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We demonstrate that the binding energigsand widthsI", of 7-mesic nuclei depend strongly on the
subthresholdr-nucleon interaction. This strong dependence is made evident from comparing three different
n-nucleus optical potentialg1) a microscopic optical potential taking into account the full effects of the
off-shell »N interaction;(2) a factorization approximation to the microscopic optical potential where a down-
ward energy shift parameter is introduced to approximate the subthreghbidteraction; and3) an optical
potential using the on-shelyN scattering length as the interaction input. Our analysis indicates that the
in-medium 7N interaction for bound-state formation is about 30 MeV below the free-spétehreshold,
which causes a substantial reduction of the attractive force between dmel nucleon with respect to that
implied by the scattering length. Consequently, the scattering-length approach overpredigtauidecaution
must be exercised when these latter predictions are used as guide in searchimybeus bound states. We
also show that final-state-interaction analysis cannot provide an unequivocal determination of the existence of
the 7-nucleus bound state. More direct measurements are, therefore, necessary.
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[. INTRODUCTION high excitation energies provides the possibility of studying
The existence of the-mesic nucleus, a bound state of an nuclear structure far from equilibrium.
7 meson in a nucleus, was first predicted by us in 10186 Several experimenfst—6] using 7 beam, as motivated

The formation of such bound systems is caused by the attraby the theoretical works of Ref$7,8], were performed to
tive interaction between the meson and all the nucleons in search forp-mesic nuclei. While these experiments could not
the nucleus. The attractive nature of the interaction followedtonfirm the existence of the-mesic nucleus, they did not
naturally from the work of Bhalerao and Lj@], who found, rule out such a possibility either. More recently, Sokbhl.
from a detailed coupled-channel analysismfl— 7N, =N [9,10] have claimed to observe thg-mesic nucleus}fC
—aaN, and #N— 7N reactions, that the near-threshold through measuring the invariant mass of correlatetn
7N interaction is attractive. We can easily understand thigairs in a photo-mesonic reaction. Further confirmation of
attraction by observing that theN threshold is situated just their experimental result, with improved statistics, is needed
below the N*(1535) resonance. However, the attractionbefore arriving at a definite conclusion.
given in Ref.[2] is not strong enough to support a bound The existence of thesg-mesic nuclear states depends on
state in nuclei with mass numbAr<12. This latter conclu- the value of theyN scattering lengtta, . (For the scatter-
sion[1] was confirmed by Lkt al.[3], who used a standard ing length, we use the sign convention of Goldberger and
Green’s function technique of many-body theory to study thewvatson[11].) After 1990, many theoretical models were pro-
formation of -mesic nuclei. Before proceeding further, we posed for thexN interaction. Fits to various data have
would like to mention that in the literature thg-nucleus vyielded very differenta,y [2,12—-23. The real part ofa,y
bound states are also calleginucleus quasibound states. ranges from as low as 0.270 f[2] to as high as 1.000 fm
This is because these bound states have a finite width arid3], while the imaginary part varies between 0.190 [}
they eventually decay. In this work, we shall simply call and 0.399 fm[23]. This wide range of values aod,y are
them bound states. summarized in Table I. These very different values arise be-
If the existence of they-mesic nucleus is experimentally causea,, is not directly measurable and must be inferred
confirmed, many new studies of nuclear and particle physic#directly from other observables, such as th&l phase
will become possible. For example, because the binding ershifts. In this latter case, the calculategl, depends strongly
ergies of they meson depend strongly on the coupling be-on the model used to relate thgN to the #N channels. As
tween theyN and theN* (1535) channel§2], studies of the pointed out in Ref[19], the inclusion of both th&l* (1535)
z-mesic nucleus can yield additional information on theandN* (1650) resonances leads to larger scattering lengths.
7NN* coupling constant involving bound nucleons. Further-However, this general rule does not account for all the rea-
more, thez-mesic nuclear levels correspond to an excitationsons. For example, in Ref16] the inclusion of both these
energy of ~540 MeV, to be compared with an excitation N* resonances, but with a fit to different reaction data, does
energy of~200 MeV associated with thd and X hyper-  not lead to a Ra,y as high as~0.8 fm, rather only to
nuclei. The existence of nuclear bound states with suctRea,y~0.6 fm. We caution the readers that it is premature
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TABLE I. #-nucleons-wave scattering lengths, , .
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bound-state formation on off-shell behavior of thBl inter-
action in nuclei withA=3 through comparing three different

a, (fm) Formalism or reaction Reference theoretical approaches. They dfe a fully off-shell micro-
0.270+0.220 Isobar model Bhalerao and L[2] scopic thi(?al pOtentia.ll tha.‘t uses an off-shell m.odel;(.Z)
0.280+0.190 Isobar model Bhalerao and L[Z] a factorization approximatiofFA) to the preceeding micro-
0.2814+0.360  Photoproduction of Krusche[23] scopic potentlalz Where_ an energy shift parametgr |§ used to

calculate thenN interaction at subthreshold energies; &8

0.430+0.394 Krusche[23] “ . . ;
0.576+0.399 Krusche[23] an ‘“on-shell optlcr_:\I potential whose strength depends

