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A suitable numerical approach based on Sturmian functions is employed to solWeNtHeound state
problem for local and nonlocal potentials. The approach accounts for both the strong short-range nuclear
potential and the long-range Coulomb force and provides directly the wave function of protoniuﬁl\and
deep bound states with complex eigenvaldesEg—i(I'/2). The spectrum okIN bound states has two parts,
the atomic states bound by several keV, and the deep bound states which are bound by several hundred MeV.
The observed very small hyperfine splitting of thelével and the § and 2o decay widths are reasonably well
reproduced by both the Paris and Bonn potentisigpplemented with a microscopically derived quark anni-
hilation potential, although there are differences in magnitude and level ordering. We present further argu-
ments for the identification of thé*PF, deep bound state with the exotic tensor me$ef1520). Both
investigated models can accommodatefty(d520) but differ greatly in the total number of levels and in their
ordering. The model based on the Paris potential predicts'¥#g level slightly below 1.1 GeV while the
model based on the Bonn potential puts this state below 0.8 GeV. It remains to be seen if this state can be
identified with a scalar partner of tHg(1520).[S0556-28187)01408-§

PACS numbgs): 13.75.Cs, 02.66-x, 14.40.Cs, 36.16:k

I INTRODUCTION previously applied toNN bound states known in atomic
physics as the Sturmian function approach. With this method

Rep'?‘c'”g an _eIectron Qrbltlng around a_nucleus N NN atomic states, arising from the interference of the long-
atom with a heavier, negatively charged particle has opene nged Coulomb interaction with the short-ranged strong in-

up new WindOWf in nup!ear and“[:)grti(_:lti physics. In the IasEeraction of QCD, can reliably be evaluated. Unlike the tra-
three decades “muonicT1] and “pionic” [2] atoms have ditionally used Numerov method, the here employed

been the focus of much theoretical and experimental effort%turmian function approach can also be applied to nonlocal

at various “pion faCtO”e_S (LAMPI_:’ PSI, TRIUMB. MOE potentials(such as the Bonn potentighnd to atomic states
recently the even heavier, negatively charged, antipr@ton i higher angular momenta.

has become available n sufficient numbers to ﬂ‘_’be the | recent years several experiments have been carried out
nucleus at much smaller distances. Very low-energetan  at the low-energy antiproton ring LEAR at CERN to study
be “trapped” to form “antiprotonic atoms.” These allow us the properties of protonium. In these experiments low ener-

to study the interference of QED and QCD on the one handyetic antiprotons are captured into the Coulomb field of the
and the strong interactiofQCD) in the form of the annihi- 55100 via Auger electron emission, after deceleration to a

lation into mesons, with unprecedented sensitivity, on th‘iinetic energy of a few e\9]. In the case of hydrogem
other hand. The simplest antiprotonic atom is the antipro- ay ' yarogem

. ) — are captured into orbits af,>~40 and cascade rapidly to the
tonic hydrogen atom known as ‘“protonium.” Thep sys-

tem can have quantum numbers unavailable to é¢he™ 1s and 2o levels (by x-ray emissiop from which thepp

. A : ... System annihilates mostly into multimeson final stdtesa-
system and, therefore, is particularly suited to study “ex-; :
o — , ) ) sionally those multimeson states are observed to be corre-
otic” (i.e., nonQQ) mesons. In this paper we wish {0 INVes- |ateq vianf,, mf,, etc). The strong interaction shifts the

tigate the possibility that the firmly established broad tensog g 10mpic binding energies of thesand 2 states and adds
mesonf,(1520) is aNN deep bound stateThe tensor me- g finite width describing the annihilation from this state. For
sonf,(1520) is reported in protonium annihilations such aS3 pp atom the purely CoulombicslBohr radius is calcu-
NN— mf, andNN— 77 f, (see ASTERIX(1989 [3], Crys-  |ated to be 57.6 fm with a binding energy & =12.49
tal Barrel(1991) [4]). Theoretical predictions for the produc- keV. The electromagnetic energies for the Lyman
tion rate of thef,(1520) depend strongly on the wave func- K _(2p—1s), Balmer L, (3d—2p), and Paschen
tions of the initial and final statg§$—8]. We employ here a M (4f—3d) transitions have been calculated; they are
powerful and well-documented mathematical metodt  9.367, 1.735, and 0.607 keV, respectively. The strong inter-
action splits the & state into'S, and 3S;, and the D state
into 3Py, 3P,, 'P;, and 3P;. In principle, these energy
IThe f,(1520) observed inNN annihilations was originally levels can be determined by measuring the emitted x rays in
known as theAX tensor meson. the electromagnetic transitions. It is, however, extremely dif-
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ficult to measure such small energy splittingsss than 0.5  the status of no®Q states, are found in Ref22].

