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Extended-soft-coreNN potentials in momentum space. Il. Meson-pair exchange potentials
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The partial wave projection of the Nijmegen soft-core potential model for meson-pair-exctMR§s for
NN scattering in momentum space is presented. Here, nucleon-nucleon momentum-space MPE potentials are
NN interactions where either one or both nucleons contains a meson-pair vertex. Dynamically, the meson-pair
vertices can be viewed as describing in an effective ymrt of) the effects of heavy-meson exchange and
meson-nucleon resonances. From the point of view of “duality,” these two kinds of contribution are roughly
equivalent. Part of the MPE vertices can be found in the chiral-invariant phenomenological Lagrangians that
have a basis in spontaneous broken chiral symmetry. It is shown that the MPE interactions are a very important
component of the nuclear force, which indeed enables a very successful description of the low and medium
energyNN data. Here we present a precise fit to MB data with the extended-soft-core model containing
one-boson-exchange, PS-PS-, and MPE potentials. An excellent description ®&fNhdata for T,
<350 MeV is presented and discussed. Phase shifts are given@al.ls is reached.
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[. INTRODUCTION arrive at a new extended soft-core nucleon-nucleon model,
hereafter referred to as the ESC potenitaB—10.
In the previous papeipaper ) [1], the techniques for the In the introduction to Ref{4] a rather complete descrip-

momentum space treatment of the extended-soft-@®&  tion is given of the physical background behind the MPE
model are described. This implies first the development of gotentials, and we refer the interested reader to that refer-
representation of the ESC model suitable for the projectiorence.
onto the Pauli-spinor rotational-invariant operators and sec- We apply the potentials derived in this work to fit tNeN
ondly the partial wave analysis. This partial wave analysis iglata. In the TME potentials we restrict ourselves to
organized along similar lines as used for the soft-core onepseudoscalar-pseudoscald@S-P$ exchange. Or, phrased
boson-exchanggOBE) models [2]. In [1] the nucleon- differently, we include only the Goldstone-boson sector. This
nucleon partial wave contributions have been worked out irbecause it gives the complete long-range contribution of one-
detail. These are the analogs of the configuration-space twglus two-pion-exchange potenti@PEP+TPEP and the in-
meson-exchang€TME) potentials given in, e.g[3]. Here, clusion of 5, etc., is necessary fdi) (approximate chiral
the TME potentials are defined to contain the planar andymmetry andii) for completeness in the sense of {§8),
crossed-box two-meson-exchange potentials. which allows an extension to hyperon-nucleon and hyperon-
In this second paper on soft-core two-meson-exchangbyperon potential§10].
potentials in momentum spaggaper ), we derive the same In fact, this fit has been performed in the configuration-
representation as in paper |, but now for the contributions tespace version. However, the results were checked numeri-
the nucleon-nucleon potentials when either one or botltally in momentum space, using the formulas of papers | and
nucleons contains a pair vertex—i.e., the MPE potentials. Wél.
give the partial wave potentials in the similar representation This paper is organized as follows. In Secs. Il and III, we
as used in paper I. In Reffi4] the MPE contributions to the give the essentials of the procedure followed in deriving the
configuration-space nucleon-nucleon potentials—i.e., whenew momentum-space representation. In Sec. IV the projec-
either one or both nucleons contains a pair vertex—havéon of the MPE on the Pauli-spinor invariants is worked out
been derived. The corresponding “seagull” diagrams are refor the adiabatic contributions. In Sec. V the same is done for
ferred to as one-pair and two-pair diagrams. This in order tadhe 1M corrections: the nonadiabatic and the pseudovector-
distinct these from the planar and crossed-box diagramsjertex terms. In Sec. VI the partial wave analysis is indi-
which were given Ref(3]. cated. The procedure for the partial wave projection is com-
The two types of two-meson-exchange potentials, twopletely analogous to that of paper | and can be transcribed
meson exchangéTME) (see ) and meson-pair exchange immediately comparing the invariant contributions
(MPE) presented here are part of our program to extend thélj(kz;t,u) for MPE to those for TME in I. In Sec. VII the
Nijmegen soft-core one-boson-exchange poteribal7] to  results from a fit to theNN data are shown and discussed.
Here, phase shifts are given foy,,<350 MeV and the pair
couplings are compared to the values expected from, e.g.,
*Present address: Kyushu International University, Fukuoka 805¢€hiral Lagrangians.
8512, Japan. In Appendix A the pair-interaction Hamiltonians are
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listed. In Appendix B the\ representations for the MPE VZ2(k)=(4w)‘3’2emi’A§em§’A§

denominators are given. In Appendix C we give the integra- ’

tion dictionary for the Gaussian integrals that occur in MPE fwdtfx exd — (mft+msu)]
to u

but not in TME. In Appendi D a derivation for the poten-

tials due to the “derivative scalar pair” interactigsee the

g(’w)O coupling in Eq.(Ala)] is outlined. Thus, for com- F{
X ex

(t+u)¥?

pleteness, since although we do not employ this kind of pair
interaction, it occurs often in the current literature. In Appen-
dix E the full SU(3) content of our pair interactions is (2.4
shown.

“lt+u

kz} (to=1/A% ug=1/A3).

(i) M=2N=0: Using the identity(2.3) once and per-
forming similar steps as in paper I, one easily derives that,
IIl. MOMENTUM-SPACE REPRESENTATION MPE for this case,
POTENTIALS

Y _ —3/2,m2IA2 m2/A2
Here, we give an outline the essentials of the procedure to Vo k)= (4m) %M iem

derive our new momentum-space representation for the MPE

2 2
potentials. These procedures have been described in I, to f dtf ex — (it mzu)]
to Up

which we refer for details. Here, we focus on the peculiar (t+u)®?
features that occur in the application to the MPE potentials.
The starting point is the basic convolutive integral xex;{ oo k2| S(u—ug). 2.5
3
V., N(k)_f f d’k 5(,( Ki—ky) Here is defineds(u—ug)=lim, od(u—Uo.), where U,
=Uup— €. This definition implies that in Eq2.5) theu inte-

- 5 ~ 5 gration can simply be performed by the substitutior ug
X FM(klaml)GN(kzymz) in the integrand.
(i) M=0N=2: Similarly to the previous case, one has

dSA
= _ 2
_J (277)3 (A% m) Gy ((k=4)%ms), (2 VoA k)= (4)~3%milATgms/A;
- - exf — (m2t+mau
whereF,,(k?) andGy(k?) can be of the form J dtf A —(my 2u)]
to  Jug (t+u)?
M=0: Fo(k?)=exd—kA?],
0 ! Xexr{ o kz}é(t to): (2.6

exd —k?/A3]

M=2: Fy(k?)= Zam? the case?/oyo(k) does not occur, since double diffractive ex-
M change has not been included. For the integals, of this
5 section and similar integrals below in this paper, we intro-
N=0: Gy(k? =exg—k?A3], duce the following convenient shorthand notation. We write
~ eXF{_kZ/Ag] VM,N(k):f dtf du Wo(t,u)
N=2: Gyk¥)=—5——; (2.2 o Ju
k2+m3
X UM,N(t,u)exr{— —|k? ] (2.7a
i.e., M,N=2 is the modified Yukawa type ardl,N=0 is t+u

the Gaussmn type. Below, we give for the different cases the
momentum-space representation, similar to the one that ha¥
been developed in paper I.

ith common weight functiomwy(t,u) defined as

; CN—o- . . : : exf — (m2t+m2u)
(i) M=N=2: In paper | using twice the identity Wo(t,U)=(47) " 32%em: /AlemzlAz A —(m) — 2u)]
(t+u)
exp[—kZ/Az] 5 o [ dt k2+m? (2.7b
:em /A J' —expg — t , . . L. .
k2+m? 1 A? A? The form in which these basic integrals appear in MPE