i i solely on the scattering length y . The last approach has its
0.476+0.279 Electroproduction ofyp Tiator et al. [22] roots in the study oK- and -mesic atom$30—32 and is
0.500+0.330 pd—°He e Wilkin [24] also extensively used in predictingmesic nuclei. Finally,
0.510+0.210 Isobar model Sauermaret al. [14] we mention that as the existence pmesic nucleus has not
0.550+0.300 Sauermanret al.[14]  yet peen experimentally confirmed with certainty, there are
0.620+0.300  CoupledT matrices ~ Abaev and Nefkei36] g data to be fitted. Hence, all of our results as well as those
0.680+0.240  Effective Lagrangian Kaiseet al. [17] of others are purely predictions.
0.750+0.270  CoupledK matrices  Green and Wyce¢h2] The paper is organized as follows. The three theoretical
0.870+0.270  CoupledK matrices ~ Green and Wyce¢h3]  approaches are described in Sec. Il. The important differ-
1.050+0.270 Green and Wycecfil3]  ences in their underlying reaction dynamics are outlined. Re-
0.404+0.343  CoupledT matrices Batinicet al. [18] sults and discussions are presented in Sec. lll. As we shall
0.876+0.274 Batinic and Sarc[19] see, for a giveryN interaction model, the “on-shell” ap-
0.886+0.274 Batinic and Sarc[19] proach gives much stronger binding fgrthan does the mi-
0.968+0.281 Batinic et al.[20] croscopic calculation, making evident the important effects
0.980+0.370  CoupledT matrices Arimaet al. [21] of off-shell dynamics. We will further show that these effects

are of very general nature and are independent of the specific
unitary off-shell model used in the comparative study. The

to conclude which published,y is the realistic one. Such a ramifications of off-shell effects on both experimental and
determination can be made only aftemesic nuclei are ex- theoretical studies of bound states ph systems, particu-
perimentally discovered, as only their experimental observalarly in systems with 32A<12, are discussed. In view of
tion can set a stringent constraint on the in-medium scatteithe interest in the method of FSI, we also reexamine in more
ing length and enable one to differentiate between differengetail this method and its applications to the studyef‘He
theoretical models. systems. The conclusions of our study are summarized in
Using final-state-interactiofFSI) analysis, several theo- Sec. IV.
retical studies have suggestagy~(0.5+0.3) fm and the
possibility of the formation of boung-nucleus states in light
nuclei, such as*“He [24,25 and deuterofi26—28. We will

revisit the FSI analysis in this work and show the limitation -
of the method. In spite of the fact that many predictgg, n—nu_cl_eu_s bound system by_solvmg the momentum-space
(see Table)lare much larger than the one used in the above[elat'vIStIC three-dimensional integral equation

mentioned FSI analysis, to date there has been no direct ob- K'2
servation of these bound states in light nuclei. Consequently, o
we believe it is valuable to understand the current experi- M

mental situation by analyzing in detail the dynamics perti-using the inverse-iteration methd@2]. Here (k'|V|k) are

nent to the formation ofmesic nucleus. . _momentum-space matrix elements of thewucleus optical
We have learned from studying pion-nucleus scattering, e ntialy, with k andk’ denoting, respectively, the initial
that, because of the Fermi motion and binding of the targef, final -nucleus relative momenta. Theis the reduced
nucleon, the pion-nucleon interaction in nuclei occurs at eNiass of thep-nucleus system and is the complex eigenen-
ergies below its free-space value, i.e., below the energy th%trgy that we will denote as, +iT,/2=x2/2u. For bound
the pion-nucleon system would have when the nucleon i’Qétatesz,e,7<0 andl’,<0. As ryﬁentigned in Sec. |, three dif-

unbound[29]. As the above causes for the lowering of theferent approaches Mare used by us to calculae and they
interaction energy are also present#fmucleus scattering, are described below.

we believe that they-nucleon interaction energy ip-mesic
nucleus formation will occur below its free-space threshold,
and this subthreshold interaction can have important effects
on the formation ofp-nucleus bound states. This observation In spite of its Schrdinger-like form, Eq.(1) is covariant
has motivated us to examine in this work the reliability of as it can be obtained from applying a specific covariant
using the free-spac@N information, such as theN scat- reduction [33] to the relativistic bound-state equation
tering length, to make predictions of the nuclear binding of¥# =GyV¥. The three-dimensional relativistic wave function
the 7.  and the covariant potentiék’|V| k) in Eq. (1) are related
We will, therefore, study the dependence gpfucleus to the fully relativistic ones by

Il. THEORY

We calculate the binding energy, and widthI",, of an

lﬂ(k’)+Jdk<k’|V|k>¢(k)=E¢(k’), (1)

A. Covariant »-nucleus optical potential
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R(«?) (k' = (k" +Q)|t(Vs)) ynos ynl K, — (K+Q))
(k)= W (k,k) 2 : ,
R(k*) ~ VE,(P)EN(P')E,(P)En(P) A D'D),
and JE,(K)En(K'+QE (K En(k+Q) '

