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Nucleon-nucleon interaction: Central potential and pion production
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We show that the tail of the chiral two-pion exchange nucleon-nucleon potential is proportional to the
pion-nucleon N) scalar form factor and discuss how it can be translated into effective scalar meson inter-
actions. We then construct a kernel for the prodébs— 7NN, due to the exchange of two pions, which may
be used in either three-body forces or pion productioN Mscattering. Our final expression involves a partial
cancellation among three terms, due to chiral symmetry, but the net result is still important. We also find that,
at large internucleon distances, the kernel has the same spatial dependence as thé eutahtial and we
produce expressions relating these processes directly.

PACS numbd(s): 13.75.Cs, 13.75.Gx, 11.30.Rd

[. INTRODUCTION case of pion production, this part of the interaction has been
described by effective heavy meson exchanges. Their contri-
The description of pion production in nucleon-nucleonbutions correspond to the last diagram of Fig. 1, knowaz as
(NN) interactions near threshold is a traditional problem ingraph, since positive frequency nucleon propagation, already
hadron physics. In recent times interest in it was renewedncluded in the wave function, is subtracted. The inclusion of
due to a wealth of precise experimental datp:—d=° [1], o, @, andp mesons, either explicitly12] or in a general
andpp—pp7=° [2,3], pp—d=" [4,5], andpp—pn=" [6]. axial current density17], gave rise to good fits to thpp
On the theoretical side, the availability of chiral perturbation—ppm° cross section at threshold. However, the study of
theory (ChPT) allowed the problem to be tackled in a sys- relativistic effects in® production[18] demonstrated that
tematic manner. However, in spite of all the effort made, az-graph effects are small and hence heavy mesons in ChPT
satisfactory picture is still not available. [13,14] do not give rise to the required increase in cross
There are two classes of interactions involved in this prosections. Extension to other channels”(and =), with
cess, associated with either nucleon correlations or the emi#aclusion of nucleon resonancgs,19,2Q, also did not im-
sion of the external pion. In the procedure developed byprove the situation.
Koltun and Reitaj 7], these interactions are encompassed in Some time ago, Coon, Panand Riskg21] produced a
wave functions and interaction kernels. The former correthree-body potential based on the exchanges of a pion and a
spond to solutions of the Schiimger equation with realistic Scalar meson, which proved to be able to reduce the gap
potentials, whereas the latter are described by models baségtween theory and experiment for the binding energy of
on Feynman diagrams. trinuclei. Later on, we derived an equivalent result, using a
In the discussion of the production kernel, one usuallynonlinear Lagrangian, which included an effective chiral sca-
distinguishes between long and short range contributiondar meson coupled to nucleof2]. In that work, the effec-
The former are shown in Fig. 1, where the first diagramtive field was designed to simulate the two-pion exchange
represents the impulse approximation and the second theotential. We stress that the exchange of two uncorrelated
pion rescattering term. These two processes were consider@ibns, formulated in the framework of chiral symmetry and
by Koltun and Reitai7] in their description of ther® chan-  including delta degrees of freedom, explains quite well the
nel, but the corresponding cross section proved to underestiail of the scalar-isoscalar nucleon-nucleon potefd-29
mate recent datfl—3] by a factor of 5[8]. The rescattering and there is no need at all for a true scalar meson to describe
term used in that work came from on-shelN amplitudes, that channel. On the other hand, the treatment of uncorre-
whereas the pion exchanged in diagrafb)lis off shell. lated two-pion exchange requires the calculation of many
Models which take pion virtuality into account enhance theFeynman diagrams and, in problems where one is more con-
cross section and tend to reduce the underpredi¢fied 2.
Heavy baryon ChPT calculatiod3—15 also stressed the

P ’ A ’ 1’
importance of this rescattering term at leading order. How-
ever, in these works the rescattering and impulse terms cam
out with opposite signs and the net result was again smalle
@ ) ©

than in phenomenological calculatio46]. Hence other
mechanisms are needed to improve the description.

