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Resonance states below the pion-nucleon threshold and their consequences for nuclear systems
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Regular sequences of narrow peaks have been observed in the missing mass spectra in the ppactions
—pm*X andpd— ppX,; below the pion-production threshold. They are interpreted in the literature as mani-
festations of supernarrow light dibaryons, nucleon resonances, or light pions forming resonance states with the
nucleon in its ground state. We discuss how the existence of such exotic states would affect the properties of
nuclear systems. We show that the neutron star structure is drastically changed in all three cases. We find that
in the presence of dibaryons or nucleon resonances the maximal possible mass of a neutron star would be
smaller than the observational limit. The presence of light pions does not contradict the observed neutron star
masses. Light pions allow for the existence of extended nuclear objects of arbitrary size, bound by strong and
electromagnetic forces.
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I. INTRODUCTION D’-deuteron coupling should be at least 10 times weaker
than the standardNN coupling. Nucleon resonances below
The experimental search for exotic states in one-baryothe N threshold should have tiny couplings #\N and yN

and two-baryon spectra has a long history; see the review iatates; otherwise, they would spoil the dispersion relations
[1]. Enthusiasm has been revived in the field after two recenfor 7N and Compton scattering, which are fulfilled with
experimental report§2,3]. In Ref. [2] the reactionpp  good precision[11]. Smallness of theyNN’" coupling re-
—pm*X was investigated and three narrow pedkedth ~ duires also smallness @NN' and p°NN' couplings. The
~5 MeV) in the missing mass spectrum were seemMgt  coupling of “light pions” () to the usual pions and nucle-
=1004, 1044, and 1094 MeV with a high statistical signifi- ons should also be strongly suppressed in order not to con-
cance. Referencg3] reported a study of the reactiond tradict the data onr7 and 7N interactions; cf. discussions
—pp X;. Three peaks of the width of 5 MeV were clearly in Ref.[9]. _
observed in the missing magd px, SPectrum atMle Desplte tr_]e fact that the exotlc. states _do not show_up on
—1904+2, 1926+ 2, and 19422 MeV. In the missing the_ typical time scalle of strong interactions, acqordlng to
mass My, spectrum the peaks are located Mtxlz%ﬁ their properties mentioned above, they could manifest them-

. selves in long-living nuclear systems, such as atomic nuclei
+2,986:2, and 1003 MeV. The correspondence betweery neytron star@NSs. They could also be produced with a

peaks in Refs[2,3] was discussed if4]. o detectable probability in particle-nucleus and nucleus-
The evident regularity of the peaks observedd]isin  ,cleus collisions as well as other rare prokiphotons,
contrast with previous experimental ddtal, which were  qijanions; strange particles, 8tcThe small probability of an

limited by a lower resolution in energy and lower Statistics. glementary reaction is enhanced in the latter case due to a
The compiled analyses of all available data of R¢E6] large number of interactions.

indicates, however, that a similar pattern shows up in the old |, 1o present paper we shall discuss the possible conse-

data too. gyences of the very existence of these three suggested hypo-

The true nature of these resonances is obscure so far arﬂwetical statesD’, N', ) for nuclear systems. In order to

three interpretations are suggested in the literat(ilfeThe . ; .
P 99 Wy égé\ke our analysis more transparent, we consider the lightest

peaks can be assigned to supernarrow dibaryon resonan . .
, : : - L state in the dibaryon spectrumg, = 1904 MeV, and the two
(D"), which have been predicted theoretically within the bagIightest states in the nucleon spectr 1=966 MeV and

[7] and the chiral solitori8] models.(ii) The peaks can be

interpreted as new nucleon resonanchi$)( (i) They are My, =986 MeV. For “light pions” we takemz =22 MeV.

