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Consistent interactions for high-spin fermion fields
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We address the issue of consistent interactions for off-shell fermion fields of arbitrary spin. These interactions
play a crucial role in the quantum hadrodynamical description of high-spin baryon resonances in hadronic
processes. The Rarita-Schwinger (R-S) description of high-spin fermion fields involves unphysical degrees of
freedom associated with their lower-spin content. These enter the interaction if not eliminated outright. The
invariance condition of the interaction under the unconstrained R-S gauge removes the lower-spin content of the
fermion propagator and leads to a consistent description of the interaction. We develop the most general consistent
interaction structure for high-spin fermions. We find that the power of the momentum dependence of a consistent
interaction rises with the spin of the fermion field. This leads to unphysical structures in the energy dependence
of the computed tree-level cross sections when the short-distance physics is cut off with standard hadronic form

factors. A spin-dependent hadronic form factor is proposed that suppresses the unphysical artifacts.
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I. INTRODUCTION

In 1941, Rarita and Schwinger proposed a quantum-field
theory for particles with an arbitrary half-integral spin s
[1]. Today, 70 years later, this theory is commonly used
to describe phenomena that involve relativistic high-spin
(s = 3/2) fermions. In the Rarita-Schwinger (R-S) theory,
a relativistic spin-s fermion, with s =n + 1/2 and n € N*,
is described by the totally symmetric spin-(n 4+ 1/2) field
Yu,...u,» Which obeys the so-called R-S equations,

A —m)pu,p, =0, (1a)
Y Yy = 0. (1b)

These equations comprise the equations of motion (1a), which
are akin to those of the Dirac theory, and the R-S constraints
(1b). By construction, R-S fields have redundant degrees of
freedom (dof), which are associated with unphysical lower-
spin fields. Massive R-S fields have 4(%‘7’)! dof, whereas,
the required number is 4(n 4+ 1). The R-S constraints (1b)
eliminate the redundant dof of noninteracting R-S fields [1].
Massless R-S fields, however, can have only 4 dof to guarantee
consistency with the special theory of relativity. Therefore,
the massless R-S theory should be invariant under the spin-
(n + 1/2) R-S gauge (R-S,.11,2) [2],

i
Viron = Vg, + nn —1)! Z LT

P
N - () @)
Y € = 0.

The notation ) p(u) denotes the summing over all the permu-
tations of the w; indices. Further, §,,...,,, , Tepresents a totally
symmetric space-time-dependent rank-(n — 1) tensor-spinor
field. The inclusion of the factor i in Eq. (2) is a convention. If
Yy, ...u, is a real field, then the field &, ..., , has to be defined
as an imaginary field.
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The interacting case is more convoluted. If the R-S field is
off its mass shell (off shell), the unphysical R-S components
might participate in the interaction if not eliminated in a
controlled way. Such an interaction is dubbed inconsistent
since it is not mediated purely by the physical component of
the R-S field. Several physically unacceptable problems are as-
sociated with these inconsistent interactions, the most famous
of which are the Johnson-Sudarshan and Velo-Zwanzinger
problems [3,4].

In 1998, Pascalutsa succeeded in formulating a consis-
tent interaction theory for massive spin-3/2 fields [5]. The
consistency is provided by the invariance of the spin-3/2
interaction under the local U(1) gauge. In Sec. ITA of
this paper, Pascalutsa’s theory is extended, and a consistent
interaction theory for massive spin-5/2 fields is developed.
In Sec. II B, the most general consistent interaction structure
for massive spin-(n + 1/2) fields is derived, based on a
generalization of the results obtained for the spin-5/2 theory
in Sec. Il A. Then, consistent couplings for the (¢ ., )
and (Aﬂlﬁlﬁ;lm Mn) theories are constructed. Here, the fields
¢, ¥, and A, represent a spin-0 field, a spin-1/2 field, and
a spin-1 field. Section III illustrates the application of the
consistent (9, .., )and (A, ) couplings in hadron
physics. In Sec. III A, the problems that arise when combining
consistent high-spin interactions with standard hadronic form
factors are discussed. An alternative hadronic form factor is
proposed in Sec. III B, which remedies the issues mentioned in
Sec. III A. Finally, Sec. IV states the conclusions of this paper.

II. CONSISTENT INTERACTIONS
A. The massive spin-5/2 field

1. Gauge invariance as a requirement for a consistent
interaction theory

A general interaction theory for a massive off-shell spin-5/2
field v, and an on-shell source J,,, can be constructed from
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a Lagrangian of the type,

Lp =" + Ty, 3)

where the subscript I stands for interaction. To obtain a
consistent spin-5/2 interaction theory, £ 1 has to be constructed

in such a way that only the physical le o p(a)w“’ component
of v, mediates the interaction, i.e.,

T () P (PIT (U pi )

=T/ (psD p’é A P PT AP, @)

with m as the mass of ¥, Ff}({pi,f}) as the initial-
final interaction vertex, which is derived from the source
JL' s Puvap(p) as the spin-5/2 propagator, and Pi/v?xp(l’) as
the spin-5/2 projection operator. Furthermore, p represents
the four-momentum of v, and {p; s} denotes the collection
of four-momenta of the fields that are contained in J;';.
The explicit expressions for the spin-5/2 projection operator
and the spin-3/2 and spin-1/2 projection operators, which
project the field v, onto its unphysical spin-3/2 and spin-1/2
components, are given in Appendix A.

The propagator P,,.;,(p) can be projected onto the spin-
5/2, the spin-3/2, and the spin-1/2 projection operators, which
span the complete spin-5/2 space in the R-S representation.
As seen from Eqs. (A1)—(A3), the spin-projection operators
contain terms that are proportional to p~2 and p~*. However,
to describe a massive off-shell spin-5/2 field in a physically
meaningful way, P,,.,(p) has to be regular for p> — 0. So,
in the expression for P,,.;,(p), the singular terms, which stem
from the spin-projection operators, have to cancel each other
out.

In a consistent spin-5/2 interaction, only the physical spin-
5/2 component of P,,.,(p) remains, as expressed through
Eq. (4). Since the left-hand side of Eq. (4) is regular for
p* — 0, the right-hand side of this equation has to be regular
for p2 — 0 as well. So, for Eq. (4) to hold, the singular
terms of the spin-5/2 projection operator have to be removed
by the interaction vertices Ff ;({ pi,r})- This implies that the
interaction vertices cannot be completely arbitrary. Instead,
they have to be constrained by a certain local symmetry. This

local symmetry can readily be found. Indeed, all of the singular
terms of Pﬂfl\p(p), at least, are linearin p,,, p,, px,or p,.It
is straightforward to show that the right-hand side of Eq. (4) is

@)+ 0>*

03 1132 3/2
@ =4[ 01390 ()0 (1.p)o

(lw Ap)oT (v,p)t

= _%auav(gkagpr + g)\-,;gpg) -

@030+ 0.0
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only regular for p?> — 0 when the interaction vertices satisfy
the following transversality conditions:

p.Iy" =0, p,I}"=0. 5)

This requirement is equivalent to the invariance of £; under
the unconstrained spin-5/2 R-S (uR-Ss,») gauge,

i
w;w - w/w + 5(8;0@ + avXu)’ (6)

where y,, represents an arbitrary space-time-dependent rank-1
tensor-spinor field. The invariance of interaction theories under
the uR-Ss,, gauge of Eq. (6) is the required local symmetry
that guarantees the consistency of massive off-shell spin-5/2
interactions.

To construct interaction vertices (which are derived from
the sources) that satisfy conditions (5) is not a trivial task.
However, by using a field construction that is invariant under
the uR-Ss5,, gauge (6), the problem of finding conserved
sources can be circumvented.