The next natural step concerns shorter range interactions, FIG. 1. Contributions to the proceséN— wNN: (a) impulse,
especially those involving two pions. The treatment of un-(b) rescattering, an¢c) z graphs; nucleons, pions, and heavier me-
correlated two-pion exchange is rather complex and, in theons are represented by solid, dashed, and wavy lines.
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P, P, P, P, whereT" is the isospin symmetric part of amplitude for the
"‘@‘* —>‘@—>‘ processm®N— 7°N and Q= (k’ +k)/2.
v A = eV Ak + kaV  ANio In recent times, chiral symmetry has been systematically
[ v 1 v ! applied to this problem and one has learfi28-25 that it is
—>—®—>7 —>—®—>— convenient to separafe" into a contributionTy , due only
P P i P2 to pion-nucleon interactions, and a remaindigr, involving
@ ®) other degrees of freedom. One then writes symbolically
[TT]=[Tx]+[T&] for each nucleon and the potential is
then proportional to [TH]W[TH]@=[T; V[T ]?®
cerned with simplicity than with fine details, it may be useful *{[ TN P TRI@+[TRIPT@+[TRID[TL]®. The
to replace all processes associated with the scalar-isoscaldmerical study of these contributions has shown that the
channel by a single effective field. In this conceptual frame-term within curly brackets is largely dominaf4] and due
work, our Lagrangian gave rise to a strong pion-scalarto the subamplitudes
nucleon contact interaction, which corresponds to the kernel

FIG. 2. Leading contributions to the procds®l— NN.

for the reactionNN— 7NN due to the exchange of two g2 m m

pions. This kernel was then applied to thd and =" pro- Tﬁ:ﬁ ujl- IR ——|Qu,
duction channels and theoretical results were found to be (p+k)*=m*  (p—k')"—m
comparable to the experimental ori@§]. Recently, calcula- @

tions based on both relativistj27] and heavy baryon ChPT
[28] dealt with such a transition operator and large contribu-
tions were again found, involving several cancellations.
The purpose of the present work is twofold. In Sec. II, we
discuss the relationship between the actual tail of the tWO\'/vhereg is the 7N coupling constantp is the nucleon mass,
pion exchange poten.tial and tha}t provided.by an _effectiv'eand the bar over the isospin everN subamplitudeA™ in-
scalar meson. The pion production kernel is considered ifjicates the subtraction of the pseudoscalar Born term. The

Sec. lll and, in order to determine the role of chiral cancel- onstantago may be expressed as a combinati@d] of 7N

lations, we study the leading term, con_structed by means oEubthreshold coefficient29]. The leading contribution to
the sN— 7N and 7N— 77N subamplitudes. Our results 75 is written as

are based on a partial cancellation, involving three large fac-

N
J— J— o
T;=A+(v=0,t=4,u2)uu=70°u_u, 3

tors. We also find that, at large internucleon distances, the 4
kernel_has the same_spatial dependence as the ceN_NaI ﬁEB@[Uu](l)[FN](Z)_{_(1<_>2), (4)
potential and hence, in Sec. IV, we produce expressions re- M
lating these interactions directly. Finally, in Sec. V we
present a summary and conclusions. where
Il. CENTRAL POTENTIAL i d4Q
IMCE
The two-pion exchange potenti@fPEP is closely re- 2) 2m)*

lated to7rN scattering. The isoscalar amplitude for the pro- @
cessNN— NN is represented in Fig. 2 and given by [Tn]