keV). Therefore, the first experimenfd0] delivered only Exotic mesons come in two varietie§) meson reso-
spin-averaged data, since the experimental resolution Wagances with quantum numbe8¢=0-", 0", 17+, 2%,
not sufficient to separate the transitions to & and 3S;

etc., which are unaccessible@Q pairs andii) meson reso-
levels. Recent measuremeiid]| at LEAR yielded the first wp dit)

inf . h ind r  the : nances with anomalous decay modes and/or isolated produc-
n ormﬁjt;on odn t.g spln ependence of thedrotonium en- oy modes. The first evidence for a meson resonance under
ergy shift and width. (i) with JP€=1"" came from the GAMS Collaboratidi23]

Theoretical interest in the properties of protonium aros hich investigated the charge exchange reactiom— nX,
long before the first experiments were performed. Bryan an?vxo_) 797). There is more evidence for meson resonances

Phillips [12] first studied the scattering lengths of tiep under(ii). Broad mesonX (with a widthI"y>50 MeV) have
annihilation at rest in their model dfiN interaction. From peen seen in the reactiodiN— 77X and NN— 77X from

the scattering lengths, the energy shifts and width&bf initial atomic states of orbital angular momentuws0,1, as
atoms can be derived via Trueman’s form[44)]. Later, the discussed above. Such mesons have typical hadronic sizes
energy shift and width of protonium states were investigatednd lie in the mass range around 1.5 GeV. The best candi-
by other groups using either the original Trueman’s formuladate, seen in different decay modes, has been the tensor me-
[14,15 or an improved Trueman's approaids], ora WKB ~ son  f5(1520)  with  the  quantum  numbers
approximation[17] or an iteration technique which, how- ;‘]F]I(:(I!Gt?:2+f+§r?+)h Note th?tIIZ(tl'SIZO)P appetgerg% in the

— ull listing of the Review of Particle Properti was
ever, neglected than component18]. More accurate stud- originallygnamedAX(1565) by the ASTERIX Collaboration
ies of the protonium properties were carried out in the matri

Numerov algorithn{19,20. All these theoretical predictions ﬁg]_ The f5(1520) should not be confused with the meson

for the energy shifts and widths of protonium states are conf2(1525) which has quite_different decay modes. The

sistent with available experimental data. In order to quantif2(1525) decays mostly int(K while the f,(1520) favors
tatively evaluate the photon and pion emission in the reactiofonstrange mesons. In this paper, we concentrate on the
of protonium decay tauN deep bound states, Dovet al. identification of the exotic tensor mesby(1520) as théNN

. . — deep bound staté®PF,. It is interesting to note that an ex-
1 2
[21] explicitly worked out the wave function of theN °S, . otic tensor meson with the same quantum numbers and in the

3 . .
and *S, atomic states in the Numerov approach. In theirs; e mass range features prominently in the reactions
calculation, the coupling of théD, and 3S; states is ne- — —
pp— mm, KK [24].

glected. Using the numerical method developed in R, Sl _
they recalculate, in a later wofl8], the wave functions of TheNN deep bound state spectrum has been calculated in
NN atomic states with the tensor coupling included How-& variety of local potential models. So far no calculation has

R . — been reported for nonlocal potentials. In one-boson exchange
ever, the wave function dfiN atomic states for nonloc&lN

potentials has not yet been evaluated in an accurate numeggtentlgl(OBEBdmo?els, th? elastic parthof N r']‘.“f]fac' b
cal method which takes into account the two length scale on IS described n terms ot meson exchange which may be

involved. thepp andnn i dth obtained from aG-parity transform of a suitable nucleon-
involved, thepp andnn component coupling and the tensor ,,~jeon IN) model. The real, elastic part must be supple-

COUF’"”Q_ of the nuclear force. In the present work, we solV&nanteq with an absorptive potential, reflecting the short-
the Schrdinger equation foNN bound states employing a ranged annihilation into mesonic final states. Model
properly adapted numerical method. The m_ethod accountﬁredictions forNN bound states usually apply an annihila-
for both the strongshortrange nuclear potentidlocal and 4, part which is either described by a phenomenological

nonloca) and thelongrange Coulomb force and provides . _ . .
directly the wave function of the protonium system and ofOpt'CaI_ potent|al[25—2_ﬂ, adJL.’Sted to fit Io_w-energ;NN
scattering data, or derived microscopically in so-called rear-

the NN deep bound states with complex eigenvalues,qement versions of the quark mof28,29. The original