(2.3 depends on two factorgi) The denominator® (w4, w,). In
the next section we will give a catalog of thege) The
the A integral has been carried out. After a redefinition of theoperatorsO(k; ,k,). Also these will be given in the next
variablest—t/A2 andu—u/A3 the result in | is section.
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p’ -p p -p TABLE |. The one-pair isospin factor€®(«8) and momen-
tum operatorsO{}) ,(k; ,k;). The indexp labels the type of de-
L nominators. Note thak, = (f/9) (7rm),-
S~
_p!! N ~ .
, NS (aB)  CH(aB) 082 (ki k2)
ky # AN
4 N .
7 - |
;o N g (Mo 6 —Kyrkot 5 (11 02) - (Ky X ko)
7/ -
L~ 7 K (o) 2 1
P -p p -p (m7) 71" T2 —2ky-k;
! . -2k, -k
(a) (c) (77') T2 1" K2
, , , , : i
P -p P P (mm); 2im-7 I[kl'k2§(01+02)'(klx Kz)
Uy Ky 2 /,I | At k) er (koxXka) oy (ky X ko)
e - / ’ /
34 P’ 7 L i
RN ’ , +5(0'1+0'2)'(k1><k2)Q'(k1—k2)
k\1\V /I . }
s - / . /k1 . | 1
- (mp)1 —2imm ilon ko kS (1 k) (01 kiozky
P -p P P
(b) (d) +0'1-k20'2~k1—20'1-0'2k1-k2)}

FIG. 1. Time-ordereda—(c) one-pair and(d) two-pair dia- (7o) 1 [0 Koy Kyt oy-Kyoy k=204 K05 Kq ]
grams. The dashed line with momentlm refers to the pion and K K K K K K
the dashed line with momentuky, refers to one of the othdvec-  (™F) Ty [0 Koy Kot 01-Ke0p Ky~ 200Ky 0y Ky
tor, scalar, or pseudoscalanesons. To Fhe.f,e we have to .add the (7p), 3 [0y K0y Kot 0y Kooy Ky + 207 Ky Ky ]
“mirror” diagrams, where for the one-pair diagrams the pair vertex
occurs on the other nucleon line. (Tw) 77 [o1Kioo Kot oy K0 Ky 207 - ko Ky ]

lil. MESON-PAIR-EXCHANGE POTENTIALS tively, the adiabatic, the nonadiabatic, pseudovector vertex,

In [4] the derivation of the pair-exchange potentials inand off-shell contributions. Here, the last three are thé 1/
both momentum and configuration space is given. In thigorrections to the MPE potentials.
reference the configuration-space potentials are worked out The product of the coupling constants in the cases
fully. The topic of this paper is to do the same for the =1,2 is given by
momentum-space description. In particular, the partial wave
analysis is performed leading to a representation which is
very suitable for numerical evaluation.

From [4] and Eq.(3.]) it follows that the momentum-
space MPE potential can be represented in general in the
form

9D (aB)=9(apINnaInNg

with appropriate powers ah_, depending on the definition
of the Hamiltonians given if4], Sec. II.

The momentum-dependent operatﬁrg‘gyp are given in
Tables | and II. For completeness, these tables also contain
the isospin factor<CW(aB) as derived in Appendix B of
[4]. The momentum operators forrr), and (7w), both
contain a term antisymmetric ky < k,, which only contrib-
utes in the nonadiabatic contribution; 4dé, Sec. IV. In the
adiabatic potential, as explained [if], they drop out when
we integrate ovek; andk,.

The energy denominatotsé”) are also discussed in detall
in [4], Sec. Il, in terms of the time-ordered processes in-
pair (1=2) meson-pair exchange, and@g) refers to the volved in one- and two-pair exchange. These denominators
particular meson pair that is being exchangede Fig. 1.~ depend on the energies of the exchanged mesonsyi.and
The subscript{p}={ad,na,pv,0ff} distinguishes, respec- w,. Another source of»; , dependence comes from vertices

(3.2

VO(k) =C(ap)g™(ap) J f —5(k ky—ky)

Go(k3 >E O4) o(k1.k)D{Rl (w1, ,),
(3.1

where the indexn distinguishes one-pairmE1) and two-
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TABLE II. The two-pair isospin factor€®)(a) and momentum operato®) (k; ,k,), and denomi-
natorsD (w1, ®,).

(aB) C@(ap) 0?) (ky,ky) D (w1, w,)
(7m0 6 1 vt
20105 w11+ Wy
(00) 2 1 ot
2(1)1(1)2 w1+ Wy
(m7) -7 1 ot
20105 w11+ wy
(mn") T T 1 __ 1 1
20105 w11+ Wy
(mm) 1 o L
T nn 2 w1 Wy (1)1+(l)2
(7)1 277 0,03 — L L
20105 w11+ wy
(7o) T 1+ (ko) 0y (ky— ko) ot
20105 w11+ Wy
(7P) 77 1 (ki—kp) 0+ (k1—ko) St
2(1)1(1)2 w1+ Wy
1/1 1
(mp)o 3 o1 0y [ T —
2\w;
— 0y (K tkp) 0 (Ky+ky) St 1
20105 w1+ Wy
1/1 1
(7o) LT o0y =+ =
2\lo;
— 0y (K kp) 0 (Ky+ky) o1

20105 w11+ Wy

TABLE IIl. The one-pair denominato®{"(w;,w,).

(aB) D (w1, w7) D(w1,0,) DS (w1,05)
111 1 1
(7)o 1 2—2[— ——— .t
wiwg w5 W1 W2 W;T W w10( w1+ wy)
(mm)s 2 = 2 ERS
wiwy(w1+wy)’ w%wg wiwg wil w%
111 1 1
(70) L === oy
W20l wlwy 01 @2 w1t w10,(w1+ wy)
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TABLE IV. The d,(t,u) functions corresponding to the denomi- where in terms of the integer poweps (i=1,2,3) the de-

natorsD p(w;,w;), p=0,1,2,3,4,5. nominators can be written
Dipy(@1,0)) dip(t,u))
D t 1 —1 (3.9
{P1.P2:P3}t ™~ " p1  ps : :
D2spo = 1 dooo = 1 rrens “’21 wgz (w1+w2)p3
wiw}
D = 1 d = 8(u—uo)
200 o 200 0 The energy denominatoB{” are listed in Tables Il and Ill.
B 1 B The evaluation of the momentum integrations can now
Dozo = — dozo = A(t=to) readily be performed using the methods given[i11].
@2 There it was shown that the full separation of theandk,
Digo = 1 digo = L S(u—Ug) dependence can be achieved in all cases using-inéegral
a3 Jr representation, first introduced [d1]. In Appendix B the
D _ 1 d _ 1, occurringA -integrals are listed. From the listing in Appendix
0.0 P 0.10 N o(t—1to) B one readily sees that for the derivation of the representa-
1 1 tion similar to that one in Eq942.4)—(2.6) we need to start
Door = I doo1 = ——(t+u) 3 out from a generalization of E@2.1):
w1+ Wy 2\/;
Dign = ! _::: dign = \/i_(t+ u) 2 3
Wiy w1+ Wy T - 2 ([~ d°A o
Vin(k) == [ "M n ) [ (a2 )
mJo (2)
with derivatives and the nonadiabatic expansion terms. It ap- Gn((k—A)% ym3+\?). (3.9

pears from{4] that in general one can write

In paper | it has been shown that all occurringntegrals can

(n) = (m) i
D{B}(‘UlawZ)_ 2 Cprl,pzypaD{Plvaﬁa}’ (3.3 be performed analytically. The result for all cases can be

