, and26] using the Argonneg potential without (dot-dashed
Gross (VDG) [7] and Hummel and Tjon (HT) [8], respec- curve, Fig. 3) and with (dashed curve, Fig. 3) MEC, and
tively. The VDG curve is based on the Gross equatiorexhibit clearly the necessity of MEC inclusion also in the
[21] and assumes that the electron interacts with an offnonrelativistic 1A.
mass-shell nucleon or a nucleon that is one-mass-shell Figure 4 (top) shows values for the “deuteron form
right before or after the interaction. The HT curve isfactor” F,(Q?) = \JA(Q?) multiplied by (Q2?). It is
based on a one-boson-exchange quasipotential approxvident that our data exhibit a behavior consistent with
mation of the Bethe-Salpeter equation [22], where thahe power law of QDS and pQCD. Figure 4 (bottom)
two nucleons are treated symmetrically by putting themshows values for the “reduced” deuteron form factor [27]
equally off their mass shell with zero relative energy. Inf,;(Q?) = F.(0?)/F%(0?/4), where the two powers of
both cases, the RIA appears to be lower than the datéhe nucleon form factorFy(Q?) = (1 + 02%/0.71)72
Both groups have augmented their models by includingemove in a minimal and approximate way the ef-
the pry MEC contribution. The magnitude of this con- fects of nucleon compositeness [27]. Oui;(Q?)
tribution depends on the#y coupling constant and ver- data appear to follow, forQ? > 2 (GeV/c)?, the
tex form factor choices [23]. The VDG model (dashedasymptotic Q% prediction of pQCD [15]: f4(Q?) ~
curve) uses gy form factor from a covariant sepa- [a,(Q?)/0%][IN(Q%*/A*)]"". Here, I' = —(2Cr/58),
rable quark model [24]. The HT model (dotted curve)where Cr = (n2 — 1)/2n., B = 11 — (2/3)ns, with
uses a vector dominance model. The difference in tha. = 3 and ny = 2 being the numbers of QCD colors
two models is indicative of the size of theoretical uncer-and effective flavors. Although several authors have
tainties. Although our data favor the VDG calculations, questioned the validity of QDS and pQCD at the momen-
a complete test of the RIAMEC framework will require  tum transfers of this experiment [28,29], similar scaling
improved and/or extended measurements of the nucledsehavior has been reported in deuteron photodisintegra-
form factors and of the deuter@(Q?), planned at JLab. tion at moderate photon energies [30].

Figure 3 shows our data in the “lon®? range, where In summary, we have measured the elastic structure
they overlap with data from other laboratories. The previfunction A(Q?) of the deuteron up to large momentum
ous measurements tend to show two long-standing diverdgransfers. The results have clarified inconsistencies in
ing trends, one supported by the SLAC data and the othesrevious data sets at lo@>. The high luminosity and
one by the CEA [3] and Bonn [5] data. Our data agree withunique capabilities of the JLab facilities enabled measure-
the Saclay data [6] and confirm the trend of the SLAC data.
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Q% [(GeV/c)?] FIG. 4. The deuteron form factaF,(Q?) times (Q?)° (top)
and the reduced deuteron form facfafQ?) (bottom) from this
FIG. 3. The present(Q?) data compared with overlapping experiment and from SLAC [4]. The curve is the asymptotic
data from CEA [3], SLAC [4], Bonn [5], Saclay [6], and pQCD prediction of Ref. [15] forA = 100 MeV, arbitrarily
IA+MEC theoretical calculations [26]. normalized to the data > = 4 (GeV/c)>.
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