E=Eg—i(I'/2). Details of this method can be found below, : . . ——
in Sez III( ) theoretical expectation for the existenceMN deep bound
o states was very much in line with the first tentative experi-

The protonium states also provide a new tool for meso ) .
spectroscopy, which is still an active field exhibiting manymental evidence for narrowecay widthd'<20 MeV) reso-

open questions. The physics of mesons is far from completBances coupled to thdN system. However, high-precision
although the quark model has been remarkably successful BXperiments at the Low Energy Antiproton RifigEAR) at
understanding and classifying most of the experimentalyCERN subsequently dismissed this early evidence for the
well-established mesons &Q bound states. However, in Production of narrow <20 MeV) states inNN annihila-
recent years there has been a variety of experiments, fdfon [30]. L
example N scattering,NN annihilation, J/'¥ decay, and In the next section we give details of our treatmenhidf
e*e™ annihilation, which suggest the existence of new me-tomic states and in Sec. Ill we present the Sturmian func-
sons which do not fit into the usu@Q multiplets of flavor ~ tion approach to solve the coupled equationsN® atoms
SU(N¢). These new meson states might be gluebads, accounting for th&NN tensor force and than component in
hybridsQQg, or four quark-antiquariQ)?Q? states as well as local and nonlocaNN models. This is the central part of our
more “conventional” resonances such B bound states paper. Section IV follows with our results fadN bound
and meson-meson molecules. Recent reviews, concernirgjates in a microscopically derived potential model, and a
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FIG. 1. G-parity transformation of a one boson-exchargl
potential to itsNN version.

comparison with experiments and other models. The section N
ends with our conclusions.

Z|
Z|

N

A2 A3

FIG. 2. NN annihilation into two and three mesons in the non-
relativistic *P, quark model.

II. THE SCERO" DINGER EQUATION
FOR NN ATOMIC STATES

A correct treatment oNN atomic states must include the
coupling of the proton-antiproton pp) and neutron-
antineutron (n) configurations. We define the Hilbert

spaces of proton-antiproton and neutron-antineutrorPpy PiHP1=Hg+Vc+ Ve, )

and P, projection operators, respectively. The Hilbert space

of meson channels is defined @sspace. The corresponding P,HP,=H{+ Vg, 9

projection operator®,, P,, andQ satisfy the completeness

relation

PHP,=P,HP;=V gy, (10

PitP2+Q=1, D \where V. is the Coulomb interactionH§=ym2+k? and

as well as orthogonality Hb=+/m2+ k2 are the free energies of the proton and neu-

tron, respectively. The masses of the proton and neutron are

P,P,=P,P,=0, (2)  denoted asn, and m,. The elastic potential/g_ and the

charge-exchange potentidlcgx are combinations of the
isopinl =0 andl =1 meson-exchange potentials correspond-
ing to the process in Fig. 1, such ¥g =3(V°+V?') and
Veex=3 (V0= V1.

P2Q=QP,=0. @ CIEZ‘):H(ZQ(GQH PJ-) are the optical potentials, denoted Wy
Let H be the Hamilton operator of the full coupled-channelfor NN annihilation into two and three mesons in Fig. 2:
with the corresponding wave functions) defined in the
complete Hilbert space. We eliminate meson final state in-

teractions, resulting in the coupled set of equations for the Wg =P;HQGQHP,=P HQGQHP2=—(W°+W1)
pp andnn wave function:

P1Q=QP,=0, )

11
(E—P1HP1)P4|h)=PHQGQHPP4|i))+ P1HP,P[ ) 1
+P;HQGQHP,P,| ), 5 Weex=PiHQGQHP,=P,HQGQHP, =5 (W’ - WH),
(12

E—P,HP,)P,| )= P,HQGQHP,P,| )+ P,HP,P
( 2HP2) P2l §)=PoHQGQHPP[ ) + PoHP1Py[) whereW®! are the annihilation potentials for isosgir 0, 1

+P,HQGQHPPy|¢), (6) NN states.
As an example, we give the final equation for spin-triplet

whereE is the ener igenval is th reens func- — . .
ereE is the energy eigenvalue afidl is the Greens func NN states in theJ,L,S} basis as

tion for meson intermediate states, defined as

1 Hqq le)(q’pp) (\prp)
I =—E , 13
G E-QHQ’ ™ (H21 Hao/ \ Win ; Win 13

The interaction terms in Eq$5) and (6) are given as with
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P2/2p+ VL vl e Wittt Ve
Hu= izt P22u+ V-2 te vzt wie bz | (14
L,L L,L L,L
VEsWe: Vel i
H,,= LoL Ly,L Lo.Lo | =Hoy, 15
2|Vl Ve wae) T o
2 Lyl Ll L,L
P*2u+26m+ Vi t+ Wt Vi 2
Hoz= vzt P2/2u+20m+ V2 2 wkz e | (16
and
b b
pp nn
Vo= Yon= (17)
PP Ly | nn Ly |
v v
|
where sm=my—m,, wu=my/2, Ve=—alr, L;=J-1, d2 1(1+1) 2b(n+l1+1)
L,=J+1, J is the total angular momentum, and P + . —b?|S,(r)=0. (18
T r r

