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QCD interference effects of heavy particles below threshold
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Abstract

We consider how two classes of heavy particles: extra vector-like families, and strongly interacting superpartners, man-
ifest themselves below threshold, by interference of virtual loops with normal QCD processes. Quantitative estimates are

presented.

1. Introduction

Although the Standard Model has proven to be re-
markably successful at presently accessible energies,
there is universal agreement that it is incomplete - that
new structure will emerge at higher energies. The ex-
istence of new heavy particles can be inferred even at
energies far below threshold if they mediate processes
which violate symmetries of the low energy theory.
A classic example is the weak interactions, beginning
with Fermi’s theory of 8 decay described by a La-
grangian with symmetry breaking four fermion oper-
ators, and culminating in the discovery of W and Z.
Even if it does not have the qualitative effect of vi-
olating a symmetry, exchange of virtual heavy parti-
cles can in principle generate observable quantitative
consequences. This has been much discussed in the
context of precision electroweak measurements [1].
Here we will briefly address another possibility, which
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potentially yields much larger effects, though unfortu-
nately with more poorly controlled backgrounds. That
is, we will consider the effects of interference between
conventional QCD amplitudes and amplitudes involv-
ing virtual exchange of various possible heavy parti-
cles.

Given the apparent unification of couplings, which
is at least in good semi-quantitative agreement with the
minimal supersymmetric Standard Model (MSSM)
[2], most interest attaches to arather short list of parti-
cles - those whose existence would not render this suc-
cess coincidental. Besides the minimal superpartners,
the catalog of additional particles which can appear
at the TeV scale is quite short; essentially, one must
consider complete SU(5) multiplets. We shall mainly
focus on the superpartners in the MSSM, but we shall
compare the (more easily calculated) effect of addi-
tional vectorlike families and briefly mention new Z/
gauge bosons. For simplicity, we will restrict our at-
tention to processes involving four external quarks.
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2. Vacuum polarization; vector families

The simplest QCD interference effects arise from
vacuum polarization due to heavy particles. We write
the full gluon propagator, D’ Zl;,, as
iD'% = iD%® + D (illeh)iDy,

mn

and

8P Hig) .

‘We renormalize by zero momentum subtraction; that
is, by computing I1(g?) — TI(0). Well below thresh-
old it is appropriate to expand the result in powers of

q*/m?, and to keep only the lowest term. For scalars
of mass m; in representation R of color SU(3) we

then have
4
120 <ms ) ’

where T(R) is defined by Tr(TI‘a’T}?’) =T(R)&%. For a
Dirac fermion
(%)
7]
Mg

A Majorana or Weyl fermion contributes one half of
this amount.

Interference of vacuum polarization diagrams with
one gluon exchange diagrams gives the change in cross
section: —2[TI(g*) —TI(0) ]. Therefore, n  fam-
ilies of Dlrac fermions contribute

]nn(q) = lamn(q q'B

(g*) —TI(0) =

(g) - 1K(0) = 2
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This formula is roughly valid until |¢*/4m}| = 1, at
which point the cross section for the dominant t and
u channel processes has increased by Ao /o =~ 2ny
T(R)%, taking a; =~ 1/8. Strangely enough, the s
channel process is actually suppressed - a warning that
one must not think too naively about timelike versus
spacelike effective couplings. For ny vectorlike super-
symmetric families (SU(5) 10+54-10+35), assumed
mass-degenerate, one has in the same approximations

Ao a; ¢
Z =L TR) ~ % 2.1
f

(T(R) = 4 triplets x 3 = 2). There is of course no
difficulty in using the accurate vacuum polarization
formulas. This gives a slightly smaller value for the
correction at |g2/4m| = 1, and turns over at large ¢°
into the familiar logarithmic running of the coupling.

3. Supersymmetry

In the MSSM, the particles contributing to the vac-
uum polarization are Majorana gluinos in the adjoint
representation, and 6 flavors x 2 chiralities = 12
squarks in the fundamental representation. So, setting
all masses to to be equal,