bound states of one or two nucleons with several light pseu- We shall model the equation of statEOS of nuclear

doscalar particles#) having massn;=21+2.6 MeV [9]. matter using the parametrizatiph2], which is a good fit to
The above interpretations imply that the new particlesthe optimal EOS of the Urbana-Argonne grou3] up to 4

should have an exotic internal quark structure, having only dimes the nuclear saturation densify,=0.16 fm 3, and

small overlap with the usual nucleon and pion states. Othemhich smoothly incorporates the causality limit at higher

wise they would be produced with a large probability anddensities. The energy density, counted from the nucleon

would manifest themselves in many nuclear reaction chanmass, is

nels, where they are not seen, as we know. For the dibaryonic

interpretation, the smallness of the production cross sections

[3,10] and estimates in[10] suggest that the pion— En(pn) =pn En(N=pn!po.X=py/pN),
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2-n - ) analogous to the one in R¢fL4]). A repulsive dibaryon self-
En(NX)=ENT oo+ SN (1-2 %)%, (1) interacion can be introduced  with EP,

_ _ =7 fprp pg,/mD,, wherefp p/>0 is theD'D’ scatter-
where pyr) is the proton (neutron density, py=pp  ing length. It can be estimated using an assumption, which is
+pn, &=—15.8 MeV, andS,=32 MeV. Having the com- jystified in the bag mode]7]—namely, that the hard core
pressibility modulusk=200 MeV, this EOS allows for NS radjus in the third power scales as the particle mégsy
masses up to 2, whereMo=2x10% g is the solar  —reor (i, /m )13~ 0.4 fm, with r&~0.3 fm. The coeffi-
mass. cient k can be evaluated using the fact that at saturation
density 3°En/dpl 5 - p, = K/(9p0) and assuming thaD'
is exhausted by the terme<ppy, py, thereby giving

Consider a mixture of nucleons and dibaryons with tOta|o"2EpD0,tN/3p2D,|pD,=o=O. Then we havec=610 MeV fm 3,

baryon densitypg and dibaryon densityp, . The energy Applying now the result$5) to atomic nuclei we find that
density of such a system is given by for the favorite choice=0 we haveu>0 and dibaryons
are absent in atomic nuclei, since nucleons are bound with
w®<0. Thus,the dibaryon interpretation of experiments
where dmp =mp, —2 my=28 MeV, and the quantities L[2:3.6] does not contradict the atomic nucleus experiménts
their interaction with nucleons is, indeed, sufficiently weak.

Il. LIGHT DIBARYONS

E=En(pg—2 pp/)+6mpipp +ERNFER L, (2

pot pot . " .
Ep/y and ED’D’. are pote'ntlal—ene'rgy deqsmes of dibaryon- Note that choosing =2, according to a quark counting, we
nucleon and dibaryon-dibaryon interactions. Followiid . . )0 2
we assume here that dibarydigving spin and isospin zero Would have at saturation density I ~ ko~ PE/ My
obey Bose statistics, and therefore occupy only the single SMpr~46 MeV, corresponding topp ~0.5py. This
lowest-energy state. As they are compact systems, we mayould _ewdently contradlct_the !mown properties of nuclei.
assume that they do not undergo a Mott transition in baryor he critical value off at which dibaryons would just appear
matter at the densities we are interested in. in nuclei is {c=(dmp —2 u{’)/(eg— n), which gives

Consider first the case of a small dibaryon concentration{.=0.8 for *Fe with 1= —8 MeV.

Expanding Eq(2) in pp for isospin-symmetrical matter and ~ We turn now to NSs, which could in principle contain an

pp'<pg, We obtain admixture of dibaryons. Consider a NS consisting of neu-
trons, protons, dibaryons, electrons, and muons. Following
E~En(pg)—(2 Mf\,o)—M(DO,))poLKp%,/Z. (3)  the assumptions above we model the nucleon-dibaryon po-

tential energy as

Here,u(DO,)= émp:+ Supsy and
. < JEN
©_ 7En 5 JERS EBO/NZE(Vn"‘Vp) PD’ Vi:&_p_eF,ia (6)
=— = i
HN dpg| _ Hon Ipp ’
PB=PN Porl,0=0
with i=n,p. The chemical potentials of nucleons and
PEy az(EpDo,tNJr EggtD,) dibaryons are given by
K:4(9 > 02 . (4)
P L pg=ny Por pp'=0 I(En+ERY) (Epin+Epip)
L . ' M= o= OMp +———————.
Minimizing Eq. (3) with respect topp,, we find that forx pi dppr

