PHYSICAL REVIEW C

VOLUME 44, NUMBER 1

JULY 1991

Infrared structure of quantum hadrodynamics

Joseph Milana
Physics Department, College of William and Mary, Williamsburg, Virginia 23185
(Received 25 February 1991)

It is shown that quantum hadrodynamics as a formal field theory has a much richer infrared structure
at high energies than previously realized. This arises from large vertex corrections due to vector meson
exchange. By selectively summing all leading and nonleading logarithms, it is demonstrated that the in-
frared structure of the theory may in fact overwhelm the corresponding ultraviolet divergences arising
from the Landau poles. Since competing infinites can thus be found, caution is urged in the use of any
nonperturbative summation, especially one that emphasizes merely one sector of the theory.

Quantum hadrodynamics (QHD) [1] is an attempt at a
relativistic formulation of nuclear physics using a renor-
malizable Lagrangian of effective hadronic fields. Within
the context of mean-field theory, it has achieved consider-
able success in describing nuclear matter. Quantum
corrections to these mean-field results are, however, more
difficult to assess. Although apparently resulting in im-
provements at low energies, they seemingly inevitably
lead to catastrophes at high energies at which propagator
poles (in the random-phase approximation [2]) and/or ta-
chyons (in the loop expansion [3]) apparently appear.
These are generally interpreted as a manifestation of the
fact that the field theory is not asymptotically free [2—6]
and that the Landau pole in the running coupling enters
at invariant masses of only a few GeV2 Such calcula-
tions and/or arguments, however, are based in one form
or another upon the ultraviolet structure of the theory.
QHD, though, as a formal field theory, contains a rich in-
frared structure at high energies due to vector-meson ex-
change. This structure is exactly analogous to the struc-
ture found in gauge theories and is related to the so-
called infrared problem of QED. It arises, to put it suc-
cinctly, because matter fields (electrons, nucleons, etc.)
strongly wish to radiate vectors when accelerated, and
the more one restricts such radiation, the more the pro-
cess is suppressed. This phenomenon is solely the proper-
ty of vector theories. A theory with only spinless bosons,
although qualitatively having the same ultraviolet behav-
ior, i.e., Landau poles, does not contain this infrared
structure. In this Brief Report an estimate for this in-
frared suppression in QHD is given using techniques
developed in gauge theories and generically known as the
Sudakov form factor [7]. Its application to QHD, a
strongly coupled theory, is questionable, as is any other
approach based upon perturbation theory, such as the
renormalization-group arguments, leading to the ex-
istence of Landau poles. The purpose of this Brief Re-
port is to show that within the same approximations that
lead to the Landau pole, strong infrared suppressions can
be found that may in fact overwhelm the divergences
found from the ultraviolet sphere, thus suggesting that
QHD might be much more stable at high energies than
previously thought. Conversely, since competing infinites
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can be found, one might be suspicious of any nonpertur-
bative summation. Ultimately, the stability of the theory
to quantum corrections is still an open question.

For simplicity, consider a theory with only fermions
and a vector-meson exchange:

L=Py (iF—g VE—M)9p—1F, F+1m2V V¢ . (1)
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Since the vector-meson exchange is designed in the full
form of QHD to dominate at short distances, i.e., high
energies, by providing the repulsive core in the nuclear
force and since it also generates the infrared structure, we
should not be losing too much generality by using this
particularly simple Lagrangian. The above theory is
effectively a massive version of QED. The asymptotic
fermion form factor in QED is obtained by summing the
leading-log contributions of all vertex corrections and
yields an exponentially suppressed form. Since this result
is infrared divergent, a regulator must be introduced. In
his original work, Sudakov kept the external fermions off
shell, their invariant mass then providing the infrared re-
gulator. The form of use to us is that first derived by
Jackiw [8] and Fishbane and Sullivan [9], who considered
on-shell electron scattering and introduced a fictitious
photon mass. They then found that the form factor
I'(g?) exponentiates in the form

g 2 1112 !q2|
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I'(g?)=exp , ()

where g2 is the invariant mass of the external photon,
and p? is the photon’s fictitious mass. In the application
to (1), this fictitious mass becomes simply the vector
meson’s mass m2. In the calculation of cross sections in
QED, it should be noted that the sum of all bremstrah-
lung graphs also exponentiate [10, 11], which, added to
(2), thereby replaces u by the detector width 6. We there-
by recover the well-known result of Bloch and Nordseick
that the lowest-order correction is proportional to
—g%n(g?/8%). With only this first-order result, one
might have wondered what happens as one improves the
detectors accuracy—it would appear the cross section
could become negative, signifying the breakdown of per-
turbation theory. The all-order analysis shows this does
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not happen, but that instead the cross section is greatly
suppressed as one restricts the total radiation allowed to
escape.

Important subsequent progress was made by Mueller
[12] and Collins [13], who showed that all nonleading log-
arithms of the form g2"[In(g2/u?)]™, where 2n > m, also
exponentiate to also give a decreasing exponential. Since
(2) provides such a large suppression, it was important to
show that the nonleading terms did not ruin the result.
Sen [14] then made the highly nontrivial extension to
non-Abelian gauge theories, showing that for the asymp-
totic electromagnetic form factor of quarks, all the lead-
ing and nonleading logarithms from gluon exchange also
exponentiate, with a leading-log result of

C 24172 21172
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where Cp=(N?—1)/2N, B=11N/3—2f/3, f is the

number of quark flavors, and N =3 for QCD. Compar-
ing Egs. (2) and (3), the Inln in (3) is a direct result of in-
cluding the running coupling. These exponentiating log-
arithms are known to be quite important in QCD. For
example, the fact that exclusive events are strongly
suppressed has found recent application in the work of
Botts and Sterman [15], in which an analogous exponen-
tiation leads in the case of high-energy, exclusive meson-
meson scattering to nearly a full extra order power
suppression to the naive counting result from indepen-
dent quark-scattering diagrams [16].