P1.P2.P3 written as
TABLE V. CoefficientsY (3*"**) for the (), contributions.
Yo([) (t,u) Y ([l (t,u) Yao([) (t,u)
One-pair exchange
Qb.ad 3 1 tu -
' 2 - 2
(t+u)
Q(Dna 1 tru 1 1 (t2—8tu+u2 Jt+u 1 1 t2u? ) Jt+u 1
1 - = _ —_—— JE— —_—_—_ — —
J7 t(tru)Z M 2ym|  tru [ (t4u2 M V| (t+u)?) (t+u)? M
le),na _i t+Ui . —
Jor ttu M
Q(ll),pv 3 1 1 1 [t+u? 1 i —
2\m (t+u)®2M 2wl thu | (t+u)* M
ape 3 11 _ =
Jr (t+u)2M
Two-pair exchange
9(12),ad 1 1 _

27 (tru)2
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B d3A _ B From Eq.(3.1), Tables I-Ill it is readily verified that the
Vo, .p,.05(K)= j 3FO(AZ,ml)GO((k—A)Z,mZ) projection onto the potentialg;, similarly to paper I, can be
(2m written as

D{plvpz vp3}(w1 ’ (.02)

I v =detjwduw t,u
th dtf du wo(t,u)[d{pl,pz,ps}(t,u) pail @B) LI, o(t,u)
0 Uo

o[ s <forf- (55

All functions dyp, . p.y(t,u) that occur in this work are

given in Table IV. As noted in Sec. Il we will use only g functions){" are worked out in the subsections below.

representations with =N=2, so that nos(t—t,) or 5(u Likein I, we also introduce for convenience the expansion in
—Ug) occurs. K2:

tu

t+u

k2

Q(”)(kz,t,U)](aﬁ)

4.1

IV. PROJECTION MPE ON SPINOR INVARIANTS I: ;
ADIABATIC CONTRIBUTIONS () (S AT

The MPE contributions from the adiabatic terms—the K

nonadiabatic and pseudovector-vertex corrections—are the =C(”)(aﬁ)9(”)(aﬁ)k20 Y @GEnaPt,u) (k?)k,
central, spin-spin, tensor, and spin-orbit momentum-space B
analogs of those given in Ref4] in configuration space. 4.2

TABLE VI. CoefficientsY {3"*P) for the (), contributions.

Yo([l) (t,u) Ya([)(t.u) Yo([) (t.u)

One-pair exchange

Q(ll),ad N 3 1 2 tu _
\/; (t+U)3/2 \/— (t+U)5/2
Q(zl)'ad _ 1 (1+x) 1 _
3\/— M t+u
Qpad . 1 (1+x) 1 o _
2yr M t+u
le)ad 11 1 o _
o M t+u
Qna s 101 1 t?—8tu+u? 1 22 1
(e M trw?® M (t+u)* M
le),na 1 1 _
t+uM o
Qe +35(t7t0)+5(u7u0) 1 L 128(t—to) + u28(u—u) 1 _
4 t+u M 2 (t+u)2 M
Q(14),pv Jrt S(t—tg)+u S(u—ug) i . _
t+u M
Two-pair exchange
1 |d(u—u o(t—t 2
Q@ (U—Ug) (1) o

EGERG Wt
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TABLE VII. Coefficients Y 3&"*P*) for the (mp), contributions.

Yol (t,u) Ya(l)(t,u) Yo([l) (t.u)

One-pair exchange

1/ v tu
Qb Lo L | —— 2t k)—— —
? MG M (t+u)? ( Kp)(t+u)2
Qe iu2+tu(1+f<p) _ _
M (t+u)?
Two-pair exchange
Q@-ad 1 1 _ —
2w (t+u)t?
TABLE VIII. Coefficients Y {3"*"") for the (o), contributions.
Yo(l)(t,u) Y([)(tu) Yo(l)(t,u)
One-pair exchange
Q(-ad 2 +gtu—u2 —
t+u 3(t+U)2
(1).ad tu—u? _ _
Q3 +2——
(t+u)?
(1).na 5 1 1 1 t>-13u+6u? 1 2 tu’(t—u) 1
Q3 +=—— + — _—
J7 (t+u)¥2 M 3Jr  (t+u)? M 3Jr (t+u)™? M
Qna N 1 t?°—7tu+6u® 1 . 2 tu(t—u) 1 _
Ve (thw M Vr (tru)™ M
QP 1 1 1 1 t’—tu 1 _
J7 (t+u)¥2 M 3Jm (t+u)¥2M
Qe 1 tP-tu 1 — —
J (t+u)®2M
Two-pair exchange
Q) 1 1 1 (t—u)? —
Jar (t+u)?? 67 (t+u)>?
Q@ 1 (t-w? — —
2\mr (t+u)5?
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TABLE IX. CoefficientsY {3""*P) for the (ww), contributions.

Yo(l) (t,u) Ya([)(t.u) Yo([) (t,u)

One-pair exchange

Ql,ad u
(2) 3
t+u

1),ad
Qg

Two-pair exchange

Q@)ad 1 5<t—to)+5<u—uo>} 11 B
2 + —
2yr| Vu \q 6\ \t+u
Q(32),ad . 1 1 . .
27 \t+u

Below in this section we give the results for the adiabatic B. JP¢=1"": Adiabatic (w);-exchange potentials
contributions. The coefﬁmentl’zfa‘k are tabulated in Tables (i) One-pair exchange:

V—IX.
g(ﬂﬂ) fNN’ﬂ'
A. JPC=0%*: Adiabatic (7 ),-exchange potentials QMK tu)=—4(7- 72)( ?1) ( m?2
The one-pair and two-pair contributions are ; " L
tu
dy gt — =+ — K2} —,
g(7T7T) f2 . X 11T [ 2 (t"f‘ t+
QK3 tu)= 6( o)( Al di22,0(t,U) ’ )
m; m2 (4.439
X E— —tu 2 —1 ) (4.33 g(mT)l fl%le
2 \t+u t+u QK2 u)=—2(7- ) — .
T m7T
rmy | (L) 1
() Kq
ﬂ‘f’(kz;t.u)=—3<—°> daag(tu). (43D v Gezdtw)+ 3 szu
(4.4b
|
g(v‘rw) f (1+ )
(1)/,2. __ ) 1 NN K1 -
Q3 (k ,t,u) 2(71 72)( mfr )( m727 d220( ) 2 t+u1 (44d
g(7T‘lT) f - 1
QP (Kt u)=—2(7;- m( )( = dzzo(t Wy (4.49
m‘lT m'IT
(i) Two-pair exchange:
2
Q(z) 2. _ 1 g(’IT’IT)l
(K 1t,U)——§(71'72) ———| [d10,0tdo,1,0—4dgo,1](t,U). (4.4¢
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C. JPC=1%**: Adiabatic (7p);-exchange potentials
(i) One-pair exchange:

