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77NN vertex function in a meson-theoretical model
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The #NN vertex function is calculated within a dispersion theoretical approach, includingsotnd 7o
intermediate states, where themeson is an abbreviation for a correlated pion pair in a reléiwave with
isospinl =0. A strong coupling between theo andp states is found. This leads to a softening of #¢N
form factor. In a monopole parametrization, a cutoff~800MeV is obtained as compared t&
~1000 MeV usingmp intermediate states onlyS0556-28189)02511-X]

PACS numbgs): 14.20.Dh, 13.75.Cs, 13.75.Gx, 11.10.St

[. INTRODUCTION to include the most important processes is given by disper-
sion theory. The imaginary part of the form factor in the
The pion nucleon-nucleon vertex function is needed intimelike region is given by the unitarity cuts. In principle,

many different places in hadron physics, such as thene should consider the full three-pion continuum. A reason-
nucleon-nucleon interactigri], pion-nucleon scattering and able approximation is to reduce the three-body problem to an
pion photoproductiofi2,3], deep-inelastic scatteririg], and  effective two-body problem by representing the two-pion
as a possible explanation of the Goldberger-Treiman discresubsystems by effective mesdis]. An explicit calculation
ancy [5-9]. Commonly, one represents the vertex functionof the self-energy of the effective meson incorporates the
by a phenomenological form factor. The cutoff parametersffects of three-body unitarity. In the case of the pion-
employed in the various calculations range froff}),,  nucleon form factor, one expects thap and wo interme-
=300 MeV in pion photoproduction ta (Y =1700 MeV in  diate states are particularly relevant. Herer™is under-
some one-boson exchange models of the nucleon-nuclegitood as an abbreviation for the isoscalar two-pion
interaction, assuming a monopole representafie, n=1  subsystem. In many early calculatiofis18], the effect of
in Eq. (10), see beloy The Skyrmion mode]10,11] gives the 7o intermediate states was found to be negligible. In
Ang&Nzgeo MeV. A lattice gauge calculation gets%) these calculations, a scalarm7 coupling has been used.

=750+ 140 MeV[12]. s Nowadays, such a coupling is disfavored because it is not

Unfortunately, themNN form factor cannot be deter- chirally invariant. In the meson-theoretical model for pion-
mined experimentally. It is an off-shell quantity which is nucleon scattering of Ref19], the exchange of two corre-
inherently model dependent. For a given model, the formated mesons in thechannel has been linked to the two-pion
factor—in addition to being a parametrization of the vertexscattering model of Ref20]. The resulting effective poten-
function—summarizes those processes which are not calctial can be simulated by the exchange of an effectivne-
lated explicitly. son in thet channel, if aderivativeo 77 coupling is adopted.

The simplest class of meson-theoretical models of the In the present work, we want to investigate the effect of
nucleon-nucleon interaction includes the exchange of onghe o channel on the pion form factor using a derivative
meson only. In these models, one needs “hard” form factorsoupling. The meson-meson scattering mafris an essen-
for the following reason. In one-boson exchange potentialsia| building block of our model. Formally, the scattering
the tensor force is generated by one-pion and one-rho exnarix is obtained by solving the Bethe-Salpeter equation,
change. A cutoff below 1.3 GeV W(_)ul_d reduce the tensor—l—:VJrVGT’ starting from a pseudopotenti&l Given the
force too strongly and make a description of the quadrUpOl%vell-known difficulties in solving the four-dimensional

mo_rr];](_ent F:f tf:.e deLrJ]teron imphossitﬂla?»,l]. h f 1 Bethe-Salpeter equation, one rather solves three-dimensional
IS situation changes when the exchange of two Corre(gquations, such as the Blankenbecler-Sugar equéBbs)
change of an interactingp pair generates additional tensorﬁzht)]szrn ril)atrid r(z)r(]jeiczez’tﬁfgl tT hoe_ t‘;‘ﬁﬁgdynﬁgﬁag?tf I; the

strength at large momentum transfers. This implies softef 10> eproguce _two-particie unitarity cuts |
physical region. The imaginary part & is uniquely defined

cutoffs for the genuine one-pion exchard4,15. e .
Meson theory allows us to undress the phenomenologicdll this way, but for the real part, there is complete freedom

form factors at least partly by calculating those processehich leads to an infinite number of reduced equati@.
which contribute most strongly to the long range part of the! "€ energies of the interacting particles are well-defined for