2. The gauge-invariant field
Inspired by the gauge-invariant field,

Gu,v =i (a,u,wv - avl//u) s (7)

which was introduced by Pascalutsa in Ref. [5] to set up
consistent interaction theories for spin-3/2 particles, a gauge-
invariant spin-5/2 field can be constructed. The field G, , can
be rewritten as

032
G = i (9ugr = 0gi0) ¥ = OG0, W, B
which reveals the interaction operator 0(3/121))/\(8) =
(31)/ fm(a) This operator has the following property:
01 041,() = 0012, (9" =0, 9)

which ensures the invariance of G, , under the uR-Ss;,
gauge. The notation (u, v)A, for the tensor indices of the
spin-3/2 interaction operator, is used to separate the actual
Lorentz indices of the gauge-invariant field, i.e., i and v, from
the Lorentz index that is contracted with the spin-3/2 field,
i.e., A. The corresponding spin-5/2 interaction operator, i.e.,

0(5,{3,1 ooz (0), 1s constructed from the direct product of two

spin-3/2 interaction operators,

@)+ 0.2 (30.)3,,®]

(v,p)o (1, p)T

%8A3p(guagvr + gurgva) + %8M8A(gvagpr + gurgpo) + %auap(gvagkr + gvrg)\a)

+ iauak(g;mgpr + gurgpa) + %avap(guag)»r + gufgka)' (10)
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The corresponding gauge-invariant field for the spin-5/2
theory reads

5 2 o
G;w,)\p = (p{v Ap)ar(a)w !
= —03,00¥5p — 3.0, Vpy
+ 2(0,03¥up + 30pVin + 0 W + 0,0, V),
1D
where the symmetry of the spin-5/2 field, i.e., ¥, = ¥,,,, has

been applied. This field is invariant under the uR-Ss,, gauge
(6) since

o 0/? 0’2 o
07 O 3101 = O ) (9)3” = 0, (12)
5/2 _A5/2 _
o O(MV kp)crr(a) - O(MV,Ap)af(a)a =0.

The specific definition (10) for the spin-5/2 interaction
operator is chosen so as to symmetrize G, 3, 1.€.,

G v,Ap = Gv A = G v,ph — Gv JPAs
v Ap wAp . p w.p (13)
G;/.v,k,o = G)Lp,;w-

An interaction theory constructed from G, ;, and a source
T;wkp: i.e.,

L1 = GuoipT" + T 03, G*, (14)

consequently, generates interaction vertices that obey the
transversality conditions of Eq. (5).

3. The propagator and the consistent interaction structure

Apart from the interaction vertices, the Feynman propagator
is another key element in the quantum-field theory of an
interaction. The Lagrangian £;, defined in Eq. (14), gives
rise to the following interaction structure:

O appore PP (DY e (P). (15)
in the transition amplitude. In Ref. [6], Shklyar et al. derived
an explicit form for the spin-5/2 propagator P,,,(p). This
propagator form, however, is not suitable for the current
analysis because it does not lead to the consistent interaction
structure of Eq. (4). In other words, with the propagator of
Ref. [6], the imposed condition of invariance of the interaction
theory under the uR-Ss, gauge (6) is not sufficient to remove
the unphysical interactions from the Feynman amplitude.
Indeed, using properties (12) in momentum space and the
explicit definitions of the lower-spin projection operators (A2)
and (A3), it is easy to show that

5 2 3/2,0t;0't 5/2
(IZU *P)Uf(p)lp'j/ (p)O(u/’v’,)L’p’)a’r’(p) =0,
i,j=12, (16)
ij #22,
and
O30 3re PP T (DYOG sy (P) = 0.
kl=1,2,3, (17)
kl #£ 22.
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This implies that all the lower-spin components of 1,,,,, except

for lez/iw;m(a)l/ﬂp and 73;2/2#” Ap(a)l/f)‘p, decouple from a
gauge-invariant spin-5/2 interaction. The propagator from
Ref. [6], however, contains these projection operators for
arbitrary values of its two free parameters. For a specific choice
of one of the parameters, 7322 s ,(P) can be removed from
the propagator. However, this is not the case for the spin-1/2
sector, and the interaction always receives contributions from
the propagating lez/,zuv;,\ p(8)w’\p component. This peculiarity
is intimately related to the infamous discontinuity in the R-S
description of spin-5/2 fields, which was found by Berends
et al. in Ref. [7]: The zero-mass limit of the massive theory
does not coincide with the massless theory, which is invariant
under the R-Ss/> gauge (2). The conclusion is that a gauge-
invariant spin-5/2 propagator, i.e., without terms proportional
to 77212/2#\, 2,(p) and 73232/,2Mu;x ,(p), cannot be derived from
the massive spin-5/2 theory. It is clear that, to construct a
consistent interaction from a gauge-invariant theory, a different
approach should be adopted.
The commonly used spin-3/2 propagator reads [8]

1
S_m(yupv - vay.)

(p) = p+m 1
/41) p p 8uv SV;L)/V

2
_Wp”p”) (18)

It is important to note that this propagator results from a
massive theory that is invariant under the R-S3,» gauge in
the zero-mass limit [5]. The projection operator that projects
the spin 3/2 field v, onto the physical spin-3/2 component

,w (8)1&" is given by [8]

1 4
PZ{S([)) = <guu - gy/tyv - 32 VuPv — YoPu)
2
_3_pzpll'pv . (19)

A closer inspection shows that the gauge-invariant spin-3/2
propagator (18) can be obtained from the spin-3/2 projection
operator (19) by means of the following substitutions:

p— m, p2 — mz, (20)

and subsequently, by multiplying it with (p —m)~!. Since
[P, y.] # 0, the substitution p — m of Eq. (20) only holds
when all the p’s are moved to the left from the Dirac matrices,
which is the case in expression (19). Equivalently, when all
the p’s are moved to the right from the Dirac matrices, the
substitution p — —m should be carried out. By applying the
prescription of Eq. (20) to the spin-5/2 projection operator
(A1), the following expression for the spin-5/2 propagator is
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obtained:

p+m
P v e S —
" ,Ap(p) p2 —
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1 1 1
3 [E(gukgvp + 8up8vr) — 58w 8 — E(g,uwp + 8uoVo¥a + 8ua¥uVo T &vpVu¥n)

1
+ m(guk(pvyp = Po¥v) + 8up(Po¥Va — Pavy) + 8un(PuYp — PoVi) + 8uvo(Pu¥i — PaYW))

1
+ %(g/wpvpp + & Pubv) —

2
%(g,upupp + 8upPvPr + 8uiPuPp + guoPuli)

1 1
+ —(Vu%\PuPp + YuVoPvDs + VoVo.PuPp + Vvyppup)\) + %(yltpupxpp + YwPuPiPp

10m?

2
—VaPuPvPp — YpPuPvPi) + %pupumpp} 21

The expansion of P,,.,,(p) in terms of the projection operators defined in Eqs. (A1)—(A3) reads:

ptm s, 4 3/2 1 32 32 2 2 2 1/2 1 12
Puvop(p) = [mp 12 _ 5?(wmw” + E(P]2 +P5) + SW(Iwrm)(p —m*)P,” — W(}é—i—m)’PB
V3 V6 V2
+ oS BHm(PY +P) = o S0P = mA(PIE + P) = (P + 73233/2)} (p)- (22)
HVAP

This propagator is a Hermitian operator,

P;Jiv;xp(p) = yOP)Lp;uv(p)VOv (23)

and has the following symmetry properties:

P,uv;)»p(p) = Pvu;kp(p) = P;w;pk(p) = Pvu;p)\(p) (24)

Moreover, this propagator does not receive contributions
from P;{?MV:Ap(p) and P%iv;kp(p). As a result, it generates

consistent couplings from gauge-invariant interaction theories,
5/2 o't 5/2
O ot (PIPTTT T (D)0 gy (P)

p+m s, 5200t 52
= 2 Qe PYP D)0 e ().