We now wish to apply these results to the theory of Eq.
(1). Again, we will be summing all leading logarithms,
which in a strongly coupled theory is not strictly
justifiable as the terms we are ignoring could be of com-
parable size. Nevertheless, let us proceed. Since we are
concerned with the interplay between the ultraviolet and
infrared behavior of the theory, we use a running cou-
pling constant. (Otherwise the form factor would, to this
approximation, be given simply by Eq. (2) —see Refs. [17]
and [18] for early work along these lines.) From the ul-
traviolet structure of the theory, one would then associ-
ate at high energies a factor a!/*(g?) with each vertex as
is done in QCD, where, though, in this case

a
2= 4 , @
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in which 8,=a, /37 and we have used on-shell renormal-
ization as is commonly done in QHD. This association
alone, of course, leads to all the problems concerning the
Landau pole. The infrared vertex corrections should also
be included. From Sen, the leading-log result appearing
in the exponential for a theory with a running coupling is
given by [19]

In[(g2) dy gXy) . (5)
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Inserting (4) for the running coupling and ignoring the
differences between M and m ,, which leads to only small
errors since they are in practice nearly identical, one gets
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Taking the limit 8,—0 and expanding the logarithms,

one recovers the standard QED result of Eq. (2). As we
approach the Landau pole, i.e.,

lg?|

M2 —0, (7

we find that (6) is now essentially behaving as a single log-
arithm which cannot be played off of the divergence aris-
ing from (4). To find the results in this limit, therefore,
we must consider the contributions in the exponential of
the “nonleading”-log results.

To estimate these terms we focus on the leading in-
frared contributions to the lowest-order vertex correction
(Fig. 1) and use the knowledge that it exponentiates. We
will first rederive the result of Eq. (6) by following the de-
velopment of Fishbane and Sullivan [9], although now
modified to the case of a running coupling. We then esti-
mate the nonleading corrections to this expression to ob-
tain the true result in the limit of Eq. (7).

We choose to use light-cone coordinates and to work in
the Breit frame with ¢? spacelike. The external momenta
to Fig. 1 are then given by

9=(Q,—Q,0), p,=(M?*/Q,0,0), p,=(Q,M?/Q,0),
(8)

where terms power suppressed, i.e., O(M /Q), have been
ignored. Let us first concentrate on the numerator con-
tractions for Fig. 1. Since we are interested in the in-
frared behavior of the graph, we ignore all terms of O (k)

FIG. 1. Lowest-order vertex correction. Wiggly lines are the
vector mesons, while straight lines are nucleons. The external
meson is taken as incoming and way off shell. The external fer-
mions are on shell.
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in the numerator when compared to terms of O(Q). We
then obtain that [20]

u(py)y (B K A+M)yH(p +K+My ulp,)

—2Q%(p,)y ulp,) . (9)

The fact that this numerator is proportional to Q2 is cru-
cial for the leading-log results of Egs. (2) and (3). The
corresponding contractions from spinless boson theories
are power suppressed with respect to (9) and thus do not
lead to the infrared structure contained in vector-boson
exchange theories. Using (9), the vertex correction
g(Qz) becomes [21]
J
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Note that we have associated a running coupling with the
exchanged meson. Analyzing the pole structure in the
kT plane, one finds that, unless —Q <k~ <0, all the
poles lie on the same side of the k * axis and the integral
(10) is zero. Restricting kK~ accordingly and closing on
the lower half-plane [i.e., k¥ =k, |[(Q +k ~)], we then get
that

2
d 1 1
r0)=—-2_fax [ -9k 22 (11)
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The double-log result comes from the double region _ 2 dk?
m?<<k?<<Q? and —Q <<k~ . With the approxima- FC(Q2)= g, fQ L 1
tions Q+k " ~Q, k2~ —k?2, and that k ~ < —k2/Q, (11) ¢ 2 kI 1-B)n(k}/M?)
becomes gz
= Y — 2 2
02 dk? o —K2/0 g - 828 In[1—B,In(Q°/M*)] . (14)
r,(0Y)= 82f2k2 V(kl)f_Q e v
Exponentiating (14) and using that 8,=g2 /1277, one ob-
—gv ordk? n(Q?%/k?) tains that the leading contribution to the form factor as
f 12)  we approach the Landau pole (7) behaves as

m2 k¥ 1—BJIn(k}/M?)

Performing the last integration, we obtain Eq. (6).

The corrections of interest are obtained by relaxing the
constraint that k ~ < —k?2 /Q [22]. The k ~ integral from
(11) then decomposes as

Ik dk ~ e dk ~ +f—ki/9dk—
-0k~ —k?/Q —-k2/0 —k2/Q -0 k™
=—1—In(Q?/k?) . (13)

The correction to (12) is therefore

[(g»)=[1—-B,In(Q2/M*)]?"?, (15)

which is apparently sufficient to compensate the diver-
gence arising from the running coupling of the vertex
al/l(qZ)
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