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n-nucleus interactions and in-medium properties ofN* (1535 in chiral models

H. Nagahira D. Jido?* and S. HirenzaRi
IDepartment of Physics, Nara Women's University, Nara 630-8506, Japan
2Research Center for Nuclear Physics, Osaka University, Ibaraki, Osaka 567-0047, Japan
(Received 18 April 2003; published 17 September 2003

The properties ofy-nucleus interaction and their experimental consequences are investigateghwitieus
optical potentials obtained by postulating & (1535) dominance foi-N system. TheN* (1535) properties
in the nuclear medium are evaluated by two kinds of chiral effective models based on distinct pictures of
N*(1535). We find that these two models provide qualitatively different optical potentials of timeson,
reflecting the in-medium properties Biff (1535) in these models. In order to compare these models in physical
observables, we calculate spectra@f®He) reactions for they mesic nucleus formation with various kinds of
target nuclei. We show that thel,$He) spectra obtained in these models are significantly different and are
expected to be distinguishable in experiments.
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[. INTRODUCTION We investigate thep mesic nucleus in this paper. The
special features of the mesic nucleus are the followingt)
The study of the in-medium hadron properties is one ofthe »-N system dominantly couples td*(1535) (N*) at
the most interesting subjects in nuclear physics and has athe threshold regiohl7]; (2) the isoscalar particley filters
tracted continuous attention for decades. Historically, severajut contamination of the isospin-3/2 excitation in the nuclear
kinds of hadron-nucleus bound systems were investigateghedium; and(3) as a result of theswave nature of the
such as pionic atoms, kaonic atoms, gmatoms[1]. Re-  #NN* coupling, there is no threshold suppression like the
cently, the interests and importance of this field have beef-wave coupling.
much increased due to both theoretical and experimental de- The dominant coupling ofN to N* (1535) makes the use
velopments. of this channel particularly suited to investigate this reso-
One of the important progresses in theoretical aspects i8ance and enables us to consider theesic nucleus as one
the new concept of partial restoration of chiral symmé®ly  of the doorways to investigate the in-medium properties of
in which a reduction of the order parameter of the chiraN*. As shown in Ref[6], the -nucleus optical potential is
phase transition takes place in finite density and causes trextremely sensitive to the in-medium massesNoand N*
modifications of the hadron properties. The development ofind even its qualitative nature may change from attractive to
the chiral effective theories enables us to discuss in-mediurrepulsive.
properties of hadrons in the viewpoint of chiral symmetry. In  In this paper, we calculate the-nucleus optical potential
this context, hadronic bound systems have been investigateksuming theN* dominance in»-N system, and use the
in various chiral models for pionic atomf3,4], kaonic chiral doublet model¢the naive and mirror model$18,19
atoms/nucle[5], and  and w mesic nucle{6-9]. and the chiral unitary modé¢B] to calculate the in-medium
Experimentally, the establishment of thd,{He) spec- modification ofN*. These models are based on quite differ-
troscopies in the formation of the deeply bound pionic atoment pictures ofN*. In the chiral doublet model, thH and
opens new possibilities to form various kinds of hadron-N* form a multiplet of the chiral group. In Reff20,21], a
nucleus bound systems, which are not accessible by the stareduction of the mass difference of tid and N* in the
dard x-ray spectroscopies, and to investigate the bound statasclear medium is found in the chiral doublet model. On the
quite precisely. Originally thed,®He) reaction was studied other hand, an investigation of themeson properties in the
theoretically[10] as one of the proper methods to form the nuclear medium within a chiral unitary approach has been
deeply bound pionic statgdl], and later proved to be a also reported8]. There N* is introduced as a resonance
powerful tool experimentally12]. Using the @,°He) reac- generated dynamically from meson-baryon scattering. Since
tions the deeply bound pionic slstates were observed this theoretical framework is quite different from the chiral
clearly and the binding energies and widths were determinedoublet model, it is interesting to compare the consequences
precisely[3,12,13. This method can be generalized to form of these “chiral” models forN* and % mesic nucleus.
other hadron-nucleus bound systef6s14,15. An experi- For this purpose we calculate the;, {He) spectra for vari-
mental proposal to observe the and w-nucleus system by ous cases and show the numerical results. We find the sig-
the (d,%He) reactions at GSI has been approved alr¢a} nificant differences for the spectra and can expect to distin-
guish the models from the experimental observables. Since
the optical potential fory predicted with the chiral doublet
*Present address: European Centre for Theoretical Studies imodel may change its nature from attractive to repulsive for
Nuclear Physics and Related Ared@&CT*), Villa Tambosi, Strada higher nuclear densities, we even consider #hieound sys-
delle Tabarelle 286, 1-38050 Villazzari@rento, Italy. tems for unstable nuclei which are known to have low-
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density halo structure in some nuclides. We would like to B. Chiral doublet model
emphasize that we have possibilities to deducestimeicleus
optical potential information from the experiments and ob-x
tain theN* property in the medium which has a close con-
nection to theN-N* chiral dynamics. tial.
In Sec. Il, we describe the-nucleus optical potentials The chiral doublet model is an extension of the (SU
obtained in the chiral doublet model by the naive and mirroninear - model for the nucleon sector. There are two possible
assignments and in the chiral unitary model with assumingnqqels in the chiral doublet model: the naive and mirror
the N* dominagnce ingN channel. In Sec. lll, we show the models[19,27. In the latter modeIN* is regarded as the
calculated d,”He) spectra for the formation of the cpiral partner oN and forms a chiral multiplet together with
n-nucleus systems. Section IV is devoted to the summary. N The Lagrangian density of the chiral doublet model with
the mirror assignment is given by