Ep=2m,—E the binding energy oNN atomic states. Note
that the final equation for protonium is in a nonrelativistic
form. Our calculation shows that the predictions obtainedB
with the relativistic and nonrelativistic equations are not no-
ticeably different. Sni(r)=

y solving Eq.(18), one finds

1/2
(2br)'*lexp(—br)L2 " Y(2br),

(19

n!
(n+21+1)!

[ll. COMPLETE SET OF STURMIAN FUNCTIONS
o . whereL?"%(x) are Laguerre polynomials. The Sturmians
In principle, one could solve Eq13) through expanding are orthogonal and form a complete set with respect to the

the NN wave functionsV,, and ¥y, in any complete set of \eight function 1v, which follows from the corresponding
orthonormal functions. The complete set of harmonic oscil-; potential term in Eq(18):

lator wave functions is widely applied to bound state prob-
lems since they have analytical forms both in coordinate and ® Syi(r) 1 .Sy(r)
momentum spaces. Bound state problems with only the f zdf—F
strong interaction or only the Coulomb force can be well
solved in the regime of harmonic oscillator wave functions
by choosing the oscillator length being of order 1 or 100 fm
respectively. Detailed investigation81], however, have
shown that the harmonic oscillator wave function approach

1d Sni(r)
fails to describeNN atomic states which are dominated by R|(r)=; 8 (22)
the long-ranged Coulomb force and influenced by the short-

ranged strong interaction. The reason is that two very differmserting Eq.(21) into Eq. (13) does not lead to a diagonal
ent oscillator lengths are involved to describe M deep  form on the right-hand side of E¢L3) unlike the case of the
bound stateand the atomic state. harmonic oscillator wave functions. The matrices on both
The Sturmian function method was first used in atomicsides of Eq(13) must be simultaneously diagonalized. Note
physics to evaluate the binding energy and wave function othat the Sturmians have analytical fofff34] in momentum
atoms[32,33. It was pointed out that the method is much space. One is allowed to deal with strong interactions in
more powerful than the approach using harmonic oscillatomomentum space with the complete set of the Sturmians as
and hydrogen wave functions. Subsequently, the method waesasily as with the set of the harmonic oscillator wave func-
applied to various physical problems such as electromagnetiions. The matrix elements of the Coulomb interaction as
collisions[34], binding energies of nucl¢B5,36], and bound  well as the kinetic term can be evaluated analytically accord-
and resonant states in special potent[@8,38. The Stur- ing to Eq.(18) and Eq.(20).
mian functions are very similar to the hydrogen wave func- Because almost all bound-state hydrogenic wave func-
tions and are, therefore, also named Coulomb-Sturmian fundions are close to zero energy, the innermost zeros of the
tions. In coordinate space the Sturmia®g(r), which are functions are insensitive to the principle quantum number.
used in the present work, satisfy the second-order differentialhis accounts for the fact that the bound hydrogen functions
equation[34] do not form a complete set; the continuum is needed to ana-

= 5. (20)

0 r r

'Thus radial function&,(r) can be expanded in the complete
'set of the Sturmian functionS,(r),
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lyze the region between the origin and the limiting first zero. 0.008 b
Unlike hydrogen functions, the first node of the Sturmian ]

functions continues to move closer to the origin with increas- 7~ 00061 (&) L
ing the principle numben. This is the key point why a 7

short-ranged nuclear force can easily be taken into accouni & 0, L
for the NN atomic state problem by using complete sets of o

the Sturmian functions. g 0.002 - N

The parameteb is the length scale entering the Sturmian
functions in Eqs(18) and(19), in the same way as the cor-
responding parameter enters the harmonic oscillator func-

tions. ForNN deep bound states one should ude df/ order

1 fm while the atomic states without strong interactions re-
quire 1b of order 16 fm. However, for protonium account-
ing for both the strong interaction and the Coulomb force,
one must use a f/between the two values used for the
above cases. Using a complete basis of, for example, 20C
Sturmian functiong100 for theL=J—1 wave, and another
100 for theL=J+1 wave with 1/b=5—-500 fm, one can
precisely reproduce the analyticad And 20 wave functions

of the NN system subject to only the Coulomb interaction.
Using the same basis withti# 0.1- 30 fm, the wave func-

tions of NN deep bound states can be precisely evaluated.