9
(K'|V|K)=VR(K"?)(k" [ V(W,k'° k%) [k)YR(K?). (3) ©
) where p and p’ are the initial and final relative three-
In the above equations, momenta in theyN c.m. frame. We define the on-shell limit

asp’ =p=p, and\s;=E, (o) + En(Po) = So, Wherep, is

_ 2 2 2 2 2__
=M T KT VMR &7, Ki=2pe€y, @ the on-shell(asymptoti¢ momentum. A natural way of pa-
rametrizingA is
and
Vs
M, +M N’ _ |
2\ n A -A( \/S—vp 1p) - 7 7
RO = E 0+ EA ® ! 472\[E,(p")En(P')E (P)EN(P)

However, as a result of the application of the covariant re- X \/s—j,p’,p) ' (10)

duction, the zeroth components of the four-moméatand so that UU/dQ)y,N_)nN |72 The F has the standard

k' are no longer independent variables but are constrained bgartlal -wave expansion of a spin-0—spin-1/2 system:

0_ 10_
kK"=W—Es(k), k'"=W-—Ek’). (6) )
The main advantage of working with a covariant theory is 1
that then-nucleus interactiolV can be related to the elemen- =—— > {[Ithr s (Vs,p".p)+(I+1)thr
tary »#N process by unambiguous kinematical transforma- \/ﬁ [ A=t “
tions[29]. .
The first-order microscopiay-nucleus optical potential X (Vs},p".p)IP(2) =i G (DX P )thy 5

has the form

X(\S.p".p) ~thr 5 (\S.P PP/ (D)}, (1)

k'[VIky=2 fdQ K", = (K" +Q)[t(S)) no il K, — (K —~
(KIVIk) ] < | VN ”N| wherez=p-p’, j~=1%1/2, andT is the isospin of theyN

system and equals to 1/2. In the on-shell limit,

+Q) ¢ (=K' —Q)¢j(—k—Q), (7
¢
where the off-shellyN interactiont, .,y is weighted by t2T'2jt(\/§’p’p) 1 — {ex 2i 8, (Vso)]- 1.
the product of the nuclear wave functio¢$ ¢; correspond- ‘/pf p 2|p 212\ V™o
ing to having the nucleoj at the momenta-(k+Q) and (12

—(k’+Q) before and after the collision, respectively. The
Vs is the 7N invariant mass and is equal to the total energyThe phase shifts* are complex-valued because the thresh-
in the center-of-mas&.m) frame of they and the nucleop olds for yN— 7N and N— 77N reactions are lower than

It is given by[29] the threshold for »N scattering. When p—0, &°
20+1.(0)
—p a'*, and
=[{W—Ec;(Q)}*~- Q%] ) "
2 (M,+M tor., (VS),P.P)

~ M17+MN_|Ej|_Q— n TA —p a(sz)zh (13

2Mc;\M,+My Vp'p
<(M,+My)?, ®  The a(on),Zj and a$}), are, respectively, thécomplex 7N

h E dM tivelv. th fum scattering length and volume. Near the threshold, only the
whereQ, Ec j, andMc, are, respectively, the momentum, o ove torm 19, in Eq. (12), is important.

total energy, and mass of the core nucleus arising from re- Different off-shell models give different off-shell ex-

moving & nucleon of momentum--(k+Q) and binding en- G0 of 4 1o kinematic regions where+p’ and s;

ergy || from the target nucleus having the momentuirk.
Equations(7) and (8) indicate that the calculation of in- # \/S—O In the separable model of R¢®], the off-shell am-
plitude is given by

volves integration over the Fermi motion varial® and

requires knowledge of the basigy_, ,y at subthreshold en-

ergies. t s p' =K(\s p’' [~7
The matrix element of,\ ., in the z-nucleus system is “(\/_"p P)=K(5;p"p)Vp'P

related to theyN scattering amplituded in the »N system

by with

N (V/s;,p’,p)
D.(\s))

) , (14
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- TABLE II. Binding energies and half-widthgoth in MeV) of
K= — _\/En(p,)EN(p,)En(p)EN(p) , (15) n-mesic nuclei given by the full off-shell calculation. The solutions
\/S_j were obtained with theyN interaction parameters determined from
the wN phase shifts of Arndet al. (Ref. [38]). No bound state

gZNa solutions of Eq(1) were found forA<12.
Na=ha(V5;,p" )Na(s},p) === (p'P) v(p)ve(p),
2\sj " Nucleus Orbital () €, il /2
19 2c 1s —(1.19+3.67)
and 180 1s —(3.45+5.39)
Mg 1s —(6.39+6.60)
D=5~ M= 25(Vs) —25(V5) ~25.(\s). (17) 40cq 1s —(8.91+6.80)
. . 907y 1s —(14.80+8.87)
Here « is a shorthand notation for the quantum numbers 1p —(4.75+6.70)
(€,2T,2j) of the isobar resonance M, is the bare mass of 208p, Is —(18.46+10.11)
isobare and X7, 37, andX7_in Eq. (17) are the self- 26 —(2.3;7+5.82.i)
energies of the isobatr associated, respectively, with its 1p —(12.28+9.28)
coupling to theyN, #N, and #=N channeld2]. The cou- 1q _(3_§9+ 6_50)

pling constants and form factors are denotedglandv. At
the #N threshold, only thesswave N interaction is impor-

tant, which limits the isobara to N*(1535) or a  parameter. InrN scattering, the downward shiftthat fit the
=(¢€,2T,2))=(0,1,1). Clearly, different models will have gata was determined to be30 MeV [29,35.

different off-shell extensions in energy and momenta for
t,(\/s;,p’,p). However, they should all satisfy EGL2) in

the on-shell limit.

