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Consistent interactions for high-spin baryons
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Abstract. Consistent interactions for off-shell fermion fields of igdry spin are constructed
from the gauge-invariance requirement of the interactiagrangians. These interactions play a
crucial role in the quantum hadrodynamical descriptionighfspin baryon resonances in hadronic
processes. We find that the power of the momentum dependémceamsistent interaction rises
with the spin of the fermion field. This leads to unphysicalistures in the energy dependence
of the computed tree-level cross sections when the shstdstiie physics is cut off with standard
hadronic form factors. A novel, spin-dependent hadronimffactor is proposed that suppresses the
unphysical artifacts.
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The Rarita-Schwinger (R-S) fielg,, . ., describes a relativistic spifr+ 1/2) par-
ticle. By construction, the R-S field contains lower-spimgamnents, which represent
unphysical degrees of freedom. In the free R-S theory, thephysical components are
eliminated by the so-called R-S constraints [1]. When ategréng interacting R-S fields,
the lower-spin components only decouple if the R-S field ig®mass-shell (on-shell).
For R-S fields that are off their mass shell (off-shell), thelysical degrees of freedom
do not decouple a priori. In this case the consistency ofriteraction can only be as-
sured if the interaction Lagrangian is invariant under theanstrained spiiin+ 1/2)

R-S gauge (UR] 1,2 gauge) [2]
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With yp,), one denotes a summation over all permutations of gthéndices and
Xur...un o YEPresents an arbitrary, totally symmetric reimk- 1) tensor-spinor field.

Consistent interaction Lagrangians for ttepyy, . )- and (Auyy, ,, )-theories
are developed in Ref. [2], starting from the field,, .,

n in(—l)k
Y= > > m¢k5uk+1""7unVV"”"'VV”Ll’ul...ukka...vm (2)
P(u)k=0

which is explicitly invariant under the uR$; > gauge (1). The fieldg, ¢ and A,
represent a spin-0, a spindand a spin-1 field respectively. The gauge-invariant field
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FIGURE 1. The energy dependence of tiig— N* — KA cross section. Thi* is a mock resonance
with mg = 1700 MeV,T'r = 50 MeV andJf = 1/2* (solid curve), 32* (dashed curve), 2+ (dotted
curve).

W, Of EQ. (2) gives rise to the following consistent interantgiructure

2 . 2 +m 2
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wherePy,  .v;..vy(P) represents the spifr+1/2) R-S propagator that was derived

. n+1/2 . . _ A+1/2 A1...An
in Ref. [3], ando(ul...un))\l...)\n(m is defined asWy, u, = O(H1~-~Nn))\l~-~)\n(0)w LAn,

The simplified expression for the physical spm-+ 1/2) projection operator
t@ﬂi%ﬁ;\{lmvn(p) is given in Ref. [2]. | | o | |

We wish to illustrate the use of consistent high-spin intBoms with a detailed
example: the construction of a tree-level amplitude forrtreetion channglp — N* —
K*A. TheN* represents a nucleon resonance, which can be considereg metiator
of the mentioned reaction channel. The spin, mass and ded#yef theN* are denoted
asJE, mg andlR. It is worth stressing that the following discussion appkegually well
to other hadronic processes that involve off-shell higimggeractions. Fig. 1 shows the
computed energy dependence of the total cross sectionrie thock resonances with
spinsJk = 1/2*,3/2,5/2F, mg = 1700 MeV and g = 50 MeV. The cross sections
shown in Fig. 1 display a high-energy behavior that is noeptable from a physical
point of view. In order to suppress this divergent high-ggeoehavior one usually
introduces a hadronic form factor at the strong interacterex. The commonly used
hadronic form factors are of the dipole foifig [4] or the Gaussian forrfg [5], i.e.

or FG(S;mRa/\R>:eXp<—(S_A7T2R)2)7 (4)
R

N
(s—mg)2+ Ak

Fa(ssmg,AR) =

wheres = W2 represents the squared invariant mass/agthe cut-off energy.

For the remainder of this discussion, only one specific raclesonance will be
considered, nameli* = N(1680) F;s. This resonance is an establish#fl= 5/2"
nucleon resonance with a four-star rating in the Review di¢a Physics of the Particle
Data Group (PDG) [6]. It has a masg = 1685 MeV and a decay widihgr = 130 MeV.
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FIGURE 2. The energy dependence of tig — N(1680) F15 — KA cross section for various values
of the Gaussian cut-off energy. In (a) the real decay widtthefN(1680) F;5 was used, i.el'r = 130
MeV. In (b) the decay width of thBl(1680) F5 was set td ; = 20 MeV.

In Fig. 2(a) the computed energy dependence ofyges N(1680 Fi5 — KTA cross
section is depicted for various values of the Gaussian ff@rergy. The structures that
are observed, however, are artificial and do not corresporibet physical resonance
peak of theN(1680 F;s. These artificial bumps arise from the combination of the
divergent high-energy behavior af and the fast decrease B§ with the energy. In
addition, Fig. 2(a) reveals that there is no indication @& #ctual resonance peak. This
is explained by the relatively large decay width of tHEL680 F;5 as compared to the
fast increase otr with the energy. In Fig. 2(b) the decay width of th&1680) Fi5
was artificially lowered td ; = 20 MeV. This figure confirms both previous statements,
namely the artificial nature of the observed structures déwedabsence of the actual
resonance peaks. It also shown that for relatively smalbylegidths the artificial
bump can be suppressed by lowering the cut-off energy. Hexvevost of the nucleon
resonances listed by PDG (if not all) have a relatively latgeay width [6], as is the
case for theN(1680) Fis5. For these resonances lowering the cut-off energy results i
mere shift of the artificial bump towards the threshold epelgis important to stress
that with the dipole form factdfy, defined in Eq. (4), things get even worse. Indeed, the
decrease of the dipole form factor with the energy is notaefiit to compensate for the
divergent high-energy behavior of.

The above-mentioned issues with regard to the energy posifithe peaks can be
resolved by introducing the so-called multidipole-Gaussaifactor [2]

| (R \T (_(s—m%&)
FnG(S’mRa/\R,rR7JR>—<(S_m%>2+m2RF2R(JR)> exp , (5)

whereFR(JR) is the spin-dependent modified decay width

~ MR

Fr(JR) = ——R .
V2% —1

(6)
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FIGURE 3. The energy dependence of tig — N(1680) F15 — KA cross section for various values
of the cut-off energy of the multidipole-Gauss form factar(a) the real decay width of tHé¢(1680 F;5
was used, i.e'r = 130 MeV. In (b) the decay width of th&(1680 F;s was set td ; = 20 MeV.

The dipole part ofFy raises the multiplicity of the propagator pole. In this wag t
divergent high-energy behavior @f, which is shown in Fig. 1, is regulated. As a
result,Fyc removes the artificial bump in the computed energy deperedefitie cross
section, while restoring the resonance peak of the decgartirle. Fig. 3(a) shows the
computed energy dependence of fipe— N(1680 F15 — KA cross section for various
values of the cut-off energy of the multidipole-Gauss foautbr. Here it appears that
the observed mass (i.e. the energy that corresponds to ékevatue of the structure)
and decay width (i.e. the full width at half maximum of theusture) of theN(1680) F15
do not correspond to their physical values, but insteadwuaretion of the cut-off energy.
However, this is just a threshold effect. This is confirmedHay. 3(b) in which the
decay width of theN(1680) F15 was again lowered tb;, = 20 MeV. Here, the threshold
effects are largely reduced and the deviation of the obdenass and decay width from
the physical values amounts to respectiveR2% and 075%.
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