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FIG. 3. Comparison of this experiment with results
of Hom ¢t al, (Ref. 13).

ans for his assistance in the construction of the
apparatus and the taking of the data.

*Work supported by the National Science Foundation
and the U. S. Energy Research and Development Ad-

ministration.

1On leave from Ecole Polytechnique, Paris, France.

'J. P. Boymond et al., Phys. Rev. Lett. 33, 112
(1974).

*J. A, Appel el al., Phys. Rev, Lett. 33, 722 (1974),

’D. Bintinger et al., Phys. Rev, Lett. 35, 72 (1975).

'F. W. Biisser e al., Phys. Lett. 53B, 212 (1974).

V. V. Abramov ¢ al., in Proceedings of the Seven-
teenth Intevnational Conference on High Enevgy Phys-
ics, London, England, 1974, edited by J. R. Smith
(Rutherford High Energy Laboratory, Didcot, Berk-
shire, England, 1975).

6S. D. Drell and T.-M. Yan, Phys. Rev. Lett. 25, 316
(1970).

Y. Yamaguchi, Nuovo Cimento 43, 193 (1966); L. M.
Lederman and B. G. Pope, Phys. Rev. Lett. 27, 765
(1971).

8. H. Christenson et al., Phys. Rev. D8, 2016
(1973).

8J. J. Aubert et al., Phys. Rev. Lett. 33, 1404 (1974).

"B, Knapp et 4., Phys. Rev, Lett. 34, 1044 (1975).

G, J. Blanar el al., Phys. Rev, Lett. 35, 346 (1975).

2K, J, Anderson et al., Phys. Rev. Lett, 36, 237
(1976).

1D, C. Hom ¢ al., Phys. Rev. Lett. 36, 1236 (1976).

UH, D. Snyder ¢ al., Phys. Rev. Lett. 36, 1415
(1976).

5D, Eartly et al., Phys. Rev. Lett. 36, 1355 (1976).

67, M. Biisser ¢ al., Phys. Lett. 56B, 482 (1975).

Ty, M. Antipov ¢ dl ., Phys, Lett. 60B, 309 (1976).

18A detailed description of the magnetic spectrometer
is given in J. W. Cronin ¢ al., Phys. Rev. D 11, 1811
(1975).

9The p detection efficiency rises linearly from zero
atp, =2.6 GeV/c to unity at p, =3.8 GeV/c.

When is the Deuteron Six Quarks?—Possible Evidence Against Dimensional Scaling*
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Recent data on high-energy elastic and threshold inelastic electron scattering are shown
to provide a sensitive test of the constituent nature of the target. Present evidence seems
to support a quark description at these energies but mitigates against a naive dimension-

al-scaling argument.

Recently, a series of experiments exploring
both the elastic and threshold inelastic behavior
of electron scattering from deuterium at large
momentum transfers (@) have been reported.’
One of the aims of this Letter is to exploit the
theoretical connection between them?™ in an at-
tempt to determine whether the deuteron is be-
having more quarklike than nucleonlike at these
values of Q2. Below I shall propose a quantitative
test that is independent of the detailed underlying
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dynamics and requires only measured data as in-
put.

The elastic data have been analyzed' both in
terms of conventional nuclear physics, using es-
sentially nonrelativistic potential models,® and in
terms of the quark-parton model using dimen-
sional-scaling arguments.® Both have been found
to give an adequate description, although each is
subject to serious criticism, A somewhat differ-
ent analysis which de-emphasizes the detailed in-



VOLUME 37, NUMBER 22

PHYSICAL REVIEW LETTERS

29 NOVEMBER 1976

ternal dynamics was recently suggested by the
author.® Unfortunately, at that time the existing
data on the inelastic structure function’ F,(Q?, w)
were inadequate because the smallest measured
value of w was relatively large (~3) compared to
the threshold value of 1. Nevertheless an ade-
quate description was found that worked up to
surprisingly large values of w, indicating that
the coherent nature of the target was persisting
well into the region where an incoherent descrip-
tion would have been expected to work better. In
this Letter, I shall show that the new data are in
very good agreement with the threshold relation-
ship but in such a way that it appears to be in dis-
agreement with the predictions of dimensional
scaling. On the other hand, there is some evi-
dence that it does appear to favor a quark de-
scription over a nucleon one. I shall elaborate
on this further below. First, however, let us re-
view briefly how the relationship between the
elastic and inelastic structure functions arises.

There are basically two ways of “deriving” the
relationship®—one kinematic (Bloom-Gilman dual-
ity) and the other dynamic (Drell-Yan-West). I
first concentrate on a variant of the former since
this will help focus attention on the phenomenolo-
gy. The idea is that the asymptotic @* behavior of
F,(Q% w) as it approaches threshold (i.e., w—1)
should join smoothly onto that of its elastic coun-
terpart A(Q? at w=1. Since F, depends on both w
and @? this requires an averaging procedure over
a range of w near w=1, Thus, for large Q% I
write

fl +2M, B/Q?