2

2 (=), | [ FnaT u 1 4 tu 1
(1)/1,2- _ S 1| [ TNN7ONNp 1 5 tu Ll 1
QL= (n TZ)( m, )( m, do2d LW 15+ 3| g [} T 2(1H )| 27 3 1 t+u’
(4.59
2 9(mp), | [ Funag uz 1 2tu) 1
(1)/1,2. _“ ) 1 NN7INNp I -
QS (k ,t,u) M(’Tl 72)( m,n. )( mw dzyzyo(t,u t+u+ (1 K )t+u t+U (45b)
(i) Two-pair exchange:
2
(2) 2. ( p)l
Q7 (k5 tu)=— (7 7) 2 dyaa(t,u). (4.50
D. JPC=1%"*: Adiabatic (wo)-exchange potentials
(i) One-pair exchange:
g(’IT(T) fNNﬂ'gNN(T 2 tU_UZ 1
(1) (|c2- _ - 2|_—
Q (k tU) +(Tl 72)( mﬂ_ )( m. szZ,o(t,U) 2+3 tru tru’ (4Ga
g(ﬂ'o) fNNﬂ'gNNU tU—UZ 1
(1) (|c2- _—
Q (k ,t,U) +2(’Tl Tz)( m’n— )( qu dz’zyo(t,u) t+u t+u (46b)
(i) Two-pair exchange:
1 g ? 1 t—u)?
(7o) —Uu
(2)/1,2. __ - . hhes ) 2
Q57(k;t,u) 2(7'1 7'2)( e ) dyq(t,u)y — t+u 3l 7 k ], (4.60
2
)12 1 g(TTO’) t—u 2
Q57(k ;t,U):_E(Tl'Tz) —— | dyaa(t, U) : (4.60
E. JPC=1%": Adiabatic (7w)-exchange potentials
(i) One-pair exchange:
g(ﬂ'w) fNNﬂ'gNNw 2 tU+U2 1
(1)/1,2- — < 2
QZ (k ,t,u) (’Tl 7'2)( mﬂ- )( mﬂ- dzvz‘o(t,u) 3 t+u k t+u, (473
g(ww) fNNﬂTgNNw tU+U2 1
(1)(|c2- i
Q (k ,t,U) +2(’Tl ’72)< 77 )( mﬂ- dzyzvo(t,u) t+u t+u, (47b)
(i) Two-pair exchange:
g ? 1
(mw)
Q(Z)(kz t U)__ _(Tl 72)( l) [d1,0,0+d0,1,0_ §k2d1]1’1](t,u), (47(.‘)
1 Ira), |
(Tw)
ng)(kzit,u):+5(7'1'72)<—21) dyqq(t,u). (4.79
m7T
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F. JP¢=1%**: Adiabatic (#P)-exchange potentials

The treatment of the Pomeron has been explaind®jinThis implies the use 06,/M?2 in Sec. Il. Furthermore, with
respect tar exchange there is a«) sign forP exchange. Therefore, comparing to E@s6a—(4.6d we obtain the following
potentials.

(i) One-pair exchange:

9Py | [ FunaOnnp) 1 2 (tu—u? 1
(D)(e2- [ . _ _ _ 21— _
QZ (k 1t1u) (Tl TZ)( mi )( m, Mlz\‘dZ,O,O(tiu) 2+3 t+u K '[+U6(u u0)1 (483
9(=p) | [ FnNZONNP -u?\ 1
(1) (12 [ . = _
Q37 (k5tu)=—2(m 7'2)( e )( m_ M2 — daodt, U) Tra Jizg duT o) (4.8b
(i) Two-pair exchange:
DK%t )= + = 9oe | —d bl (Y el 4.8
S(kStu) = 2(7'1'7'2) m. | M2 111t u) o 3l (U—Uup), (4.80
2
0@ (k2 —+E @ id t t__ 25 _ (4.8
3 (k5 tu)= 2(71‘72) qur Mﬁl 111(t,u) T (U—up). .

Notice that in Eqs(4.89—(4.8d), uy=1/4m3.

G. JPC=0%"*: Adiabatic “derivative” (mr),-exchange potentials

The derivative-pair potentials in coordinate space have been derivEtP]nin detail. A summary of this is given in
appendix D. A short derivation of thespace potentials is also can be found there.
(i) One-pair exchange:

Y(mm), fNN 15 1t2—8tu+u? t2u? 1
QP (kZEtu)=-12 —— K d t,u 24 4 : 4.9
( ) m 220U 745 Tt w2 (4.9a
(ii) Two-pair exchange:
, 2
2__ 2 2,,2
ng)(kz,t,u):_6 g(ﬂ'ﬂ')o 1_5+t 3tu+u 2 t“u 2 d]_’l‘l(t,u)
m2 4 t+u (t+u)? (t+u)?
3 m2t+ m2u dyiq4(t,u) |3 tu dgo4(t,u)
[l v 1 U, 1,1,1 S | Yo,0,1!
+2 2(ml+m2)+ —y k +m1m2(t+ ) Y 5Ty oy . (4.9b
H. JP¢=07%*: Adiabatic (o 0’)-exchange potentials
(i) One-pair exchange:
g o0
P2t u)= 2( ( ))gNNgdzzat ). (4.108
(i) Two-pair exchange:
oo\ ?
ng>(k2;t,u)=—( - ) dy 1 4(t,u). (4.10b

V. PROJECTION MPE ON SPINOR INVARIANTS II: 1 /M CORRECTIONS

The nonadiabatic and pseudovector-vertex corrections have been given $ec. IV. Similar to Eq(4.1) we write these
contributions in the form
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t+u

(na pv)(aﬂ)_f dtf du wy(t, u)[d{pl b, Pa}(t u)ex[{ kZ}QJ(n)(kz;t,u)]. (5.1

A. Nonadiabatic corrections

From Egs.(4.5—(4.9) of [4] one readily obtains the momentum-space equivalents using the replacements

3 3
f f Phad™o e, +k>ﬁf J Pl Sk ky—ky).
(277)6 (2m)3

Then, by comparison one can easily read off the diverse quarﬁ)ﬁfga%, and D(”a)(wl,wz) that occur in Eq(3.1) for the
nonadiabatic potentials. The projections onto !h‘é’a) in Eq. (5.1) yield the foIIowmg

(i) (mm)o:
Q(mm), [ f 23 15 1/t>-8ut+u? t2u? 1
(na)/,2. _ _ *"™o[ INNm| 2 -~ - 2 4
Q"% (k% t,u) m ( mw) Md{na}(t,u) 2 ++2 oy ks+ ()2 k 0’ (5.2a
g(wﬂ') f 23 1
(na),1,2. _ 0 NN ~ -
Q4 (k !tlu) mﬂ. ( mﬂ- ) M d{na}(tuu)t+u (52b)
(i) (7r)q:
9(mm), [ f 21 15 —8ut+u? t?u? 1
(na) 2. _ 1 NN 2 4
QK2 tu)=—2(7 - 7)—— ~ (mw) —dog(t, U){4 +3 Y ()2 k REEREL (5.39
Q(na) K2 __5 g(7T7T)l fNN7T 21q q 1 b
(k5 t,u)=—=2(m- 1) mo\m | ™M 2ot Wi (5.3b
(i) (oo):
g(o’a) gNNo’ 3 tu 1
(na)/,2. k2t =
Q (k=;t,u)= m.. d{na}(t u)§ — 2+ tru tru (5.9
(iv) (mo):
(7o), fung O 1t2—13tu+6u2 1 tu?(t—u) 1
(na),,2. _ ) 1 "NN7 YNNo 2, = 4
QZ (k 1t=u) +(Tl 72) m727 m_ d{na}(t U) 2 6 t+u + 3 (t+u)2 k (t+u)21 (553
9(70); Frng INN 1t2—7tu+6u® tu?(t—u) 1
QM (kZt,u)=+(m- 7 S Ud t,u + k2 . 5.5b
3 ( ) ( 1 2) mi m, {na}( ) t+u (t+u)2 (t+u)2 ( )
(V) (mm)q (“derivative”):
Yl | | Fruna| 2 1 15 1/t2—8tu+u? t2u?  |dyq4(t,u
QPI(k3tu)=—12| —— ( AL ) Sl B 2 REECL)
m? J\ m; ] 2M 4 2\ ttu (t+u)? | (t+u)?
105 15/t?—5tu+u? 3 —5tu+u? t3us dna(t,u
- —+—(—) 2— ~tu 4— na(t.W) (5.6a
8 4 t+u 2 (t+u)? (t+uw? | (t+u)®
I(mm), | [ 21 [dygqt,u) tu dpa(t,u)
(na) 2. _ 0 NN - 11,1\ - 2 [“nalty
(kK2;t,u) 12( o (mw) vl o Tl 52 | (5.60

Here,dn4(t,u) is defined in Eq(B3).
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B. Pseudovector-vertex corrections

From Eqs(4.9—(4.11) of [4] likewise as in the case of the nonadiabatic corrections one obtains for the pseudovector-vertex
corrections.