vertex functiong14,16. A physically very transparent way ©On-shell scattering only. For off-shell scattering, there is an
ambiguity. Different choices of the energy components may

affect the off-shell behavior of the matrix elements. As long

*Present address: MPI fBiophysikalische Chemie, Am Fass- @S one is exclusively interested in the scattering of one kind
berg 11, D-37077 (tingen, Germany. of particles, e.g., only pions, one can compensate the modi-
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FIG. 1. Diagrams describing thep— mp potential.
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L . A . FIG. 3. Diagram describing thep— transition potential.
fications of the off-shell behavior by readjusting the coupling ad oing thep—mar Hen p I

constants. This gets more difficult as soon as one aims for a f

consistent model of many different reactions. Moreover, in - Y

g ! Lono d,m-otmo, (5)
the calculation of the form factor, the scattering kerkel 2m;,
may have singularities which do not agree with the physical Louo=GoueM,c00. ©6)

singularities due to, e.g., three-pion intermediate stk

In contrast to the Blankenbecler-Sugar reduction, timérhe completely antisymmetric tensor has the component
ordered perturbation theofOPT) determines the off-shell _  _ 4

. . . . s 0123~

behavior uniquely. Moreover, only physical singularities cor- = 1he presence of derivative couplings, the canonical mo-
responding to the decay into multimeson intermediate states, o4 conjugate to the fields
can occur[25]. For the present purpose, we therefore will ko
employ time-ordered perturbation theory. oL

=" >

O
Il. THE MESON-MESON INTERACTION MODEL

Orleceive contributions from the interaction Lagrangian. The

The F i fining th ials f
e Feynman diagrams defining the pseudopotentials torresponding Hamiltonian density

mp and 7o scattering are shown in Figs. 1 and 2. We in-

clude both pole diagrams as well ashannel andi-channel .

exchanges. The transition potential is given by one-pion ex- szk: mPy— L @)

change in the channel(see Fig. 3. In Ref.[14], 7wp scat-

:ﬁring L‘as b(laen investigated neglecting &eexchange in  consists of the ususal terms plus additional contact terms:
e u channel.

The wmp andA;mp interactions are chosen according to H="Ho~ Lint+ Heontact ®
the Wess-Zumino Lagrangid@6] with k= 3. The o ver-
tex is defined by a derivative couplind.9]. For the coo
vertex we take a scalar coupling9]. The Lagrangians em-
ployed read explicitly

The contact terms ensure that the diagrams of time-ordered
perturbation theory are on-shell equivalent to the correspond-
ing Feynman diagrams. For our model Lagrangian, the con-
tact terms, expanded up to the ordgh, f2, and fg, are

Lonp="Grmy (WX3,m)p", (1)  given by
1 - >N aa Dy _ gfmp o cal 1o,
’Cpppzzgwwp(&upv_avp,u)(p Xp"), 2 Heontac™= 2 (p~Xm) +2m2 o-m
w
g1T’77p ~ - > > fg .
‘C’Alwpz mAl (A;LX&VW)_(AVXaMW) n::p 0'77(p0>< Tl')
1- A A wov v gczon'p P> K >\12
+ E{WX(&MAV_aVAM)} ((9 P —d P )1 (3) +W{Eijk(alpj)((9 ’77)}
£, =Jem v, PN (4) 292 .- .
Lrm, S o, (p = O
Ay
\\n o T / 2
~ N \ g RN -
. ~ \\TC [of + 771;9 ((9kp 0_pk) X 7T}2. (9)
| ) \\ o ZmA
] I 1
T T S
- s The Feynman diagrams are replaced by the corresponding
s 5 o time-ordered diagrams and a contact diagram, as, e.g., shown
’ ’ in Fig. 4 for the case of pion-rho scattering via pion ex-
FIG. 2. Diagrams describing thec— o potential. change in thes channel.
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FIG. 4. Decomposition of the pion-pole Feynman diagram into 3 po"
time-ordered diagrams and a contact term. g B\ -] 150.0
§ -2000 W -
_ 2 N 100.0
Form factors are required to ensure convergence. We % _400.0 - _ 50.0
. =
choose standard monopola=€1) or dipole h=2) param- @ )
etrizations, s e 0.0
2_ 2\ " € 4000 S, __ 4  -100
ri(g? = (10 2000 .- 7 4 200
A2—q2] 4
q 0.0 — -30.0
. -200.0 ~_/ . -40.0
The cutoff parametera (" and the coupling constangg/4m 1000 = . .
are taken from other investigations. In detail, we employ the “0.0] 10000 2000.0 00 ] 10000 2000.0

following constants. The coupling constagﬁ,,,p/4q-r:2.84 P [MeV] P [MeV]
can be determined from the decgy—mm. We assume FIG. 5. Different contributions to the half off-shell potentials for

gﬂztl’)Alz Yrmp [26]. The (gorrespondlng cutoff parameters wp scattering at/s=1.2 GeV for various partial waves as functions
A% 7,=1500 MeV andA /s =2600 MeV have been taken of the off-shell momentun®. The arrow indicates the on-shell mo-