>0 a dibaryon admixture becomes energetically favorable, if
2 un> upe . Then the dibaryon density and the energy den-The composition of the NS matter is controlled by conditions
sity gain are of charge neutrality an@ equilibrium[15]. The latter means
in particular thatup,=2u,. Calculations(in line with the
standard procedufd5]) show that the presence of dibaryons
would completely change the NS composition. Dibaryons
(5) appear at very small densities. For homogeneous baryon
matter it happens aig=0.2po. With further increase of the
To model the unknown dibaryon'nudeon interaction we aSbaryon density they expe| protons and Strong]y reduce the
sume that théd’'N potential is proportional to th&lN po- neutron concentration; e.g., @"3:45p0 we havepn/pB

2 - i) 1
N D e = (2,0 02
PD p , AEp 5 (2N~ Bpr)”

tential and thatbup y={(1{) — €p). Hereeq is the Fermi  ~ ;0 /p.~0.33 andp,/pg=10"*,
energy of the isospin symmetrical matteg= er ,= €gp, The total energy densiti, is given by Eq.(2) plus the
with ep;=(m{+pé;)Y>—my and pg;=(37%p;)* for i kinetic energy of the leptons. The latter contribution is very

=n,p. The exotic internal structure of light dibaryon statessmall since the number of leptons, being equal to the number
implies that the parametef is small. Specifically, Refs. of protons, is suppressed in the presence of dibaryons. The
[3,10] put the constraint 0z {=0. A naive quark counting pressure is equal tB=3_ u, pa— Eio» Where the sum goes
would give, on the other hand=2 (such an assumption is over all species present in the system.

015805-2



RESONANCE STATES BELOW THE PION-NUCLEON . .. PHYSICAL REVIEW €7, 015805 (2003

10— y assume that the quark structure of tieresonances is quite
no dibaryons x01 1 different from the nucleons. Therefore, the Pauli principle is
8F ----(0.0,1.0) Ve not operating between them and the nucleons.
— ] The energy density of the system with baryon densiy
S i composed of nucleons anl;, resonances with density
§ PN p“i,2+ Pp} IS
> -
©
3 ki t t
o E=En(ps—pn;— PNyt > EHENtHER
- ] i'=p1on,
o 2N,
()
I ] whereE';i,”(n,) denotes the kinetic energy of tipg(n’) reso-
ol nance counted from the nucleon mass. Similarly to 4.
e 5 10 15 202530 the quantityER” .y, Stands for theN’N(N’N’) potential-

rel 14 3
EV[10" g/em’] energy density. Assuming\,i< PB (pNé=0 for this casgwe
FIG. 1. Pressure of NS matter as a function of the energy denexpand Eq.(7) in py. and obtain, for the case of isospin-
sity with and without dibaryons. The numbers in the brackets indi-symmetrical matter,

cate parameter setg,(fp:p- in fm). The curve for the dibaryon- .

free case is scaled by a factor of 0.1. . 3PN (3 2/3
1
_ o E=EN(pB)—(M&O)—MLI))pNﬁg—(sz) ,
In Fig. 1 we show the pressure versus full relativistic ' My;

energy densitfE™'=mypg+E of NS matter with and with-
out dibaryons, calculated for various values of paramefers Mf\lo,)z Smy; + aEﬂgtN/aPNder:er:O* (8)
andfp.p, . We observe that dibaryons make the EOS very 1 v
soft. In the presence of dibaryons the pressure is typicall)ov 5/3

smaller by an order of magnitude compared to the one with- here we retainequi terms but dropped the higher-order