X : 5
gs_ 1 [ 4Q STIWTI@ [(Q—A72)% = p*I[(Q+A/2) 2= ]
S 2l 2mt (=K pd) D itn A=(k'—k). Using Eq.(2), we have
+(2):_i_g_2 uul d4Q !
== tudld f(277)4[(Q—A/Z)Z—Mz][(Q+A/2)2—M2]
4
_[Uyﬂu]mf d'Q 2me”
(2m)* [(Q—A/2)*= p][(Q+A/2)* = u?][Q°+2mV,- Q—A%/4]
_1lg? 1 D) )0
=2 m (g2l eV = IO ]uu)®. ©
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In deriving this result we used,=(p,+ p,)/2m and the TABLE I. Predictions forgs andms from Egs.(14) and (15).
symmetry of the integrand und€— — Q. The functions], B . .
defined in Ref[30], are given by agy  o(2p%) (MeV) [o(2p%)—0(0)] (MeV) gs ms(MeV)
3.68 60F 7.2 722 564
()= C(d,A)— f dafldﬁ \° (7 368 60° 15° 436 393
Jec t—\2p2’ 6.74 8g’ 15° 9.09 478
4.61° el 15° 7.71 483
1 l-afl 1-8 1
I (ty=—2 f d f d 8 aReferencd 29].
Josn(t)=—2m “Ta o P B t—pPu? @ PReferenced 31].
‘Referencd32].
with t=A? and YReferencd 33].
*Reference 34].
N=1/[a(1-a)B], ©)
20(2u?
72=[(1- @)*(1— )2l u?+1 mi—— 272K o 15

o(2ud)—a(0) "

~(1=a)(1-B))[a(l-a)B]. (10
The coupling constant of this effective scalar state to
The integrald. . contains a functior€(d,A), whered is  nucleons may be obtained by comparing Ex®) with
the number of space-time dimensions afdis the mass

scale that arises in dimensional regularization. In the limit 2 _

. . : 9s Wrgul@
d—4 this function becomes divergent and needs to be re- T~ - ZLuu]Tuu], (16)
moved by renormalization. We neglect this contribution be- t—mg

cause it has zero range and overlaps with other short distance
effects not considered here.

The function[I'};] is related to the scalar form factor m2e(0)
a(t) by (p'|Lspp)= — o(t)[uu], whereLgy, is the symme- 02~2ag,— T (17
try breaking Lagrangian. Its long range structure, as dis- M
cussed by Gasser, Sainio, anda®& [31], is associated with
diagrams 2a) and 2b), and hence, in our notation, one has
the equivalence

nd one has

In Table | we display the values af; and mg obtained
from input factors found in the recent literature. In most
cases, the scalar mass is close to that used in the Bonn po-

— o 2+ tential [35], but the coupling constant is smaller. We would
o(Oluu]=3pTy], (1) like to stress, however, that the purpose of this exercise is not
to predict these values. Instead, it is to show that the actual
asymptotic exchange of two uncorrelated pions may be natu-
rally simulated in terms of an effective scalar interaction. As
a final comment, one notes that the coupling constant given
[ u](l)[uu](z) (12) by Eq. (16) vanishes in the chiral limit and hence the effec-
tive approach is not equivalent to the linearmodel, in
which this does not happen.

This result is interesting because it sheds light into the The nonrelativistic potential in configuration space is
structure of the interaction. The picture that emerges is that

which is valid for large distances. This allows the asymptotic
scalar potential to be written as

TS~2 ago o (1)

of a nucleon, acting as a scalar source, disturbing the pion 4 [ d3A _
cloud of the other. The functionr(t) is related to therN VS(x) = 20100477 j 5 € 'a(—A%
o-term by o(0)=0y and its value at the Cheng-Dashen (2m)

pointt=2u? may be extracted from experiment. vl g\? »
In some situations, it may be useful to use an effective go—(—> }—[Scyc(x)—sgls)N(x)],

parametrized version af(t). In this case, thé dependence m\4m) [4m '

of Eqgs.(7) and(8) suggests that one should use the form (18

=—|3a

wherex= ur and

o(t)~— 13

_c

where the free parametecsandmg may be written in terms
of o(2u1?) ando(0) as

(19

-pe
c=o(0)mZ, (14 CSN(X)__f da— ) T )