(25)

which is precisely of the form proposed in Eq. (4). As a result,
the unphysical components in the propagator completely
decouple from the interaction, which is fully mediated by

the physical spin-5/2 component Pjﬁ,\ p(a)w’ . By combining
Egs. (12) and (21), the consistent interaction structure (25) can
be reduced to

5/2 o't 5/2
O(MV,)\.p)of(p)Par ot (p)o(,u/v/,/\’p’)a’r/(p)

p+m _sp 52
7 04w apo e (PIOGiv 3 prore (P)

=
1 oo’ 11’ ot 10’ l ot o't
X[E(g g +g&°¢8 )—gg 8
1 oo’ T T’ ot T.,0
—E(g vy +8 vy
+e Yy + g”’y"y“’)]. (26)

From Eq. (26), it becomes clear why relation (25) holds
without resorting to the decomposition (22) of the propagator.

The propagator was obtained from the spin-5/2 projection
operator by means of the substitutions (20). These only affect
the terms that, at least, are linear in p,, which all vanish
upon contraction with the interaction operator since relations
(12) hold. As a result, only the physical component of the
propagator remains present in Eq. (25).

The above-mentioned method for deriving P,,,.;,(p) raises
some issues. As a matter of fact, there is an infinite number
of propagators that satisfy conditions (23) and (24) and
concurrently lead to consistent interactions. However, it is
confirmed by Huang et al., in their paper on the Feynman
propagator for a particle with arbitrary spin [9], that expression
(21) is indeed the appropriate one for the spin-5/2 propagator
apart from a series of noncovariant terms. As emphasized
by Weinberg in Ref. [10], the noncovariant terms should be
removed from the Feynman propagator to guarantee that the S
matrix remains invariant under proper orthochronous Lorentz
transformations. The derivation of the Feynman propagator
by Huang et al. does not rely on the expression for the free
R-S Lagrangian. Instead, the propagator is derived from its
definition: the vacuum expectation value of the time-ordered
product of the free R-S field and its adjoint. For the spin-5/2
theory, this definition gives rise to the following propagator:

AR (e — 51y = (O] T (¥ ()9 (x)}]0),
=00 — ) Ol ()P (x)]0)
— 00 — DO Y )[0).  (27)

The calculation of the Feynman propagator by Huang et al.
is based on the solutions to the R-S Egs. (1). Therefore,
this method does not suffer from the mentioned discontinuity
between the massive and the massless spin-5/2 theory.
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In Ref. [11], Shklyar et al. obtained a consistent spin-5/2
interaction by the explicit replacement,

Pt ptm P2
Prua(P) = 55— P () (28)

in the expression for the spin-5/2 interaction structure. They
use the following expression for P, (p):

p+m 1
Phvae(p) = —m< (SiaSup + SpSun) = 5 Suv Sap
+ m()gﬂ)g)\sup + }Sﬂdgpsvk
+ )SWS)LSM) + ﬁvﬁp&d)) ’ (29)
with
1
Sw(p) = —guw + ﬁpupw
Bu(p) = v"Suu(p)
/4
=—Yu+ ﬁpw (30)

Note that P, (p) does not coincide with Pyy;,(p) of
Eq. (21). In Ref. [11], Shklyar et al. assume that a uR-Ss,
gauge-invariant interaction leads to the substitution (28) in the
spin-5/2 interaction structure. However, they do not prove this
statement. Furthermore, P;w ,(P)isnotaspin-5/2 propagator,
it is a regular spin-5/2 projection operator that is multiplied
with (p — m)~!. By regular, we mean that the singular p~2 and
p~* factors of the spin-5/2 projection operator are replaced

with the factors m =2 and m~*, respectively.

B. Massive fermion fields with arbitrary spin

1. The general consistent interaction structure

In the previous section, it was demonstrated how consistent
interaction structures can be constructed for off-shell spin-5/2
fields. These results will now be generalized for off-shell spin-s
fermions with s =n 4+ 1/2 and n € N*,

The generalized interaction operator is defined as

n+1/2
0(,“-1 Mn Vi Up)Ag Ay (d)

= |)2 Z Z (31{12»\)1))»1(8) (3;{,12 V) (9). 3D

P(v) P(A)
Note that
~nt1/2
O(M lin |ER ) VST (3)

T Y0 @0, @

P(p) P(v) P(2)
=0, (32)

. . . . 3/2
since this operator is symmetric under p; <> v; and O, ), =

—0(3u/ i)k' The associated gauge-invariant field for the spin-

(n+1 /2) theory is given by
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_ Antl2 Aty
Giropirvrve = O L ooy, @Y (33)

where v, ...,,, represents the spin-(n + 1/2) R-S field. By con-
sidering the expression for O("Jl/i V1A (9) of Eq. (31)
and the total symmetry of V.., in its Lorentz indices, the

expression for Gm Jur-v, Of Eq. (33) is reduced to

3/2 3/2 AeAn
Z O(Ml Ul))\l(a) T 0<Mn,u,,>x,,(3)1ﬂ : .
: P(v)

Guyopyvyov, =
(34)
This expression for G, ..., v,.v, can be reformulated as

B D) I

P(p) P(v) k=0
Xaltkﬂ e aMn Iﬁl’-l“‘ﬂkkarl"'Vn ’ (35)

G “MnsV1eVn

with
in(_l)k
T onlkl(n = k)

The field Gy, ..., vy, 18 totally symmetric in its p; and v;
indices and has the following property:

Gy, = (=1 Gy s 37)

Furthermore, it is invariant under the uR-S, /> gauge,

1), Y i (38)

P()

G = (36)

Vi = Vo, +

with x,,,....,, , as an arbitrary totally symmetric space-time-
dependent rank-(n — 1) tensor-spinor field. The invariance of
G i) -ju, 010, Under the uR-S,, 1> gauge (38) is assured by the
following properties of the interaction operator:

A AI1/2
a AO(Ml"'lln»VI"'Vn))hl‘“}\n(a)
n+1/2 2
= Ot sy vy -2, ()™
=0, 39)

where k runs from 1 to n. The interaction theory,

-G 1 ViV
Lr=Gpuppyir, T

= g, V]V
T gy GV, (40)

which couples the gauge-invariant field G, ....., ;.. tO the
external source Ty, ..., v, , ENETates transverse interaction
vertices, i.e.,

pm‘rl’»l “Mn — O (41)

where k runs from 1 to n, p, represents the four-momentum

Ao . . .
of ¥y, .., » and T';' " represents the interaction vertex derived

n+1/2,x; - u "
from Oy u)(a)T“l Hn by

The next step consists of deﬁning the spin-(n + 1/2)
projection operators. The general expressions for the spin-
projection operators for bosons and fermions were first derived
by Behrends and Fronsdal in Ref. [12]. The spin-(n + 1/2)
projection operator is defined as

n+1/2 _n +1
P (p) 2n + 3

a3V VUn

/RN ) N C )
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and depends on the spin-(n 4+ 1) projection operator. The
expression for the spin-n projection operator reads

Kmax

!2 Z Z Z AnPMIMZPVIVZ

P(u) P(v) k=0

PZI Vi Un(p)

..P/’«Zk—]/LZkPVZk—IVZk l_[ P/tzvn (43)
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and P,,,
Puv = 8uv = #pupu- (45)
The coefficients A} are given as
| — 2k — 1N
A = (—12)k k!(nn_'Zk)! (2;1(2’12_1(1);).. (46)