(i) (mm)o:
O(mm), [ f 23 %+ u? 1
(PO) (2% 1)) = O INN7| = 2\ _—
QP (k5 tu)y=+ - ( mw) Md{lylvl}(t,u) 3+ —y k U (5.79
g(7T7T) f - 2 3
QPI(K%tu)=+2 °< - ) gt u). (5.7b
(i) (mr)q:
9(am), [ f 21[(3 u? 3 t? 1
(pv) /2. 1 NN il L2 e L2 el
Q (k t U) +(’T]_ 7'2) ( mﬂ- ) M (2+t+uk d{2'0’0 (t,u)+(2+t+uk d{o’z'()}(t'U)t+U, (SSa
(Pv)/ 1.2 g(7T7T)1 fNNTr 2 1 u t
Q7 (k5tu)=+2(7 - 1) m m ™M H_ud{z,o,o H_ud{ozo} (5.8b
(iii) (7o)
Y(mo), f g —tu 1
(pv) L 2- - _ . 1 "NN7 YNNo - 2l
Q7 (kStu)=— (71 ) me m, M dppa3(t,u) I+ 37170 K 7o (5.93
g(‘IT(T)l fNN gNN tu 1
v 2. _ K o

(iv) (7)), (“derivative”):

Il | [ Fauna| 2 1 m2(3t?—u?)+ m3(3u?—t?) 1
(pv) (1 2- _ 0 NN 2 2\2_ 2 2 1 2 2
QP (k% t,u) 6( mw ) m, ) oM ——dy 14(t,u)} (M—m3) 3(mi+m3)+ Y ——
t?+ 2tu+u? t2+2tu+u? 1
Y [P K , (5.10a
t+u (t+u)? (t+u)?
Yimmg | | Fruns 2 3 [t2+tu+u? 1
(pv) (1 2- _ 0 G 2 2 e 2
QP2 (k=;t,u) 24( - )( m_| 2N dy1a(t,u)y (Mi+ms)+ 2+ ——Y Tl (5.100
The coefficientsy ¢ defined in Eq(4.2) are tabulated in Tables V—IX.
|
For (wP) exchange, the My nonadiabatic and TCY b * ()
pseudovector-vertex corrections can be read off from those Vir(k)= . dt " du W{pl,pz,pg}(t'u)
for (wo) and making the same adjustments as given already o T
for the adiabatic contributions. In Table X th@{P:29 for W o] e
(7rP)-pair exchange are given explicitly. Xexpg - t+u pkStu, (6.

VI. PARTIAL WAVE ANALYSIS where

Like the TME potentials in |, the general form of the MPE g
potentials in momentum space is W{p1 py pg) (1) = Wo(t,U) {P p.pg) (L)

044009-12



EXTENDED-SOFT-CORENN . ... II. ... PHYSICAL REVIEW C 66, 044009 (2002

TABLE X. CoefficientsY {3""*P*) for the (mrP); contributions. These coefficients have to be multiplied
by a factor— 8(u—ug)/M3 .

Yo(lD(t,u) Ya([) (tu) Yo(lD(t,u)

One-pair exchange

, 2 —u2
9(21)ad _ +%tu u —
t+u (t+u)?
_ 112
Qb tu—u _ _
(t+u)?
Q(1)na 5 1 1 1 t?>-13tu+6u’ 1 2 tu’(t—u) 1
2 t=— + — =
Jr (t+u)¥2M 3V (t+tuw)®2 M 3w (t+u)™ M
Qna N 1 t?>—7tu+6u? 1 2 tu¥(t—u) 1 _
Voo (t+u)? M Va (t+u)”? M
Qe 1 1 1 1 t°—tu 1 _
Jr (t+u)¥2M 3 (t+u)¥2M
Qe 1 t*~tu 1 _ —
Vr (t+u)*2M

Two-pair exchange

Q(ZZ),ad _i; _L (t_u)z -
Jmr (t+u)?? 67 (t+u)>?

Q@-ad 1 (t—u)? _ _
2w (t+u)?

Therefore, the partial wavéPW) analysis runs along the- formed ay? fit with the ESC model to the 1993 Nijmegen
same lines as described in Secs. VI and VII of paper | for theepresentation of thg? hypersurface of thélN scattering
TME potentials. We refer the reader to this paper for detailsdata belowT,,,=350 MeV[15].

This fitting was executed iR space using the equivalent
x-space potentials. The reason for this is the much faster
evaluation of the ESC model iR space. We obtained a

The momentum-space formulas for the potentials of thisy?/Ngata=1.15. The phase shifts are shown in Figs 2—5. In
paper and paper | have been checked numerically. This igable Xl the results are shown for the ten energy bins, where
done by solving the Lippmann-Schwinger equation and comwe compare the results from the updated partial wave analy-
paring the phase shifts with those obtained by solving theis with the ESC potentials.

Schralinger equation using thespace equivalent of the po- In Table XII we show the OBE coupling constants and the
tentials. The agreement reached was of the order of ondsaussian cutoffs\. The «=F/(F+ D) ratios used for the
hundredth of a degree. OBE couplings are pseudoscalar mesags=0.355, vector

After the completion of thep-space formalism we per- mesons ay=1.0, ay=0.275, and scalar mesongsg

VII. ESC MODEL: RESULTS
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FIG. 2. Solid line: proton-protoh=1 phase shift¢degreef as 0 100 200 300 0 100 200 300

a function of T, (MeV), for the ESC model. The dashed line: the A ]
multienergy phases of the Nijmegen93 PW analj&&. The black FIG. 3. Solid line: proton-protoh=1 phase shift¢degree} as

dots: the single-energy phases of the Nijmegen93 PW analysis. THe function ofTiz, (MeV), for the ESC model. The dashed line: the
diamonds: Bugg single energg6]. multienergy phases of the Nijmegen93 PW analystd. The black

dots: the single energy phases of the Nijmegen93 PW analysis. The

di ds: B ingl 6].
=0.914, which is computed using the physic&* lamonds: Bugg single energyc]

=f,(993) coupling, etc. In Table XllIl we show the MPE PW analysis at the highest energy in particular. If we evalu-
coupling constants. ThE/(F + D) ratios which we used for ate the x? for the first nine energies only, we obtain
the MPE couplings are #7), etc., and @w) pairs Xx°/Nga@a=1.10. . .
a({84)=1.0, (7m), etc., pairsal({8},)=0.4, al({8},) We mer_1t|or_1ed tha? we do not include negative-energy
—0.335, (7p)y, etc., pairsaa({8},)=0.335. state contributions. It is assumed that a strong pair suppres-

We emphasize that we use the single-end&f) phases sion is operative at low en_ergies in view of the composite
and x? surface[17] only as a means to fit thN data. As nature of t_he hucleons. .Th|s Igaves fqr us the p§eudospalar
stressed iff15] the Nijmegen SE phases have not much Sig_mesons_wn_h two essential equalent interactions: the _dlrect

o o : and derivative ones. In expanding thiN7, etc., vertex in
nificance. The significant phases are the multiendidi) /My these two interactions differ in the Mf terms; see
ones; see the dashed lines in the figures. One notices that t NE 34 and (3 H f N I7 h
central values of the SE phases do not correspond to the ME" , gs. (3.4 an _( -5). Here, we prefer to cancel these
phases in general, illustrating that there has been a certatf My terms by taking
amount of noise fitting in the SE PW analysis; see, e&g., 1 o
and 'P; at T;,,=100 MeV. The ME PW analysis reaches Hpszz[gNNwz//i Ys1¢- wt (Fung /My) v, ys7h- 0],
x%INgyata=0.99, using 39 phenomenological parameters plus (7.0)
normalization parameters and the related phenomenological '

PW potentials Nijml,Il and Reid9818], with, respectively, wheregyn,=(2M /M) Ny -

41, 47, and 50 parameters, all Wi§?/Nga,=1.03. This As for the OBE couplings, one notices tfag=g,yy is
should be compared to the ESC model, which §&Ng,,  small (see[20]), butGy=g,+f, is okay. One possible ex-
=1.15 using 20 parameters. These are nine meson-nucleoplanation would be that part of theexchange is replaced by
nucleon couplings, eight meson-pair-nucleon-nucleon couthe two-pair ¢r#); exchange, which has identical quantum
plings, and three Gaussian cutoff parameters. From the figgumbers. This still leaves room for the interpretation of the
ures it is obvious that the ESC model deviates from the MEone-pair ¢r7); exchange as a form factor correction. An-
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30 T T T
%D

10 .