C. “On-shell” optical potential

We will use the term “on-shell” optical potential for the
optical potential where the on-shell hadron-nucledriN)
scattering length is used to generate k¢ interaction. In
We define the factorization approximatiéifA) by taking  the literature, the first-order low-energy hadron-nucleus “on-

the »N scattering amplitude in Eq7) out of theQ integra-  shell” optical potential is often given 486,37
tion at anad hocfixed momentun{Q):

B. Factorization approximation

) 1 My )
(K IVealKy= (K, = (K4 QN UVS) .yl = (K e S R Vo LU
HQNF(K' —k), (18) e
R s g,
where b1 (1+ M /M2 AN ,

(21

(k' —0-3 [ d0 gt (~k'-Q1g(~k-0Q), (19
! whereM,, is the hadron masg; the hadron-nucleus reduced

mass, and the nuclear form factor normalized &60)=A.
For »-mesic nuclei,M,=M, and a(,yo,\] is the swave nN
3gattering length. As has been shown in Réf, U corre-
sSponds toVg, with no energy shiftf(A=0) and in a static
limit of the target nucleon. In this latter limit, theN relative
momenta are p=k/(1+M,/My) and p’'=k’/(1
+M,/My). In addition,k”-k=p’-p.

is the nuclear form factor having the normalizatié(0)

=A. In Eq. (18), t,n_ ,n is still defined by the same func-
tional dependences on various momenta and energies
given by Eq.(14), except thap’ andp are now determined
from an ad-hoc momentuQ) in the 7-nucleus system and

that the interaction is given by an ad-hoc ener@ The
choice of{Q) is not unique. One option is to take an average
of two geometries corresponding, respectively, to having a

motionless target nucleon fixed before and after #ite in- ll. RESULTS AND DISCUSSION

teraction. This leads to The binding energies and half-widths g@fmesic nuclei
given by the off-shell microscopic calculation are presented

(Q)=— (;)(k, —K). (20) in Table Il. The covariant optical potentifEq. (7)] used in

2A the calculation is based on the model of H&i. We use this

) . . ) model to demonstrate the effect of the subthreshgidin-
This choice has the virtue of preserving the symmetry of theraction on the formation of-mesic nucleus. The solutions
t matrix with respect to the interchange lofandk’. (There  4e obtained with theyN interaction parametes, o, M.,
are other possible schemes; see, for example,[B8f) An  and A . determined from therN phase shifts of Arndt
inspection of Eq/(8) suggests that it is reasonable to assumeyt a1, [38]. The p-wave andd-wave interactions are also at-
\/§: M, + My—A=\s,—A, with A being an energy shift tractive at the threshold but their magnitudes are very small
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TABLE 1. Binding energies and half-widthgoth in MeV) of 7»-mesic nuclei obtained with the factor-
ization approach for different values of the energy shift paramgtén MeV).

Nucleus Orbital () A=0 A=10 A=20 A=30
e 1s —(2.18+9.96) —(1.80+6.80) —(1.42+5.19) —(1.10+4.10)
160 1s —(4.61+11.57) —(3.92+8.13) —(3.33+6.37) —(2.84+5.17)
26Mg 1s —(10.21+15.41) —(8.95+11.171) —(7.94+8.97) —(7.11+7.46)
40ca 1s —(14.34+17.08) —(12.75+12.55) —(11.53+10.21) —(10.51+8.59)
90zr 1s —(21.32+18.59) —(19.15+13.91) —(17.58+11.54) —(16.29+9.84)
1p —(8.27+16.01) —(7.19+11.47) —(6.23+9.48) —(5.40+ 7.94)
208pp 1s —(24.06+19.18) —(21.88+14.44) —(20.28+11.96) —(18.96+10.22)
2s —(4.89+11.04) —(3.67+8.24) —(2.81+6.79) —(2.12+5.74)
1p —(18.33+18.97) —(16.31+14.21) —(14.81+11.79) —(13.56+10.08)
1d —(8.27+14.01) —(6.17+10.56) —(5.58+8.71) —(4.66+7.41i)