However, expression (42), for the spin-(n + 1/2) projection

i=2k+1
operator, can be elaborated further by explicitly carrying
with out the contractions with the Dirac matrices. This leads to
a more convenient expression for the projection operator.
1 n even, Through a series of tedious calculations, which is the subject
kmax = { - (44) of Appendix B, the definition of the spin-(n 4 1/2) projection
., I odd, operator is reformulated as
|
kmax,l n
,PZTI;/LZ,I BURSA (p) = Z Z(Z Azpmmpvlvz T PMZk—]MZkPVZk—]Wk 1_[ P ivi
P(u) P) \ k=0 i=2k+1
Kmax,2 n
+,PM1,PV1 Z BZPM2H3PV2V3 e PMZkNZkHPVZkVZkH l_[ P ivi> ’ (47)
k=0 i=2k+2
I
with P2 ., (p) through the substitutions,
z n even 1
kmax = 27 , PU(P)=gu——pp
! {"T n odd, . et
(48) 1
X _ TZ n even, — 8uv — ﬁpup\n (5221)
me2 T sl odd. and
3 n n ﬁ 1
The coefficients 'Ak and Bk read 'Pu(p)'Pv(p) = YuW» + _(V;va — vau) — —DPuDv
P’ p’
a 1 1 (2n =2k + DN 49 1 1
k — (=2)k nlk\(n —2k)!  (n+ DI (492) = YuWv + n—1(1’upu — YoPu) — Wpupw
1 1 2n — 2k — DH!
Bl =— en " 4ob) (52b)

(=2 nlk!(n —2k—1)!  @2n+ D!

The spin-(n + 1/2) projection operator is totally symmetric
in its yu; indices as well as in its v; indices and satisfies the
R-S constraints,

Pt e e, (DY =0,

P (PP =0,

p.]r])n-‘rl/z (p)

[ L R

M]rPn+1/2 (P)

‘Hn3VieeVn

(50)

The general expression for the spin-(n + 1/2) propagator,
which was derived by Huang et al. in Ref. [9], consists of
a covariant part and a noncovariant part. The covariant part of
the propagator is given as

=—p”j+ Ptz ). (5D

Py, (P) 5 ey

The on-shell spin-projection operator P +l,/12” wpevy (D)

is obtained from the off-shell spin-projection operator

These are equivalent to the substitutions (20) carried out
for the spin-5/2 theory. Obviously, the noncovariant part of
the propagator should be ignored to preserve the Lorentz
invariance of the transition amplitude as required by the special
theory of relativity.

The consistency of gauge-invariant interactions, which
are described by the interaction Lagrangian (40), can now
be proven. As becomes clear from substitutions (52), the
spin-(n 4 1/2) propagator P,,.....,:v,..v,(p) differs from the

spin-(n + 1/2) projection operator PMT% v, (p) in the
momentum-dependent terms. However, by considering the
properties of Eq. (39), the momentum-dependent terms of
the propagator drop out from the interaction structure. As
a consequence, the general interaction structure is invariant
under substitutions of the type (52), and the propagator can be
replaced by

p+m
Pyypiyivg o, (P) = mpﬁi.l.{i;vlmuu(l?)- (53)
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This proves the consistency of gauge-invariant interactions. The latter property follows directly from the fact that the physical

spin-(n + 1/2) component P /2

it eepimivy vy ()Y of Wy, ..., mediates the interaction.

The expression for the most general consistent interaction structure is reduced to

n+1/2 O T Ty n+1/2
Otr-tag -, (PYPT T (PYOGL 1o, (P)
ptm Kmax,1 n
_ n+1/2 n+1/2 - 2k— iTi
- pZ — m?2 (Ml"'/’«nvvl"‘vn)(’l"‘gn( ) 0‘41"')‘-nvpl"‘prz)t]‘“rrl(p) Z Z(Z AZgU‘UZgnTz - g‘w‘ ‘””g” e l_[ ga K
P(o) P(t) \ k=0 i=2k+1
Kmax,2 n
+ yo'l 7/71 BZgg2g3gT2T3 L g02k02k+1g72ﬂ2k+1 1_[ gUiTi> (54)
k=0 i=2k+2
I
owing to relations (39). From Eq. (54), it can be concluded reads
that the power of the momentum dependence of the consistent
: : : : : ) n+1/2 v o n+1/2
interaction structure rises with the spin qf the? R-S field. Ol e, @ =y oy O e, ()
This is a direct consequence of the gauge invariance of the
interaction. Indeed, the spin-specific momentum dependence _ i Z 032 @) - O @),  (58)
of the consistent interaction structure is provided by the two o = (r)r (“ Y 270
interaction operators of Eq. (54), and the interaction operator @
consists of products of n four-momenta as can be derived from with
. n+1/2 .
the definition of 0(u1---un,v1~~-vn)al~~-o,, (p)in Eq. (31).
O 3/2 ;
O =y O, 0) = i@y — Pgun). (59
2. Consistent couplings for the (¥ ¥, ..,,) and The advantage of using Wy, ...,,, instead of G ..., v,...v, should

(A Yy .,.) theories

Consistent interaction theories for off-shell spin-(n + 1/2)
fields can be constructed from the gauge-invariant field
G 1yt v1 v, » Which is defined as

=2 2D Gidw---y

P(u) P(v) k=0
X 0

G piy-opa.vr-v,

M1 " aun wm~~~MM+1~~vﬂ- (55)

From G, ..., v,.-,» @ much more convenient gauge-invariant
field can be derived by considering the fact that G, ..., v, .-,
possesses twice as many Lorentz indices as the original field
Yy, - This field is defined as

Wiy =V V" Gty o1,
= ZZ 'g ;3 8#k+l e Mn
P(p) k=0
XYy v v (56)

and shares the properties of ¥, ...,,,. Indeed, it has the same
number of Lorentz indices, it is a totally symmetric field, and
it obeys the R-S constraints,

(57a)
(57b)

MW, — 0,
YW, e, — 0.

That is, the field combinations in Eqs. (57) result in a
zero transition amplitude, as will be clarified shortly. The
corresponding interaction operator for the field W, ..,,

be clear: The reduction in the number of Lorentz indices along
with the R-S constraints (57), lowers the number of possible
interaction theories. The interaction structure associated with
W, ..., 18 found to be

+1/2 A0t Pn +1/2
O?m---un)/\wkn(p)P ] o (p)o?vl"'Vn)Pl“'pn(p)
w Ptm i
e Pht e () (60

Indeed, only the term (—p)" g2, - - u.n, Of the interaction
operator, which corresponds to the term (—ig)"v,,..,,, of
W, ..u,» contributes to the interaction structure. All other
terms of the interaction operator contain at least one y;,
and, subsequently, vanish because of the first of properties
(50). Since the interaction structure associated with W, ...,
is proportional to the spin-(n 4+ 1/2) projection operator
’Pﬁﬁ.l.l/fn;,,] v, (p), relations (57) follow immediately from prop-
erties (50). Equation (60) is just how a consistent local
interaction structure would be constructed in an intuitive way.
It is proportional to the spin-(n + 1/2) projection operator,
which ensures the consistency of the interaction, and the
nonlocalities of the latter are exactly canceled through the
p*" factor.

To construct consistent couplings for the (¢yy; ., ) and
(Ap¥yry,..,.,) theories, the spin-3/2 theory is considered first,
since this is the most simple and, hence, the most studied
R-S theory. Popular choices for the (¢y¢;) and (A, y;)
couplings read [13]

/ ig()— v
— m—¢w“®w(zo)w 9"¢ +Hec., (61)
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and
E/(Aliv,]/,; = %WN®HV(Z1)FM¢F” +H.c.,
Ufiw; = —A%WL@M(@)F o,y F* +H.c., (62)
‘C/(j:l//w; = _%EM@);W(ZS)FI/I 9, F* +H.c.