out dibaryons. The stiffness of the EOS is increased with amerms, an(juf\,o) is defined as in Eq.3). Minimization of the
increase of 5.p, . However, even for the cadg.p =1 fm,  energy density with respect to thg, yields for the case
which corresponds to the stiffest EOS among those presenteqo)> (0) .
in Fig. 1, the maximum mass of the NSs, as we calculated, i§€N ~ #n;
significantly less than the observational lower limit .4 . o ©
Moreover, an increase dfy/p: up to unrealistically large PNﬁZ[mNi(M(N)—MNi)]glz/(f%Trz),
valuesfp:p,~10 fm would not lead to an increase of the NS
maximum mass above M, . The EOS becomes softer if 4
one assigns dibaryons to the isospin-1 states, assuming AEy =— ; mE//Z(M(NO)_MLO))SIZ’ (9)
thereby the existence of charged dibaryons. The same hap- 1 15 1 1
pens for finite values of. For {=0.8 andfp/p,=1 fm the
pressure would be negative in some density interval, indicatand is zero otherwise. As for dibaryons, we expressNhe
ing that the system would undergo a collapse to a superdens@emical potential through the nucleon chemical potential,
state, which would be bound even in the absence of the gra\/xff,)= 5mNi+ ¢ (w®—ep), with the same constraint 0.1

1

the following N’ density and energy gain:

ity. =¢'=0. For¢'=0 there are nd\’ resonances in atomic

Thus, the analysis above allows us to conclude that lei. si ©O_ smo>0 andu@<0 A K i
existence of light dibaryons would be in severe contradictior"CI€! SINCEUY = oMy andan - A quark counting

with the information on NS masses suggests{’ =1, and correspondingly, we would get{’

—Mf\,(),)~p,2:/(2 my) — 5mN1~9 MeV in atomic nuclei. This
1
IIl. NUCLEON RESONANCES gives pyy=0.04pg and AEy,=0.2 MeV, which are rather

small contributions. The critical value @f, whenN; reso-

We turn now to another possiple interpretation of experi-nances could just appear in atomic nuclei}s=0.9. For
ment§[2,3] with the help of e>.<ot|c nucleon resonance,s ofo_jsglsgé' even if N’ resonances are absent in atomic
isospin 1/2. Consider the two lightest resonand¢sandN;  yclei; they could be produced and detected in nuclear reac-
with - dmy;=my;—my=28 MeV and dmy;=my;—My  tions. This is, however, not the case. Therefgreshould be
=48 MeV. We denote neutral and positively charged parsmall, and for small’ the existence of light nucleon reso-
ticles asn; , andp; , by analogy with neutrons and protons. nances would not contradict known properties of atomic nu-
Our treatment of th&l’ resonances in NS matter is similar to clei.
that for hyperons; cf{15]. However, the critical density for Consider now NS matter i equilibrium consisting of
the appearance ™’ is much smaller than the one of hyper- nucleons,N;, N5 and leptons. We express tH¢’'N and
ons due to the smallé¥’ mass. In line with Refd.2,5], we  N’N’ potential energies as
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100 T T T T

25 - T - - not help since therN’ resonances would appear at even
N s r(1(§>0re138;1&nces 1 smaller densities, leading to the same consequences for NSs.
E | e (1.0,1.0)
é sk oo 1 IV. LIGHT PIONS
© I 4 . .
3, 40t A We follow now the assumption of RgP] that there exist
— s L0 . . ~ . . .
=l e light pions () whose strong coupling constant is essentially
e suppressed.
0 L Our approach here is similar to that one used for pion

0 5 10 15 20 25 30

E* [10" g/om’] condensate systems; ££6,17] and references therein. Nega-

tive light pions could be accumulated in nuclei due to the

FIG. 2. Left panel: pressure as a function of the relativistic reactionn—p+ 7, if Mn— Mp= 5. Having a suppressed
energy density of NS matter with and withdu{ , resonances. The strong coupling constant, light negative pions satisfy the
curves are presented for different parameter s€tsf(y/y: in fm). Klein-Gordon equation
Right panel: the NS mass as a function of the central baryon den-
sity. The line styles are identical in both panels. CANZ2 2