and have negligible effect oa, andI',,. The nuclear wave reasonable off-shell model will be qualitatively similar.
functions in Eq.(7) are derived from the experimental form  In Table Ill, we present the bound-state solutions obtained
factors with the proton finite size corrected f@9]. Details  from using the factorized covariant potentiat, [Eq. (18)]
of the calculation can be found in Ref4,7]. As can be seen with A=0, 10, 20, 30 MeV. The same interaction parameters
from the table, the binding energy increases as the nucleusere used. The nuclear form factd¥0,41 used in the cal-
becomes heavier. In addition, the number of nuclear orbitatulations are summarized in Table IV. A comparison between
in which the  is bound (X, 2s, 1p, etc) increases with Tables Il and Il indicates that the FA results with=30
increasing mass numbé: The reason for this trend is dis- MeV are very close to the off-shell results. This value\ois
cussed in Ref[1]. We would like to point out that our mi- similar to the one found in pion-nucleus elastic scattering
croscopic calculation does not use the on-shell scattering35] and can be understood by noting that the average
length as an input. nuclear binding and Fermi motion amount to about a 30-
We emphasize that the reason we use the off-shell moddéfleV downward shiff 29] of the hadron-nucleon interaction
of Ref.[2] in our comparative analysis is because we have agnergyy/s. Our full off-shell dynamical calculations indicate,
our disposal the detailed unitary off-shell momenta and entherefore, that theyN interaction inz bound-state formation
ergy dependences of that model, which allow us to study theakes place at energies about 30 MeV below(fhee-space
off-shell effects in the formation of the}-nucleus bound threshold.
state. Such off-shell information is not readily obtainable The subthreshold nature of the hadron-nucleon interaction
from other»N models, either because the models cannot bén a nucleus is also evident ik-mesic andm-mesic atoms.
extended to the off-shell domain or because of the elaborateor example, although the free-spachl scattering length is
computation required to generate the needed off-ghell, repulsive, the effectiviK N scattering length needed to fit the
and s dependences of theN interaction. Fortunately, as K-mesic atom data is attracti80]. The sign change of the
we shall see later, the effects of off-shell dynamics on anyscattering length can be easily understood. Indeed, one may

TABLE IV. Nuclear form factors used in the factorization approach and scattering-length approach.

Nucleus Form factor Paramet@rs

%He Hollow exponential a=1.82 fm
Gaussian a=1.77 fm

“He Three-parameter Fermi ¢=1.01 fm,z=0.327 fm,w=0.445 fm
Frosch model a=0.316 fm,b=0.680 fm

5Li Modified harmonic well a;=1.71 fm,a,=2.08 fm

°Be Harmonic well a=2/3, a=2.42 fm

108 Harmonic well a=1, a=2.45fm

g Harmonic well a=1, a=2.42 fm

2c Harmonic well a=4/3, a=2.53 fm

160 Harmonic well a=16, a=2.75fm

28Mg Two-parameter Fermi ¢=3.050 fm,z=0.524 fm

4Cca Two-parameter Fermi ¢=3.510 fm,z=0.563 fm

907y Three-parameter Gaussian ¢=4.500 fm, z=2.530 fm,w=0.20 fm

208ppy Two-parameter Fermi ¢=6.624 fm,z=0.549 fm

8Referencd 40] for A=3-16 and Ref[41] for the rest of the nuclei.
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TABLE V. Binding energies and half-width&oth in MeV) of  approximation predicts more strongly bounemesic nuclei.
7-mesic nuclei given by the scattering-length approach for two dif-Also, as expected, the “on-shell” results far,y=(0.28
ferent values of the scattering lengihy . A blank entry indicates 1+ 0.19) fm are similar to those of FA witlh=0 MeV. We
the absence of bound state. No bound state existsiin further note from Table V that the effect on decreasing the
calculated nuclear binding energies as caused by the decrease
in Rea, is not a linear function of the nuclear mass number
A. For light nuclei A<12) a decrease of Rg,y by a factor

Orbital
Nucleus (n€) a,\=(0.28+0.19) fm a,y=(0.51+0.21) fm

et 1s —(6.30+11.47) of ~2 causes, to decrease by a factor greater than 10.
61 j 1s —(3.47+6.79) While the in-medium#zN interaction strength is a func-
98e 1s —(13.78+12.45) tion of the off-shell variablep’,p, /s, one can appreciate
10 1s —(0.93+8.70) —(15.85+ 13.05) the main feature of the off-shell effects by considering only
g 1s —(2.71+10.91) —(20.78+15.42) the /s, or the energy, dependence. Our study of the three
12 1s —(2.91+10.22) —(19.61+ 14.20) different o_ptical potentials indicates that this strength de-
160 1s —(5.42+11.43) —(23.26+14.88) creases with energy. However, the specific subthre_shold en-

1p —(0.95+7.72) ergy depen_dence is model-dependent. We may define a phe-
Mg 1s (11.24+14.76) (33.11+17.73) nomenological reduction factd® by

1 —(13.41+12.33 , ,
40ca 12 — (15.46+ 16.68) —E38.85+19.16; Ean (VS = 8,P"P) = RIA) (V1P oP) 29

2s —(5.59+6.14) 22

1p —(1.22+10.58) —(22.84+14.33) and introduce an effective in-medium scattering length by

1d —(4.28+9.52)
07 1s  —(22.41+19.97) — (48.40+ 22.60) aSi=R(A) a,y - (23)