8Ll - 0 L -
0 100 200 300 0 100 200 300

FIG. 5. Solid line: neutron-protoh=0 phase shift§degreeg
as a function ofT,, (MeV), for the ESC model. The dashed line:
the multienergy phases of the Nijmegen93 PW analys®. The
black dots: the single-energy phases of the Nijmegen93 PW analy-
sis. The diamonds: Bugg single enefgy].

nicely with the A, saturation; se¢4]. We conclude that the
pair couplings are in general not well understood and deserve
-30 Il 1 1 -6 1 Il Il
0 100 200 300 0 100 200 300 more study. . _ . _
o . The ESC model described here is fully consistent with
FIG. 4. Solid line: neutron-protoh=0 phase shift§degrees SU(3) symmetry. In Appendix E we display the full $8)

as a function ofT ., (MeV), for the ESC model. The dashed line: contents of the pair interaction Hamiltonians. For example,
the multienergy phases of the Nijmegen93 PW analysi. The I(mp). = IAVP and besides 7p) pairs one sees also that
black dots: the single-energy phases of the Nijmegen93 PW analyk Kg‘zl _ 1*; andKK* (1=0) pairs contribute to th&IN po-

sis. The diamonds: Bugg single eneigel tentials. All F/(F+D) ratios are taken fixed with heavy-
other interesting possibility is that leaving out the tensor mesmeson saturation in mind. The approximation we have made
sonsa,(1320), f,(1270), andf,(1520) affects the vector- in this paper is to neglect the baryon mass differences; i.e.,
meson couplings. This can be seen as follows. At highwe putm,=my=my. This because we have not yet worked
energies and low to moderate momentum transfer there is @ut the formulas for the inclusion of these mass differences,
strong cancellation between the vector and tensor exchangehich is straightforward in principle.
(p—ay)- and (w—f,) cancellation[19]. This is called ex-
change degeneracfEXD). Indeed, by changing,/\4m
=0.3 to g,=0.754/4m one can cancel the change in the
p-exchange potential by the inclusion @ exchange rather The ESC model presented is very successful and flexible
completely. The inclusion of mesons with a mas4 GeV  in describing theNN data. It can be developed and extended
/c?, like the axial and tensor mesons, we leave as a futurén various ways. First, we plan to extend the OBE potentials
project. in momentum space by including the full OBE propagator,
Unlike in [3,4], we did not fix the pair couplings using a i.e.,
theoretical model based on heavy-meson saturation and chi-

VIIl. CONCLUSIONS AND OUTLOOK

ral symmetry. So in addition to the 14 parameters used in 1 1 1
[3,4] we now have eight pair coupling fit parameters. In — eera M[pfer p?—2p2l.  (8.1)
Table XIII the fitted pair couplings are given. Note that the w®  0lo

(mr)o-pair coupling gets contributions from thé} and the

{8} pairs as well, giving in totad), = 0.10, which has the  This includes retardation at the level of the OBE potentials.
same sign as if4]. The f, ) -pair coupling has opposite Second, one may extend the TME potentials including be-
sign as compared {@]. In a model with a more complex and sides PS-PS also the PS-vector, PS-Scalar, etc., potentials.
realistic meson dynamick9] this coupling is predicted as Third, we may include the axial and tensor mesons, which
found in the present ESC-fit. Therp),; coupling agrees we discussed in connection with EXD.
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TABLE XI. x? and x? per datum at the ten energy bins for the

PC:0++: (ot . + 2 /m
Nijmegen93 partial wave analysibly,;, lists the number of data Hs=(d'y ){g”)o(” ™)+ Qg00 /My
within each energy bin. The bottom line gives the results for the , —, 3
total 0-350 MeV interval. They?> access for the ESC model is Y (mm (W P o*a)lm, (Ala)
denoted byA x? andA y2, respectively.
~ ~ \]PC_]_**.H — T r_ f(ww)l_r Y
Tiab No. data X% AXZ Xé AXZ - v — g(‘IT‘IT)llI/I ‘}/#Tl,// oM lr// U/LVTl// d
0.383 144 137.5549 213 0.960  0.148 X (X a7y e (A1b)
/n'!
1 68 38.0187 55.7 0.560 0.819
5 103 82.2257 13.0 0.800 0.127 JPC—1++ 1, = 0 U (X /m
10 209 257.9946 781 1234  0.269 A= Q) ¥ 7 Ys TV (X )M
25 352 272.1971 44.3 0.773 0.126 I ’ 2
+ (e 7' (od*7— it o)lme,

50 572 547.6727  137.4 0957  0.240 O ¥ Yu¥s™¥ i
100 399 382.4493  27.6  0.959  0.069 (Alc)
150 676 673.0548 82.9 0.996 0.123 b L — L )
215 756 7545248  108.0  0.998  0.143 I =1" " He=0(np) b Ty’ 9" (7 p)/m7
320 954 945.3772 305.0 0.991 0.320 — . )

+9n0 04, ysT 3" (T 0*)Im7 . (Ald)
Total 4233 4091.122 864.2 0.948 0.201

APPENDIX B: A REPRESENTATIONS
The momentum-space formulation of the ESC model also
suggests a covariant formulation. Consider an effective field
theory and suppose that it allows Wick rotation. Then, as- 1 2(= dx
suming in Euclidean space a Gaussian cutoff, one can use a Diod @1,@5)= —:_f — (B1a)
representation completely akin to E@.3), etc. For example, @1 TJo wit\
this opens the way to analyze the expansion in loops in the

The following A representationgll] are exploited:

presence of a strong cutoff. Also, one could evaluate the ESC 1 2 (= dA

model using the Bethe-Salpeter equation. Do1d w1, @2)= w—=;J IR (B1b)
The ESC model presented can be applied in various ways: 2 0wzt

(i) the study of few-body systems in momentum spdie, )

the study of meson-exchange-curregfEC) corrections, 1 2 (= A“dA

o X : D ,Wp) = =— ,
(iii) the derivation of three-body forces consistent with the 001(@1,2) w1ty mJo (w2+\2)(wi+A?)

two-body forces, and(iiv) G-matrix, etc., description of (B1o)
nuclear matter.

1

. DI  —
APPENDIX A: PAIR INTERACTION HAMILTONIANS 11,1 %1,%2 ‘01‘02(‘01+‘02)

The pair Hamiltonians are
2 (= d\ B1
TABLE XII. Meson parameters of the fitted ESC model. Phases 7)o (07+\?)(w3+\?) - (Bl
are shown in Figs. 2—-5. Coupling constants ark?at0. An aster-

isk denotes that the coupling constant is not searched, but con- A special combination occurs in nonadiabatic terms. Here
strained via S(B) or simply put to some value used in previous (see Table Il} occurs

work.
W 1 (1 1 1
Meson MasgMeV) o/ V4w f/\4m A (MeV) Dyi(wy,w50)= —_t —=
2 2 w1 (OF) w1+w2
W)
- 138.04 0.2663  950.69
7 547.45 0.1461  950.69 2 (=d\| 1 1
o 957.75 0.1789  950.69 7)o N2| 02wl (@2 ND)(wl N
o 768.10 0.2700  3.6378  688.20
é 1019.41 -1.471% 0.0149  688.20 (B2)
781.95 26862  0.3255  688.20 . .
¢ Notice that the denominatdd(;)=2D,; see[3]. The corre-
ao 982.70 0.9851 734.25 dingd. (t.u) is ( | Sec. VA
fo 974.10 ~0.7998 73425  SPondingdn,(t,u) is (see paper I, Sec.
e 760.00 3.7554 734.25 SN )
A, 309.10 ~0.4317 dna(t,u)=—f ri-etroy= 2 i,
Pomeron 309.10 2.5514 mJo \? ar