Here, the g;’s are coupling constants, the z;’s are so-called
off-shell parameters, ©,,,(z) = g — (2 + %)yﬂ ¥, is the off-
shell tensor, and F),, = d,A, — 9, A,,. Furthermore, I' = 1 if
the parities of the outgoing state and the incoming state are
equal, and I = ys in the opposite situation. The Lagrangians
of Egs. (61) and (62) are inconsistent since they involve
unphysical interactions that are mediated by the spin-1/2
component of v,. This comes as no surprise since these
couplings are not gauge invariant. However, the inconsistent
off-shell interactions can be turned into consistent interactions
by means of the substitution,

1
O (@)Y — Z‘D“’ (63)

where m represents the mass of ¢ or twice the mass of {. The
new consistent (¢y ;) and (A, ;) couplings read

l —
£¢¢¢f§ = igly/trllf 9*¢ + H.c., (64)
Mg
and
) ig1 — )
EAM‘P‘/’Z = 4m21// \DﬂrvaF * +H.c.,
@) 8 —
Lo, = _%‘I’HF Y F™ +Hee., (65)
G) 8 — )
Lawu, = —@%Fw 9, F"* + H.c.

The consistency of these interactions is guaranteed by the
explicitly gauge-invariant field ¥, = i9,y "y, — pv¥,,). Note
that the derivative, which acts on ¢ in Lagrangian (64), cannot
be replaced by a Dirac matrix because of property (57a). The
interaction Lagrangian with the derivative, which acts on 1,
ie.,

Lopy: = 220, T 9"y ¢ + Hec. (66)

2 mé ®

is equivalent to Eq. (64), aside from a minus sign, as seen from
partial integration and property (57b).

The consistent interaction Lagrangians for the spin-3/2
theory, i.e., Egs. (64) and (65), can be generalized for
the spin-(n + 1/2) theory. The consistent (¢ ) and
(AMWW;,...H“) couplings read

*
K1 Mn

L8, Ty M - 9P + Hee., (67)

Lovtym = o

¢
and

£ '
A/M[/KD:I‘.'M” (zml//)2n

Co. @Ml FU 4 Hec,

EMI"'I’-n—II‘m [y, 0"
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l'n+l o
‘C(Z) LE \Il,ul“‘ll«n—IMnF 3V3M1

AV Qmy )2+
o @kl FY% 4 Hec.,

l'n+1
(&) — —&E ot
AV (2m¢)2n+1 K Hn—1Hn
<ot 9, FYM 4+ Hec. (68)

Indeed, the joining (n — 1) Lorentz indices of W,,..,,, as
compared to W, can only be contracted by derivatives that
do not act on W, ..., since properties (57) hold.

III. CONSISTENT INTERACTIONS IN HADRON PHYSICS

The nucleon has various excited states, which are com-
monly dubbed nucleon resonances. They are identified with
their different masses, spins, and decay widths, which reflect
the specific internal structure of the resonance. The quantitative
information on the excited nucleon states is gathered by
the Particle Data Group (PDG) from various partial-wave
analyses, which aims at describing pion- and photon-induced
meson production processes [14]. Alternatively, these pro-
cesses can be described by isobar models. An extensive
overview of the various partial-wave and isobar models is
found in Ref. [15]. To describe nucleon excitation processes in
a consistent way, isobar models require a consistent high-spin
interaction theory. Such a theory was developed in Sec. I B2.
The following sections illustrate how this interaction theory
can be implemented in the study of processes that are of
key importance in hadron physics. To this end, the KT A
photoproduction process from the proton is selected

yp — KTA. (69)

It is worth stressing that all discussions of the following
sections apply equally well to other hadronic processes that
involve off-shell high-spin interactions.

A. Inconsistency of standard hadronic form factors

The threshold energy W, for K™ A production is given
by [14]

Wo =mg+ +mp =~ 1610 MeV. (70)

In an effective-field framework, the p(y, K*)A reaction is
modeled with hadrons as the basic degrees of freedom, i.e.,
the hadrons are represented by effective quantum fields. The
expression for the differential p(y, K*)A cross section in the
center-of-mass frame is given by [16]

do 1 1 |ﬁK|_

= — M 2 1
9%~ Gan? W2 Elb MMA| Mgl (71)

Here, W is the invariant mass, E}f‘b is the photon energy
in the laboratory frame, pg is the three-momentum, and
Ok is the scattering angle of the kaon in the center-of-mass
frame. Furthermore, A, A,, and A, are the photon, proton,
and hyperon polarizations. The notation ZM,,.AA denotes
appropriate summing and/or averaging over the polarizations
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g KT

p A

FIG. 1. The tree-level Feynman diagram for the resonant s-
channel contribution to the p(y, KT)A reaction in an effective-field
theoretical framework.

of initial- and final-state particles. Finally, M;_; , 1, is the total
transition amplitude. Its squared absolute value is calculated
as

Myl , (72)

= [up The, up

with u;” and uf\A as the proton and hyperon spinors, sﬁ as the
polarization four-vector of the photon, and 7}, as the truncated
interaction current.

Figure 1 depicts the tree-level Feynman diagram for the
resonant s-channel contribution to the p(y, KT)A reaction.
In this channel, the photon excites the proton to form a
nucleon resonance, which is labeled N*. In the N*’s rest
frame, the spin of N* can be determined by the photon-proton
relative orbital angular momentum. The nucleon resonance
subsequently decays into a K* and a A. To account for
the finite lifetime of N*, the following substitution in the
expression for the N* propagator is required:

Pr+mpg Pr+mp
> > = = R . (73)
Pr — My PR —my +imglg

In the tree-level approximation of Fig. 1, the propagator
remains undressed. As a consequence, the decay width of
the unstable particle, i.e., the resonance, is not generated
dynamically. Then, the finite lifetime of the resonance can
be implemented by means of the substitution of Eq. (73).
From expression (71), the unpolarized total cross section,

dQg 1 |pkl| 1
°“<W)=/ 642 W2 Bl 22
Y

2
[ Mg s |

Ashp,ha

(74)

can be calculated. In the presented calculations, the coupling
constants of Egs. (67) and (68) are chosen to be equal, i.e., go =
g1 = g» = g. The coupling constant g is determined from the
requirement that oy,,x = 0.10 b, which is the typical order of
magnitude for the reaction yp — K+ A. InFig. 2, o is plotted
for three artificial resonances with mpz = 1700 MeV, TI'y =
50 MeV, and spins J,f =1/2%,3/2%,5/2%. The coupling
constant g for each of the three resonances is denoted by
8172, 83,2, and gs,». The explicit expressions for the spin-
1/2%, the spin-3/2*, and the spin-5/27" truncated currents are

PHYSICAL REVIEW C 84, 045201 (2011)
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FIG. 2. (Color online) The energy dependence of the yp —
N* — KTA cross section. N* is a mock resonance with mgz =
1700 MeV, I'yx =50 MeV, and Jf =1/2% (solid curve), 3/2+
(dashed curve), 5/2* (dotted curve). The coupling constants are
812 = 17, 832 = 075, and 852 = 3.2.

given by
+ mpg
T = Pr
u (8os) 22 ni + impTn
tegi
[—(k kVu)} (75)

j +mpg
732" — 180 2 Pr P32
m m%(+p[(+ pRp%g_m%g‘i‘lmRF i UI(PR)
ieg
[ ? vs(kep — k")

ieg » »
+ Sm—i)/s((kp)gﬂl —k 1Pu)i|, (76)
p

80
T = (m Vsp’,éhpm)
K+

PR+ mg
<pR 2 PZ{,ZQ;UM(PR)

PR — mR +imglg
ieg, " vy

X
|:16m‘;p (kg“

iegy
5
32m;,

_ kvzyu)

+

p" (kp)g,> — k”m)} (77)

and the corresponding cross sections are denoted as
012+, 032+, and o5,>+. In the above expressions, e represents
the charge of the proton, k,,, p,, px+.,and pr, =k, + p,
represent the four-momenta of the photon, the proton, the kaon,
and N*. Furthermore, m , and m g+ are the masses of the proton

and the kaon. Note that p% = W?2. The expression for T,,/*"

3/2+

was obtained from Ref. [17]. The expressions for 7,;’" and

T,f /%" were derived from the consistent interaction Lagrangians
(67) and (68) and the consistent interaction structure (60).
Since the equations of motion for the real photon field are
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given by

0 F'' =0, (78)
3/2+ 5/2+ . .
the truncated currents 7,;"" and 7'~ do not receive contri-
butions from the third Lagrangian of Eq. (68).

