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Two-pion exchange contributions to nuclear charge asymmetry
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In a nonrelativistic formalism we derive a charge-symmetry-breal@@®B) two-pion exchange interaction
Vinn(21) —Vyp(27), which includes both CSB vertex corrections and the CSB effect of propagators arising
from the mass differences of the intermediate baryons in different charge states. While the former are small, the
latter gives a contribution of the sign and scale comparable to the experimental difference in the effective range
parameters and the binding energy difference betwitand *He.

PACS numbsg(s): 24.80+y, 11.30.Hv, 12.39.Pn, 13.75.Cs

[. INTRODUCTION nuclear charge asymmetry in these two- and three-nucleon
systems drew quite different conclusions. Riska and [Gfu
Traditional measures of nuclear charge asymmetry haveonstructed a dispersion theoretic CSB- potential from
been obtained from the positive value for the difference(crossedlempirical=N amplitudes which included a particu-
Aa=|a,,| —|app/~ (1 fm) of the NN singlet scattering lar nucleon pole ansatz motivated by the Adler soft-pion con-
lengths and the positive value for tRel-He binding energy ~ Sistency condition. With this ansatz their potential yields
difference AE~¢ (100 ke\). Both measures\a and AE ~ Aa=—2.7 fm andAE=—180 keV [8]. If the additional
are quoted after correction of experiment for direct electroP0l€ term from their ansatz is neglected, the central part of
magnetic effects and are quite consistent in sign and magnileir potential changes sign and increases so much that
tude. A positiveAa reflects an interaction between two neu- 2@~ 16 fm [7]. On the other hand, Noble attempted to
trons which is more attractive than between two protons an§econstruct their potential with another technique and sug-

more binding energy is provided fotH as compared to gested a positiveAE (seemingly in the more massive

3He. The consistency in magnitude is more interesting. It hasA:41 system of several hundred keV. No details of his

long been known from separable potential models that thcalculatlon were givef9]. Both these estimates are rather far

A=3 blnd_mg energies are much more sensitive to small dIf'tion of experiment for direct electromagnetic effects is not
ferences in effective rangef\(o=rn,—rpp) than to small g,y ynder control [10]. A much smaller estimate of
differences in scattering lengtidsa [1]. Recently it has been A 5= 4030 fm was obtained from the72 exchange box
shown by sophisticated Faddeev and quantum Monte Carlgiys crossed box field theoretical potentials of Partovi and
Ca|CU|ati0nS W|th mOderl’NN pOtentials thatAE in the Lomon [11] by tak|ng into account the nucleon mass differ-
A=3 system can be explained by a charge asymmBINC  ence in intermediate statd42]. This calculation was re-
force which has been adjusted to matkh andArg in the  peated13] a few years later to finda still small but nega-
A=2 system[2—4]. These demonstrations of full consis- tive, Aa=—0.21 fm. Although both calculations indicate a
tency betweeqAa, Arg} andAE coupled with the empiri- small (on the empirical scale of 1 fincharge asymmetry
cal values themselves now allow us to evaluate the variouBom 27 exchange, recent reviews of charge asymmetry
expected theoretical contributions to charge symmetry breal414,15 have noted this discrepancy and have called for fur-
ing (CSB). In particular, it has been claimed thab mixing  ther calculation.
alone accounts for most of these two measures of charge The purpose of this paper is to present an explicit 2
asymmetry[5], leaving little room for other mechanisms exchangéTPE) potential which arises from a rather different
such as simultaneousy exchange or baryon mass differ- theoretical approach than the Partovi-Lomon reduction of co-
ences in 2r exchange. This claim has been recently calledvariant Feynman graphs to a nonrelativistic potential. In the
into question by a variety of model calculatiof®d, and itis  present case, the TPE potential is instead based on nonrela-
again timely to reexamine these other mechanisms. tivistic #NN and wAN vertices and the baryon mass differ-
Early calculations of 2z exchange contributions to ences are taken into account in the vertices and in the inter-
mediate state energy denominators. The derivation of the
potential has been thoroughly described in a paper by Nis-

rom experiment, even if one acknowledges that the correc-
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study of this contribution in the case of isospin changing
class IV interactions. Comparison with a coupled channels
calculation involvingA isobar excitations showed that espe-

NS NS cially in the low energy limit it is reasonable to use the TPE
NI DA potential derived at zero energy in the static model for the
RARN PN baryons and parametrized in a simple form in Table IV of
L y ¥ L——__ % N Ref.[16].

