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Distinctive Signatures for Quantum Chromodynamics in Nuclear Physics
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For individual helicity amplitudes, asymptotic QCD gives results which differ from stand-
ard nuclear physics. For the deuteron electromagnetic form factors, QCD predicts
Gc= (02/6M')Go at high O'. This gives a result for the polarization ratio p„/p which is
dramatically different from predictions of several standard deuteron ~ave functions.
Polarization-transfer measurements of the deuteron form factor in this 0' region are there-
fore a sensitive test of the validity of perturbative QCD for exclusive processes at these
momentum transfers.
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As QCD' is thought to be the fundamental
theory of strong interactions, it is important to con-
trast the consequences of QCD with those of classi-
cal nuclear physics. The latter is a phenomenologi-
cal theory written in terms of nucleons bound to-
gether by a finite number of different types of
mesons, valid within certain limits. Often, the pre-
dictions of QCD can be matched by classical nuclear
physics. It is important to search for situations
where this cannot be the case, and to see for what
parameter, or what momentum transfers, one
theory begins to fail and the other to succeed.

In this note we focus on high- Qz elastic
electron-deuteron scattering. The QCD resultz s

that the form factor A t/z(Q2) falls like Q
to can be

matched by classical nuclear physics, as may be
seen below. However, we shall show that, with
respect to the spin dependence of this process, the
results from QCD and classical nuclear physics are
not the same. In particular, QCD gives a unique re-
lation between the charge and quadrupole form fac-
tors of the deuteron at high Qz,

lim Gc= 3 gGQ,
02~ oo

where q = Qz/4M).
To get the Qz dependence of the form factors at

high Q2 it suffices to consider the deuteron as a col-
lection of parallel-moving constituents, six
quarks in QCD, as in Fig. 1(a). One of the quarks
absorbs a virtual photon of momentum q, with

Q = —
q & 0. To rebind the deuteron the

momentum must be shared equally among the six
quarks. We deal with a Q high enough to be much
greater than the mean Fermi momentum of the
quarks. The Fermi momentum distribution will
determine how much deviation from equal sharing
of momentum is allowed and so sets the scale of
normalization but does not determine the asymptot-
ic dependence of the amplitude on Qz.
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FIG. 1. Elastic ed scattering at high Q2 with the
momentum of the virtual photon shared equally among
the deuteron's constituents. (b), (c) Subgraphs of (a).
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The Q2 and spin dependence may be got from
some simple rules. ~ We will use Fig. 1(a) as an ex-
ample and comment later on why all the many oth-
er diagrams give the same result. %e start by giv-

ing three rules4 which can most easily be verified in
the Breit frame.

The one gluon-rule (Fig 1(b)J. . This part of the
larger diagram either is proportional to Q and con-
serves quark helicity or is proportional to m (a mass
scale) and flips quark helicity according to whether
the absorbed gluon is transverse ( T) or longitudinal

(L), respectively.
The two gluon (or gl-uon photon) ru-le (Fig. 1(c)J. If

one gluon is absorbed and one emitted, the largest
amplitude is constant in Qz (this includes the quark
propagator but not the gluon propagators) and is the
case where one gluon is transverse and the other
longitudinal, and quark helicity is conserved. If
both gluons are longitudinal the amplitude is
O(m/Q) with quark helicity flipped and if both
gluons are transverse the amplitude is zero.
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The transverse gluon rule. Two quark lines con-
nected by a transverse gluon have opposite helici-
ties. This follows because the helicity direction of
an absorbed transverse gluon is the same as the he-
licity direction of the quark that absorbs it; for an
emitted transverse gluon the directions are oppo-
site. There is no helicity correlation for quark lines
connected by a longitudinal gluon.

The largest helicity amplitude for the deuteron
falls like Q

to compared with the leading amplitude
for a single pointlike particle and is a helicity 0 0
transition. To get this largest amplitude for Fig.
1(a), the bottom gluon must be T, and then L and
T must alternate. Three pairs of quarks are connect-
ed by T gluons and so must have pairwise opposite
helicities, and the total helicity of both the initial
and final state is zero. Amplitudes with other initial
and final helicities may be considered and are
suppressed by powers of m/Q that can be deter-
mined by use of the rules given above.

To express the results we define6 the matrix ele-
ments of the electromagnetic current J,

G, „„,=(d', ) i., Jid, )t), (2)

so that Gc falls like Q ', GM and G& fall like
Q '2, and there is a leading-order cancellation in
GL + giving Eq. (1).