(B3)
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TABLE XIll. Pair-meson coupling constants employed in the  (g) (¢;-k;)(0,-ky)
MPE potentials. Coupling constants arekdt=0. An asterisk de-

notes that the coupling constant is set to zero. =(o1-A)(0y-A)
JPe SU@)irep  (af) . /47 1 ?
9 =35 171'0'2+m(0'1'k)(0'2'k) o
o+t {1} (mm)o 0.1567
o+ {1} (o0) 0* (Cle
0 (8}, (m7) ~0.2946
O++ (77_7]!) O*
17~ (8}, (mm), 0.1093 ~0.2050 (1) o1 (ki=ka) oz (ki =ko)
v {8}a (7p)1 0.6950 =0, (20— K)o, (2A—K)
1++ (8}, (wo) 0.0140 s 1/tou?
14+ (8}, (mP) ~0.1604 o L= _U) K2
1- (8l (r0)  —0.1081 T2 50T 3t
Y
+| oy ko k— K20y - —) . (1
APPENDIX C: INTEGRATION DICTIONARY o1-kopk=gklor ool ) - (€10

In this appendix we give a dictionary for the evaluation of
the momentum integrals that occur in the matrix elements of (i) For the 1M correction operatorg)(”a) etc.. not in-
. . . . ; a[-} 1 "y
the TME potentials. The results of tiA integration are cluded in the listC1a—(C1f):
given apart from a factor (#a) ~%? (a=t+u), common to
all integrals. Using the results given in Appendix B of paper
I, one obtains the following. (a) (ki-kp)?=(A-k—A?)?
(i) For the operator®}) = and the operator®?) :
P AP P pip 1 t2—8ut+u?|
=7 15+2| ——— |k

@ (ki-kz)=A- 2 t+u t+u’ 1202 1
(Cla +4 k* ) (C23
(t+u)? (t+u)?
(b)  [o1-kiXky][op- Ky XKs]
(b)) (o1-ky)(0o,-kp)
1/2 2 =>1 a'~0'+i(0'-k)(0'~k) —
=3 §(Ul'ﬂz)k 217V 72t Y 2 t+u’
(C2b
1 1
_ _ = 2| _—
[(0'1'k)(0'2'k) 3(0'1'0'2)k }Hu’ ) , 3 42 ) 1
(Clb) (C) kl:A = §+ mk m, (CZC)
(o) [(o1+07)-kiXKo]q- (Ky—Kp) ,
(d) ki=(k—A)’= E+—|<2 i, (C20)
=[(0y+ 0,) - AXK]q- (2A—K) 2 T t+u [ tru
1 2,2 _1L2A2_ ol AA2 L AA
(o o)X Kl €19 (&) K2k3=kK2A2—2k-AA%+A
2_ 2
(d)  (01-kyop-ka) + (01 ko020 k) = E.,.EWKZ
ot 1 4 2 t+u
u
== 0'1'0'2_m(0'1'k)(0'2'k) o 22 y 1 e
+ H
(C1d (t+u)? | (t+u)?
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() (kyi-kp)(oy-ky)(o2-kq)
—A-(k—A)[0,- Aoy A]

5. 1t o) 1
= 2t 2t '(t+u)20'1'0'2
1 (2t—5u)u
+(oq-koy-K) 5 t1u

. tu® 2 1
(t+w? | (t+u?’
(9 (Ki-kp)(o-kq)(02-kp)

=A-(k=A)[oy-Aoyp- (k—4)]
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M= O{my, (W' ) (37 )M . (D2)

1. Adiabatic potentials
For the one-pair graphs in E¢3.1),

Ol ok, k) =05 09,

- frnr| 2 :
og@:—( 2":) (ky-ko—io-kyXKy),
(C2

g(ﬂ'ﬂ')
) =2 O(iw1w2+k1~k2). (D3)

ko

Here, forp=a,c the (—) sign and forp=Db the (+) sign
apply. Obviouslya= 8= 7 in Egs.(D3). All other quantities

in Eq. (3.1) are the same as for a pion pair without deriva-
tives. Here and in the rest of this appendix, we absorb the
g™ (a,B) factor in Eq.(3.1) into the definition of theO

5 1 tu 1 operators.
[Z_ iy 2 ——— 00+ (01-Kkoy k) Evaluation of thep sum and including the mirror graphs,
(t+u) one gets, collecting all terms and selecting the contributions
symmetric in k-2 the matrix element,
1 7 tu t2u? 1
X{=—= + 2 . )
{2 2 (t+U)2 (t+U)3 ] t+u 2 Oaﬁ p(klikZ)D (0)1,0)2)
(C29
9(rrm) frana | ®
=-2— ( ) (k-ko)
APPENDIX D: DERIVATIVE SCALAR-PAIR POTENTIALS M i
As pointed out by Ko and Ruda[is], besides the most r 1
simple Lagrangian foo- decay,£ (%) =g, ..o, also the *kyko—ior klkz}wiwg' ©4)

Lagrangiano decay”l f,l,lw—g”woa - "7 appears in the
linear o model. The latter is useful in keeping the scalarFor the two-pair graphs in E¢3.1) one has

meson widths within reasonable bounds as the scalar mass

increases. Also, derivative couplings to baryons were consid- 0@ (Ky,ky)DP(wy,w5)
ered in the context of an S(B) generalization i9]. In the Ocp.plke, b
(NN27) effective-field-theory Lagrangian [14] the 1

= —(—w1w2+ kl' k2)2.

NN-interaction Lagrangian, i.e., the next-to-leading-order 2w 05( w1+ wy)

(NLO) term, for the pion pairs reads
pion p (D5)

Using the expressions in this appendix we obtainpin
space the adiabatic “derivative’ ) o-exchange potentials.

1_ _ =
L= E[SC D m T2 4csD,-D* The one-pair exchange and two-pair graphs give

™

Q2K )

g(”?T’IT) f - 2
:—12( . 0)( r':]'i) dp o oft,U)

m

™

+2c40,,7 D*XD" |, (D1)

whereD=1+#%12 andD,=D"*d,alF ,, with F,=2f
=185 MeV. The correspondence with the pair terms treated
in this paper is tha¢1~g(w)0 andc3~gém)0. Thec, term

has been considered [0], but not in this paper. The “de-
rivative” Hamiltonian to lowest order in ther reads

15 1 t°—8tu+u? t?u?

i 2, 4
4 2 t+u (t+u)2k

1

(t+u)?’
(D6a)
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Q(12)’ad(k2;t,u) Q(lna)(kz;t,u)
, 2
9(rr 2 2 2.2 '
=—6( ( 3)0) I E+t 3tu+u e tu k“] b Yirmyg | [ Funa)| 2 1
m3 4 t+u (t+u)? - mé |/l m. ] 2m
diga(tw) 1[3 o mit+mbu
o | + 4+ = 2_ 2 2,2
(tru)? 5 2(m1 m5) vy k N 1_5+l t°—=8tu+u 2, teu K
4 2 t+u (t+u)?
d t,u
+m2ma(t+u) a.1a(t1) ) 5
+| == 2 = . (D6b)
2 t+u t+u
3 [t?-5tu+u? t°u®  dna(t,u)
—=tu - f
_ 2 (t+u)? (t+uwd  (t+u)d
2. UM corrections (D93

The nonadiabatic from the ¥/ expansion of the energy

denominators and the pseudovector-verteM Jorrections g(’ﬂ'"’)o fang|2 1
are described in Ref11] and used also in Ref4], Sec. IV. QPI(KZtLu)=—12 — ( - 77) o
Below, we give the results for the evaluation of thesen 1/ mz &
corrections for the one-pair graphs with the “derivative” pair q
interaction. 12(6,U)
t+u
a. Nonadiabatic contributions

For the one-pair graphs in E(.1) the nonadiabatic op- +|—5+2 tu K2 dna(t,u) . (D9b)

erator is trus J(t+u)?
, Hered,,(t,u) is defined in Eq(B3).