The starting point of the model is the pion-nucleon cou-
pling with the mass difference of the neutron and proton,
(a) (b) (c) (d) my—m,= §(m,+m,), taken into account. In the nonrelativ-
istic limit this vertex is of the forn{17]

FIG. 1. Two-pion exchange diagrams of the two-pion exchange
NN potential. The solid lines are nucleons, heavy solid line are

A’s, and the dotted lines are neutral and charged pions. Hann=HotHi+H>

metry operatorP g (a rotation by about the two-axis of o i S S

isospin spacgl8]). In contrast, the charge asymmetry effects = M[(p P)- o7 ¢+ (p'=p)-Tbod

of TPE we will calculate and display are in mirror systems L

which are not eigenstates ofP.g. The differences{Aa, +i(p'+p) - a(rXd)odl, (€N)

Aro} andAE in thenn vs pp interaction arise from a charge
asymmetric force termed class Il which is proportional to

the zeroth component of the total isospin operatgy+ 7 Whereﬁ and |5)’ are the initial and final nucleon momenta,
(where ro|p)=+1p)).

Baryon mass differences in the vertices of two-pion ex-and o and 7 are the spin and isospin operators.eCIearIy, in
change give rise to both class IV and class Ill CSB forcesH; only the neutral component of the pion fielfl is in-
but baryon mass differences in intermediate states cause onylved, whereas i, only the charged pions participate. We
a class Ill CSB force. We obtain a range &8~ +(0.08—  use the pion-nucleon coupliné?/47=0.075 from recent
0.15) fm from nucleon mass differences in the vertices. Theinalyseg20]. The 7NA coupling is similaf21] except that
actual values of the present calculation depend_upon both the spin (isospin operators become the corresponding
Chosen charge symmetrc potontial used In the evaluation qj - transition operatorsS (7). Because of the missing
Aa. Very importantly, however, the contribution froldN 1 Ospin operator, thel, term drops out, leaving
intermediate states is canceled hya~ —(0.17-0.27) fm
from 27 exchange diagrams which contain one nucleon and
oneA. Thus the final result is small and in the wrong direc-
tion compared to the empirical values fha, Ary} and *
AE. In addition, we find many interesting cancellations =—i—[(p'—p)-
among the totality of nonrelativistic box and crossed box K
potentials with neutral and charged pions, as did Cheung and (2
Machleidt earlier in a study of pion mass difference contri-
butions to chargeependencgl9]. Each individual contribu-
tion, however, is small on the scale of the empiridced  The #NA coupling constant is taken &% 2/47=0.35 from
(~1 fm), and so the cancellations are not as delicate as ithe freeA width. The value of the neutron-proton mass dif-
the case of charge dependence. On the other hand, the cderence will be used also for the mass splittings between
tribution to Aa from baryon mass differences in the interme- successive charge states. This can be justified by the nonrel-
diate state energy denominators is about 1 fm, comparable tivistic constituent quark modgR1] and is well consistent
size and magnitude to the empirical number. In this case thwith the available experimental constraiff2]. The pion-
individual contributions do not cancel and the contributionsbaryon vertices have each also a monopole form factor
from terms with one nucleon and odeare small compared
to those of theNN crossed box terms. The latter agree in
sign but are larger than found in R¢12] which calculated a A%—p?
numerical derivativeéin the neutron-proton mass difference Fla)= A2—+qz )
in the multidimensional integrals of the ) symmetric
Partovi-Lomon potential.

We derive the potentials in Sec. I, present our results inpq y41ues 1000 MeV and 790 MeV are used for the param-
Sec. I, and conclude with a short discussion in Sec. IV. oo A

We calculate the direct box and crossed box diagrams
with two nucleons and one nucleon and one nucleon and one
A in the intermediate state pictured in Fig. 1. Using the

The calculation of the two-pion exchan§EPE) potential  above vertices to first order ifiwe get, for theNA interme-
is performed following Ref[16], which was devoted to a diate state contributions in momentum space,

HWNA:H(’)+Hé

- —
A

T-¢+i(p +p) S(TX $)od].

