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Heavy quark solitons in the Nambu-Jona-Lasinio model
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The Nambu-Jona-Lasini®NJL) model is extended to incorporate heavy quark spin symmetry. In this model
baryons containing one heavy quark are analyzed as bound states of light baryons, represented as chiral
solitons, and mesons containing one heavy quark. From related studies in Skyrme-type models, the ground-
state heavy baryon is known to arise for the heavy meson veave configuration. In the limit of an
infinitely large quark mass the heavy meson wave function is sharply peaked at the center of the chiral soliton.
Therefore, the bound state equation reduces to an eigenvalue problem for the coefficients of the operators
contained in the most geneflwave ansatz for the heavy meson. Within the NJL model a novel feature arises
from the coupling of the heavy meson to the various light quark states. In this respect conceptual differences
to Skyrme-model calculations are discovered: The strongest bound state is given by a heavy meson configu-
ration, which is completely decoupled from the grand spin zero channel of the light quarks.
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[. INTRODUCTION AND MOTIVATION tively, while a=u,d refers to the isospin of the light quark.
This field contains pseudoscaldPy) and vector VZ) me-
Recently, there has been considerable attention given teons on an equal footingt]:
properties of hadrons containing a single heavy quark with _
massM o much larger than the typical scale of strong inter- H=iP28),+ o, Vi. )
actions,A ocp. Henceforth, these particles will be referred to _ o
as “heavy hadrons.” These “heavy hadrons” are describedAccording to the heavy quark symmetry, the heavy spin in-
frequently within the heavy quark effective thediQET)  dex (h) decouples completely in effective theorfeShe in-
[1,2], which represents a W expansion of the heavy quark teractions oft{f}, with the light mesons proceeds via the light
content of QCD. The heavy quark effective Lagrangian isquark indices K,a) and is governed by chiral symmetry.
constructed from the heavy quark transformation Such effective models have been employed to study not only
L the properties of heavy mesonpectrum, form factors,
lLs) oy 1T : weak decays[1,2], but also the spectrum of heavy baryons
Q00 = 5 EXAiMqu-x)Q(x), (1) [5—10. In this context the soliton picture for baryons is com-
monly adopted. Within this approach the baryon number is
which disentangles the largé)(and small §) components carried by a solitonic configuration of the light meson fields.
of the heavy quark spinoQ(x). In Eq. (1), v, refers to the  Heavy baryons emerge when a heavy meson is bound in the
velocity of the heavy quark spinor which, e.g., in its restbackground of this soliton. This picture relies on the bound
frame takes the formy ,=(1,0). The Dirac operator for the state approach to strange baryons initiated by Callan and
large component is expanded @sD + O(1/Mg). Since the  Klebanov[11,12. The main difference here is that for the
leading order term commutes with the quark spin operatorheavy meson both the pseudoscalar and vector meson de-
heavy mesons differing only by their spins, as e.g., pseudagrees of freedom have to be taken into account as a conse-
scalar and vector mesons, are degenerate in the heavy quayience of the above-mentioned degeneracy. A continuous
limit, M o— 0. The empirical spectrum of heavy mes¢B8%  transition from the hyperons to the heavy baryons containing
mp=1.87 GeV=mp»=2.01 GeV and mg=5.28 GeV c orb quarks instead of as-quark suggests BR-wave con-
~mg+=5.32 GeV represents the most convincing evidencdiguration for the bound meson.
of the heavy quark symmetfyThis degeneracy is in contrast  In the heavy quark limit the heavy meson wave function
to the spectrum of mesons containing only light quarks. Here+f;, is confined to the center €0) of the soliton. For a
the pseudoscalars are much lighter than the vector mesonguantitative determination of this effect, it is necessary to
This is understood by interpreting the light pseudoscalar metake into account the interaction amongst the heavy quark
sons as the would-be Goldstone bosons of spontaneous chiddgrees of freedom before performing the transformation
symmetry breaking. [9]. However, to the leading order in theM{ expansion, it
The incorporation of the heavy quark symmetry into ef-is consistent to investigate the interaction of a strongly
fective meson theories is accomplished by introducing theeaked heavy meson wave function and the light quark de-
heavy meson field};, in the heavy quark rest frame].
Here,| andh denote the light and heavy quark spins, respec=—
Note that in the rest frame of the heavy quark the time compo-
nent of the vector field is suppressed in the heavy quark limit by
see[2] for further manifestations of the heavy quark symmetry. virtue of the Proca-type equation of motion.
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grees of freedom while, henceforth, discarding that part oFinally, the last term in Eq(3) is purely mesonic. The cou-
the action, which describes only heavy quark degrees of freggling constantG; stems from the four quark interactions
dom. Up toO(1/Mg) corrections the binding energy of the between the heavy and light quark fields. In E2).only the
heavy baryon is, thus, determined by the properties of théeading terms of the M, expansion have been maintained.
soliton atr~0 [5-7]. In that case the bound state equationTherefore, the kerneli¢-9) for Q, is that of a massless
reduces to an eigenvalue problem for the coefficients of th@onrelativistic particle. Integrating out the fermion fields
operators in the gener&-wave ansatz fot}, . yields