In this section, we evaluate the effective massel ahd
using the chiral doublet model with the mirror and naive
assignments in order to obtain thenucleus optical poten-

II. CHIRAL MODELS FOR %-NUCLEUS INTERACTION

. . . = N:.i4N:—a.N: Y - TN
In this section, we show the formulation to calculate the L J;;z {NjiéN;—giNj[o+ (=) " T ys7 7N}
n-optical potential in a nucleus. We use the chiral models - -
that incorporate_ chiral _symmetry _in a different way in order —mo(N;ysN,— NoysNy), 3
to evaluate the in-medium behaviors of tR& resonance.

In the recoilless @,°He) reaction, which is proton whereN, and N, are eigenvectors under the @) chiral

picking-up process, the; meson can be created in the transformation. This Lagrangian was proposed and investi-
nucleus with small momentum. Therefore here we assumgated first by DeTar and Kunihifd.8]. In the mirror assign-

the » meson at rest in the nucleus. ment,N; andN, have an opposite axial charge to each other
while they have the same charge in the “naive” assignment,

. . . .. expressed as a superposition df and N, as N=coséiN,;
First of all, we consider they-nucleus optical potential +y5SinON, and N* = — y; sin 0N, +coséN,, where tan 2

within the N* dominance hypothesis in thg-nucleon chan- —2mo /(o) (g1+9s) [19], in order to diagonalize the mass

nel as discussed in Sec. |. If we assume the Lagrangian fofg s after spontaneous breaking of chiral symmetry. Nhe
mulation for N*, whereN* is described as a well-defined ;,4N* masses are given by

field and its propagator is written in the Breit-Wigner form, it
is shown as a general conclusion that th@ucleus optical 1
Eloterétiﬁlis very sensitive to the in-medium difference of the = my .= 5[ V(91+92) X 0)2+4m3T(g,—g1){(o)] (4
an masses.
Considering an analogy to the isobar model for the
resonance in ther-N system, we obtain the-optical poten-
tial in the nuclear medium in the heavy baryon lififf as y

and the coupling constant of theNN* vertex also is given

9_3; p(r) @ Uonne = (92— 91/ VA+[(91+ o) (o)/mg]?, 6)

V(@)= " : :
218 w+m¥(p) — My (p) +iT N (s;p)/2 where (o) is the sigma condensate in the nuclear medium.
The parameters in the Lagrangian have been chosen so that

wherew denotes the; energy andu is the reduced mass of the observables in vacuum,my=940 MeV, myx
n and the nucleusp(r) is the density distribution for the =1535 MeV, andl'y«_.,n=75 MeV, are reproduced with
nucleus. ThepNN* vertex with the coupling constagt, is  (o),=f,=93 MeV, and they are obtained as=9.8, g,
given by =16.2, andny=270 MeV[19]. It is important here that the
masses and couplings bfandN* are constrained by chiral
L, (X) =0, N(X) 7(X)N* (x) + H.C., (2)  symmetry and are written as functions of trecondensate.
7 7 Such constraints are also observed in the chiral quartet model
for A(1232) andN(1520) withJ=3/2[23].
Assuming partial restoration of chiral symmetry in the
nuclear medium, we parametrize thecondensate as a func-
tion of the nuclear density as

where g,=2.0 to reproduce the partial width y«_.
=75 MeV [17] at tree level. The “effective massesiy (p)
and m{.(p) in the medium are defined as poles of their
propagators so that R~ }(p°=m*,p=0)=0. Considering
that theN* mass in free space lies only 50 MeV above the (oY= (p){a)o, (6)

