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Gauge-invariant tree-level photoproduction amplitudes with form factors
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We show how the gauge-invariance formulation given by Haberzettl is implemented in practice for photo-
production amplitudes at tree level with form factors describing composite nucleons. We demonstrate that, in
contrast to Ohta’s gauge-invariance prescription, this formalism allows electric current contributions to be
multiplied by a form factor, i.e., it does not require that they be treated like bare currents. While different in
detail, this nevertheless lends support to previadisocapproaches which multiply the Born amplitudes by an
overall form factor. Numerical results for kaon photoproduction off the nucleon are given. They show that the
gauge procedure by Haberzettl leads to much improyédvalues compared to Ohta’s prescription.
[S0556-28188)51007-2

PACS numbs(s): 25.20.Lj, 13.60.Le, 11.46.q, 11.80.Cr

The question of gauge invariance is one of the centraing photon momentum. The way this limit is treated in Ref.
issues in dynamical descriptions of how photons interact4] will introduce more flexibility in how form factors can be
with hadronic systemigl—4]. While there is usually no prob- retained for the terms where they are replaced by constants in
lem in finding definitive answers at the level of tree diagramsOhta’s prescription. Although different in detail, this finding
with bare, pointlike particles, the problem rapidly becomesactually lends support to approaches which multiply the
very complicated once one attempts to incorporate the eled0rn amplitude by an overall form factor.
tromagnetic interaction consistently within the full complex- We will use the reactionyp—n=" with pseudoscalar
ity of a strongly interacting hadronic systd#]. As a case in  coupling for thewNN vertex as a simple example to eluci-
point, as is well known, even the tree-level amplitude fordate the main features of the present investigation, similar to
pion photoproduction off the nucleon is not gauge invarianthe discussion of Ohta’s approaf®y in Ref.[3]. Using dif-
if one employs hadronierNN form factors to account for ferent, or more general, couplings for the vertex would not
the fact that nucleons are composite objects, and not poinfdd anything essential to the following discussion; it would
like. only complicate the presentation.

In order to restore gauge invariance in these situations, For bare nucleons, the tree-level amplitysee Fig. 1 for
one needs to construct additional current contributions beyp—n " for a pure pseudoscalar coupling is given(sse
yond the usual Feynman diagrams to cancel the gaugé3], and references thergin
violating terms. One of the most widely used methods to this
end is due to Ohtd42]. For pion photoproduction off the
nucleon at the level of the Born amplitude, Ohta’s prescrip-
tion amounts to dropping all strong-interaction form factors

for all gauge-violating electric current contributiof3]. In which represents an expansion based on operators
other words, gauge invariance is regained by treating the

4
€ Mfi:jzl Ajun(e,M)up, 1)

offending terms exactly as in the bare case, thus losing any ME=— ygyt K, (2a
effect because of the compositeness of the nucleons. This
undgsweable s!tua.tlon is sometlr_nes remed|ed wad_rhoc M&=2ys(p* k-p’—p'“k-p), (2b)
fashion by multiplying the gauge-invariant bare amplitude by
an overall form factor taken to simulate the average effect of

y M= ys(y* k-p—p* K), (20

the fact that nucleons are not pointlikB]. Within Ohta’s
scheme, however, there is no foundation for such redipes u .,

Recently, Haberzetf#4] has put forward a comprehensive M4 =ys(y* k-p'—p"* K, (2d)
treatment of gauge invariance in meson photoproduction. . )
This includes a prescription for restoring gauge invariance ifVith coefficient functions
situations when one cannot, for whatever reason, handle the
full complexity of the problem and therefore must resort to g€ ge

A . A= (1+ ky)+ (33

some approximations. It is the purpose of the present paper s—m? P u=m?
to provide a detailed comparison of this approach with Oh-
ta’s. While the generahnsatzin Ref.[4] was quite different
from Ohta’s, we will show that both approaches can be un- m——
derstood as different ways of taking the limit of the vanish- (s—m?)(t— u?)