II. TWO-PION EXCHANGE CHARGE ASYMMETRIC
POTENTIAL
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The overall momentum transfer ié, and P is the average relative momentum of the nucleolg??,%(ﬁﬁ 5)1)

=—1(p,+ p5) in the center of mass system. The momentuis an intermediate momentum variable and is integrated over.

D3 is the sum of all direct box diagram propagators in different time orderinganthe same for crossed diagrams. Only
the spin-orbit terms and the second spin-independent term in the crossed box diagram arise from thé,yénexothers
originate fromH, and have the same spin-space structure as the charge-independent force.

The corresponding result for nucleonic intermediate states is

f 4 q2 2 2 L. q2 2 q4
VQLT(NN)=(;> 8( 710+ T20) 2<k2— Z) — 59°k% (201 0, S1) | D+ 2| kP~ Z) —S(k“— E)
2 I 2 og¥ . . . .
+§q2k2(20'10'2_812)+4 g_z |q><P(0'1+0'2) DC] (5)

In this caseD g has only the propagators of those “stretched” at low energies the two approaches are reasonably close to
diagrams which have at least one pion in flight all the time.each other, so that the potential parametrization can be jus-
Other TPE box diagrams are two-body reducible and ardifiably used at least for elastic two-nucleon scattering, which
taken into account in iterations of the one-pion exchangdas no external probe on the intermediate states.

potential (OPEP. Otherwise the results are similar. Even in  The above contributions arise from the CSB spin-isospin
the NA case a large part of the interaction could be treatedtructure of the pion-baryon vertices. In the difference of the

by coupled channels and would be reducible in a more ger?n @ndpp interactions there arises also an effect of different
eral two-baryon state space. intermediate state energy denominators. Shortly, this means

. . - . . that, relatively speaking, i scattering an intermediate
Afterﬁlntegrzitlon ovek the potential will be only a func- nn state(withyme%oni; h%s rz!)%igher excgcation energy than
tion of g (andP in the spin-orbit term if the baryon ener-  the pp intermediate state imn scattering. This difference
gies are omitted in the propagatdssatic model. As shown  arises only in the exchange of charged messiis For the
in Ref. [16] these local potentials calculated at zero energyhucleonic intermediate state this contribution is possible only
can be very well fitted with simple Yukawa-type potentialsin the crossed diagram of Fig(d), since the direct box is
with form factor modifications, and we shall use this param-basically an iteration of neutral pion exchange. In N
etrization for the CSB two-pion exchange. The coupledcase it is also easy to see that in the box diagrams the exci-
channels method for including the isobars generates also thation energies are the same in bathh and pp scattering, if
energy dependence of the intermediate states. In particulahe quark model is used as a guide to relate the mass splitting
theNA threshold effects arise in a natural way. As interestingof the A quadruplet and the nucleon doublet. Therefore, it is
as a study of the energy dependence of class Il forces woulsufficient to study only the crossed meson contributions of
be in theA threshold region, in a calculation of low energy Figs. Xb) and Xd).
scattering parameters, the use of a more exact coupled chan- From Ref.[16] we get the CSB difference between the
nels treatment is unnecessary. In Ré6] it was shown that nn andpp TPE potentials arising from the propagators to be

*\28 1 .-
VNA(nn_pp):<7) 5{("2_(12/4)2_1_8q2k2(201'02_512)}(Dm?_DE‘€) (6)

and

f\4 1 S
VNN(nn_pp):<;) 4[(k2—q2/4)2+ §q2k2(201'02—812) (Dan—Dpp). )
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TABLE I. The two-pion exchang€TPE) contributions toAa, Ary, andAE, the binding energy differ-
ence betweeriHe and®H; baryon mass differences in the vertices. The charge asymmetric TPE potentials
are distinguished by the monopole form factor paraméterThe Reid soft-coréReid) and de Tourreil—
Rouben—-SprunddTRS potentials are the charge symmetric potentM(€S) used in the calculation of
Aa, Argy, and the estimate dhEg based on these effective range parameters. Another estikateis
obtained from the “model-independent” hyperspherical formula described in the text.