The NN deep bound states can be evaluated in the complete

set of the harmonic oscillator wave functions, and also in the r(fm) r(fm)
complete set of Sturmian functions with a more suitable o

length parameter, for example, bk 1 fm. From the above FIG. 3. The wave functionsR,(r) of the NN atomic states

investigation, a length parametetblaround 20 fm is suit- 3SD,. Here only thd =0 part is presented. The solid curves are for
able for the protonium problem. the wave functions evaluated by Carbonell in the Numerov method

We have compared our numerical method with the tradil39]; and the dashed curves represent our resialtshe real part of
tionally used method, namely, the Numerov approga®j,  the 13, wave function,(b) the imaginary part of thé®s,, (c) the

13 ; i ;

applied 0 theNN atomic problem . for example, the{°2/E31 o7 1 D2 vave Lncton, axdd e magnen pt o
Kohno-Weise potential. The binding energies and W'dthsxp'—l/ﬁ PPP L ()l
presented in Ref20] for the states'S,, 3Py, 3S;, and3SD; =Nl (=),
are well reproduced in the Sturmian function approach. __
Wave functions for these states are also compared in the twide NN atomic states with higher angular momenta can be
approaches. Here only the wave functions for the sta®,  easily handled in the approach.
are presented in Fig. 3. It is found that at short distance the
outputs in the two approaches are quite consistent, and that —
the discrepancies between the wave functions evaluated in IV. NN BOUND STATES
the two methods become more and more obvious as the rela- A. Experiments on NN bound states
tive distance between nucleon and antinucleon increases, es- .
pecially the imaginary part of théS, and 3S, wave func- The properties oNN atomic states have been studied in
tions. several experimen{d0,11] at LEAR. The results for energy

Finally, it should be pointed out that the Numerov methodshift AE and widthI" of the 1s and 2 atomic states are
cannot be applied to a nonlocal potential, for example, theollected in Table |, where the energy shifE is measured
Bonn potential which is given in momentum space, and it iswith respect to the pure Coulomb binding enefg=12.49
not easy to handle atomic states with higher angular momerkeV, see Fig. &). Except for the energy shift and width of
tum [39], for example, the statéPF,. Therefore it is essen- the state’SD, reported in Ref[11], other data are available
tial to use a precise numerical method, applied not only tmnly at the spin-averaged level. All the experiments deter-
local but also to nonlocal potentials, to handle Mf¢ atomic ~ Mined AE;s<<0, which corresponds to aslstate which is
state prob|em from a more genera| point of view. In prin_ less bound, hence the effect of the strong interaction is re-
ciple, there is no limit to the accuracy in the evaluation of thepulsive. Theoretical predictiorfd2-2q for the energy shift

NN atomic states in the Sturmian function approach. One i€ E1s and widthsI';s and I'y, are in reasonable agreement

allowed to use larger and larger complete bases of the Stu}"—’Ith the experimental _d_ata except for the quark rearrange-
mian functions until the theoretical results convefgend ~ Ment mode[40]. In addition to the measurement of the prop-

erties ofpp atoms, another important result of recent LEAR
experiments is the evidence for broad mesonic resonances
2There is no CPU problem, most university computers are capablédecay widthsI’=50 MeV) which cannot be fitted into the
enough. usual QQ flavor multiplets. One prominent example

rRy (fm~1/2)
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TABLE |. Experimental energy shiftAE and widthsI" for NN atomic states.

AE4; (keV) I'is (keV) 5, (MmeV) Refs.

—0.50+ 0.30 < 1.0 Ahmadet al. (1985 [10]
—0.70= 0.15 1.66- 0.40 Ziegleret al. (1988 [10]
—0.75+ 0.06 0.9G: 0.18 45+ 10 Bakeret al. (1988 [10]
—0.73+ 0.05 1.13= 0.09 Van Eijket al. (1988 [10]
—0.62t 0.10 1.13 0.17 32+ 10 Bacheret al. (1989 [10]
—0.73+ 0.02 1.12- 0.06 34 2.9 K. Heitlineret al. (1993 [11]
—0.85+ 0.04 ¢sSD,) 0.77+ 0.15 €sSD,)

is the tensor mesofi,(1520) [41] with quantum numbers in the full listing of the Review of Particle Propertig$l] as
JPC(16)=2%*(0") and mass near 1530 MeV, for which f,(1520), in thew* 7~ channel3]. First results obtained by

there was some evidence in earlier bubble chamber expefihe Crystal Barrel Collaboration quF_@T,O in liquid hy-
ments[42]. The ASTERIX group at LEAR studied the reac- drogen (which is dominated by initialL =0 atomic states,

tion pp— a7~ #° from a pure initialL=1 atomic state and associated with initidl =1 atomic statesalso revealed
and established the tensor mesdK(1565), which appears the presence of thk,(1520) resonance in the®#° D-wave
annihilation channe[4]. However, a later analysis of the