TP
from Ref.[24]. The decayw— mp— my gives the coupling mentumP corresponding ta/s= 1.2 GeV. The solid line represents
constant92 147=7.5 andA(®=2200 MeV [27]. In the the scattering kernéf of TOPT, while the dashed line refers to the
meson-thgg;uetic model for pion-nucleon scattering of RefsBDbS reduction. The dotted line shows the TOPT result omitting the

[19,28, the following constants have been determined:contact terms. The panels show contributions of specific diagrams
gz ' /4;1_:0_25 AL —1300 MeV gz /Amr=3.5 AWM of Fig. 1; upper leftA, pole diagram; middle leftzr pole diagram;
:’72"6700 MeV Toomme 1 Yooa ' rooo lower left, p exchange in thé channel; upper rightA; u-channel

. . h ; middle righ le di i ighte u-ch |

In Flg. 5 we compare the half-off shell_ scattering kernelszighzzg:_ middle rights pole diagram; lower righte U-channe
V derived in TOPT and in the BbS reduction for a center-of-
momentum energyws=1.2 GeV. When the off-shell mo- . . N .
mentumpP is equzg)?{)—the incoming on-shell momentum the:O' The potential/ for pion-rho scattering is attracti@p-
potentialsV evaluated in the BbS reduction and in TOPT arePe' pane)l. Iterhatmg Lhewr’]’ dllaglrar.ns b%c tr};eerrnsilves, lthe at-
identical (see the arrol In the BbS reduction, the zeroth traction 'f] enhanced. The inclusion ﬁ, t p channel en- N
component of the momentum vectors is not well-defined fof'@nces the attraction even more. This effect is due to the
off-shell scattering. In Fig. 5 we have chosen on-energy shefPff'She” transition potentialmiddle and lower panghich

components, following Ref14]. For theA; exchanggboth Is larger than the diagonatp potential. The magnitude of
in the s and in theu channe), both formalisms give fairly the transition potential can be traced back to the interaction

similar results. For the rho exchange in thehannel, thestt Lagrangian(see Fig. 5. The derivative coupling favors large

partial wave shows large differences: while TOPT predictg0mentum transfers. The enhancement of #fiemp scat-

an attractive half-off shell matrix element, the BbS reduction'€/iNg MatrixT due to these coupled channel effects will shift

gets repulsive for momenta larger than 650 MeV. the maximum of the spectral function to lower energies and
The singularities in the scattering kernétiue to unitarity thus lead to a softer form factor.

cuts are handled by choosing an appropriate path in the com-

plex momentum plane. The scattering equation, after partial ll. THE PION-NUCLEON FORM FACTOR

wave decomposition, reads explicitly The present model for therNN vertex functionF is

" , TOPT . ) shown in Fig. 7. Before coupling to the nucleon, the pion can
T(p.p")=V(p.p Hf dkkeV(p,K)GTP(EK)T(k,p') disintegrate into three-pion states which are summarized by
(11 botho-o andm-p pairs. We first evaluate the vertex function

in the NN channel. In this channel, thep and 7o interac-

with tions can be summed. After a decomposition into partial
k=|kle '®, (12)  waves, one gets
i i TOPT/ .
where ® is a suitably chosen ang[QQ]. G'®"(E;k) de- . FNW—WZFISNMRL > dk k2
notes the two-body propagator of time-ordered perturbation n=p, o
theory. o
The resultingT-matrix is shown in Fig. 6 forys=0.7 X (LK) G an(tK)V (K, o).
GeV and k=153 MeV for the total angular momentuth (13
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S
@
==", -150.0 - i -100.0 + ] FIG. 8. Real(right pane) and imaginaryleft pane) parts of the
3 7NN form factor as functions of the momentum transfe6olid
0.0 R 200.0 : line, coupledrp andwo channels; dotted line, only thep channel
2000 ’ is considered; dashed line, rescattering in the channel is omit-
e ) 00 ted; dashed-dotted line, only ther channel is included. The short-
400.0 dashed line in the right panel refers to a monopole form factor with
-400.0 - ~200.0 - (1)
A'H'=800 MeV.
~600.0 - -400.0 - . . .
The bare vertex function is callei®. The vertex functiorf
-800.0 ~600. : i - i -
» preves 75005°°%%% Py 2000.0 requires the off-shell elements of tiematrix for meson