2ge (3b)
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FIG. 1. Tree-level photoproduction diagrams. Time proceeds from right to left. The form f&GtoFs, andF; in the text describe the

vertices labeled by 1, 2, and 3, respectively, with appropriate momenta and masses shown for their legs. The rightmost diagram corresponds

to the contact ternM% required to restore gauge invariar{€eg. (9)]; it is absent for pure pseudoscalar couplings with bare vertices.

ge «p ~ ge «kn

A== S (39 A== F2 (60

ge «, and a gauge-violating term

A= —, 3
4 u_m2 m ( d) - _ p’l’v "
€ Mo = —geu,ys€, —Z(F_Fl)
wherem and u are the masses of the nucleon and the pion, s—m
respectively,g is the pseudoscalarNN coupling constant, oqh
and e the elementary charge. The anomalous magnetic mo- + d (F—Fj) Up. (7)
ments of the neutron and the proton are denoted here,by t—pu?
and x,. The Mandelstam variables y andt are given as
(cf. Fig. 1) The momentum dependence of the form factors appearing
here can be read off Fig. 1, i.e.,
s=(p+k)*=(p'+q)?, (43 ,
F1=F1(s)=f[(p+k)Zm'? u?], (8a)
u=(p'—k)*=(p—q)% (4b) ,
Fo=F,(u)=f[m?(p'—k)? u?], (8b)
t=(p—p’)%=(q—k)?, 4c , ,
(p—p")*=(q—k) (40 Fa=Fa(t)=f[m2m'2 (p—p')2], (80

i.e., stu+t=2m?+ u? since all external particles are on-

shell. (For the present casey’ =m in Fig. 1) (here,m’=m) where use is made of the fact that the form

Obviously. si h of th A . . factor may always be written as a function of the squares of
JDVIOUSly, SInce eac 2 € operatdvlf’ is gauge """ the four momenta of its three legsf. Eq.(18)] (which does
variant by itself, i.e.k,-M{=0, the total photoproduction . mean, however, that it may be taken as a function

current is also gauge invariant. This result is obtained only iff(s u,t) of the Mandelstam variables, as it is sometimes
the vertices are bare, without any form factors. Since the, | '

terms proportional taM4, M4, and M arise from purely stated_[a])..At this stagej appearing in Eqsi6b) and_(?) IS
maanetic contributions—and therefore are alwa auge .nundeflned, it was introduced here to be able to isolate the
gnet routions— re aways gauge | jauge-violating current contribution in a form that makes the

variant by themselves, irrespective of whether one uses for . - .
factors or not—the problematic term, as pointed out aIreadyorl1par|son with Eq(1) easy. Clearly, the full amplitude

in Ref. [3], clearly isA, which arises here from the sum of € Mri does not depend on it since the sum of Eheontri-
the electric contributions of theandt channels. butions from Eq(7) exactly cancels thé, term.
If one now considers the nucleons as composite objects Now, without a detailed dynamical treatment of the com-

and introduces form factors for the hadronic vertices, thePositeness of the nucleofé], any prescription for restoring
result for the first three diagrams of Fig. 1 is gauge invariance amounts to introducing an additional con-

tact currentM% (generically depicted by the fourth diagram

_ A _ in Fig. 1), with on-shell matrix elements cancelling exactly
€-M¢= 21 Ajun(e M )upt+e-Myq, (5  the gauge-violating terrti7), i.e.,
=

u. MU= —e- M.
with gauge-invariant contributions Un(€,Mc)Up= =€ Myl - ©)
Apart from purely transverse components or terms propor-
A1= g€ (14 Kp)Fy+ ge Kk, Fop, (63 tional tp k*, for the present Qxample this contact current is
s—m? u—m? essentially given by the term in the square brackets of Bq.
[2—4]. Adding this contact contribution to E¢5), one then
obtains a gauge-invariant amplitude in analogy to @gj.

- 2ge N

M) o !
2 |\7|ﬂ=j§l Ajuq(e,Mup, (10
Ag=— S0, (69 ) )
s—m? m which doesdepend or- now via A, of Eq. (6b).
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Using the analytic continuation and minimal substitution,general, the subtraction vertex is the one whose single off-

Ohta[2] finds that the requireéﬁ factor is constant, shell leg is described in terms of the on-shell four momenta
of the other two legs.
Ohta: |3=f(m2,m'2,M2)=1, (11 One may argue whether this dependence on the variable

set should be allowed. From the point of view of minimal
determined by the normalization condition for the form fac- substitution, however, perhaps one should not find this sur-
tor in the nonphysical region where all three Iegs are On-SheH)rising since technica"y speaking, one can on|y perform a
[see Eq(18)]. A, thus reduces té, of Eq. (3b), effectively  minimal substitution in the variables which actually occur
freezing all degrees of freedom arising from the compositeand hence the resulting current in general will reflect the
ness of therNN vertex and treating it like a bare one for underlying variable set. Ohta circumvented this problem by
electric current contributions. considering the vertex as a general functitip?,p’?,9?)