115 ] Crystal Barrel data fop p— 37° together withp p— 7 7°
I 38Dl [43], imposingp p S states only, also indicated the presence
- 3sD1 150 of an isoscalar-scalai”®=0"" resonance with a mass of
%_120"_ 150 38Dl 1520 MeV, where the contribution of thi,(1520) is re-
:;s Tl - duced[44]. The latest partial-wave analysis of the reaction
r.i 150 @ pp—37° in qu@ hydrogen, relaxing the previous con-
§ o Is ] straint of purepp S-state annihilation, indicates both the
& 1257 ] need for a scalar 0" and a tensor 2* state in ther%z®
LEAR Model A Model B 1 annihilation channelp45]. The respective values for malgs
] and widthI" of these two resonances g#b|
130 fo(1500:M=1500 MeV, I'=120 MeV,
PC(1G\_n+t+(n+
3391 BPO—— 151 1 J7(17)=0"7(0"), (22)
r 3180 —31P1
L 33P1l — 4
1.6 i \3PF3 338D1 — 13PR2 1 and
i DL ] f5(1520/AX:M=1530 MeV, T'=135 MeV,
S 130 1
g | 3ot ] () JPEI®)=2"1(0"). (23
= 08 Model A 310 13P0 ]
i 135D1 1 The analysi$27], which demonstrated that quantum num-
04} . bers, production branching ratios, and relative strength of
I 1150 1 strong decay modes, are consistent with the interpretation of
ol Model B ] the f,(1520) as a tensor coupletl ™= ,=13PF, NN

. bound state. However, other interpretations, such aspp
FIG. 4. (8 NN atomic states given in the binding energy moleculeq46], might also be tenable.

—Es=—2m,+E. The left state is the unperturbed Coulombi 1 Although observed in thert 77— and 7°=° channels, re-
s.tate. The column labeled “LEAR” represents the Monte Carlo spectively, of the reactions pp— ata— =% and
simulation resulf55], the columns labeled “model A” and “model — 0.0._0 .

. , . . — pp—m m m, f,(1520) cannot haverm as the dominant
B” refer to the Paris and Bonn potentials, respectively. NN decay mode, since this+2L(0+) state has not been seen in
deep bound states given in total energi@sasses Note that s .
f,(1520) has the same quantum numbers asiR&, state,f, has 7 " phase shift analyses, and in they—mm process. The
the same quantum numbers as B, state. Similarly other me- decaysf,(1520)— 77,77’ are shown to be small by Crys-
sons could be associated with energy levels of the spectrum. onf{@l Barrel and E760, and thew mode must be small be-
f,(1520) is a firm candidate, other identifications are speculativec@use of phase space restrictions. Therefby€1520)— pp
Model A puts such arfo at ~1100 MeV while model B puts it iS ||ke|y to be the |al’gest decay mOde. Th|S mOde WOUId be
below 800 MeV. The notation for the states id ¢21)(2S+1)LJ. exceedingly difficult to detect as it requirgslike correla-
That two different values andL +2 as inSD, PF, etc., are given tions among pion pairs in the final states including more than
indicates their mixing in this state. 47, The nonrelativistic quark modeA2 [47,48 in Fig. 2
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TABLE Il. The parameters adjusted to Iow-ener@d data.

Model A Model B
ro (fm) a, (GeVY) Naz (GeV~3?) A (GeV) Na, (GeV™Y) Aaz (GeV~3?)
0.57-0.65 5575 4.0-6.5 0.7-1.0 2.5-4.0 4.0-6.0

predicts indeed the dominance of the decay mode of the sider theG-parity transformed meson-exchange part of the
f,(1520). Recently, evidence for a possiblé 2 state at NN Paris potentia]53], containingz, 27, andw exchange.
1640 MeV decaying intp°p® has been reported in the re- The short-range part of the elastic interaction has to be regu-
action np— a7 7 7 7 at highn momenta[49]. A  larized by use of a cutoff, as introduced by the Helsinki
2+ resonance with mass 1640 MeV and’<70 MeV has  9roup[28]:
also been seen in the final state by the GAMS and VES /)10
Collaboration§50,51. One might suppose that tlig(1520) f(r)= &_
and the 2 * resonance with mass 1640 MeV can be reduced 1+ (r/rg)t®
to the same object.