6(1),na(k K,)=>—2 (mmo [ Tung i[(k k,)? I

aBp \R1,K2 mi m_ | 2M 1" K2 b. Pseudovector contributions

The pseudovector vertex givesM/terms as can be seen
from

i ~ !
+ E(G'DL o2)ky X ko (ky—ko)TES)

TP

_ f -
u(p" )T Pu(p) = —i—=

D7) - {a-(p’—p)t%m(p%p)},

(D10)

Whereﬁff;;?p: +wiw,+ky -k, and the+ sign has been ex- Where the uppeflower) sign applies for the creatid@bsorp-
plained above. The denominathé)”a)(wl,wz) have been tion) of the pion at the vertex. For gragh) the operator for
given in[4]. Again, we select the terms symmetric in-2 the nucleon line on the right is readily seen to be

since the asymmetric terms will not contribute, which is eas-

i i fp)2 1
ily seen inx space. The sum over the graphgs=a,b,c | Py = 2_ 2y 5.
yields m_| 2M [(w1k5— wok]) =20 (w1ky+ woky)

~ ot 1 1 1 . . . .
E FSTSW)nga(wl,wz)z +—— The same expression for gragh) is obviously obtained
P ' @102 011 @2 o) from Eqg. (D11) by making the the substitutiom;— — w;
and for graph(c) the substitutionw; ,— — w; ,. The mirror

graphs are included by making the replacement- (o

1 1 1 + @,)/2. Combining all this with the adiabatic denominators
X|—4+ ————|(ky-ky). 1
w; wy; ot Di(w1,w2),
(D8)
. o . . Di(w1,0p)=————, Dij(w1,0)=——5,
Using the expressions in this appendix we obtaip ispace 2005wt w,) 2wiw5
the nonadiabatic “derivative” fr)o-exchange potentials (D12

044009-19
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TABLE XIV. Coefficients Y 5*"P*) for the (mrr), (“derivative”) contributions.

Yo(l) (t.u) Ya(lD(t,u) Yol (t,u) Y(I)(t,u)
Q(-ad s 1 1P 8tutu? t?u? _
fttu (t+u)? (t+u)
Qna 45 1 1 L1 14t?—67tu+14u? 1 tu 3t?—14tu+3u® 1 1 td® 1
2\m (t+u)%2M 2yr (t+u)? M Voo (w2 M Jar (t+u)2M
Qna 9 1 1 4 tu 1 _ —
+_—_ e —
Jm (t+u)¥2M Vr (t+u)*2M

RE 1 (m?—m3)? 1 1 m3(3t2—u?)—m3(t?—3u?) 1 1 tu(t?+2tu+u? 1 _
2Jr (t+u)2 M 2Jm (t+u)5? M Jro (t+w?2 M
. 3 mi+mi 1 N 1 t?+2tu+u? 1
2y (t+u)¥2 M 2Jm (t+u)™? M
Qe 2 (m2+mj) 1 2 (tP+tu+u?) 1 _ _
V7 (t+u)2 M Jr o (t+u)s? M
3 1 1
J (t+u)*2M
0(2).ad 1 1 1 tu _ _
1 = _——
Jr (t+u)?? 2w (t+u)?
and ai(afl,wz)=Di(w2,w1)- Summing over the one-pair 242ttu?|
graphs gives ——y
2 O%,‘Sa(kl,kz)Dé(wl,wz) t?+ 2tu+u? 1
P +2tu 4 )
, (t+u)? (t+u)?
o g(‘n’ﬂ)o(fNNﬂ.) Zi 1 (D14a
m \ M,/ M oio(w+ ;)

m

1
|G me o+ o 20303 03440

QP (k% t,u)

g(,WW)O fNNTT 2 1 2 2
X(klkz)_|(0'1+0'2)qu(wi-f—w%-f-klkz) . =_24 m3 m mdlvlyl(t,u) (m1+m2)
(D13) 3 [t’+tu+u? 1
. . . . +| =+ 2 . (D14b)
Using the expressions in this appendix we obtaip space 2 t+u t+u

the pseudovector-vertexNl/ corrections to the “derivative”
() o-exchange potentials

g(,ﬂ'ﬂ') fNN7T 2 1
9(11)"’”(k2;t,U)=—6(?0) (m_) v b

X [ (mf—m%)z—[S(m§+ m3)

mi(3t?—u?) + my(3u”~t?)
t+u

t+u

044009-20

1 Below, o,89,A1, . ..
nucleon densitieg s, 7, yysy, 7, ... .

The coefficientsy {3"*P" defined in Eq(4.2) are tabu-
lated in Table XIV.

APPENDIX E: PAIR COUPLINGS AND SU ((3)

SYMMETRY

are shorthand for, respectively, the
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The SU(3) octet and singlet mesons, denoted by the sub-
scripts 8 and 1, respectively, are in terms of the physical onegy,

defined as follows.
(i) Pseudoscalar mesons

7,=C0S0p, n' —Ssinby, 71,
ng=Sin b, 7' +C0Sby, 7.
Here »' and # are the physical pseudoscalar mesg857)
and 7(548), respectively.
(ii) Vector mesons
¢1=c0s6,0—Ssinb, ¢,
¢g=sinb,w+cosh, ¢.
Here ¢ and w are the physical vector mesogg1019) and

w(783), respectively.
Then, one has the following §B)-invariant pair interac-

tion Hamiltonians. (1) SU(3)-singlet couplings S
=5%0'/\/3:
H gslpp{ 2K K }
=——mwt + 0.
S,PP \/5 7878

(2)  SU(3)-octet  symmetric
=(Sg) = (L4 TS P,P]. }:

couplings I, Sj

Osgpp

Hsgppz \/E
V3

+ S A(Ky7K) - m+ Hoel = %{(KEK) ng+H.c}

3
(%-w)nﬁgao-(mm

1
+Ef0(ﬂ' ﬂ_KTK_’Y]g’)]B) .

(3) SU(3)-octet symmetric
=(Bg) g= (L/4)TAB[V,,,P] }:

couplings I, Sg

PHYSICAL REVIEW C 66, 044009 (2002

OBgvpP

8vpzﬁ
V3

+ T[Bl-(K*Tﬂ<)+H.c.]+ ?[(KITK*)%T

1

1
+(Ki#K) - p+H.e]= Z[(K]-K*) g+ (KI-K) g
1 1
+H.c]+ EHO[lr — E(K*T-K+ KT.K*)

— ¢gng

(4) SU(3)-octet asymmetric couplings 1Az=(Ve)j
=(—i/\2)TH{VHP,d,P]_}:

1 — i :
Hvgpp=0nagpp| 5Pu TX T+ 5p, (K 79"K)

V3

L KT — R+ 2 [k (K- )
STKE (K ) — L]+ 5 (KL (K-

~H.c]+ 'Eﬁ%(KT?LK)

(5) SU(3)-octet asymmetric couplings 1Az=(Ag)j
=(—i/N2)T{A*P,V,]_}:

i
Hagvp= gA8VP{ A axXpt §A1' [(KTaK*) = (K*T7K)]

ALK K -+ (KA - ] Hee)

A

V3 t T
—i 5 {L(KT-Ka) gg+ (Kp-K*) ] —H.c}

i
+§\/§f1[KT-K*—K**-K] .

The relation with the pair couplings of Appendix A is
gSlPP/\/gzg(Wﬂ)OlmW’ gA8VP:g(7Tp)l/mﬂ'! etc.
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