. dw F,(Q%, w) =A(Q%), (1

where B is a measure of energy region over
which the averaging is performed. Clearly this
must correspond at least to the elastic peak, in
which case B can be identified with the deuteron
binding energy (=2.2 MeV). For the experiment
considered,! however, the energy resolution is
considerably greater than this (20-30 MeV), so
in comparing Eq. (1) with data, B must take on a
value of at least roughly this magnitude (i.e.,
~25 MeV). It was pointed out in Ref. 3 that one
cannot naively take the large-@?® limit of Eq. (1)
and replace F,(Q% w) by its assumed scaling lim-
it F,(w) since, in general, the remainder terms,
when integrated, can contribute at least as much
as the leading ones. Indeed, I emphasized that
this was basically the reason that in the nucleon
case, the vanishing of 0,/0; is not a necessary
consequence of the fact that it vanishes for the

purely elastic part. Thus, for example, for a
scalar target where 0,/0,— for the elastic part,
it need not do so for the inelastic part even though
Eq. (1) remains valid.

By introducing a new variable w’=w +My%/Q? 1
assume that the approach to scaling can be great-
ly accelerated so that for large @

1+(#o> +2upB) /Q 2

dw' Fy(w") =A(Q%. (2)

M2/ Q2 :

In Ref. 3, 1 showed that M, is unique. Usually
F,(w’) is parametrized by a power-law behavior
le.g., F,(«w’)=N(w’-1)¥] which leads to

lim A(@?) - 2MpBN f%%ﬁ)’“,
Q2-w M, Q*?
In Ref. 3, I found that this gave an adequate,
though not spectacular, description of the data.
With the new data in hand, I have performed a
re-analysis and have found that a power-law fit
is not very convincing, even for A(Q?%. A much
better fit is obtained with an exponential form?®
A(Q? ~e~?9 for example, suppose®

F(w) =Clw'/(w'=1)]*?exp|-a/(w’' -1)"2],

then Eq. (2) leads to A(Q? - DQe %9, where C
=M,*D/2M B and a=M,". In Fig. 1, I have plot-
ted A(Q?)/Q vs @, from which it is clear that this
form gives a very good fit to the data; I find that
D=0,33 GeV™'and b=8,2 GeV~!, I have also ex-
amined’ the inelastic data and found that scaling
appears to be best when M2 =~1.3 (GeV/c)®. 1 thus
predict a=M,® =9,35 and, taking B=~25 MeV, C
=5, In Fig. 2, I have therefore plotted F,(w)
=5(1-1/w’) "¥2exp[-9.4(w’ -=1)"/2] together with
the data. The agreement is remarkably good;
furthermore, there is some evidence that the
predicted fit imporves as @* gets larger and «’
-1, as it should. Unfortunately, of course, the
data get worse in this region.

The exponential fit is considerably better than
a power-law fit—in particular, better than the
Q" '° behavior suggested by dimensional scaling.®
Indeed, even the suggested modified form® A(Q?)
=G A(Q¥/4)(1+Q%/m? ™! [where G (@ is the con-
ventional electric nucleon form factor and m?
=~(0,28 (GeV/c)?] is not terribly good, particularly
in its normalization for large @, In fact, since
the dominant mass scale in this fit is 4 X0.71
GeV?=2.8 GeV? [recall that the scale in Gy is
0.71 GeV?| and since the largest reliably meas-
ured value of @® is 4 (GeV/c)?, one clearly could
not claim that the data definitely showed a @™ ™°
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FIG. 1. Plot of A(Q%/Q vs @; the straight line fit is
A(QY/Q=0.33¢™ 829,

behavior even if the fit were better. The normal-
ization problem of this fit shows up in a particu-
larly startling fashion in the plot of p(e, @?)
=W,(e, @*)/A(Q? vs @2, where e=W-M,. In Fig,
5 of Ref. 1 such a plot was constructed using this
fit for A(Q?) but taking W, from data, For €=0,
for example, it was found that p~0.8 independent
of @?% taking A(Q?) from data, one finds instead
that p~40. On the other hand, with my fits, I
find that for €=0, p=1/B =40, in excellent
agreement with the data, I therefore conclude
that the evidence in favor of the dimensional-
scaling arguments is not very convincing. This,
of course, does not mean that the deuteron is not
behaving like six quarks in these experiments;
rather, it suggests that the neglect of the dynam-
ical role of the wave function is too naive. Ina
certain sense, the dimensional-scaling arguments
can be thought of as analogous to a zero-range
approximation in that only the free propagator
form of the internal constituents is kept. My
analysis suggests that, at least in this range of
Qz, true coherent bound-state effects remain
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important.