(29

In model B, we use the energy-independent one-boson ex-
o _ change potentialOBEPQ of the Bonn groug52]. A short-
B. Predictions for NN bound states range regularization to the potential is applied], by ap-
In this section, we use the Sturmian function approach tdlying the following cutoff function to the Bonn potential:
evaluate the mass and width of both tN&N deep bound
states and atomic states, with special emphasis on how the F(q,q',A)= 1 ) 1 (26)
- ) o . . Mo 10 ' 10°
NN strong interaction influences the energy shift and width 1+(g/A)™ 1+(q'/A)

of NN atoms. We resort to N potential, where the absorp-
tion is derived in the nonperturbative quark annihilationIn the pre'sent Work there are three pgrameters, namely (
model[47], the elastic part taken as tieparity transforma- A, Mag) in model Aand (A, Aa,, Na,) in model B. These
tion of different meson-exchange models of tidl interac-  Parameters are determined in three steps: first fitted to the
tion, namely, as defined by versions of the Bdis2] and ~ €xperimental data of the charge-exchange, elastic, and in-

Paris[53] groups. elastic integrated cross sections of e reaction[54], then
The complexXNN potentialVyy consists of an elastic and to theNN atomic data, and finally to the exotic tensor meson
an annihilation part: f,(1520). The theoretical results for the integrated cross sec-

tions of theﬂ) reaction are not sensitive to the parameters.
Each parameter is adjusted into a range, but not a certain
value[54]. Then we fit the preadjusted parameters to experi-

mental data oNN atomic states. After these two steps, the
rbarameters are bound into narrow ranges as listed in Table II.
The freedoms of the parameters make the theoretical predic-
tions for the energy levels and widths of tNé&\ deep bound

states uncertain. The binding energiesNifl deep bound
states depend strongly on the cutoffsand A. The uncer-
tainties of thery and A result in~ =150 MeV and~ +200
MMeV to the 13PF, mass in models A and B, respectively.
Compared to the cutoffs, the freedoms\gf, and A o3 only

Vin=Voeet Vann T 1Wann - (24

The short-ranged imaginary paW,yy describes annihila-
tion into two and three meson final states, thereby also ge
erating a dispersive real pa¥fiy\y . The microscopic deriva-
tion of the complex annihilation paMyy +iWany iS done

in a nonrelativistic quark model using the planar annihilation

topology A2 and A3 [47] in Fig. 2. The effectiveQQ
annihilation/creation operator is described by #f vertex,

i.e.,, QQ pairs are created/destroyed with vacuum quantu
numbers:JP¢(1€)=0"*"(0") and P, in LS coupling. It is
interesting to note that the relativistic annihilation model 0faffect the final result a little. The theoretical results for the
[57] also finds a preference for th#P, vertex. The overall energy shifts and widths of the atomic stat&, 3Dy, and
strength of the respective two- and three-meson transitionsP are presented in Table Il and Figia$with ,a parzlal'meter
are free phenomenological parameters given ultimately b%ugh asr-=0.60 fm. \as=6.5 Ge\fl and M sa=5.5
nonperturbative QCD dynami¢gluonium spectrum, energy .\ inomoael A a’nd//§2=0 8 GeV A=3.0 GAe3V‘1.
dependence of the strong coupling, gtd@he basis for the and\ ,3=5.0 GeV~ 32 in Modei B. For’ ccA>2mpa.rison, the én—

use of .the planar quark mOdEA@_ andA3 is f_oundng |n.the ergy shifts and widths in the Monte Carlo simulatidb] of
analysis of two meson production data 8N annihilation 5 pjanned LEAR experiment are also listed in the table. With

[48]. The derivation of the optical potential due to these anthe same parameters, we obtain the mass and width of the
nihilation diagrams is extensively discussed in R4¥). The Sm deep bound staté*PF, as

explicit consideration of the mesonic annihilation channel
results in an energy- and state-dependent absorption poten- M,=1570 MeV, T,=110 MeV (27)
tial, which is nonlocal.