2s —(26.07+10.07)

1p  —(10.18+14.33)  —(31.53+15.93) In the model of Ref.[2], R(A)=1Sy D(Vsu)/[(Vs

2p —(18.51+8.57) —A)D(Vsy—A)] [Eqs(10) and(14)—(17)]. Our calculation
08y 1g —(24.55+19.57) —(50.27+21.42) indicates that a‘jf,ﬁ=(0.26+ 0.13), (0.25+0.11), (0.23

2g —(10.56+13.32) —(22.27+11.50) +0.09) fm for A=10, 20, 30 MeV, respectively, while at

1p —(20.19+19.05) —(34.03+10.03) the thresholda,]N=(O.28+0.19) fm. The R(A) is about

2p —(1.89+3.75) 0.89 a}‘A;ZO MeV and 0.82 ah=30 MeV. This reduction is

1d —(12.22+16.07) —(27.89+12.17) the origin of theA dependence of the,, andI",, in Table III.

For the scattering length of the model of REE2], it was

% orm factor used is the three-parameter Fermi. mentioned that at 20 and 30 MeV below the threshaﬁﬂ‘

=(0.49+0.10) fm and (0.45-0.08) fm, respectively.

note that theA (1405 resonance is situated about 26 MeV Upon comparing these values witty=(0.75+0.27) fm
below theKN threshold[30]. Using a downward shift of 30 given by that model at the threshold, we see a reduction of
MeV found in this work, we can see that the in-medigrh ~ more than 1/3 of the real part af  (i.e., R=0.6). It seems
interaction occurs actually below the resonance. Hence, affiat the higher the Re,y at the threshold the greater sub-
attraction arisegsee Sec.)l In the 7-mesic atom studies, a threshold reduction. We note that at 20 to 30 MeV below the
strong swave repulsion of the effectiverN interaction is  threshold, both models give an imaginary partgf, about
indicated by the data. This is in sharp contrast to the free0.09 fm. This is because thém a‘f]f,f\‘ is related to the reac-
spacemN swave interaction where there is a near-perfecttion channel. At the subthreshold region, the only reaction
cancellation between th&;; and S;; scattering lengths. channels that theN channel can couple to are theN and
Bhalerao and Shakif2] showed that the strongwave re- 77N channels, which were taken into account by both the
pulsion is due to different energy dependences offjand  models[2,12]. On the other hand, the real part of the effec-
S,; interactions, which make the cancellation no longer neative scattering length is still very model dependent, though in
complete at subthreshold energies. The mesic-atom expefesser degree than at the threshold. Because of this model
ments, therefore, indicate unambiguously that in bound-statdependence, it is not possible to guess the subthreshold re-
formation the hadron-nucleon interaction inside a nucleusluction for the other models listed in Table | for which the
occurs at subthreshold energies. off-shell dependence cannot be easily reconstructed from the

The results of the “on-shell” optical potentidEq. (21)]  corresponding publications. We conclude from the two mod-
are given in Table V for two different values af,y. The els analyzed above that a substantial reduction of attractive
first one is the same one used for Tables Il and Ill, and thetrength, Re&,, must occur at subthreshold energies.
other is chosen from Table I, such that it has an imaginary This reduction in attractive strength is of very general
part very similar to the former one. The nuclear form factorsnature as it is a direct consequence of Ni&(1535) reso-
are the same as those used in the FA calculations. For thepance. We recall that the attraction between theand
two scattering lengths, no bound state can existlte.  nucleon at low energies arises because jhethreshold is
Upon comparing the third column of Table V with the off- situated below this resonance. However, as the energy shift
shell calculation(Table 1), we can see that the “on-shell” A becomes larger, theN interaction energy moves farther
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TABLE VI. Values of ar,‘j‘h'," for nuclei with mass numbeA  case of a real potential, a negative scattering length has the

<10. The Imaf is fixed at 0.09 fm(see the text possibility of corresponding either to a repulsive interaction
‘ or to an attractive interaction that supports-eave bound
Nucleus Nuclear form factor ajy (fm) state[44], the findings of Ref[43] have raised the hope that
; ; 4
SHe Hollow exponential 0.490.09 z-nucleus bound states might exist inle and He. _
4 . A closer look at the value of thephelium scattering
He Three-parameter Fermi 0.83D.09 . . .
6 - . lengths can a provide partial answer to the question as to
Li Modified harmonic well 0.35-0.09 .3 4 . o
9 . whether » can be bound in"He and *He nuclei. This is
Be Harmonic well 0.240.09

because for a complex potential the existence of a bound
state imposes a constraint on the complex scattering length.