nN threshold and that in the medium the mass difference of

N andN* becomes smaller in the chiral doublet model, weyhere, in the linear density approximationd(p)=1
expect that there is a critical densipy where the sign of —cp/p, with C=0.1-0.3[24]. The paramete€ represents
w+my—my. is getting to be positive. Then, the-nucleus  the strength of the chiral restoration at the nuclear saturation
optical potential turns to be repulsive at density abpye density po. In the mean field approximation, the medium
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effects may be introduced by replacing the in-vacumicon-  wherea;(j =1,2,3) are the coupling constants. In the physi-
densate by the in-medium one. Finally the in-medium massal base, the masses of tNeandN* are given by

difference is obtained by (o)
Mune = [V(ar+ay)?+4a3+ (ai—a)].  (13)

The details of this model are discussed in R&f)]. As seen
As for theN* width in the medium, we consider the two in Eq (13), the mass difference dd andN* is expressed as
dominant decay channels &* in the medium, namely, a linear function of o), which has exactly the same form as
N*— 7N and NN*— 7NN in this calculation. The other the mirror assignment case in E). Therefore, as shown
decay modes are shown to be negligible in our previous paater, the general behavior of thgoptical potential obtained
per [6]. The N*— N channel does not contribute in the with the naive model is similar to that of the mirror model,
nuclear medium due to the Pauli blocking effects on the desince, essentially, th&l-N* mass difference is responsible
cayed nucleon and the* — 72N contribution is negligibly ~ for the qualitative change of the optical potential from attrac-
small in this model. The partial decay width fis* — N is  tive to repulsive in Eq(1).
calculated using the energy bff and is obtained as As for theN* width in the medium, the two decay chan-
nelsN* — 7N andNN* — 7NN are considered in the same
manner as in the mirror assignment case. In the naive assign-
, (8) ment, theeNN* coupling vanishes under a diagonalization
4 \/5 of the mass matrix. Hence, we consider additional terms
given in Ref.[21], which describe quadratic meson-baryon
where Ey and q are the energy and the momentum of theinteraction including therNN* coupling to calculate the
final nucleon on the mass shell in the rest frameNsf,  width.
respectively. Similarly, we estimate theN* — 7NN process
within this model following the formulation of Ref7]:

mﬁ(P)_mﬁ*(P):(l_CP/Po)(mN_mN*)- (7

* *
9anne EnTMy

T.(s)=3

C. Chiral unitary model

We explain briefly another type of chiral model for baryon
I'yx N rnn(S) (9 resonances, the chiral unitary appro&8i25], which is also
used to describe thBl* resonance in the nuclear medium

9 2 and to obtain thep-nucleus interaction. In this approach, a
) Pf dpip3

:3,32(ﬂ coupled channel Bethe-Salpeter equation for the meson-
2my baryon scatterings is solved in vacuum, aifd is generated
-y dynamically as a resonance, contrary to the chiral doublet
dp, My —pi+2my(Vs—w,—my) model, where th&\* field appears in the Lagrangian explic-
(277)3p2w_2 pi 2 2 itly as explained in the preceding section.
[(—*> p2 2} To include the nuclear medium effed®), they take into
2my account the Pauli blocking of the intermediate nucleon states
and use the in-medium propagators of the intermediate me-
X (P1,P2), 10 cons ¢r,K,7) and baryons |,A,3). The energy depen-

wherep, () andp, (w,) are pion momentéenergiesand dence of each self-energy is treated in a self-consistent man-
P1 i@y P2 (w2 P 9 ner. In this approach, the main component of Mie is the

® is the phase space variable defined in iRe}. We define K3, state[25], and the intermediat® is free from the Pauli
B as blocking effect in the nuclear medium. Therefore, the me-
dium modification of theN* properties caused by the Pauli
_ 91Mo (11) blocking effect on the intermediate nucleon is not large and,
(oymi(my. + m’,\])X’ as a result of this fact, we think that they do not find signifi-
cant changes of the mass and width of iiein the medium.
with the effective coupling ofrmNN* througho meson in In the present paper, we directly take theself-energy
this model, which isy~1.29. This contribution is estimated SNOWn in Fig. 6c) of Ref. [8(b)] calculated by the Valencia
to be typically 15 MeV at the saturation density, although it9roUP as the results of the_chlral unltgry approach, and use it
depends on the; energy and theC parameter. We include (O obtain then-nucleus optical potential.
this channel in the present calculation.
We also mention the naive assignment case in the chiral . NUMERICAL RESULTS
doublet model. The Lagrangian density for the naive assign-
ment is given by