Real(P) [MeV] Real(P} [MeV] meson scatterind .., ., discussed in the previous chapter.
Only the partial wave with total angular momenturfi J
=0~ of the NN— 7 vertex function is needed.

The form factorT'(t) is defined as

FIG. 6. The full off-shell T matrices for the transitionsrp
—ap (upper panels mp—om (central panels and o7— mp
(lower panely are shown forE.,,=1200 MeV andk{,=153

MeV(solid lineg as functions of the real part of the complex off- FNNo
shell momentunP. The T matrix for the transitionmp— 7p ob- F(t)=—5 . (15
tained without coupling to therw channel is given by the dashed NN— 7

line. For comparison, also the corresponding scattering keiels . ) )
are displayeddotted lineg. The real parts of thd matrices are Now we rely on dispersion theory to obtain the form fac-

shown on the left hand side, the imaginary parts on the right hanéor I'(t) for spacelike momentum transfer$5,7]. We em-
side. ploy a subtracted dispersion relation

. — t— 2 ., ’ ’
Here,pg is the subthresholdn-shellmomentum of theNN L(t)=1+ m”f , ImI(t")dt 5
system[5]. The bare vertex is callefi~ . We have to ™ JomT (t'—t)(t'—m?7)

!nflutc:]e ttr\‘; self fnlergltﬁl, anttjzé, of boéréthe% and thef:h The subtraction constant ensures that the form factor is nor-
INto the two-particle propagalors,, and,, bECaUse e 4764 1o unity fort=m2. The integration is cut off at
vertex function is needed in the timelike region. The annihi- P - . .

=4 my . Larger values of would require to incorporate dia-

lation potentialV N has been worked out in Ref30]. . .
P T NN 6fi30] grams with cuts at larger energies. Such processes are sup-

The form factor needed for thIN— mp(o) transition has fpressed because of the improved rate of convergence of the
not been determined self-consistently, but taken from Re subtracted dispersion relation.

(16)

[30] ) . The imaginary part of the form factor is shown in the left
_ The dressed meson-mesenpion vertex functiof ., yart of Fig. 8. We confirm earlier finding3, 18] that themo
is given by states by themselves, even if iterated, do not generate an
appreciable contribution to the spectral function. in-
fWHwn(t’k):ngwn(t'ka; ” f dk'k’? teprfnediate states clearly domiﬁate. Including E‘)sﬁcattering
a processes in a model with onlyp states, one finds a large
X ff,’H,m(t,k’)Gwm(t,k’)Tﬁmen(t;k’,k). shift of the spectral function to smaller energies, which em-

phasizes the importance of the correlations. The new aspect
of our work is the large shift induced by the coupling be-
tweenmp and o states.

In Ref.[31] Holinde and Thomas introduced an effective
7' exchange contribution to the one-boson exchahgé
interaction in a phenomenological way in order to shift part
of the tensor force from ther into the #' exchange. This
allowed them to use a rather soft cutdffs),,=800 MeV to
FIG. 7. ThemNN vertex function. describe theNN phase shifts. The maximum of the spectral

14
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function shown in Fig. 8 is located at 1.2 GeVa(?Sme) form factors employed in models of the two-nucleon inter-
which coincides with the mass of the'. Thus ther’ used action are harder than those obtained from other sources. In
in Ref. [31] can be interpreted in terms of a correlated Ref.[14], a meson-theoretic model for theNN vertex has
coupledmp and wo exchange. Note, that the form factor been developed. The inclusion of correlated states gave a
derived here must not be used in meson-exchange models frm factor corresponding m;l&N: 1000 MeV. This is still

the nucleon-nucleon interaction, such as discussed in Refyarder than the phenomenological form factors required in
[1], but only in models which include the exchangecof-  the description of many other physical processes. Within the
related 7p and wo- pairs. framework of Ref.[14], a further reduction of the cutoff