downward away from the resonance. Any reasonable oﬁEquation(24) indicates that, if a weakly bound state exists,

shell model leads, therefore, to a reduced attraction. Cons&1€ amplitudef will have a pole,py, in the complexp,,
quently, calculations making use of free-space scatterin§!@n€ at

length (corresponding t&=0) necessarily overestimats, . . .
Because of the large sensitivity of the binding energies to the b —A—IAR
y-nucleon interaction in light nuclei and becausea%‘k ppo'_A_O_ d '
<Rea,,, manyz-nucleus bound states in very light nuclei,

as predicted by using some of tigy in Table I, may not  \yhere d=A2+A2 and A, is positive. The condition for a
exist in real situations. We caution, therefore, against using -4 state is Re2,<0. This requires thath,|<|Ag|. It is
the “on_-shell” (o_r scatter_mg-lengtfpredlctlon as a guide for easy to see thaﬂof%He) of Ref.[43] does not satisfy this
search_lngn-mesm n.uc_lel.. . . inequality, whileA,(7*He) does. Our optical-potential cal-
In view of the existing interest in searching fgrnucleus culations have verified this, namely, with  used in Ref.

bound states in light nuclear systems, we believe that it i X .
informative to determine values of the “minimal” scattering Eﬁg]revﬁ gsg/?r;ﬂ;ndmt Z?L;?(\e,\r;rﬁszof guigdnos':&:atfﬂﬂfﬁc?:r:t
. MR

min :
length,a\', which represents the smallest value ofagf condition for having a bound state. Consequently, in spite of
the much greater slope ¢f|? with respect top,, in the 7-

that can bind they into an 1s nuclear orbital. Clearly, the
SHe system[43], we conclude that there is ng-nuclear

real and imaginary parts of this scattering length are not in
bound state ir"He. For the same reason,cannot be bound

dependent of each other. We fixed " to 0.09 fm, as
suggested by the two off-shell models discussed above, angi, the deuteron because none of the various calculated
sgarched for Ra, . The results for several light nuclei are Ao(7d) of Ref.[26] can satisfy the conditiof,|<|Ag|. ON
given in Table VI. . _ _the other hand, the formation of a bound state*ie re-

It is interesting to revisit the FSI analysis and to examinemains a possibility.

the results of Refd24,43 in light of our findings. The FSI- " his possibility is, however, hampered by the fact that
analysis was first applied by Wilkif24] t3° the 7-"He sys- |f|2 is insensitive to the sign dkg, as can be seen from Eq.
tem, which is a final state of thed— »°He reaction. The (24 |ndeed, we have found af, that has a positive real
analysis raised a great deal of theorethaI intef2s{ and part and can equally describe the data. For example, with
was later extended to the StUdy4°f the"He system[42], a,n=(0.30+0.09) fm, we have obtained from our optical
which is a final state of th_eld—wy He reaction. _Let us de- potential, Eq.(21), Ao(73He)=2.10+2.88 fm, which can
note thez-nucleus scattering length @%=Ag+iA,. AC- el describe the’He data. Similarly, a good representation
cordlp_g to the Goldberger-Watson FSI thepty] _foraweak of the “He data can be obtained withy(7*He)=(0.80
transition and_ a strong FSI, one can approximate the total 1.75) fm by usinga,=(0.16+0.09) fm. The quality of
reaction amplitudef, at low energies by representation is shown in Fig. 1. In both caég$0, which
e e corresponds to the situation where the interaction is attrac-
If]2= sl _ el . (29 tive but not strong enough to support a bound state. Hence,
[1=iAop,|%>  (1+Ap,)?+(Agp,)? we have shown that FSI can also admit solutions correspond-
ing to having noy bound state. We emphasize that our analy-
wherep,, is the c.m. momentum of thg meson. Thefg is  sis above does not imply our preference for weakgy but
the transition amplitude and was treated as a constant in Refather exemplifies numerically that FSI cannot provide a
[24]. The unitarity condition require8,>0. Hence|f|? in-  unique answer concerning the formation of bound states.
creases monotonically whem, decreases. A good fit to the At this point, several comments are in order. First, al-
p, dependence off|? was obtained by Wilkin, who used though we need differerat, for He and“*He while in Ref.
a,n=(0.55£0.20+0.30) fm, which led to Ao(7°He) [43] only onea,y was needed, our result is reasonable be-
=(—2.31+2.5%) fm [24]. In a later work, Wilkin and cause it reflects the fact that the transition amplitutigén
his collaborator§43] useda,y~(0.52+0.25) fm, which  the two reactions may not be treatedpmsindependent and
gave Ay(7°He)~(—2.3+3.2) fm and Ay(7*He)~(—2.2 thus do not scale each other by a multiplicative constant.
+1.1i) fm, respectively. Upon introducing thedg into Eq.  Indeed, by using the two-step model of Rg45], Willis
(24), they obtained a good representation of the experimentadt al. [43] cannot fit the data o|ff(p,7)|2 for the 7-3He and
p, dependence df|? for both ®He and“*He. Because in the 7-*He systems with the sam&,, . In addition, one may

(25
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104 | | | TABLE VII. Dependence of binding energies and half-widths
(both in MeV) of the »-*He bound state on two different form
factors(hollow exponential and Gaussiafor a few values of the
scattering lengtia, . All bound states are in theslorbital.