Y Y P Ap+[(0=V)*~m=]¢$=0, (10)

pot _ o/
ot — 4 p00)+ +p0)], . ~_ . .
Enen= & IVnlpng o)) +Vo(pp ¥ pp) ] where ¢ is the 7~ wave function anaV is the Coulomb

potential well. Multiplying Eqg.(10) by ¢* and averaging

iy over the volume we find the solution
(pn;tpny )?,

ot
ERrwe =
Nl

©=V+[mE+k2+(V)2- V2] (12)
where the nucleon potential, , are given in Egqs(6), and
we take fyn~ry=0.3 fm. The chemical potentials of

e 247 " ,
nucleons andN’ are then wherek®= [|V ¢|°dr. The critical value of the pion energy

o at the 7~ condensation point iS0=pun— pup,=0, for

H(En+E , o ) A(EPS +EPO isospin-symmetrical nuclei. For the light pions the Compton
p=— N =g — T wavelength is~ 10 fm, which is larger than the radiuR of
pi Ipir the nucleus. Thusk? is the dominating term in Eq11).
where i=n, -n and e (m " )1,2 Let us first model a nucleus as a spherical potential well
P, i 12,p12, RPN, pF" of the constant depthV=-V,=-Ze’/R for r<R

—my with pg;=(3 72 p;:)'3 The g equmbrlum requires =1.2A2 fm and V=0 for r>R, wheree is the electron
that u,= M= Hen) andu,= Fop = Mp- charge andA the atomic number. Then the pion spectrum
The composmon of NS matter would be significantly follows from the equation kReotkR=—\R, with k

changed in presence df’ resonances. Fo¢'=0 and =./(w+Vy)?— m;ZT and A= \/mi—wz In the limit Rnt.
farn=0.3 f_m the neutron and proton cpncentration; de-<1 the spectrum of deeply bound states can be found from
crease continuously starting fropg=0.2p, (in the approxi-  the condition co(R)=0 and in the opposite limiRn>1
mation of a homogeneous mediumith neutrons being first  ¢m sinkR)=0. In the most favored case for the™ con-
replac_ed byny and then after 12 by n; . Al pg=4po the densatior] coskR)=0] the critical condition read¥,=[m?
chemical potentiaj,, exceedsmy, . At this point all pro- 2 2\ 11/2 . L . 4
tons are replaced by; resonances, whose population grows ™ /(4R%)]7. For atomic nch:Ie(wnh the atomic number

! ’ A=<200) we then estimat¢m:+ 7%/(4R?)]¥2>50 MeV,

slowly, reaching 0.5% at 1. The p;, resonances do not " o i .
and the critical condition is not yet achieved. The solution of

appear. The pressure of NS matter witth resonances is . o X
shown in Fig. 2(left pane} as a function of the energy den- Eqg. (11) with the realistic Coulomb potential does not change

sity E™. We see thalN’ resonances make the EOS softer, this conclusionThus, there is nar~ condensate in atomic
decreasing the pressure by factor of about 2—5 fer/0 nuclei, their size and the value of the Coulomb field being
<1 and 0.3 fmefy, <1 fm. The softness of the EOS in- t00 small for that. _ o
creases with the increase dfand decrease dfyy: . In the In Refs.[17,18 it was argued that, if there exist light
right panel of Fig. 2 we show the masses of NS cores as gosons of mass<30 MeV, then there could exist exotic ob-
function of central baryon densitiep.. The solid circles Jects, “nuclei stars,” of an arbitrary size, with densify
indicate the maximum masses of N38,..,. Since astro- ~po, and which are bound by strong and electromagnetic
nomical observations put the limi ,,=1.4M, [15], we interactions. The light pion proposed in Rg®] could play
can conclude from Fig. 2 thalte existence of Nresonances such a role. To demonstrate this idea, let us consider the
would contradict information on the NS masses f6=0  Spherical nugllear ball of a constant densiy, and radius
and fy,\-=<1 fm.To reach the observational limit of M4, 1 km>R>m-", consisting ofA nucleons. Then we may
the N’N’ repulsion should be as large as witlp =2 fm.  neglect both surface and gravitational effects. The total en-
A further stiffening of the EOS of nuclear mattér) would  ergy is given by