X

B

In this section, we show the numerical results on the
n-nucleus optical potential and the formation cross sections
of x-nucleus systems using the different models for

L=, [ﬁijjJrajﬁj(ﬁin;.;)Nj] n-nucleus interaction described in Sec. II.
=12

A. m-nucleus interaction

+ag{N. +i7 7)N;—N. +i7r )N . .
3{No(ysotim mNy = Ni(yso it mNo}, The calculatedy self-energy in the nuclear medium de-

(12 pends on they energy and the nuclear density in general. We
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0.15 r r . . . " " "
01l (a) C=0.0 Real Part |l Imaginary Part

of the sigma condensafe ), the properties oN andN* do

not change in the medium. Therefore this case corresponds to
the so-called tp” approximation. We find that the self-
energies of the chiral doublet model wi@= 0.0 resemble
those of the chiral unitary approach. On the other hand, the
results withC=0.2 show significant differences from the
results of the chiral unitary approach, as can be seen in Fig.
1(b). Both real and imaginary parts of the self-energies of
02y T 0.3pg ==z 1 these two models show much different energy dependence

0.05¢+

-0.05+

My .p) [GeV?]

-0.25 . L . . . . . A . . it i
2 e 60 5 0 55 %0 S50 B o & 190 T80 for all nuclear densities considered here. _
o5 - To see the consequences of these differences in the self-
04| (6)C=0.2Real Part || imaginary Part | energy, we show in Fig. 2 thg-nucleus optical potentidl
defined as
3 , 1
o U(n) = V(N +IW(r) =5 —TI,(m, p(r)), (14
o 7
S 1 | where then energy is fixed to ben, . The nuclear density is
o2l assumed to be of an empirical Woods-Saxon form here as
-0.25 L L L s " " " " . L
-150 -100 -50 0 50 100 -100 -50 0 50 100 150 Po

w -m, [MeV] w —m, [MeV] p(N)=—"T—%”"" (15
1+ ex;{ )

FIG. 1. Then self-energies are plotted as a function of the
energy for four nuclear density cases as indicated in the figare.
The self-energies obtained by the chiral doublet model with theyhereR=1.18AY3—0.48 fm anda= 0.5 fm with the nuclear
mirror assignment fo€=0.0 (thick lines and those by the chiral mass numbeA. We fix the 7 energy to its masm,, here to
unitary approaclithin lines. (b) Same asa) except forC=0.2for  gee ther dependence of the optical potential. In all other
the chiral doublet modefthick lines. The results with the chiral merical results shown in this paper, we use the appropriate
unitary approach are taken from Figcbof Ref.[8(b)] and are the energy dependeng-nucleus self-energies.
same for both(a) and (b). The optical potential is plotted in Fig. 2 foy-1'B system.
] o We find that the potential witic=0.0 resembles that of the
first show the calculated self-energies in different models cpjral unitary approach as expected from the behavior of the
at finite nuclear density. In Fig. 1, we show theself-energy  self-energies, and that it is essentially an attractive potential.
at certain nuclear densities as a function of the energy Car“eﬂowever, the potential witlc=0.2 has a repulsive core in-
by 7. We compare the self-energies obtained by the chirakige the nucleus as reported in R and is much different
doublet model(the mirror assignmentwith those obtained fom the potential of the chiral unitary approach.
by the chiral unitary approach. We show the results Gor
=0.0 case in Fig. (a) andC=0.2 case in Fig. (b) for the
chiral doublet model. The results with the chiral unitary ap-
proach are directly taken from Fig(® of Ref.[8(b)] and are In this section, we evaluate the formation rate of the
the same in both Figs(d) and ib). In the case 0€=0.0in  p-nucleus system by thel(*He) reaction and show the cal-
the chiral doublet model, since there is no in-medium changeulated results for various nuclear target cases. In the

B. »-mesic nucleus formation by the(d,®He) reaction

IN
o
o

5 20 (a) Real Part (b) Imaginary Part

= -10}

> \™ Chiral doublet (C=0.2 (M))

S0 _ 20}

S > i Chiral Unitary Model

5-20 2 .30 p

— B

_§ Chiral Unitary Model 401}

g Chiral doublet (C=0.2 (M))

& Chiral doublet (C=0.0 (M) 50

= i u =0. = =

Fel ., T ©= 60 Chiral doublet (C=0.0 (M)) _©~ "™
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8

r [fm] r [fm]