a,n fm Hollow exponential Gaussian
0.680+ 0.240 —(3.74+7.89) —(4.16+7.93)
0.750+0.270 —(6.24+9.94) —(6.79+9.94)
0.876+0.274 —(11.86+11.28) —(12.59+11.10)
=z
—E i ] investigated before a definitive conclusion could be drawn
o from the 7->*He data.
S i 1 Second, our use of Iral‘;“;{, = 0.09 fm is merely suggested

by the 30-MeV downward shift of the effectiveN interac-

tion energy, as has been discussed after ). With

Im af]f{,= 0.09 fm, the helium data constrain the real part of
the effective scattering length to be between 0.16 and 0.30
fm. However, we emphasize that the value of 0.09 fm is
model-dependent and it is important to see if differein
off-shell models would give a similar subthreshold value.
Consequently, our finding of the repulsive scattering length

10! | | | for the helium systems should not be interpreted as if
0.0 0.1 0.2 0.3 0.4 Im af,f{.:o.og fm were the final answer, but rather as an ex-
Py [1/fm] ample showing the nonuniqueness of the solution to the

problem. In view of the many needed improvements in the
FIG. 1. Dependences off|> on p,. Data for the »-*He  modeling of the transition amplitude, searching a same re-
(crossesand »-*He (open circley systems are from Reff25] and  pysive effectivea,y for both data sets is beyond the scope
[43], respectively. Solid curves are the results of using the scatterings this work.
lengths havinghz>0. One would certainly like to be able to use the**He
data to obtain a more stringent constraint on the effective
subthresholdyN interaction. However, we conclude from

_ L . : the above discussion that the currently used FSI analysis
nucleon (NN) correlation, which is very different ifHe and cannot provide an unequivocal answer not only because

“_He, as evidenced by the fact that th_e matter densities df{here is no simple correspondence between the sighgof
rived from the measured charge densities of these two nucI%nd the existence of ap-nucleus bound state, but also be-
have spatial dependences that do not scale each other. Inclys ;e the assumption of g -independent is, uncertain.

sion.(.)f sgcond—ordeg optical potential will lead to diffgrent Consequently, our main message is that one should not rely
modifications ofAo(7*“He). Consequently, when only first- using the on-shell scattering length and that direct detec-
order optical potential is used to generate Aen fitting the  +ion of bound states is necessary.

data, the effective,,y will be different. In a similar manner, Finally, we have also examined effects of nuclear form
the differentNN correlations in the two helium nuclei also f5ctors on the binding of. The results foPHe are presented
contribute to the nonscaling of thig . Indeed, many reaction i, Taple VII. An inspection of this last table indicates that the
processes contribute to the transition matrix element. IMporhinding of » is not very sensitive to the finer aspect of a
tant subsets of the processes are those that cannot be appragajistic nuclear form factor. A similar situation has also been
mated by thepp—7"d andpd— 7" “He doorway mecha- noted for “He. The binding energies and widths of theas
nisms [45]. This is because in these processes thgjiven by using the three-parameter Fermi or the Frosch form
intermediate pion interacts with two different nucleons thattactor are close to each other. The most important effect on

do not belong to the same deuteron cluster in the nucleugne formation of-mesic nucleus is, therefore, from the sub-
Hence, these processes depend strongljbhcorrelations  threshold dynamics of theN interaction.

having a momentum dependence that cannot be obtained
from using the deuteron wave function. The nonsimple na-
ture of fg is further exemplified by the work of Santra and
Jain[46], who can describe the-*He data even without FSI
when the exchanges ¢of and other mesons are included in  Our study shows that calculated binding energies and
the calculation offgz. While we strongly believe that FSI widths of »-nucleus bound states strongly depend on the
must be taken into account, Re#6] does indicate that there subthreshold dynamics of theN interaction. The results of
are many more aspects of the dynamics left to be thoroughlynesic atoms and the present analysis indicate that the aver-

note that second-ordej-nucleus optical potential is impor-
tant in light nuclei. This potential is sensitive to the nucleon-

IV. CONCLUSIONS
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agezN interaction energy in mesic-nucleus formation is be-whether there is an attractive-nucleus interaction strong
low the threshold. What matters for the bound-state formaenough to bind the;, more direct measurements such as the
tion is not thexN interaction at the threshold but the effec- one used in Refl9] are necessary.
tive in-medium interaction. Because the subthreshold The downward shiftin the effective interaction energy can
behavior of theyN interaction is very model dependent, we lead to a substantial reduction of the attraction of the in-
believe that it is useful for theorists to publish not only the medium z-nucleon interaction with respect to its free-space
7-nucleon scattering length,, , but also the corresponding value. Consequently, predictions based upon using the free-
subthreshold values as a function/fBefore the availabil- space »N scattering length inevitably overestimates the
ity of this information, we suggest to look for bound states inbinding of . This overestimation of the binding, as revealed
nuclear systems much heavier than those indicated by thay this study, has never been taken into account in discussing
on-shell scattering length. n-nuclear bound states. One must bear this in mind when
The FSI analysis represents an interesting approach. Sinessing the predictions given by such calculations as a guide in

the analysis by itself cannot provide a definitive answer as tsearching forp-nucleus bound states.
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