By inspecting Fig. 2, it is observed that o1,,+ decreases
asymptotically with W, whereas, 03,2+ and o5/+ grow indefi-
nitely with W. The higher the spin of the resonance, the faster o
rises with W. This clearly is an unphysical and an unacceptable
behavior. To remedy this, one commonly introduces a hadronic
form factor, which cuts the transition amplitude M, ; 1,
beyond a certain energy scale. Hadronic form factors that are
commonly used in the literature are of the dipole form [18]

A4
Fy(ssmp, Ag) = ———& (79)
(s — m%) + A‘,‘e
or the Gaussian form [19]
(s —m3)°
FG(s;mR»AR) =eXp Y (80)
A%

with s = W? and Ay as the cutoff energy.

For the remainder of this discussion, the following resonant
s-channel contribution to the p(y, K*)A reaction will be
investigated in detail,

yp — N(1680) Fjs — KTA. (81)

The nucleon resonance N(1680) Fis is an established J If =
5/2% resonance with a four-star rating in the Review of Particle
Physics of the PDG [14]. It has amass mp = 1685 MeV and a
decay width I'y = 130 MeV. The computed cross section that
uses a Gaussian form factor to cut off the transition amplitude
athigh energies is denoted as o . The value of the cutoff energy
is fixed at a typical value of Ag = 1500 MeV. The result of the
calculation of o is shown in Fig. 3(a). A seemingly resonant
structure is observed. This structure, however, is not associated
with the resonant structure of the N(1680) Fs. Indeed, o has
Whax ~ 2250 MeV and FWHM = 450 MeV, with W,.x as
the invariant mass that corresponds to the maximum value
of the cross section and FWHM as the full width at half
maximum. Clearly, the computed energy dependence of og
displays little resemblance to the expected behavior of a
resonance with mg = 1685 MeV and I'x = 130 MeV. Figure
3(b), which provides a closer look at o in the threshold-energy
region, reveals that any sign of a resonant structure at W ~ mpg
is missing.

The observed energy dependence of og, which can be
conceived as unphysical, is generated by the combination
of the opposite high-energy behavior of o and Fg. In the
high-energy limit, o rises with the energy as observed in
Fig. 2. This feature is characteristic for off-shell high-spin
interactions. On the other hand, F; decreases for growing
W > mg. For a particular value of the invariant mass, denoted
by Whax. the decrease in Fz becomes strong enough so as
to prevent og from growing indefinitely. As a result, the
maximum value of og is reached at Wy, and an artificial
structure is created. The fact that the resonant structure at
W & mp is not observed in the computed energy dependence
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FIG. 3. (Color online) (a) The energy dependence of the yp —
N(1680) Fi;s — KA cross section. A Gaussian form factor was used
with Ag = 1500 MeV and g = 1.7. (b) A semilogarithmic view of
the cross section in the threshold-energy region. The arrows indicate
the position of the mass of the N(1680) Fis.

of o can be attributed to the relatively large decay width of
the N(1680) Fi5 in combination with the fast increase in o
with growing W.

Clearly, the computed cross section o of Fig. 3(a) lacks
any obvious physical meaning. Indeed, the resonant structure
at W &~ mpg is erased, and an unphysical bump dominates
oG for mp < W <3000 MeV. A clear-cut remedy consists
in cutting off the physics at smaller energies, i.e., lowering
A . Figure 4(a) illustrates the energy dependence of o for a
range of cutoff energies. Indeed, it is observed that lowering
A results in a mere shift in the unphysical bump toward the
threshold energy Wj. The peak position and width of the bump
in the energy dependence of o appear to be a function of Ag.
The unphysical bump persistently dominates o¢. In Fig. 4(b),
the decay width of the N(1680) Fs was artificially lowered
to 'y = 20 MeV so that the N(1680) Fis’s resonance peak
is dominant at W ~ mpg. In this case, lowering Ay is indeed
an effective remedy. However, it is not a priori clear what
value that should be assigned to Ag. Furthermore, most of
the established nucleon resonances, if not all, have a relatively
large decay width [14]. As such, lowering A g does not really
provide a physically acceptable solution. Similar problems
occur for spin-3/2 resonances and higher-spin resonances.
This is a feature that is inherent to the consistent description
of high-spin interactions within the R-S framework. The
conclusion is that the unphysical structure in og cannot be
removed in a consistent way by lowering the value of the form
factor’s cutoff energy.
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FIG. 4. (Color online) The energy dependence of the yp —
N(1680) F;5 — K+ A cross section for various values of the cut-
off energy of the Gaussian form factor. In (a), the real decay
width of the N(1680) Fis was used, i.e., 'y = 130 MeV, and
g=24,33,42,5.3 for Ag = 1250, 1000, 750, 500 MeV. In (b),
the decay width of the N(1680) Fjs was set to I';, = 20 MeV and
g =12.6.

It is important to stress that, with the dipole form factor of
Eq. (79), things get even worse. Indeed, the dipole form factor
does not fall fast enough with energy, and o, keeps on growing
in the high-energy limit. This is obviously an unsatisfactory
situation.

In Ref. [6], consistent spin-5/2 interactions are constructed
from the gauge-invariant field W/ , defined as

v
/ mEy Ap
v, = ﬁpﬂv;xp(a)l/f , (82)

with m as an arbitrary mass. The gauge-invariant field W/,
is restricted to a pure spin-5/2 component. This restriction is
indispensable since the spin-5/2 propagator of Ref. [6] does
not generate consistent couplings from interaction theories
that are only required to be invariant under the uR-Ss,, (6) as
clarified in Sec. Il A3. The gauge-invariant field W) , gives rise
to the following truncated current for the tree-level p(y, KT)A
amplitude:

2 2 4

/ Pr Pr w
T =|\—-—" 1T, — = T,, 83
" <m%<+> M( 4m12”) dm2m>, " (83)

UKt

with T}, defined in Eq. (77). Since it features additional powers
of W, the corresponding cross section grows even stronger with
W in the high-energy limit than by applying the consistent
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interaction theory of Sec. II B2. It is clear that its unphysical
behavior is even more problematic.

B. The multi-dipole-Gauss form factor

In Sec. IIT A, it was pointed out that the unphysical behavior
of o¢ is caused by the divergent high-energy behavior of o
in the tree-level approximation. This feature is characteristic
for consistent high-spin interactions. To restore the physical
resonance peak, the high-energy behavior of o needs to be
regulated. The angular dependence of o, which reflects the
quantum numbers of the exchanged particles, should be left
unaltered by such an operation.