This determination of is sufficient to ensure that the unconstrained by momentum conservation before performing
additional contact-current contribution is singularity free atthe minimal substitutions. The resulting subtraction function
s=m? andt=pu?, for in this limit, bothF, andF; become  (11) then corresponds to the nonphysical limit for taking all
unity [cf. Eq. (18)], three variables to their mass-shell values. This prescription,
thus, amounts to performing the infrared lirkit-0 explic-
itly in the construction of the contact current, whereas in Ref.
[4] the proper value for this limit is provided by the dynam-
ics of the reaction by choosing the subtraction vertex as one
with proper physical variables for its legén Ref.[6], some
formal problems associated with Ohta’s nonphysical limit

Fi(s=m?)=Fs(t=p%=1. 12

In this limit, therefore, Eq(7) reduces to nonsinguldr ex-
pressions. Note that in the present kinematiebere all ex-
ternal particles are on-shglbne has

s—m?=2p-k, (133 have been pointeq o_mt. _ _ o
In any case, within the gauge-invariance prescription of
u—m'2=—2p’ -k, (13h) Ref.[4], itis _possible to remove the dependence on the vari-
able set by introducing a more “democratic” choice fer
t— pu?=—2q-k, (130 using a linear combination of the three limiting cases,
namely,

and hence the limits in Eq12) correspond to the vanishing
of the photon momentum. Thereforany (reasonably be-

haved subtraction functiorF that becomes the unity fde Choice B: F=a;F;(s)+ayF,(u)+asFs(t)
=0 is sufficient to restore gauge invariance without any un- e
wanted singularities. =F(su), (16)

In Ref.[4], use is made of this freedom by allowilgto
be a function of the hadron momenta. The only functions - . . :
available that have anything to do with the physics of theWhere F_(s,u,t) is a short-hand ”Ot"’?“o_” for the precec_img
present problem are of course the form factors themselve§XPressions. To ensure the correct limit ke 0, the coeffi-

Haberzettl restores gauge invariance by constructing a corf/€Nts need to add up to unitg,; +a;+az=1. The most

tact current equivalent to choosing the subtraction functiorf€mocratic choice ia; =a,=as=1/3, of course. The previ-
as ous choice A, in Eq(14), is subsumed here with;=a,

=0, azg=1. In the subsequent applications, we will use this

Choice A: |“::Fa(t):f[mZ,m'Z,(p_p')Z], (14 general form forE and allow the coefficients; to be free
parameters.
which is the only function from those given in E¢8a—(8c) While the equations given above for pion photoproduc-
that does not depend explicitly ok to begin with. This, tion apply only at the tree levein the spirit of Ref.[3]),
however, is an artifact, having taken both nucleon moment&ecent models have gone much furth@r9] and have in-
as independent variables. Had we taken, for example, theduded the pion final-state interaction by iterating the full
pion momentuny as an independent variable instead of thescattering equation. Such a treatment would go beyond the

final nucleon momenturp’, we would have scope of the present paper. However, for kaon photoproduc-
ton, most recent computatiofd0-12 use tree-level dia-
Fi=F(s)=f[(p+k)2,m’'2 u?], (158  grams only and adjust the coupling constants to reproduce
the data. None of these calculations have included a hadronic
Fo=F,(u)=f[m?,(p—q)? u?], (15b  form factor until now, even though preliminary results3]
indicate that the presence of such a form factor greatly influ-
Fy=F3(t)=f[m?,m’'2,(q—k)?], (1509  ences the range of the extracted coupling constants. We