1) ~ Ti0) = 2824

However in this case vacuum polarization is not
the whole story, since the presence of gluino-squark
Yukawa couplings leads to additional contributions
from vertex corrections and box diagrams. Supersym-
metry dictates that the strength of these couplings
have fixed numerical ratios to the ordinary strong cou-
pling, and these diagrams are in no sense negligible.
We have evaluated the relevant diagrams, which are
displayed in Fig. 1, in Feynman gauge. In addition
we have evaluated some of the diagrams correspond-
ing to two-quark-two-gluon processes, which are
displayed in Fig. 2. More nonvanishing diagrams can
be obtained from those shown by permuting Lorentz
and color indices. Although there would seem to be
diagrams containing two-gluon-two-squark vertices
which should be included with the diagrams in Fig. 2,
these furn out to vanish for on shell, massless quarks
and so can be omitted. In each of the diagrams we
can choose the squarks to be of either L or R type; in
our results below we have added the corresponding
amplitudes together. Similarly, for the Fig. 2 diagrams
we have added the amplitude for the displayed dia-
gram plus the diagram with gluon labels exchanged.
For simplicity, we have given all the squarks and
gluinos a common mass, m. The results for on shell,
massless quarks and gluons are summarized below:

ia2
 2m?

3ia?
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Fig. 1. One loop diagrams contributing to four quark processes in the QCD sector of the MSSM. Lines corresponding to squarks and
gluinos are labelled, as are the Loreniz and color indices of the external quarks. The remaining diagrams may be obtained from the above

by permuting indices.
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Fig. 2. One loop diagrams contributing to two-quark—two-gluon processes. The independent external momenta are labelled, where we use
the convention that positive momentum for the quarks goes in the same direction as the charge flow, and for gluons it goes into the vertex.
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Sfabe are SU(3) structure constants, and 7, are SU(3)
matrices in the fundamental representation. C is the
charge conjugation operator, which arises due to the
Majorana fermion propagators. When contracting with
external spinors the following formulas are useful:
CIZT(P, :i:) = U(p9 :l:), HT(P: :t)C__I = '"17(17’ :h) In
the results for the diagrams of Fig. 2, we have sup-
pressed the spinor indices; all gamma matrices have
the spinor indices (v*)ag.

In Feynman gauge the dominant contribution to four
quark processes comes from the vertex correction in-
volving a triangle with two gluinos and one squark.

(Ze)

This diagram contributes

Ag _3as g

o Swm?’

Note that this comes with the opposite sign as com-
pared to the vacuum polarization piece. Combining
these, we find a small decrease in the cross section for
t and u channel processes, of order Ao/o =~ —1% at
q*/4m?* = —1. Insofar as this is representative of the
overall magnitude of the effect, it is disappointingly
small.

Let us note that although the box diagrams are nu-
merically smaller they do lead to a different angular
distribution.
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4. Comments

1. Recent CDF data on inclusive jet production in
the transverse momentum region 200 < pr < 420
GeV indicates a cross section apparently exceeding
QCD predictions by several tens of percent [3]. The

results of the present paper indicate that the data can-

not readily be explained by a mass threshold in the
minimal supersymmetric standard model, as the main
calculated effect is too small and of the wrong sign.
Extra vector-like sumpersymmetric families will give
a positive effect, but still rather small uniess there
are many such families. After our calculations were

comnpleted. but before this note was r\rpnm'pd a pa-

completed, before this note was prepared
per by Barger, Berger, and Phillips [4] appeared, in
which they claim that a mass threshold at 200 GeV,
with sufficient particle content to turn off the run-
ning of a; asymptotically, can lead to a substantial

(LU‘VO) increase in _}et pI‘OGUCUOH at DU GeVv. | ney do

not consider the effect of Yukawa couplings, and so
their estimates might nnn]v for generic extra stron olv-

el Larilialos LU gL gy 101 gLl ealla Vs

interacting matter, but not for the superpartners of or-
dinary matter.

2. Above we have essentially considered correc-
tions to quark-quark scattering due to virtual heavy
particies; one should also consider whether exchange
of such particles affects the amplitudes for finding
guarks inside the initial projectiles, i.e. the structure
functions. Are there additional contributions from this
source? Thinking back to the graphical origin of struc-
ture function evolution [5], we recognize that such
contributions originate from the soft side of the cut
process, and thus that in calculating the effect of 'v‘u—
tual heavy particles one would meet factors of p?/m?,
where p? is a typical hadronic momentum, making it
relatively negligible.

3. A larger interference effect might be induced

from exchange of an additional neutral gauge boson,

say Z'. Such gluon-Z' interference is somewhat anal-
ogous to Z~y interference below threshold in ete~
annihilation, with the following important difference:
since Z’ unlike the gluon is a color singlet, interference
effects only arise from crossed channels. The analysis
of this case is worthwhile but much more complicated,

an] will nat be nndertaken here
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J. Ellis and D. Ross, in hep-ph/9604432, have sig-
nificantly extended the calculations reported here. We
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rors in the original version of this note.
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