To decide whether the deuteron is behaving
more like a bound state of six quarks than one
of two nucleons is a much more subtle question.
A dynamical derivation of the connection between
F,(w~-1) and A(Q?—~«) can be obtained in an iden-
tical way for the deuteron as it was obtained for
the nucleon.* Basically, a connection exists be-
cause both regions are sensitive to the large-in-
ternal-momentum behavior of the struck constitu-
ent.? The difference between a quark and nuclear
description of this connection lies mostly in the
fact that the quark is structureless, whereas the
nucleon has its own structure functions, Thus,
if the deuteron is taken to be a bag of quarks with
no reference to nucleons then the connection is
essentially the same as for the nucleon and is the
one that we have employed above that follows from
Eq. (2). On the other hand, if the deuteron con-
sists of two extended nucleons, I can use a result
derived in a previous work,* viz,, that in the
scaling limit,

w1
[ 2o AWQ) e (v
'[“/4(W‘1)]2dQ G)zz(QZ)J1 F,\(wdw,  (3)

where Fz(”) (w) is the sum of proton and neutron
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structure functions. Suppose that we have power-
law behavior, i.e., A(Q% —~(Q% %, F," (w)~(w
-1)", and Ggx(@* ~ (@ ™" (with 22 =7r+1), then Eq.
(3) leads to Fy(w) = (w=1)22¢"""D  This is quite
different from the quark description which gave
F,(w) = (w=1)**"!, For example, in Ref. 3 I sug-
gested that 2¢g =12 and » = 3; the nuclear descrip-
tion thus gives F,(w) —(w=-1)!" whereas the quark
description gives F,(w) - (w -1)'", There is a con-
siderable difference in behavior and this illus-
trates nicely how one can detevmine the effective
constituent natuve of the deutevon solely from ex-
perimental input. The older data (larger w val-
ues) appear more consistent with (w -1)!! suggest-
ing that the deuteron is behaving like a bag of
quarks. With the fits discussed in this Letter,

we have seen that for the quark case A(Q?) ~e¢ ™9
leads to F,(w)~exp[-dM,/(w-1)"2], However,

for the nucleon case the same A(Q?) leads to F,(w)
~exp[-bM/4(w -1)] suggesting again that the deu-
teron is behaving more quarklike than nucleonlike,
This conjecture is also supported by the following
argument: The bound state nature of the system
is reflected in the fact that the threshold occurs
at w=1; after all, if it were two free nucleons,
the threshold would occur at w=2, Thus, near

w =1 the dependent variable is (w -1). However,
if the system retains knowledge that it is made of
nucleons, one might expect that near w =2 the de-
pendent variable changes to (w-2). Thus, a fit
to the threshold behavior in terms of (w-1) would
not extrapolate smoothly beyond the w =2 region
if a nucleon representation is predominant, The
fact that it does supports the view that at these
values of @® the system is behaving more like a
bag of quarks. One word of caution should be
added: Although @2 is relatively large here it
should be recalled that @/v?=4M,?/Q*>1 for all
the data considered; in the true scaling regime,
this should vanish, Of course, a large part of
this problem is presumably removed by introduc-
ing the ad hoc w’ variable and, in any case, M,
does not, in general, set the scale. Thus we con-

clude that the present data tentatively indicate a
quarklike character in this region of @* It is
worth emphasizing, however, if the deuteron
really is behaving like six quavks at lavge @°,
then theve is little veason to believe the values
of F,""'™" extracted from F,***"°" neay thresh-
old, since they vely on the treatment of the deu-
tevon as two nucleons.\*
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7F2 is the conventional inelastic scattering structure
function, and A(Q?% the corresponding elastic one,
which, for @Q*« aM (=~ 18 GeV/c?, is simply the square
of the charge form factor; thus A(0)=1, The scaling
variable w = 2MDV/Q2, where v is the electron energy
loss and M, is the deuteron mass; thus, for a nucleon
target the threshold is w = 2. See Refs. 1—4 for further
details.

SRecall that this is the fastest falloff of a form factor
consistent with analyticity. This means that exp[—a/
(w— 1)“2] is the slowest growth of Fy(w) allowed near
w=1,

9The strange factors like @ and (v’ —1)"3/? are sim-
ply inserted in order to allow an analytic evaluation of
Eq. (2). They play no crucial role. Note, however,
that I have followed the practice traditionally employed
in the nucleon case of using a representation for F,
which remains constant when w— = even though I am
interested in w =1 only.

1°A thorough investigation of the “best” value of My
was not performed; indeed, all calculations were per-
formed on our HP45.
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