In the expression for the consistent interaction structure
(60), the prefactor (p%)”k = 5"k withng = Jg — %,combined
with the 2ng four-momenta that are to be contracted with
the spin-Jk projection operator, give rise to a factor s*'f =
(s2)’#=1/2 for s > m%. It is exactly this factor that causes the
unphysical behavior of og. To resolve these problems, the
(s%)’#=1/2 factor needs to be included in the denominator of
the hadronic form factor. This can be achieved by multiplying
Jr — % dipole form factors (79) with the Gaussian form factor
(80). The following explicit form for the modified hadronic
form factor is suggested:

~ Jr—1/2
m3T5(Jr)
(s —m3)’ +m3i (e

_ 2)?
X exp (——(S ") ) , (84)

Ak

Fuc(s;mp, Ag, g, Jg)= (

and is dubbed a multi-dipole-Gauss form factor. To preserve
the interpretation of the decay width of the resonance as the
FWHM of the resonance peak, a modified decay width 'y is
required. The explicit expression for the modified decay width
depends on the spin of the resonance and reads

~ '
r =—
RUR) = s (85)

The details of the derivation of the expression for r r(Jg) have
been diverted to Appendix C. The above choice for F,,g is
inspired by the expression for the squared absolute value of
the propagator denominator, i.e.,

(p?e — m%e + ime;R)il(plz,e — m% - imRFRY1
= [(s —mz)" +mi%]", (86)

where p% = s has been substituted. In this way, the multi-
dipole-Gauss form factor raises the multiplicity of the propa-
gator pole at the resonance mass.

Figure 5(a) compares a multi-dipole-Gauss form factor with
Ar = 1500 MeV to a Gaussian form factor with the same
FWHM. Despite the fact that the two form factors shown in
Fig. 5(a) appear similar, their effect on o is vastly different.
This is illustrated in Fig. 5(b), which depicts the computed
cross sections that adopt both form factors. As explained
before, the energy dependence of o should be interpreted as
artificial. The peak position and width of the observed structure
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FIG. 5. (Color online) (a) The multi-dipole-Gauss form factor
with Az = 1500 MeV (solid curve) and the Gaussian form factor
with Az &~ 655 MeV (dashed curve) for the N(1680) F5 as a function
of the invariant mass W. The cutoff energy of the Gaussian form
factor was calculated so as to obtain the same FWHM. (b) The energy
dependence of the corresponding yp — N(1680) F;5s — K™ A cross
section with g = 6.2 (solid curve) and g = 4.6 (dashed curve).

in o are determined by the value of the cutoff energy. The
multi-dipole-Gauss form factor has a larger impact on the
high-energy behavior of o and prevents the formation of an
artificial bump. The form factor F,,; augments the effect of
the N(1680) Fs’s propagator, and this makes sure that, in the
computed o,,¢, the resonance peak occurs at W ~ mpg. Yet, it
appears as though the mass of the N(1680) Fis is shifted by
approximately 100 MeV. This mass shift is a threshold effect
and is caused by the fact that mp — % ~ Wy and o(Wy) = 0.
The mass shift decreases with increasing resonance mass and
decreasing resonance decay width.

In Fig. 6, the cross sections of Fig. 4 are replotted by
employing a multi-dipole-Gauss form factor. The minor shift
in the resonance peak in Fig. 6(a) does not have the same
origin as the artificial bump of Fig. 4(a). Here, the shift is
caused by the comparable magnitudes of Ag and I'g. As a
consequence, the resonance peak gets increasingly narrowed
by the form factor, and this results in a reduction in the
mass shift, which was explained in the previous paragraph. In
Fig. 4(b), the decay width of the N(1680) F}5 was artificially
lowered to I', = 20 MeV. Here, it is apparent that the energy
dependence of 0, is indeed the same for all cutoff energies.
Figure 4(b) also confirms the fact that the mass shift decreases
with decreasing decay width: The mass shift amounts to
approximately 3.5 MeV.
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FIG. 6. (Color online) The energy dependence of the yp —
N(1680) F;5 — K+ A cross section for various values of the cutoff
energy of the multi-dipole-Gauss form factor. In (a), the real decay
width of the N(1680) Fis was used, i.e., 'y = 130 MeV, and
£=06.3,6.5,7.0,8.5 for A = 1250, 1000, 750, 500 MeV. In (b),
the decay width of the N(1680) F;s was set to I', = 20 MeV and
g =42

IV. CONCLUSIONS

In this paper, a theory of consistent interactions for
massive high-spin fermions was developed. It was proven that
gauge symmetry was the necessary and sufficient condition
to assure the consistency of high-spin interactions. From
this gauge symmetry, the most general consistent interaction
structure was constructed for off-shell high-spin fermions.
In addition, consistent couplings for the (¢pyyr ) and
(A MPW;, Mn) theories were derived.

It turns out that the power of the momentum dependence
of consistent couplings rises with the spin of the R-S field.
This gives rise to unphysical behavior in the computed tree-
level cross sections if the reaction is cut off by a standard
hadronic form factor. A persuasive solution was proposed
in terms of an alternative phenomenological hadronic form
factor, namely, the multi-dipole-Gauss form factor. We deem
that this form factor, in conjunction with the consistent
interaction Lagrangians developed in Sec. II B2, provides a
proper framework to implement the exchange of high-spin
resonances in hadrodynamical analyses.
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APPENDIX A: THE PROJECTION OPERATORS FOR THE SPIN-5/2 THEORY

The projection operators for the spin-5/2 theory read [6]

1 1
Z{,ZAP(P) (P/MPUp + P;Lppvl) - gpuvlpkp - E(PMPA'PWJ + ,PM’P/J,PM + ,P\)P)\.PMﬂ + ,Pv?plp,u_k)a (Al)

131/2#‘1 )\p(P) (PMA va + ka Q/Lp + ,P/Lp ka + Pvp Q;M) R/LUR)L/) 5

P32

22 w; AP(P) 10 (PMPKPUp + IP;LIP,O,PVA + PVFAPMA + Pv?ppup) - EP;LUPM)’

1 1
Pyl an(P) = 375t PP+ PoPus) & o PP+ RPN = 3 PR = = PP (A2)

1
Pll o) = Q@i Poius(P) = 3PuPrps Pal, Ap<p> RWRM,
1/2 1/2 1/2 l 2
21/;w kp( p)= «/—,PMVQ)»P = PIZ/,Ap;Mu(p)’ ’51/;“) Lp( p)= \/— ZRIWQ)LPp - 13/)\,0;,uv(p)’
1/2 1/2
Pyl (D) = — f ——PuRoph = =P335y (P): (A3)

with
1 v P 1
’Puv(P) = 8w — ?Pupm ’PM(P) =Y an(p) =VYu— ?p/u qu(p) zpupv’

2
Riw(p) = pu P+ Pubv = VubPv +YoPu) — ?iﬁpupu. (A4)

The projection operators project the spin-5/2 field v, onto the (physical) spin-5/2 component and the (unphysical) spin-3/2
and spin-1/2 components, respectively. The following orthogonality relations apply to these operators [7]:

gTT Pll NTATR ar(p)Plc]j/,U’r’;Ap(p) = 81]'81k7)i§,uv;kp(p)' (AS)

APPENDIX B: THE SPIN-(n + 1/2) PROJECTION OPERATOR

The kth term in expression (42) for the spin-(n + 1/2) projection operator reads

+1 +1 n+1
2’;4—3 (n+l)'2 y* (ZP(M) ZP(V) AZ Pﬂlﬂzpvlvz e Puzk—luzkpvzk-lvzk Hi:2k+l me) y. (BD)

4k k12 (n—2k+1)!