(20
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0, —
. 1 d4Q chaTba
TC:_lf 42 2\ (2 2y (21
ol Ho@m)t (= u) (kP )
% The basic subamplitudes have the isospin structures
2 4 : T
= Tha=Oapl " +1€pacrcT (22
k=
E i 1 Tepa™ — i{‘sbcTaTA+ OacTb Tt GapTc T EcbaTE}a
23
8l ]
and hence
_ . |"’" . 1 . 1 . 1 . = (1) i 1) 2) (2)
%0 12 186 20 24 2.8 32 Te= 10T+ (70X ) Tt 707, (24)
r (fm) where
FIG. 3. Scalar-isoscalar potential: asymptotic two-pion ex- 4 (Wrr+1(2)
change(solid line), Eq. (18), and effective scalar exchan¢#ashed T,=— EJ d’Q [Ta+Tet3Tcl[T ] . (25
line), Eq. (16), with ajy=4.61, gs=7.71, andm,=483 MeV taken 2) 2m* (K= u?)(K'?=u?)
from the last line of Table I.
d'Q [Ta—Tg]M[T ]®
It is important to note that these functioBsre not of the T1o= f 2m* (K- u?)(k'2—u?)’ (26)
Yukawa type and hence cannot be represented over their full
range by terms proportional ® "s'/r, irrespectively of the 4 Wrr=1(2)
value chosen for the parametat. In Fig. 3 we display this T=— Ef d’Q  2[Tel™ [T ] ) 27
potential together with that due to the exchange of an effec- (27)% (k2= u?)(k'?— u?)

tive scalar meson.
We begin by discussing the process®(k’)N(p)
—7(k)7°(q)N(p’). The amplitudeT,,, is given by the

IIl. KERNEL sum of TZ, ., a t-channel pion-pole contribution, and a re-
mainder, denoted by.,,. The explicit forms of these terms,
for a system containing just pions and nucleons, was pre-
%ented in Ref[36] and here we just quote the main results.

The pion-pole amplitude for on-shell nucleons is

In this section we construct a kernel for pion production
in NN scattering and due to the exchange of two pions. It is
represented in Fig. 4, denoted @y and based off.,, and
Tpa, the amplitudes for the processe®N— 7N and 7N
—aN, respectively. The kernél for an outgoing pion with

i ini i mg ngba
momentumg and isospin index is T .= — [UTd75u]—2’ (28)
fr (P'=p)
P, P g.c . . .
1 —_ p ol where f . and g, are the pion and axial decay constants,
+Q+ 74y G —1>I—,AT->—‘ whereasT [, is the pion scattering amplitude. At tree level,

it is given by

<
>—
1l

1
A ka Y ,‘?\k’.b +

: P, : b4
@

Tdcba 2 {5ad5bc[(q_ k,)z_ /-LZ] + ObdOacl (A + k)z_ MZ]

+ 8caBanl (K" —K)?— w2} (29

qg.c . qg.c .
T .
P, : " P’ : P, and one has
kaV  AKb + kaV  AKb
\ I \ 1
P, : P : . — . .
The evaluation off ., requires the calculation of a large
number of diagrams. However, long ago Olsson and Turner

FIG. 4. Contributions to thédN— 7NN kernel: (a) pion pole, [37] showed that its leading contribution comes from the
(b) contact, andc) and(d) z graphs. effective Lagrangian

. Mg (p'—p+k)?-
£ (P -p2-u?

(30
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_ THa'%,9) =T (w2, u?) + 6T, (36)

3wm5w P ¢, (31
with
which gives the following contribution td 4 : (92— u?)+(q2— u?) o
oT = o) a(t)[uu]. (37
— 20 fau
A= 3 (2m+K). (32
8f- The contribution of this factor to the pion rescattering

. . lit | 2
The corresponding expressions fog and T are ob- amplitude on nucleon 2 reads

tained by makingk— —k’ andk—q, respectively.

2_ .2
The main implication of this structure of therN =i MYa 3+ S ) [Uysu]®[r;1®,
— 7N interaction for our study is that the leading contri- f2 (p;—p1)2— u?
bution to7 comes from diagrams(d) and 4b). As theNN (38

interaction due to the exchange of two pions is dominated by
the scalar-isoscalar channel, in this work we consider onlysing Eq.(11). Adding this result to the on-sheitN ampli-
the amplitude7;, Eq. (25), and postpone the discussion of tude derived by Gasser, Sainio, anda® [Ref. [31], Eq.

the remaining components to another occasion. (A.35)], one recovers Eq34). Therefore, in the sequence,
Diagram 4a) yields we no longer consider the term proportional to the pion pole
in that expression, with the understanding that it should be

mga — 1 d*Q included in the on-shell rescattering amplitude.