FIG. 2. Then-optical potentials for the)-*'B system as a function of the radius coordinat€he left and right figures show the real part
and the imaginary part, respectively. In both figures, the potentials of the chiral doublet model with the mirror assignment are shown in the
solid lines forC=0.2 (thick line) andC= 0.0 (thin line). The potential obtained using the chiral unitary model is shown by dotted line, which
is obtained from the results shown in RE3).
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1.2 : , , daughter nucleus, is &,,— E;=18 MeV because of the dif-
12C(d,3He)"Ben ference ofSy(j,) in Eq. (16). Thus, the contributions from
Tt — | Mirror 1 the bouqdn states appear in the,,— E;<0 region with the
= el Chiral dglfé;t mode /‘ Naive | (0p3,2)El state and in th&,,— E;<18 MeV region with the
= (Osy1)9),, - state.
< o6l In the present case of Fig. 3, there are no bound states and
= the strength in the bound region is due to the absorptive
ol 04 interaction ofz-nucleus system. The existence of the imagi-
°ls ‘ nary part in the potential, which accounts fgrabsorption in
o2t £ 7= the nucleus, deforms the shape of the spectrum and provides
certain strength in the subthreshold region. Hence, this sub-
_fo 20 20 50 threshold strength has no relation to the existence of the

Eex - Eo [MeV] bound states. If we had the bound states with sufficiently
narrow width, we would see the peak structure in the

FIG. 3. The calculated spectra 8fC(d,®He) reaction atT, ~ bound region, which is not seen in Fig. 3.
=3.5 GeV for the formation of the;-1'B system are shown as In the higher excitation energy region, the calculated
functions of the excited enerdy,, defined in the textE, is the, ~ Spectra show the contribution from the quasifi@esitive
production threshold energy. Thick lines show the results with theenergy » production with a proton-hole state. Since the re-
mirror assignment and thin lines with the naive assignment. Theeoilless condition is satisfied only arourttl,—E,~0, the
dominant contributions from the SQ,Z)gl@»s” and the (@3,2);1 cross section is smaller for the higher excitation energy due
®p, configurations are shown by dashed lines and dash-dottetb the larger momentum transfer, even if the emitted quasi-
lines, respectively. Here, the proton-hole states are indicated &gee # has the larger phase space.
(n€;),* and they states ag . Hence, the peak structure shown in Fig. 3 is the conse-

guence of the reaction cross section aroundiihproduction

(d,®He) reaction spectroscopies, we only observe the emitthreshold and does not have the direct connection to the ex-
ted ®He in the final state and obtain the double differentialistence of the bound states. However, the whole shape of the
cross sectiordo/dQ/dE as a function of the’He energy.  spectrum reflects the properties of thenucleus interaction
The energy ofp®nucleus system is evaluated from thide  and provides important information even if there are no qua-
kinetic energy and the properties of thenucleus interaction sistable bound peaks in the spectrum.
can be investigated from thés/d()/dE data. We use the Going back to the discussion of our results, in Fig. 3, we
Green function method to calculate the formation cross secshow the calculated results by the chiral doublet model with
tions of quasistable-nucleus systerfi26]. All the details of ~ both mirror and naive assignments. As expected in Sec. Il B,
the application of the Green function method to theystem  both assignments predict similad,eHe) spectra and show
formation are found in Refd6,14]. In this paper, we con- the repulsive nature of th@-nucleus interaction. Hereafter,
sider T4=3.5 GeV as the initial deuteron kinetic energy we only show the results with the mirror assignment since
which satisfies the recoilless condition for theproduction.  both assignments provide similar spectra.

We show the?C (d,3He)!B® 7 reaction cross sections  In Fig. 4, we show the*’C(d,*He)''B® » spectra for
for the formation of thep-1'B system in the final state in Fig. three differenty-nucleus optical potentials. In Fig(&, the
3. The spectra obtained are shown as functions of the excitegpectra with the so-calleigh optical potential, which are cal-

energy defined as culated by puttingC=0.0 in the chiral doublet model, are
_ shown. We show the spectra obtained by the chiral doublet
Eex=m,—B,+[Sp(jp) —Sp(ground], (16)  model withC=0.2 in Fig. 4b). We can see in the figures

that the repulsive nature of the potential shifts tide*He)

where B, is the 7 binding energy andS,(j,) the proton  spectrum to the higher energy region compared totghe
separation energy from the proton single-particle leijel  case. In Fig. &), we show the results by the chiral unitary
Sp(ground) indicates the separation energy from the protomnodel. As expected by the potential shape, the spectra with
level corresponding to the ground state of the daughtethe chiral unitary approach are shifted significantly to the
nucleus. The nuclear density distributions are assumed to hgwer energy region as in the potential case as a result of
the empirical Woods-Saxon form defined in Egj5). the attractive potential. We should mention here that we can