The elastic part/ogg is constructed by th&-parity trans-  and
formation of a realistic one-boson exchange potential of the
NN interaction, as illustrated in Fig. 1. In model A, we con- Mg=1580 MeV, TI'g=90 MeV, (28
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TABLE lll. The energy shifts and widths of thesland 2p NN atomic states, see also Figas

Monte Carlo Model A Model B
AE (eV) T (eV) AE (eV) I (eV) AE (eV) T (eV)
180 —500+=20 990+ 73 —140 1020 —650 820
s Dy — 784+ 4 660+ 15 —630 725 —-615 510
3P, —0.100+0.008 0.07%0.015 —0.045 0.080 —0.050 0.060

for models A and B, respectively. The spectruni\dfl deep ~ Parently too small. The Bonn potential roughly reproduces
bound states is presented in Fighy The ratio of\ x5 to the observed small energy shifts of the dtomic state but
\a, found here is comparable with the value in Rgf7].  dives the wrong level ordering for the statés, and
Such values for, and A are close to the annihilation radius 3SD;, see Fig. 4a). For theNN deep bound state spectrum
as deduced from the convolution of the baryon number disthe situation is reversed; here the Paris potential looks more
tribution in theNN systen{56] as well as those derived from realistic than the Bonn potential. None of the investigated
the effective quark-antiquark annihilation dengif7]. models is able to reproduce both the atomic and deep bound
The annihilation potential derived from th&2 andA3  sPectrum equally well.

NN annihilation diagrams supports reasonable widths for the N conclusion, theNN bound state spectrum represents a
1s and a:) W\I atomic StatES, see Table Ill. The prediction sensitive test for curredfiN and NN models. For the first

for the width of 1s NN atoms in a quark rearrangement time the NN spectrum has been calculated for a nonlocal
model[40] is too small, compared to experimental data. ThisPotential in momentum spa¢the Bonn potential The spec-
shows again that experiments prefer #h@ and A3 NN trum has two distinct parts, which are separated by a wide

annihilation processes over the quark rearrangement mode?n?rgy gap. The “upper” part conS|sts;_of the atomic states

We find that it is extremely difficult to reproduce the Which are several keV below theNN threshold of
Monte Carlo simulation resultf55] and the experimental 2M,=21.88 GeV and which represent a large 10 fm) sys-
data[11], namely, both the energy shifts and widths with tem dominated by QED forces. The “lower” part of the
model A. If one employs a large enough annihilation poten-SPectrum consists of a presently unknown number of deep
tial derived from theA2 andA3 diagrams to fit the energy bound states, which are several hundred MeV below the
shift of the atomic statéS,, one obtains too large a width NN threshold and have a much smaller, hadronic sizé (
for the state. fm) dominated by QCD forces. Only one statéPF, has

We notice, in Fig. 4b), that the predictions for thalN been identified with the exotic mesdn(1520) so far. On
deep bound states are rather different in models A and Bhe theoretical side, theN spectrum with its two very dif-
While model A predicts no bound states below 1.0 GeVferent parts and nonlocdIN potentials involved requires a
model B has a proliferation of states in that region. Thenew numerical approach. We have used here the Sturmian
spectrum of model A looks to us more realistic than the ongunction approach which is shown to be particularly suited to

of model B. We recall that thEa,, Mag, andt_he cutofi\ are the NN spectrum and wave functions. We find that the two
adjusted to reproduce the properties of M 1s and 20 models investigatetiersions of the local Paris and nonlocal
atomic states and to identify thBIN deep bound state Bonn potentials supplemented with an optical potential de-
13pF, with the exotic mesonf,(1520). Note that the rived in the *Py quark model either work well in the lower
f5(1520) meson should not be confused with the tensor mear in the upper part of the spectrum, but not in both parts. It
son f,(1525) [41]. The discrepancy between the spectra ofis noteworthy that all Bonn potentials give a very deep
models A and B indicates to us the need for a proper energ)bound state”SO which is not so for the Paris potential. This
dependenNN potential in momentum space which provides €N be traced back to differences in the isospin dependence

for the proper reduction in strength as e energy de- of the two models. We also find a sensitivity of the spectrum

creases below threshold. It should be pointed out that thte0 thetype of the quark annihilation potential used or

energy-dependent Bonn potentials are not suitable for this.Others. Both modgls can accommodatg(1520) as aNN
L = . .. deep bound staté3PF,, but they differ significantly in the
The properties oNN atomic states are naturally sensitive

L i ) : number and level ordering of other deep bound states. It will
to theNN strong interaction at threshold. The shift of proto- o interesting to see if other exotic meséfs example the

nium energy levels is dominated by both the long-distancgca|ar partner of ,(1520)] can be identified with members
m-exchange potential and the admixture of the compo- ¢ the NN bound state spectrum.

nent topp atoms. The long-distance-exchangeNN inter-

action is model independent. One is forced to conclude that ACKNOWLEDGMENT

the difference between the=0 andl =1 parts of theNN

interaction for thelS, state at threshold as derived from the ~ We are grateful to J. Carbonell for communicating to us
NN Paris potential through &-parity transformation, is ap- his numerical results for various protonium wave functions.
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