1= ; 5 [ ysu]® f Py, The evaluation of diagram(d) is more straightforward
(P1=P1)"~ (2m) and produces
[2(p1 p1)2+2q A+3A%2—-5u2+2Q ][T+]<2> "
— m
[(Q—A/27— p2][(Q+A/2)%— 2] Ti——i f—%\] ﬂ%% you| [T512. (39)
(33 i

Using the Goldberger-Treiman relation and Etl), we

We note that the last two terms in the res@t=(u? have

—A214)+[(Q—A/2)?— 212+ [(Q+A/2)?>— u?]/2  allow

the cancellation of pion propagators and therefore corre- 1

fﬁ;:%g?aisnhort range effects that will be neglected here. We TTJFTI_I{ o] u ‘il_ %} ysu| [uu]®.
39%+4q-( ) “0
.| Mga q q-(p1—Pa
= (1) @), —
Ti=i £3 [3+ (pl—py)2— u? [uysu]VITy] One notes that wheff7 and 7; are added together, a

(34)  cancellation occurs, which springs from the same mechanism
and is very similar to that noticed long ago in the study of
where[T';]1® is given by Eq.(5). This result may be asso- exchange currents in pion-deuteron scattefBfj.
ciated with the scattering of a pion emitted in one of the Another contribution with the same two-pion range comes
nucleons by the pion cloud of the other, indicating that thefrom diagrams &) and 4d), which yield
kernel one is considering here is not fully disentangled from

that usually called pion rescattering. Indeed, the description ga oo mg
of the rescattering process is based on an intermedible Ti=i o)uyl-—mo—o—o
amplitude for off-shell pions, which satisfies a Ward- My (p'+q)"=m
Takahashi identityf39]. In the isospin symmetric channel, my ®
this identity may be expressed as — —] ysu|  [uu]®. (41)
(p—a)?—m?
q/2+q2_ﬂ2 _
T %0%)=Ty+ > —o(O[uu]+r’, (39 This result includes the propagation of positive energy
Fom states that do not contribute to the kernel. Eliminating them

where T}, is the nucleon polgBorn) term evaluated with and neglecting small noncovariant terms, we have
pseudovector couplingy and q' are the momenta of the
pions, o(t) is the scalar form factor, and’ is a remainder T2=i| 2= U{1+ i
that does not include leading order contributions. ! 2m

The only term that depends strongly on off-shell effects is
that proportional to the scalar form factor and hence one Our final expression for the covariant kernel is obtained
writes by adding Eqs(40) and(42) and reads

1)
9% [uu]®. (42

3 o(1) ysU
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0.010rry f—— : . - , , also holds for the production kernel. This allows one to relate
‘ it directly to the central potential
0.008- Producti . <
N, e oduction gp t um
— Potential 7 tl:if_Aﬁ{_ Pyl LA
~ 0.006- 1 w 6agfs
EY
4 . mm 1 @
0.004 - . T2 3oa - (46)
2 60100f,ﬂ
0.002- In order to use these results in actual calculations, in ei-
ther momentum or configuration space, one has to evaluate
0,000k 1 . . . ! . ! . the functiono(t) numerically and, then, the sandwich of the
00 12 14 16 18 20 kernel between two-nucleon wave functions. Since the ker-
r (fm) nel and the central potential are closely related, consistency

would require that the same dynamics should be used in the
FIG. 5. Fourier transform of(t), which determines the space construction of both the operatoy and the wave functions.
dependence of the three-body force and production kernels, as @owever, at present, the potential due to the exchange of two
function of distance. pions is reliable at large distances only and hence it is not
suited to determine wave functions by means of the Schro