The braces indicate how many times the relevant factor can be transformed into itself by applying permutations of the Lorentz
indices, which are contained in the double sum. From now on, the factor 2”,;13 W and the double sum are dropped for
reasons of simplicity. By explicitly carrying out the contractions with the Dirac matrices, five different terms are obtained,

namely,

AZH%LJP\& P/ta/mpvw; T Plkzk—l/‘-zk PUZk—l”zk H?:zlkﬂ P/h’”f ’ (B2)
4= (=112 (n—2k+1)!

AZ-H PMzPM’Pvz% Pmﬂspvws e PMZH’-ZA'H Pvzkvzk+1 H?:ZlkJrZ PM: Vi (B3)
4kk1(k—1)! (n—2k)!
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n+1

AZ+1 PMZM PVZPVS PM4I/-5 Pvm e PI/-21<M2k+17)V2kV2k+1 l_[i:2k+2 PMiVi s (B4)
4k (k—1)! (n—2k)!
n v n+1
Ak+1 (VMIPMW] Y ])Puzmpvzvz T Pﬂzkﬂ2k+1PV2kU2k+l Hi;er-&-Z,PMivf ’ (BS)
4kk12 (n—2k)!
n n+1
Ak+] ,P\&PM PM3M4PV3V4 e PMzk+lM2k+2PU2k+1U2k+2 Hi:2k+3 P//-i\), . (B6)
4kf12 (n—2k—1)!
[
Note that only expressions (B5) and (B6) have a k = 0 term. (B5) —» 3(n — 2k + 1) A’IZH
All of these terms have to be multiplied with a factor that
accounts for the modified number of permutations that can n
be performed to transform the relevant term into itself. These X PuiiisPorvs =+ Proi 1 Pooe v 1_[ Privis
factors read i=2k+1
®2) fP(n —2k+ 1D a2 ®7) (B16)
- M1k — D2 =2k + 1)! ’ B6) > —(n — 2k + 1)(n — 2k)
k112 n
(B3) - 4kt (n —2k+ 1)! = k(l’l — 2k + 1)’ (B8) X Ak+1IPM1PV1 PMM}PVZW T 73/‘«2k/‘v2k+17)1’2k‘)2k+1
45k (k — D(n — 2k)!
412 (n — 2k + 1)! X Pov +2n —2k + 1)(n — 2k
(B4) — (n TO  — kD). (BY) ._H v+ 2 X )
45Kk — D(n — 2k)! i=2k+2
k112 n
BS) — Ak — 2k + ! =n—-2k+1, (B10) X AkHP/AlVlPMzMPVzVs T P,U«ZkMZkJrlPVZkVZkJrl
4kk12(n — 2k)!
4R20n — 2k + 1! < [T Puw- (B17)

(B6) — =(n — 2k + 1)(n — 2k).

4Kk 2(n — 2k — 1)!
(B11)

By renaming the Lorentz indices and by using the following
properties:

?MIPU = _,PU%L + ZPMV,

(B12)
VH’PMI))/V = 37
expressions (B2)—-(B6) can be transformed into
(BZ) - 4(k + DZAZI%%MPV]’PMM},PVZW
e PMZkHZkHPVszZkH l_[ P Vi’ (B13)

i=2k+2

(B3) — 2k(n — 2k + AP

n

X PMI#ZPVIVZ e 7)1421(71#2/(7)\121(711)21( l_[ P ivis
i=2k+1
(B14)

(B4) — 2k(n — 2k + 1A

n

X PMIHZPV]VZ e PHZk—]MZkPVZk—IVZk l_[ P ivis
i=2k+1

(B15)

i=2k+2

Here, the substitution k — k 4+ 1 was made for expression
(B13), and the k = 0 term was added for expressions (B14)
and (B15) since they are proportional to k. In this way, all
expressions obtain a k = 0 term. Note that the second term of
expression (B17) can be rewritten as

2(n — 2k + 1)(n — 2k) A}

n
X Puivy Puaps Poys -+ - PMZkM2k+|PUszzk+I l_[ P

i=2k+2
=2(n—2k+ 1)(n — 2k)AZ+]Pu1uz7)vwz

n—1

T PMZI(—]IQkPVZk—]VZk 1_[ P ivis

i=2k+1
=2(n — 2k + 1)(n — 2k) A+

(B18)

n
X Pl’v]/»QPUlVZ T PMZk—l,“«ZkPVZk—lUZk 1_[ P iV (B19)
i=2k+1
The transition from expression (B18) to (B19) is valid since
both expressions are equal for odd n; and for even n, the
k= % term, i.e., the last one, vanishes due to the prefactor

(n — 2k). Next, the factor % W and the double sum are
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introduced again. The sum of expressions (B14)—(B16) and
(B19) equals

Kmax,1

Z Z ZAZPMIHZPUIVZ

P(p) P(v) k=0

e PM2k+1M2k+27)V2k+1V2k+2 1_[ P ivi® (BZO)

i=2k+3
The coefficients .4} can be calculated as

" n+1 1

= ———=[Bn—-2k+ 1)+ 4k(n — 2k + 1
k 2n+3(n+1)!2[(n + 1) + 4k(n +1)

PHYSICAL REVIEW C 84, 045201 (2011)

reduced to
n_(n—2k+1)< 1 (n+1)! (2n—2k+1)!!>
k= (n+ Dn! \(=2F k'(n —2k+1)!  Q2n+D!! ’
_ 1 1 2n — 2k + H! (B22)
(=2 nlk!(n —2k)!  (2n+ D!

For even values of n, one has kp,x 1 = ’% For odd values of n,

this becomes kmax,1 = %
Finally, the sum of expression (B13) and the first term of
expression (B17) equal

Kimax,2

Z ZPM]P\M Z BZPMZMBPVZVS

+2(n — 2k + 1)(n — 2k)] AT, P(u) Pv) k=0
(l’l—2k+1) n+1 n
= (n+ D! Ak : (B21) e PMZkM2k+1PV2kU2k+1 1_[ P ivi* (B23)
i=2k+2
From the definition of the coefficients A}, ie, . " .
Eq. (46), the expression for 4] can be further The coefficients B, are then given by
|
. ntl 2 an+l n+l
1 1! 2n — 2k — D!
=n+ 4(k—|—1)2 n+1) 2n )
2n+3(n+ D2 (=2t (k+D!n—2k—1)! @2n+ D!
1 ! 2n — 2k + D!
—(n — 2k + 1)(n — 2k) (D! @n—2k+ DY
(=2 k!(n —2k+1)!  @2n+ D!
1 1 2n — 2k — H!!
__ @n ) (B24)
(=2 nlk!(n — 2k —1)!  2n+ D!
[
For even values of 1, one has kma,1 = “52. For odd values of ~ These are found as .
n, this becomes kpax.1 = % Sy = mé (1 4+ ﬂ /21/2Jr) _ 1) ) (C3)
mg
The FWHM is then calculated as
APPENDIX C: THE MODIFIED DECAY WIDTH FOR THE (FWHM)g = /sy — /s_
MULTI-DIPOLE-GAUSS FORM FACTOR =
r
The expression for the total cross section of Eq. (74) is = mg <\/ 1+ m—R\/ 21/@JR) — 1
proportional to the following factor: R
Tr /o
~pq— — - /QJr) —
o(s) o [(s — m%e)2 +miIz] 2 (C1) \/1 mR\/2 R 1). (C4)
If FR is defined as
which stems from the squared multi-dipole-Gauss form factor r
and the squared spin-Jg propagator denominator. The values T r(JR) = —R, (Cs5)
of s, which correspond to the half maximum of this factor are V210 — 1
the solutions to the equation, then
(FWHM) ~ Ig, (Co)

[(s = m)" + iR = 2(miTR)™.

for ' < mpg, which is the desired result.
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