V(CY, A Aa (fm) Arg (fm) AE g5 (keV) AEg: (keV)
Reid, 1000 MeV -0.27 +0.0052 -19 -9
dTRS, 1000 MeV -0.23 +0.0045 -16 -9
Reid, 790 MeV -0.10 +0.0017 =12 -1
dTRS, 790 MeV -0.08 +0.0012 -5 -1

These equations are basically the same as @Gsand (13 in excellent agreement with the kinematically complete de-
in Ref. [16], except that the neutral pion contribution hastermination ofa,,= —18.7-0.6 fm from the same reaction
been subtracted from the isospin factor and a factor of 2 ha®5]. The measureaH-3He binc_JIing energy differenc_e is 764
been included to account for the possibility of either of thekeV. The direct electromagnetic contributions to th|§3number
nucleons being excited to& The quantityD®®' is the sum  (the static Coulomb force between the proton pair”tie

of the nonrelativistic propagators of the crossed diagramBus Smaller em effecishave been estimated in a “model-

) L . ; ; independent” manner discussed laf26] by direct Faddeev
involving intermediate baryonBB' and two charged pions

: . . . . . . calculation with many potential mod€l8] and by a combi-
with different time orderings imn scattering(respectively,  pation of the twd2]. These estimates are in basic agreement;

in pp scattering. . the corrections are 67129 keV, 6716 keV, and 683 keV,

The CSB contribution due to the baryon mass splitiings iyespectively[27]. Finally we must correct these results fur-
the propagators appears surprisingly large as compared Wifer for the difference in the kinetic energy of the and
that coming from the CS.B vertex effects. However, this canyp systems due to the neutron-proton mass difference. The
be directly understood since the vertex corrections must bgtter correction is estimated to be0.2 fm for a... and

. y pp A

of the order of6=(M,—Mp)/(M,+My), whereas in the +0.2 fm fora,, [18] and calculated to be-(11-12 keV in
propagators the neutron-proton mass differertaetually  the A=3 bound statg3,26]. All charge asymmetric effects
taken twicg is to be compared with the exchanged mesorother than these are then ascribed to charge asymmetry of the
energies and thA excitation energy, which are significantly NN system. The characteristic measures of this aspect of
smaller than the nucleon mass. The nucleonic intermediateharge asymmetry then become
state is further favored over tiNA, because it does not have

the additionalA-nucleon mass difference, which is of the AanPfE(|a“”|_laPPDerl'lio'G fm,

order of two-pion masses. In addition, it can be seen in Egs. Ay exor= (Tnn—Tpo) ~ —0.02% 0.11 fm
(6) and(7) that the only spin-dependent term surviving in the et nntee '
15, state interferes destructively with the positive spin- AEexptE(3H—3He)w76i 24 keV,

independent part in th&lA case but constructively in the
NN case(note that theg? gives a negative contribution in
coordinate spage

against which the effects of theoretical models can be com-
pared[27].
Now we turn to a presentation of these effects from the
two-pion exchange potentials of Sec. Il. Table | summarizes
Ill. RESULTS the total effect of baryon mass differences in the vertices and
Table 1l demonstrates the dominance of mass differences in
Before presenting our results we briefly discuss the exthe NN intermediate state denominators over N inter-
perimental evidence for the charge asymmetry scales cited ifediate states. The shifts énandr are obtained by adding
the Introduction. The proton-prototS, low energy scatter- @ model forAV=V,,—V, to a model for the charge sym-
ing parameters are very accurately known, but the directnetric reaction. We chose the Reid soft-core poterial
electromagneti¢em) interaction must be subtracted and this which despite its name has a large repulsion at smadnd
subtraction is model dependefit0]. The corrected values the de Tourreil-Rouben—Sprun@dTRS potential [29]

we will use are[18] which has a “super soft core” and a meson-theoretic outer
region. The values ofAa and Ar, were obtained with the
a,,=—17+02 fm, r,.=2.83+0.02 fm: variable phase method. Our codes give
PP PP a=—17.10 (-17.37) fm andro=+2.79 (+2.84) fm for

the Reid(dTRS potential alone. Since both potentials were

similar suggested values will be found in the recent reviewieq o the experimentaip scattering parameters, the varia-
literature[14,15,23 (see alsd4]). The experimental values 5 in the “oure nuclear” quantities is a specific example of

of &, found from~d— ynn in which only the photon was  he model dependence of the Coulomb subtraction.
detected 24] are The columns on the right of Table | display estimates of
AE made in two different ways. The first, labelédEg,
ah,=—18.5+0.4 fm, r,,=2.80-0.11 fm, relies upon the known relationship betweanr,, and the
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TABLE Il. Two-pion exchanggTPE) contributions toAa, Ar,, and AE; baryon mass differences in
intermediate energy state denominators. The intermediate states are labdl&d(ascleon-nucleonand
NA (nucleon-deltg other notations as in Table I.