therefore test here this particular implementation of gauge
which, by the same reasoning, would point to choo$ings  invariance by considering the two kaon photoproduction re-
the subtraction function. And if we choosg,p’ k) as the actionsyp—AK™ and yp—3°K™.
independent set, we would firkg,. In other words, following For both reactions, one can simply take over Ej.and
Ref. [4], depending on the choice of variables, we can takeeplace the pion byK* and the neutron by the respective
any one of the three form factors as a subtraction function. Ityperon. Foryp— AK™ one has
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. JKANE GkANE In the nonrelativistic limit, this form reduces to the usual
AM:K—NZ(1+ Kp)Fa1(S)+ A N2 KAFA2(U), monopole form, depending on the squared three-momentum
s—m u—mjy of the exchanged particle. For the three cases of (Bg.
(178 since two of the three vertex legs are always on-shell in the
present applications, this translates into
L= (17b)
2 et Fi=A“[A*+ (s—m?)?], (219
—_ A4 4 —m’2\2
- dkane Kp Fo=A%[A%+(u—m'%)“], (21b
Apz= 2 m Aa(8), (179
s—m Fa=AY[A*+(t—u?)?], (219
~ _ OkANE Ky which is, therefore, effectively the same as the form factors
AA“_u_m% my Faz(W), (379 ysed in Ref[16].

In the discussion of our numerical results, we focus our
where F, is the AKp form factor, with coupling constant attention on the magnitude of the leading Born coupling con-
Okan,. and my is the A mass; k, is the corresponding stantsgy,y andggsy - In contrast to the well-knowarNN
anomalous magnetic moment. For the second reactipn, coupling constant, there are serious discrepancies between
—3% ", one replaces\ by 3. values for theKYN coupling constants extracted from elec-
Clearly, a phenomenological description of the,K) tromagnetic reactiongl2,13 and those from hadronic pro-
processes has to include resonance terms. However, the quaesseg 17,18 which tend to be closer to accepted SU
ity of the data has not yet permitted a clear identification ofvalues. If the leading coupling constangg /47 and
the relevant resonances in the reaction mechanism and, coggsy /47 are not allowed to vary freely and are fixed
sequently, models with different resonances can all achieve @lose to what is obtained from hadronic reacti¢fg]) at
satisfactory description of the deth0—12. These resonance reasonable S(3) values of—3.8 and 1.2, respectively, the
terms are all gauge invariant independently and, thereforey? per data point obtained in our modeithout hadronic
do not depend on different prescriptions for restoring gaugéorm factors for the §,K) reactions comes out to be 55.8. If,
invariance. For our empirical studies below we choose th@n the other hand, the two couplings are allowed to vary
same set of resonances as in REE,13, namely, the&K* in  freely, one obtains a much improved value y/N=3.33
thet channel, and th&,,(1650) and the?,,(1710) states in  for gy,n/V47=—1.89 and gysn/V47=—0.37. This
thes channel. Fo& production, we also allow th83,(1900)  clearly indicates that either there is a very large amount of
and theP3;(1910) state to contribute. We do not make anySU(3) symmetry breaking or that important physics has been
claims that this selection is unique or correct at the preserieft out in the extraction of coupling constants from the
time, but rather that it leads to a reasonable description of they,K) processes. In this study, we advocate the second po-
(,K) processes and allows us to draw qualitative conclusition and demonstrate that the inclusion of structure at the
sions about the magnitude of the Born coupling constants. In

the case ofp(y,K*)A, separate coupled-channels analyses B[O I3
[14,15 found theS;,(1650) and thd>,,(1710) states to play 30.0 - o3
important roles. For simplicity, all resonances are multiplied 250 E- P
here with the same hadronic form factor. = 00E 3
For the numerical evaluation of Eqd.7), we choose co- = 0E e E
variant vertex parametrizations without any singularities on 100 E- E
the real axis. For a baryon with massand four-momentum 5'0 EY .3
p decaying(virtually) into a baryon with mase’ and four- TE I E
momentump’ and a meson with mass and momentunp I L L L L
—p’, the general vertex may be written as 19 — —
I -