015805-4



RESONANCE STATES BELOW THE PION-NUCLEON. .. PHYSICAL REVIEW €7, 015805 (2003

25 T T T T

E=E A+Sy(A—2 Z)?IA+Znr.. (12 100

@
o

Minimizing the energy with respect té at fixed A, we get
ZIA=0.41 and the corresponding binding energy/A
=—5.7 MeV. Although this quantity is slightly larger than
the binding energy per patrticle for thkeparticle (—7 MeV),

the 7 nucleus cannot decay inte particles and light pions
or atomic nuclei and light pions. The total energy per particle -

~ 0
of a+2 7 is =—7 MeV+m;/2=3 MeV. This is larger L
than the energy per particle of the initial bound state o 5 Er;0[10:f /;%3] % % 2 o /o
(=—5.7 MeV). (This, however, does not exclude the possi- g °re

bility of weak radioactive decays af nuclei) At finite tem- FIG. 3. Left panel: pressure of NS matter as a function of the
peraturgexcitation energyT>T.,~ several MeV, the bind- relativistic energy density withoutsolid ling) and with (dashed

ing energy reaches zero and the condensate melts. Thiee) the presence of light pions. Right panel: NS mass as a
system, however, still exists as a whole, being in a metafunction of the central baryon density. The line styles are the same
stable state, until the excess of energy is smaller fvag.  in both panels.

Such an excited object cools down viaand v radiation

from weak 7 decays. AfT>T.~m: the system decays, ex- tence of exotic light dibaryons, nucleon resonances, and

panding into the vacuum. pions would manifest itself in nuclear systems. We have
Consider light pions in NS matter. Here we first assumeshown that dibaryons antl’ resonances below therN

that theN’ resonance an®’ dibaryon do not exist as el- threshold would be absent in atomic nuclei if their interac-

ementary particles, and the experimdi8,5 are explained tions with nucleons are sufficiently small, as is demanded by

with the help of the usual nucleons and the light pions onlytheir production rates. Also light pions cannot be accumu-

In the case of homogeneous baryon mattermesons could lated in atomic nuclei.

appear already at the densjiy=0.05,, when the electron In neutron star matter the new exotic states could manifest
chemical potential reaches; . Then at higher densities, in themselves in a rgmarkable way: they would drastically
the NS interior,u.=my;, and the positive proton charge is c_hange the composition of a neutron star and mak_e th_e equa-
compensated by the negative charge of #ie meson con- 10N of ztate rlnuch softer. The (te)quatlon of stat(?tvtvrl]tht c_itlbary-l q
densate. First, this leads to the isospin equilibration of NSNS and nucieon resonances becomes so Soft that it wou
matter, e.g., ab=2p, the ratiop,/pg=0.44, increasing fur- not be able to support neutron stars with the observed

. . o~ masses. Thus the dibaryon and nucleon-resonance interpreta-
ther with the baryon density. Second, with thé conden- y b

tions of the above-mentioned experiments should be ques-

sate the EOS of NS matter becomes softer, as is illustrated itribned.

Fig. 3. The pressure is negative at@3 pg< po, indicating The existence of light pions would not lead to a contra-
that the system is self-bound @§=po (WhenP=0) evenin  yiction with observed neutron star masses. The presence of
the absence of gravity. The softening of the EOS reduces thlf'ght pions would allow the existence of abnormal nuclei
maximal mass of the NS but still keeps this value above th?Az 10°) and “nuclei stars” of arbitrary size, bound by
observational limit of 1.M. Thus the existence of light strong and electromagnetic interactions.

pions would not confradict ihe observed NS masidight Thus, the importance of the astrophysical consequences of
pions coexist withN’ resonances and/d’ baryons, the  he |ow-mass resonance states should strongly motivate fur-

EOS wou.ld bg softer than in thg case without light pions.iqr experimental investigations, as well as a search for new
Such a situation would contradict observable neutron staf,aoretical interpretations.

masses.
In heavy-ion collisions,= mesons would contribute to

dilepton spectra and could be seen as a peak in the dilepton ACKNOWLEDGMENTS

spectrum at-20 MeV energy.
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