V(CS, A Aa (fm) Arg (fm) AEgs (keV) AEgg (keV)
NN Reid, 1000 MeV +1.53 -0.027 104 55
NN dTRS, 1000 MeV +1.28 -0.023 88 55
NN Reid, 790MeV +1.01 -0.017 68 36
NN dTRS, 790 MeV +0.83 -0.014 56 36
NA Reid, 1000 MeV +0.12 -0.002 8 10
NA dTRS, 1000 MeV +0.24 —0.005 18 10
NA Reid, 790 MeV +0.10 -0.002 7 7
NA dTRS, 790 MeV +0.16 —-0.003 11 7
Sum Reid, 1000 MeV +1.67 -0.029 113 65
Sum dTRS, 1000 MeV +1.56 —-0.028 107 65
Sum Reid, 790 MeV +1.11 -0.019 75 43
Sum dTRS, 790 MeV +1.01 -0.018 69 43

triton binding energy. This relationship, in the context of use the estimate fron8) because it summarizes a more de-
charge dependence, was numerically explored with centrdhiled study, but realize that the valuA& s are an overes-
separable potentials in the early days of exact Faddeev caimate.
culations[1,30]. Then it was learnedand perhaps forgotten The “model-independent” estimate labeldd= ¢ is a di-
since that the triton energy is more sensitivertg than to  rect perturbation theory estimate based upon the “hyper-
a. The underlying physical explanation was demonstrated bgpherical formula” derived by Friaf35] and Fabre de la
Thomas[31] and reviewed by Bethe and BacH&2] some Ripelle[36]. They observed that the Coulomb contributions
time ago. Gibson and Stepheng@3] applied this idea to a to the 3H-3He binding energy difference can be calculated
dedicated study of the dependence ME upon Aa and using the experimental charge form factors. The hyperspheri-
Arg. For their central separable potentials producing the coreal formula works very wellto about 1% when compared
rect *He binding the results can be very well fitted by to exact Faddeev calculatiofi37] but is a good deal more
problematic for shorter ranged potentials. The caveats to be
applied to this method of estimatinhE from a given two-
AEgs=(40Aa— 160QAr o) keV/im. (8) bodyAV are discussed in Reff5,26] and the details of the
experimental charge form factor input are given{#. The
estimate in Table | labeledE reflects even larger cancel-
Far more sophisticated potentials and their concomitanfations between positivhlN and negativeNA two-pion ex-
few-body calculations support this simple prescription, butchange contributions than obtained in the preceding three
indicate that it furnishes a modest overestimate\&. For  columns.
example, a modification of the static Bonn one-boson- The contributions taAa, Ary, andAE listed in Table |
exchange-potentialQ space (OBEPQ [34] to produce are relatively small on the scale of the empirical quantities.
Aa=+1.31 fm andAry=—0.02 fm (and the experimental This is partly due to the cancellations between g and
anp to ensure proper charge dependengelds acalculated  NA contributions and partly due to the smallness of the pa-
AE = 59 keV[2]. This is a little less than the estimate from rameter which sets the scale for the CSB vertices. This
Eq. (8), AEgs~84 keV, and presumably reflects the replace-factor is not present in Eq$6) and (7) based on thaliffer-
ment of the central separable potentials used to establish tlemce of the intermediate state propagatofable 1l shows
relation by local potentials with the tensor force. In anotherboth theNN andNA contributions from this source. As an-
modern calculation[3], a component of the theoretical ticipated, theNN intermediate state contributes much more
charge asymmetric force fropw mixing [5] was artificially ~ than does th&A, which is in turn of the order of the total
altered so thata = + 1.5 fm. Referenc¢3] did not indi-  vertex correction. There is no cancellation and consequently
cate the value oAry which resulted from their alteration but the sum of the two terms is much larger than the totals of
instead stated that “the value dfa is crucial for CSB.” In  Table I.
the absence of information on that,, we have made a
similar alteration to the w force and foundsee also Table |
of [5]) that Aa~ +1.5 fm impliesAry~—0.03 fm for both
the Reid and dTRS charge symmetric potentials. Thus the The two-pion exchange CSB potentials displayed here are
prediction of AEg;s~102 keV is again larger than the value weak enough that their effect ava can simply be added to
of 757 keV found in Ref.[3]. Finally, the new Argonne a good approximatiofsee Table IJ. One finds by combining
v1s NN potential, withAa=+1.65 fm andAr,=—0.031 the results in Tables | and Il that the total CSB effect from
fm, has an expectation value E=66 keV [4], again Egs. (4)—(7) with a monopole form factor withA =1000
smaller than the prediction of 116 keV from E&). We will MeV is