Here, we briefly explain the general features of thesee the contributions from the boungstates in Figs. @)
(d,®He) spectra for the; production using Fig. 3. As shown gnd 4c) as bumps in dashed lines arourif,,— E,
in the figure, the spectrum is dominated by two contributions= 1015 MeV. We have found that there exist certain dis-
which are (), '®s, and ((z;), ‘®p, configurations  crepancies between the spectra obtained with different chiral
since the final states with the total spin-0 are largely models, which are expected to be distinguished by the ex-
enhanced in the recoilless kinematics. Theproduction perimental data.
threshold with the (f)3,2),jl proton-hole state is indicated by Next we consider the case of an unstable nuclear target.
the vertical dotted line aE.,,—Ey=0. The threshold with As shown in Fig. 2, since the chiral doublet model combines
the (0s12)p ! hole state, which is the excited state of thethe possible existence of the attractiyenucleus interaction
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(@) T-p approximation (b) Chiral doublet model (C=0.2)

\ (c) Chiral unitary

[nb/(sr MeV)]

-
(Opgpp), P,

-40  -20 0 20 40 60 -20 0 20 40 60 -20 0 20 40 60
Eex - Eo [MeV] Eex - Eo [MeV] Eex - Eo [MeV]

FIG. 4. The calculated spectra &1C(d,*He)'B® 7 reaction afTy=3.5 GeV are shown as functions of the excited en&gydefined
in the text.E, is the » production threshold energy. Thenucleus interaction is calculated l6§) the tp approximation,(b) the chiral
doublet model withC=0.2, and(c) the chiral unitary approach. The total spectra are shown by the thick solid lines, and the dominant
contributions from the (91,2),;1@) s, and the ((ing,z),;l@) p,, configurations are shown by dashed lines and dash-dotted lines, respectively.
Here, the proton-hole states are indicated raéﬂ)(;l and they states a¢’,,.

at lower nuclear densities with the repulsive interaction athe results of these models again. Both results have qualita-
higher densities, it will be interesting to study tiemesic tively the same features as the results shown in Fig. 4 for the
state in the unstable nuclei with halo struct[@&]. Here, we  ?C target cases. However, the contributions from the
consider!!Li as an example of the halo nuclei and evaIuate(Osl,z)glc@ s, configurations are relatively enhanced in the
the cross section of th&Be(d,®He) reaction for the forma-  12Be target case because of the difference of the single-
tion of the »-1!Li system in the final state. particle proton configuration in the target. In the total spec-
The density distribution of''Li is determined from the trum, we can clearly see the cusp due to the, @, ‘®s,
experimental interaction cross sectiof8] by using the configurations, which could be interesting and useful to iden-
cluster-orbital shell model approximatieg@OSMA) [29,30. tify the » contributions in experiments.
In this approximation, the nucleon density fiLi is ex- To see the low-density halo contributions clearly, we
pressed as the sum of the density in #hécore and those of ~ show the results with halo neutrons is &tate[Eq. (17)], in
the two valence neutrons. For thidi core, we use the 1d state[Eq. (18)], and without halo neutron cases in Fig. 6
Gaussian functional form for the proton and neutron densifor the chiral doublet model and the chiral unitary model. In
ties, which reproduce the experimental rms radiiRf$s  both models, we cannot see significant differences in the
=R =R%P(°Li) =2.32 fm [28]. For the halo density, we spectra due to the difference of the halo neutron stasesr 1
consider two possibilities for the orbital angular momentumld in dominant contributions as shown in the figure. The
of the halo neutrons and apply the following two kinds of
functional forms[29]:

1.4 i T
1ZBe(C|,3He)11Lims)gﬂ]
pi(r)= 533 exd —(r/aqs)?], a7 S 12 Chiral Doublet Model|
T g % 1t (Mirror C=0.2)
7] Chiral Unitary Model
4r4 3 o8t
pld(f)zlsTeXF[—(f/ald)z], (18) =
T ald Nb _%: 0.6
. . o|W
where the range parameter is determined to bea; © 04t
=4.88 fm anda;4=3.2 fm [29] so as to reproduce the ex- ‘
perimental radius of'Li as R&®(1!Li) =3.2 fm[28]. 0.2f A .
For the density distribution of the target nucleiiBe, we 0 T , ,
sum up the square of the harmonic oscillator wave functions -40 -20 0 20 40 60
for all occupied states to obtain the point nucleon density. Eex - Eo [MeV]

The oscillator parameter is determined by the experimental

; 12 12p A —
rms radius of *Be, Rimd “Be)=2.59 fm [31]. To get the at T4=3.5 GeV are shown as functions of the excited enegy

charge(matte) distribution of the “Be, we fold the point defined in the textE, is the » production threshold energy. The

n_Udeon dNenglty with the Gaussian nucleon density with then-nucleus interaction is calculated by the chiral doublet model with
size of Rl},92=0.69 fnt.