F=f[p?p'2(p—p")?], (18) ~ 1

o> 1.7 — —

with the normalizationf(m?,m’2, 42)=1. When applied to @ 16— -
yp—AK™' and yp—3°K ™", the massem and u appearing < 150 \ E
in Eq. (8) are always the nucleon and kaon masses, respec- Lal ]
tively, whereasm’=m, for the first andm’=ms for the 1'3 N

second reaction. The vertex parametrization we employ here 34 36 38 40 42

is of the form 112
2 52 2 i pab 4 a4
flp's,p%(p—p')]= A*(A*+ , 19
[P p% (=] ( ) 19 FIG. 2. Values ofy?/N (whereN is the number of data points
whereA is some cutoff parameter, and and cutoff parameteA for coupling constant values of gk an/
JAm=3.4, 3.8, and 4.2. The solid lines connect results obtained
7t=(p?>—m?)2+(p’2—m'?)%+[(p—p')?— n?]> with Haberzettl's gauge formalisfi#] and the dashed lines pertain

(20)  to Ohta’s[2] prescription.
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hadronic vertex permits an adequate description of kaon phd46) to be free fit parameters. As it turns out, the fit only
toproduction with couplings close to the 8) values, pro- allows nonzeres- andt-channel contributiongi.e., a, is es-
vided one uses the gauge procedure of IR&f. sentially zerg, with a somewhat largex; value(correspond-
The main numerical results of our investigation are suming to an enhancement of thechannel, which of course is
marized in Fig. 2. The upper panel show® per data point entirely consistent with the fact that EGL7b) contains only
as a function ofyx /4 for the two different gauge pre- s andt channels.
scriptions by Ohta and Haberzettl. At a value of e do not show the fitted resonance couplings here since
gkan/V4m=—3.4, thex? obtained with Ohta’s method is we do not regard them as very realistic at this point. We
almost a factor of 2 larger, compared to the method by Habemphasize again the qualitative nature of our findings, and
erzettl. With an increasing coupling constant the Ohta resulglearly a more sophisticated calculation is required in order
rises sharply, leading to an unacceptably layd®f 32.2 for 1o obtain a quantitative description of the,K) processes.
gkan/V4m=—4.2. On the other hand, using the procedure In summary, we have applied here the general gauge-
of Ref.[4] keeps they? more or less constant. This dramatic invariance restoration method proposed by Haberzettl to the
difference between the two gauge prescriptions can easily bgpecific example of pseudoscalar photoproduction at tree
understood from Eq(11) and the discussion following that |evel. Using a phenomenological Born plus resonance model
equation. Ohta’s method provides no possibility to suppresge have compared the procedures by QBjand Haberzettl
electric contributions since the form factor for this term is[4] for kaon photoproduction. We found the latter to be su-
unity [cf. Egs. (6b) and (11)]. In contrast, the method by perior since it can provide a reasonable description of the
Haberzettl allows for a hadronic form factor in this term asdata using values for the leading couplings constants close to
well. the SUJ) values. Such couplings cannot be accommodated
The lower panel of Fig. 2 sheds additional light on thein Ohta’s method because of the absence of a hadronic form
suppression mechanism. In the fits we performed the cutoffactor in the electric current contribution. The main purpose
A of the form factor, cf. Eq(19), was allowed to vary freely. for measuring the meson photoproduction in the 1-2 GeV
In the case of Haberzettl's method, the cutoff decreases witkegion is the study of resonances. In order to unambiguously
increasingK AN coupling constants, leaving the magnitude separate the resonance from background contributions, it is
of the effectivecoupling, i.e., the coupling constant times imperative that background terms be able to account for had-
form factor, roughly constant. Again, since Ohta’s methodronic structure while properly maintaining gauge invariance.
does not involve form factors for electric contributions no As the present findings indicate, Ohta’s prescription seems to
such compensation is possible there, and as a consequernse too restrictive in this respect, whereas the method put
the cutoff remains insensitive to the coupling constant. forward in Ref.[4] seems well capable of providing this
In obtaining Fig. 2 we have keglksy fixed at the value facility. This favorable conclusion regarding Haberzettl's
Oksn/VAm=1.2. We have checked that varying tK& N method is corroborated also by the findings of R&#f)].
coupling between 1.0 and 1.4 leads only to very small This work was supported in part by Grant No. DE-FG02-
changes. Furthermore, we allowed the coefficientsf Eq. = 95ER40907 of the U.S. Department of Energy.
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