IV. DISCUSSION
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Aa2ﬁ5(|ann|_lapp|)~+1-37i 0.04 fm, character. Recently, Weinberg and van Kolck have empha-
sized the utility of an explicit consideration of chiral symme-
Arg 2, =(Iyn—rpp)~—0.024 fm, try in the analysis of isospin violating interactiofg2].
Leading-order chiral two-pion exchan@eN potentials were
AE,.=(®H —°He) ~ 93+ 2 keV, first calculated by Ordmez, Ray, and van Kolck43] and

subsequently verified by Friar and Colght]. We expect that
where we have taken the average of the two results and thteese potentials should provide an alternative foundation for
uncertainty is due to the short range nature of the selectestudies like the present one and hope to report on progress in
charge symmetric potentigReid or de Tourreil-Rouben- a future work.
Sprung. The corresponding result for a choice &f=790 If two-pion exchange has such a large effect, what is the
MeV, long advocated by one of 138] and now incorporated role of the other mechanisms suggested to account for
into new Bonn-JuelictNN potentials39], and found neces- nuclear charge asymmetry? Fortunately, it has been recently

sary to explain the decay width of the [40], is shown that, to leading order, the simultaneous exchange of a
pion and photon does not produce nuclear charge asymmetry
Aay,=(|an|—|app/)~=+0.97+0.04 fm, (but does give a charge-dependent foieis]. The addition

to our results of effects gfw mixing, according to the tra-
ditional treatmen{5] or to the latest studies of charge asym-
metry from vector meson exchan{#6], would lead to an
overfulfillment of the experimental quota. On the other hand,
| if po mixing has a minimal CSB effect as claimgsl, then
fwo-pion exchange is left as the dominant mechanism of
form factors and not upoa andAr,. These estimates are nuclear charge asymmetry. Adjudicating the role_of vector
AE,.=56 keV for A=1000 MeV andAE,_=42 keV for meson exchange in nuclear charge.asymmetry Ilgs beyond
this study. For the present, results with tH&l potentials of

A =790 MeV, perhaps more reasonable than the contribu—S I indi hat th X h ibuti
tions estimated with the aid of E¢g). ec. |l indicate that the two-pion exchange contributions to

These results are consistent in sign with those of the firs lass 11l nuclear charge asymmetry are of the same scale as

calculation[41] of nucleon mass differences in the energyt e empirical measures and indeed can account for the low
denominators of the two-pion exchange (@Usymmetric  €nergy data.
Partovi-Lomon potential. The latter was obtained from a
nonrelativistic reduction of covariant Feynman graphs, in

contrast to the present CSB two-pion exchange potential This work was started while one of (3.A.N.) was on a
based on nonrelativistie|NN and wAN vertices. However, sabbatical leave at IUCF and Nuclear Theory Center of the
the effects of the present potential A are a factor of 3—5 Indiana University, Bloomington. We thank TRIUMF for
larger than the earlier estimate. This cannot be consideredtespitality which made our collaboration much easier. The
satisfactory theoretical situation. We note that neither the cowork of S.A.C. was supported in part by NSF Grant No.
variant calculation nor the nonrelativistic calculation of two- PHY-9408137 and the work of J.A.N. was partly supported
pion exchangeNN potential have a clear chiral symmetric by the Academy of Finland.

Aro ZWE(I’nn—I’pp)%—O.Ol7 fm,
AE,,=(PH —3He) ~ 65+ 1keV.

The direct estimate oAE, . based upon the hyperspherical
formula depends, of course, only on the experimental charg
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