. . the mirror assignment with paramet€r= 0.2 (thick lines and the
In Fig. 5, we show the calculated spectra for the formationgpira| unitary modelthin lines. The total spectra are shown by the

of the n® ''Li system by the'’Be(d,*He) reaction. Here, we  sojid lines, and the contributions from thes®),'®s, and the
assume that the halo neutrons are in thestate and use Eq. (Ops), '@ p, configurations are shown by dashed lines and
(17) for the halo neutron density of the COSMA. We com- dashed-dotted lines, respectively. Here, the proton-hole states are
pare the results of the chiral doublet model with those of thendicated asi§¢;),* and they states ag ,,. The p's form is used
chiral unitary model. In this case, we can see the repulsivas the halo neutron density in the unstabtei distribution (see
nature of the chiral doublet prediction and the differences ofext).

FIG. 5. The calculated spectra &Be(d,*He)*'Li ® # reaction

035205-6
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14 . .
12 (a) Chiral doublet Model (Mirror) C=0.2 (b) Chiral Unitary Model «
= < 11 7\ __—— without halo (°Li) 1
©® 1 b valence neutrons ——_* without halo (9Li) 1r ," ‘\
= in 1d state \,s . [
5 0.8 v i P
Ne] in 1s state :i . i .
< 06} \ i “ . i e
1 N .
G L 1 1 ~ "\;\. \\:
Nb © 04 (Opac); a7, / ,"x\.: . R (OPS/a):W’u i A \\2\.
oW I ¥ Sw ~al, i O Rt S
©0.2} ~ s gs Eeta ™[ e T . Tty
0 g T Osp) @8, e A e (0s1), ®$, St
E=EIEiase-e-em . P ) WO ot s . .
-40 -20 0 20 40 -40 -20 0 20 40 60
Eex - Eo [MeV] Eex - Eo [MeV]

FIG. 6. The calculated spectra &Be(d,*He)!'Li ® 7 reaction afl y=3.5 GeV are shown as functions of the excited end&gydefined
in the text.E, is the  production threshold energy. Thgnucleus interaction is calculated kg the chiral doublet model with the mirror
assignment with the paramet€r=0.2 and(b) the chiral unitary model. In each figure, the contributions from thsl,m;1®s,7 and the
(0p3,2),§1® p,, configurations are shown. Here, the proton-hole states are indicatertf]a)g]( and the states ad’,,. The dashed lines
indicate the results with thes and the crosses with the¢ halo neutron density distributions. The dots indicate the results frofiLiheore
calculated without halo neutron density.

spectra calculated without halo neutrons, which are thoughgver, it seems to be very difficult to deduce the clear infor-
to be equivalent to the contribution from the colls, have  mation from the spectra since many configurationéjlgl
slightly larger cross sections in all the cases considered her@{n contribute to the spectra and they cannot be distin-
We think this enhancement is due to the lack of distortionguished because of the large width. We calculate the
effects in the final states from the halo neutrons. “Oca(d,3He)**K ® 5 spectrum with the chiral doublet model

From the results shown in Figs. 5 and 6, we think that it isand see the experimental feasibilities to use the heavy target.
difficult to observe the characteristic spectra due to the exiswe find that the whole spectrum is shifted according to the
tence of the wide low-density region with the realistic halochange of theC parameter in the model and we may be able
neutron density distribution of'Li. In order to see the low- to deduce the average strength of the potential from the po-
density-attractive nature of the optical potential predicted bysition of the whole spectrum. However, as we expected, it
the chiral doublet model, we need to consider the nuclei wittseems extremely difficult and almost impossible to distin-
more “effective” halo than*'Li, which has larger spatial guish each contribution from the full spectrum.
dimension and includes more neutrons, and may exist in the
heavier mass regiof82]. IV. CONCLUSION

In all results shown above, we consider the target nuclei
that include protons both irs;, and pg, states. In the
(d,®He) reactions with the recoilless condition, the substitu
tional configurations are known to be largely populated. 14

