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Vanishing Renormalization of the D Term in Supersymmetric U(1) Theories
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The breaking of supersymmetry can be implemented by the D term. This term can be

quadratically divergent, ruining the possibility of naturally large hierarchies. Accord-
ing to Witten this does not occur if the U(1) gauge group is unified in a semisimple group.
%'e show that sufficient conditions for the D counterterm to vanish are less restrictive
than grand unification and only repuire a vanishing trace of the U(l) charge. No cancel-
lation bebveen high-energy and low-energy scales is involved.
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Supersymmetry' could provide us with a solu-
tion to the hierarchy problem of understanding
why the scale of weak-interaction breakdown
(-250 GeV) is so small compared to the Planck
scale (10"GeV) or (more modestly) to a possible
grand unification scale (10"GeV).' ' This hope
is based on (i) the unique property of supersym-
metric theories to contain naturally light scalars;
(ii) surprising results in supersymmetric pertur-
bation theory that some quantities (such as E
terms in the effective potential) cannot be gener-
ated in any finite order of perturbation theory. '
In a realistic model, the scale of spontaneous
supersymmetry breakdown (caused by nonpertur-
bative effects and thus allowing large hierarchies)
would then be related to the mass scale of the
weak interactions.

The existence of the Fayet-Qiopoulos D term'
in supersymmetric theories that include a U(1)
gauge group is potentially dangerous for this
scenario. ' It can be generated in perturbation
theory, can break supersymmetry, and can lead
to quadratically divergent mass terms for scalar
particles. The only natural mass scale would be
the Planck scale. Since the D term is pseudo-
scalar, one could use parity invariance to forbid
such a term, but in the SU(3), I3 SU(2)1, S U(l) r
standard model, the properties of U(1) hyper-
charge do not allow such a solution.

Recently it has been shown that the U(1)„D
term cannot be generated in any order of pertur-
bation theory if U(1)r is at some arbitrary scale
unified in a semisimple grand-unification group
G [e.g. , SU(5)].s The proof is based on the fact
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FIG. 1. General graph with one external line. (a) The
one-loop graph. (b) External photon attaches to n -point
vertex, n & 3. (c) External photon attaches to 3-point
vertex, and next vertex along the chiral line (following
the arrow) is attachment of one or more photons.
(d) Same as (c), but next vertex along chiral line is
SSS.

that one cannot construct a G-invariant supersym-
metric generalization of the D term at the grand
unified level. This theorem has been interpreted
as the necessity for grand unification in a super-
symmetric theory. ' It could, moreover, imply
miraculous cancellations of high-mass and law-
mass contributions in perturbation theory, since
in principle it can be produced in the leer-energy
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theory. We show, however, in this paper that the
situation is less exciting than it might appear.
Even in the absence of grand unification, the D
term cannot be generated in any order of pertur-
bation theory except at the one-loop level. More-
over, the one-loop result is proportional to TrQ
[where Q is the U(1) charge] which obviously van-
ishes in any grand unified model, but does not
imply grand unification.

Except for the possibility of generating a D '

term at the one-loop level, the situation here is
similar to the perturbative results for the + terms
in the effective potential. We do not understand
yet the reason for our result.

I et S„a=1, ...,n, be chiral left-handed super-
fields with charge Q„and V a U(l)z vector super-
field. We use the notation of Grisaru, Siegel,
and Rocek'. Consider

S fd*e[=(VP "eT'P „V) + gp. exp(eqV)S. ) +fd'e ',"S.S,S, +s.e),
a

where D and D age covariant derivatives. Note that for the last term to be gauge invariant, we have
the constraints that Q, +Q, +Q, =0. We are considering massless chiral fields; extension to the mas-
sive case is trivial, treating the mass term as an 8' vertex. We could add the so-called D term
$ jdag V@,gt 8) where $ has dimensions of (mass)', but we will set $ =0 and see how such a term can be
generated in perturbation theory. The relevant graphs are given in Fig. 1, where the solid (wavy) lines
denote chiral (vector) superfields. We use the superfield Feynman rules of Grisaru, Siegel, and
Rocek' except for working in Minkowski space-time and keeping factors of D' and D' on the chiral prop-
agators. For the one-loop graph in Fig. 1(a), we obtain

csee fdef. d ev(p=o, e, e).
a

The coefficient is (guadratically divergent and proportional to TrQ The .higher-order graphs give

, „'*fd de~ V7(t =0, e, e) -54(e —v) e 3 exp((shirr„e -eeet-e'rree)ee)I
a m32],

27r' " 1

X (S,(k| t 8 t 8)Sa(k2 t v t 7 )V(k3 t T t 7) ~ V(k,2, T t 7')) t

where the two terms in curly brackets come from Fig. 1(b) and Fig. 1(c), respectively, and

——,Qg, b, ',', 'd 8d r 5 (T)V(p =0,8, 8) 2 exp[(2rv„P —go&P-ro„F)k, "]

&& (S,(ki, 8, 8)Sb(k2, r t T)S (k3 cv, Tt)) (4)

from Fig. 1(d).
The chiral conditions, DS =0, DS =0, and invariance under supersymmetry transformations lead to

the general form

(S.(k„g„g,)S,(k„g„g,)V(k, g, g ) ~ ~ V(k, ,g, ,g, )) =5 (Qk, ) exp[+(g,. o„gp,. )' g,g„g,k. ) )]

fab(kit 2tk3)93 glt93 2t ~ ~ ~ t m+2t 8m+2 ggt 8m+2 92)

(S,(k| t git gi)Sb(k2t 92t 92)Sc(k3, 93, 83)) =Ca(gk))6182 exp[-gg, O~g, k, &]

kabc(kltk2tk3t9), 92t92 93) t (6)

where

83 = Q k;„g„v„3". (7)
itC,

With use of these general forms and on perform-
ance of the d 7 integration, the two parts of (3)
cancel, while (4) vanishes upon using permutation
symmetry of matrix element (6) and charge con-

7S8

r servation at the SSS vertex.
We thus have proven that in a theory with TrQ

=0 the D term is not generated in any order of
perturbation theory lf T.rQ+0, the D term is
generated at the one-loop level with a quadratical-
ly divergent coefficient.
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The same result is true in more complicated
cases such as, e.g., SU(3) 3SU(2) SU(1). SU(3)
and SU(2) gluons may be included with the photon
lines in Fig. 1(b) and Fig. 1(c) without spoiling
the cancellations between the two graphs since
the group factors are identical in both cases.

In conclusion, we note that the condition for the
vanishing of a quadratically divergent D term is
much weaker than grand unification. In particular,
no miraculous cancellation between supermas-
sive states and low-mass particles is needed.
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