The form factors obtained via the dipersion relation areASTll\)‘N is impossible. Correlated-o states were not consid-

shown in the right part of Fig. 8. The numerical results CaNered in Ref.[14] because of the results obtained in Refs.
rE7,18]. In the present work we have shown that the findings
of Refs.[7,18] have to be revised. Meson-theoretic analyses
of N scattering strongly suggest a derivativerm cou-

pling. This is shown to enhance the off-shell coupling be-
tween p and mo intermediate states in the dispersion
model for therNN form factor. A softening of therNN

form factor is obtained which largely removes the remaining
giscrepancies between the phenomenological form factors.

of an uncorrelatedrp exchange leads to a relatively hard
form factor of A{}),=2100 MeV. In the present model, us-
ing mp intermediate states only, the cutoff momentum is
reduced toA (Y, =1500 MeV. If one treats the singularities
of the scattering kerndf by approximating the propagator of
the virtual pion by a static onésee theu-channel exchange
in Fig. 1), the resultingp interaction becomes more attrac-
tive and produces a much softer form factor corresponding t
A =1000 MeV [14], employing only 7p intermediate
states. The present model, including baeth and 7o inter-

mediate states, leads 1o{}), =800 MeV. ACKNOWLEDGMENTS
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IV. SUMMARY

[1] R. Machleidt, K. Holinde, and C. Elster, Phys. Regl9, 1 [17] R. Aaron, R.D. Amado, and J.E. Young, Phys. RE¥4, 2022

(1987). (1968.
[2] Y. Surya and F. Gross, Phys. Rev.5G, 2422(1996. [18] M. Dillig and M. Brack, J. Phys. @&, 233(1979.
[3] T. Sato and T.-S.H. Lee, Phys. Rev.58, 2660(1996. [19] C. Schiiz, J.W. Durso, K. Holinde, and J. Speth, Phys. Rev. C
[4] AW. Thomas, Phys. Lettl26B, 97 (1983. 49, 2671(1994.
[5] H.J. Braathen, Nucl. Phy&44, 93 (1972. [20] D. Lohse, J.W. Durso, K. Holinde, and J. Speth, Nucl. Phys.
[6] H.F. Jones and M.D. Scadron, Phys. ReviD 174 (1975. AS516, 513(1990.

[7] J.W. Durso, A.D. Jackson, and B.J. Verwest, Nucl. Phys[21] R. Blankenbecler and R. Sugar, Phys. Re42, 1051(1966.
A282, 404(1977) [22] F. Gross, Phys. Rev. 26, 2203(1982.

[8] S.A. Coon and M.D. Scadron, Phys. Rev4g, 2256(1990. [23] E.D. Cooper and B.K. Jennings, Nucl. Phy&500, 553

. . 1989.
[9] C.A. Dominguez, Nuovo Ciment8, 1 (1985. ( .
[10] U.G MeiBngret al, Phys. Rev. Lett57, 1676 (1986 [24] G. Janssen, K. Holinde, and J. Speth, Phys. Re¢9(763
" y ) : ! ' (1994).

[11] N. Kaiser, U.G. Meissner, and W. Weise, Phys. Lettl®8 [25] S.S. SchweberAn Introduction to Relativistic Quantum Field

319 (1987)' . Theory(Harper and Row, New York, 1962
[12] K.F. Liu, S.J. Dong, T. Draper, and W. Wilcox, Phys. Rev. [26] J. Wess and B. Zumino, Phys. Ret63 1727(1967.

Lett. 74, 2172(1995. [27] J.W. Durso, Phys. Lett. B84, 348 (1987; G. Janssen, Ju
[13] T.E.O. Ericson and M. Rosa-Clot, Nucl. Phy&405, 497 Report No. 2734, 1993.

(1983. [28] A. Reuber, K. Holinde, H.C. Kim, and J. Speth, Nucl. Phys.
[14] G. Janssen, J.W. Durso, K. Holinde, B.C. Pearce, and J. Speth,  Ag08, 243(1996.

Phys. Rev. Lett71, 1978(1993. [29] J.H. Hetherington and L.W. Schick, Phys. Re\87, B935
[15] G. Janssen, K. Holinde, and J. Speth, Phys. Rev. 18ttl332 (1965.

(1994). [30] G. Janssen, K. Holinde, and J. Speth, Phys. Re%4(2218
[16] D. Plumper, J. Flender, and M. Gari, Phys. Rev4@, 2370 (1996.

(1994). [31] K. Holinde and A.W. Thomas, Phys. Rev42, R1195(1990.

055212-5