_ ago |— dinger equation. Therefore, the possibility of using Ef)
T;=io(t)g WJF F uysu with one’s favorite scalar potential is an interesting one.
7 mu
1 a4 W V. SUMMARY AND CONCLUSIONS
o = (2)
>3 3|Us—vsU [uu]*¥. (43 _
3pfs mu 2m In this work we have shown that the central component of
the NN potential at large distances, which is due to the ex-
This covariant amplitude is our main result. change of two uncorrelated pions, may be naturally ex-
pressed in terms af(t), the scalar form factor. This func-
IV. APPLICATION tion is related to therN o-term and may, if one wishes, be

parametrized as an effective scalar meson exchange. How-
In order to consider applications in low energy processesever, the coupling of this state to nucleons vanishes in the
we perform a nonrelativistic approximation in our results. Inchiral limit and hence this scalar meson does not correspond

the case of the central potential, Ed1), one has to that present in the linear-model.
< . . We have also obtained a two-pion exchange kernel for the
t°=2ap00(t)/ 17, (44)  processNN— NN, which can be applied in both three-

body forces and pion production MN scattering. The com-
wheret= — A% and we have discarded a normalization factorplete calculation of this kernel would require the evaluation
4m?. On the other hand, the kernel, suited to be used wittof a large number of diagrams. Thus, in order to estimate the
nuclear wave functions, is dominant term at larg&IN distances, we have used just the

leading contributions to the subamplitudedN— 7N and

_ g 1 @go 7N— 7N, in the framework of chiral symmetry. The sim-
tﬁ'(fﬂ)ﬁ - W+_3 o (p'—p) plified result so obtained involves a cancellation between
Kt contact-three-pion and pion-pole vertices. The latter may
1 ad 1) also be associated with an off-shell intermediaté ampli-
—— " loq (45  tude and has been included into the Tucson-Melbo{#0¢
SMZfi mu® two-pion exchange three-nucleon potential. This means that

this force does include a term describing a two-pion ex-

The term proportional th-(p’—p)/S,quf, in this result  change between a pair of nucleons. Thus, the use of an on-
coincides with that produced recently in RE27]. shell 7N amplitude gives rise to a less ambiguous definition

As discussed in Refd21] and[22], a pion production of the two-pion exchange three-body for@kL].
kernel such a$; gives rise to three-body forces and again At large distances, the kernel is closely related to the two-
one hag=— A2, In the case of threshold pion production, on pion exchange scalar isoscaldiN potential. Indeed, in the
the other hand,= u2/4— A?. In order to test the influence of case of three-body forces, we could show that the kernel and
these different values of, in Fig. 5 we plot the Fourier the potential have the same spatial dependence. For threshold
transform of the functiorr(t), which dictates the space de- pion production, this relationship is also approximately valid.
pendence of the kernel in the two cases. Inspecting it, on&¢hese results led us to produce expressions that relate di-
learns that the energy component of the four momentunectly the kernel to the potential. Using the extreme numeri-
transferred has little importance and hence the static resuttal values foragO found in the literature, namely, 3.629]
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and 6.74[33], in Eq. (46), one has Finally, we would like to point out that we may expect the
contributions from the kerndl, to be large. In order to see

tS . . .
t,=i ?_A %{_1.1&’. (P —p)+0.180-q} D (47) this, note that momentum conservation allows one to write
=i 2 i{o- (q—A)}® (50)
or 1 fﬂ— 2m
S
ty=i %t—{—0.870'-(p’—p)—0.130'~q}(1)- (48) e}nd, in the case of threshold pion production, in configura-
fr2m tion space one has
These results are quite close to the kernel obtained by On M
ourselves sometime aga2], given by T 1.V, VS(x). (51)
tS
t,=i 9a —{—o-(p'—p)}Y, (49 As the central potential contains Yukawa functions with
fz2m effective masses which are not small, its gradient produces a

in the case of a model based on effective scalar-isoscaliﬁlrge kernel, proportional to those masses.

mesons. This allows one to consider the relationship be-

tween the kernel and the potential to be a rather general one. ACKNOWLEDGMENTS
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