Hence, to consider the target nucleus which includes only “He(d,’He)*Hen

We have studied the properties gfnucleus interaction
_and their experimental implications. We obtain thaucleus

T T T T T

Chiral Unitary

S12 protons is interesting because the spectrum will be domi- 1.2} 1
nated by the only contribution 69,2)51@) s, . We can expect 11 |
to deduce the information of thg-nucleus interaction very

0.8} |

easily without decomposing the spectrum into subcompo-
nents. For this purpose, we considéte as a target nucleus |
and calculate thed,®He) spectrum for the formation of the o C(’&iﬂfg%k;'e‘
7-2H system in the final state. Of course, we are aware of the Slg 04
lack of the few-body treatment in our formalism and we
should improve it for a more quantitative calculation. How-
ever, we think it is still extremely interesting to evaluate the 0 u— S —
spectrum for the*He target case to see the advantages to 40 -30 20 10 0 10 2030 40 50 60
observe the spectra with the single dominant subcomponent. =ex = SoMev]
We show the calculated results of tHite(d, °He) *H FIG. 7. The calculated spectra fle(d,*He)*H® 7 reaction at
® 7 reaction in Fig. 7. As we expected, the results are COMT__35 GeV are shown as functions of the excited endigyde-
pletely dominated by the single component and will be easil¥fineq in the text.E, is the 7 production threshold energy. The
related to the behavior of thg-nucleus interaction an*  ;,_nucleus interaction is calculated by the chiral doublet model with
properties in the medium. We can see the clear differences ifhe mirror assignment with paramet€r=0.2 (thick lines and C
the three cases here. =0.0 (medium line$ and the chiral unitary modéthin lines. In
Finally, we show the results with the heavy tard8a each figure, the contribution from thegf,) , 1®s,] configuration is
case in Fig. 8. In the heavier targets, we have larger possshown as the dashed line. Here, the proton-hole states are indicated
bilities to have bound states and larger medium effects. Howas (n{fj)rj1 and the states ad .

[nb/(sr MeV)]

Chiral doublet (M:C=0.2) |
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1.2

“°Ca(d,’He)*K
1t 11 i
(a) C=0.0 (b) C=0.2

[nb/(sr MeV)]
o
[e:]

o
)
.

]
Nb1304
oW
°
0.2
-40 -30 -20 -10 0O 10 20 30 40 50 60-40 -30 -20 -10 O 10 20 30 40 50 60
Eex - Eo [MeV] Eex - Eo [MeV]

FIG. 8. The calculated spectra #iCa(d,®He)**K @ 7 reaction aflTy=3.5 GeV are shown as functions of the excited en&gydefined
in the text.E, is the » production threshold energy. Thgnucleus interaction is calculated by the chiral doublet model with the mirror
assignment with parametéa) C=0.0 and(b) C=0.2. In each figure, the full spectrum is shown by the thick solid line and dominant
subcomponents are also shown as indicated in the figure.

optical potential by postulating thie* (1535) dominance in  |ated the @1,°He) spectra for the formation of the-nucleus
the 7-N system. TheN*(1535) properties in the nuclear systems in the final states. Thid,fHe) spectroscopy is an
medium are taken into account by two kinds of the chiralestablished experimental method in the studies of the pionic
effective models: the chiral doublet model and the chiral unihound systems. We have studied theoretically theHe)
tary mo_del. _ . spectra in a comprehensive manner and concluded that we
We find that the two kinds of chiral models lead to the can deduce the new information of-nucleus interaction
different properties ofy-nucleus interaction as a result of the from the (d,%He) experiment, and by knowing the nature of
qualitatively different properties oR* in the nuclear me- the 7-nucleus optical potential, we will be able to study the
dium. Hence, the studies of thenucleus interaction can be in-medium properties of th&l*. We believe that this re-
connected to the properties & in the medium and the search helps much the experimental activities for the studies
information of the in-medium baryon chiral symmetries. Es-of the 7-nucleus systems and the understanding of the

pecially, we should stress here that the chiral doublet modedaryon chiral symmetries and its medium modifications.
leads to a unique shape of thgnucleus optical potential

which changes its nature from attractive to repulsive for

higher nuclear densities. It could be extremely interesting to

confirm the existencéor nonexistenceof this curious shape This work was partly supported by Grants-in-Aid for Sci-

of the potential experimentally. entific ResearckiC) of the Japan Society for the Promotion
To investigate the experimental feasibility, we have calcu-of Science(JSPS, Grant No. 14540268.
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