Diagrams like Fig. 2(a), where more than two
gluon or photon lines attach to a given quark, re-
quire an extension of the rules given above (e.g. , if
n gluon and photon lines attach, the largest ampli-
tudes go like Q2 ", they have an odd total number
of T gluons and photons which have alternate-sign
helicities if all are considered incoming, and the
conserved quark helicity has the same sign as the
majority of T gluons and photons) but result in no
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where el, I= t or L, is the polarization vector of the
photon and d and X are the momentum and helicity
of the incoming deuteron. There are three indepen-
dent Gq, and they are given in the Breit frame in
terms of the charge, magnetic, and quadrupole
form factors by

—(Q'+4&Sf) »'G, ~= G-, + ~»G~,

(Q2+4Md2)»2Gt i = Gc ——,'qGg,

—(Q'+4~~') "'Gr, +o=n"GM

The analysis of Fig. 1(a) leads to, for high Q2,

Q 'GL on=const&& Q

Q 'GI + = constx q 'Q

Q
t Gr + rj= const && q

'/2
Q
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FIG. 2. (a), (b) Additional graphs for ed elastic scatter-
ing. (c) High-0 edelastic scattering in a neutron-proton
model.

change to the power counting. The same con-
clusion holds if the quartic gluon coupling is in-
volved [Fig. 2(b)]; the cubic gluon coupling does
not enter in the collinear approximation.

Treating the deuteron as two collinear nucleons
can give the high-Q limit of the form factors from
classical nuclear physics [Fig. 2(c)]. Allowing only
vector-meson exchanges with only y„couplings
gives the same helicity results as QCD. Also, if we
put a dipole form factor at the yNN vertex and a
monopole form factor at each meson-N-N vertex,
then a Q

' falloff for the leading form factor fol-
lows. Repeating the exercise for scalar and pseu-
doscalar meson exchanges also gives a Q

' leading
falloff. Ho~ever, these exchanges flip the fermion
spin to leading order in m/Q so that the helicity
predictions are not the same. In particular, the he-
licity amplitude GL +, from which the result (1) is
obtained, is dominated by scalar, pseudoscalar, and
anomalously coupled vector-meson exchange at
high Q2. The ratio Gc/G& will then depend on the
relative size of the scalar, pseudoscalar, and vector
coupling constants and asymptotic meson-N-N
form factors.

Perturbative QCD predictions are certainly valid
at sufficiently high Q2, but it is not clear that they
are valid for exclusive processes in the Q range of
1-4 (GeV/c)2, as has been strongly claimed in the
literature. Recently, Isgur and Llewellyn Smith9
have given simple estimates which cast doubt on
the validity of these calculations at low momentum
transfers. In this Letter we do not take a stand on
whether or not calculations of the type given here
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are valid for Qz as low as 1-2 (GeV/c)z. Instead,
we emphasize that a stringent and possibly clean test
of their validity comes from examining Gz and Gg
separately. This leads us to recall, now as a QCD
test, one of the methods that has been suggested'
for separating the G~ and Gg form factors, namely,
measuring the polarization ratio p„/p . The vector
polarization p„of the outgoing deuteron need not
be zero if the initial electron is polarized, and p is
a tensor polarization. Since we are taking ratios of
form factors, if the causes of the nonleading correc-
tions are similar, they may be expected to cancel
out. We have'

Ipp = —27i[g+ v)'sin' —,'8] —,'0]'/'

x G~Ggsec —,
' 8,

where Ip = A + B tan 8/2. Thus,

p„2 G, + —,'qGg
lim

g2 p~ 3 qGg 3
'

where the last equality used Eq. (1).
A plot of p„/p for several classical nuclear phys-

ics models of the deuteron wave function is shown
in Fig. 3. The Q on this plot are not "asymptot-
ic," but are in the range where agreement with
QCD is claimed for A' (Qz). There is a near

unanimity among the classical nuclear physics
models, the exception being the Lomon-Feshbach
model which sets the wave function equal to zero
inside radial separation 0.8 fm. The classical nuclear
physics predictions differ in both sign and magni-
tude from the asymptotic QCD prediction. If we
suppose that the form factors Gz and Gg have their
asymptotic ratio and take account of the kinematic
factors given in Eq. (5), the QCD p„/p ratio is re-
duced for 0 ( 180' (Fig. 3) but the difference from
classical nuclear physics is still dramatic.

In summary, we have pointed out that while
overall results from QCD and classical nuclear phy-
sics can be rather similar, individual helicity ampli-
tudes can be quite different. We have given one
example of this as a prediction of a definite ratio for
two of the deuteron's electromagnetic form factors.
The predictions from classical nuclear physics are
quite different from perturbative QCD in the range

Q & 1 (GeV/c)'. There are strong statements in
the literatures s that asymptotic QCD behavior is al-

ready seen in the spin-averaged form factor for Qz

this low; it would be dramatic to see also asymptotic
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FIG. 3. The polarization ratio p„/p calculated for
0 =40' with the use of deuteron wave functions with re-
lativistic and nonrelativistic impulse approximations (see
Ref. 9 for details) compared with the QCD predictions
from Eqs. (5) with Gc=TqGo. The 0~ ~ QCD
result is also indicated.
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QCD behavior in spin-nonaveraged form factors.
Measurements of the relevant polarization may be
quite feasible with polarized electron beams and an
additional analyzing scattering and, if not done be-
fore the forthcoming SURA (Southeastern Univer-
sities Research Association) machine is ready, will
add further to that facility's interest.
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