Here we study such bound systems within the Nambu-— | h
Jona-Lasinio (NJL) model [13] extended to incorporate A=AzrtAntAn,
heavy quark symmetry14].2 In contrast to Skyrme-type
models the soliton in the NJL model contains components of Az=Tr,InD,
nonvanishing grand spin. The grand spin is the vector sum of
total angular momentum and isospiB=J+ 7/2. The ap- A :if d4xtr(m-|) (5)
pearance of additional modes is due to the quark substructure m 2G; '
of the soliton and leads to a novel coupling scheme between
the heavy meson and the soliton as will become clear in thdhe functional trace stems from the path integral over all
course of this paper. In particular, the largest binding energgluark fields and involves the inverse propagator,
is obtained for a heavy meson configuration, which de- —

couples completely from the grand spin zero channel of the _ Dy -
light quarks. —H iv-9/’
In Sec. Il we review the extension of the NJL model to
include heavy quarks. In Sec. Ill the bound state wave func- iD/=QiD,Q"=0[is—m(U)?s]QT, (6)

tion of the heavy meson in the background of the soliton in _
the NJL model is constructed. The numerical results are preyhich acts on the light-heavy spino%(). Herem denotes
b

sented in Sec. IV a'f‘d conclyding remarks are contained i_‘fhe light quark constituent mass. As a consequence of the
Sec. V. Some technical details are relegated to an append'éhiral rotation and the omission of the lighaxial) vector

mesons, the light meson fields appear onlx\ﬁp. Its explicit
Il. HEAVY QUARKS WITHIN THE NJL MODEL form may, e.g., be found in Refl7]. Finally, D, refers to
the Dirac operator for the light quarks,d, and describes

. by a f K The h ? the interaction between these quarks and soliton constructed
given by a four quark contact term. The heavy quark syMy,y the light mesons which in turn are quark composites.

metry is incorporated by only taking into account the Iarge-l-he explicit form of D, will be presented in Sec. IIl.

componentQ,=Q{ which is defined in Eq(1). Further- In Eq. (5) we have indicated already the need for regular-
more, that part of the Lagrangian, which only contains heavy ation. For the ongoing discussion we will employ Schwing-
quarks,Q, is discarded. We refer to Réfl4] for the explicit ~ gp'g proper-time regularizatiof.8]. In the NJL model this
form of the four quark interaction between the heavy anqmplies a continuation to Euclidean space<(x,=ix,). This
light quarks. Following the path integral bosonization proce-gefines the Euclidean Dirac operaDg and the Euclidean

dure[16], a composite fieldH, is introduced such that the actionA(fE)=TrAInDE. Subsequently, its real part is replaced
Lagrangian is bilinear in the quark fields, by a parameter integral

In NJL-type quark models the interaction Lagrangian is

©

— — — 1 — s
£M=Qu(iv-9)Q,~ QHG~GHQ, +5-tr(HH), (3) A§=%TrAInDEDE=—%J < TTexf—sDeDp)  (7)

1/A2

whereq denotes the Dirac spinor of the light quarks in theWIth the high momentum contribution chopped off. The

chirally rotated representation=Qq [17]. Denoting by ¢ Imaginary part
t{f;e_root ?f the cthraI fieldJ = &€ in unitary gauge, we_have Alf: %T”nDE(DE)—l ®)
=&+ &+ (€ E&") ys. The second and third terms in Eq.
(3) represent the interaction between the heavy and lighis finite and remains unchanged. After computing the func-
quarks, which is mediated by the heavy meson fieldtional trace, the action is continued back to Minkowski
H=(H"H) [4] space. To adjust the model parameters, we demand the
physical pion mass and decay constant,=135 MeV and
1 f,=93 MeV, respectively. Then all but one parameter of
H*=5(1+¥)(iysP?+¥%), a=ud, the light quark sector are determingtb,19. For transpar-
ency this is commonly chosen to be the constituent quark
massm. Subsequently, the heavy quark coupling constant

_ 0 0 G; is fitted to theB-meson decay constafg~180 MeV as
H3=yH™y, |2 o], for v,—(1,0). (4  estimated from lattice QCIP20] and QCD sum rule21].
Since the present treatment follows closely the computation

of Ref.[14], we dispense with further details although one
3Similar studies have been carried out in Réf). remark is in order. As mentioned above, the lighkial)
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TABLE I. The proper-time cutoffA, the heavy quark coupling

. N » ds
constantGg, the root of the Bethe-Salpeter equaticrM, and the Eol ®1=Nc 7yl €val + _CE 2 s
heavy meson binding enerdy,, as functions of the constituent 2 1A%\47rs°
quark massn.
2¢2 | 43

+m2f2 | dr[1—co(r)]. 9
m (MeV) 350 400 450 500 600 ™ ’Tf [ (] ©)
A (Me\_/)5 . 641 631 633 642 672  HereN.=3 is the number of color degrees of freedom. Fur-
Gs (107> MeV ™) 153 168 182 194 217 thermore,y,, denotes the occupation number of the valence
AM (MeV) 327 353 369 401 449  quark level. This level is defined to be the one with the
Ew (MeV) 23 47 81 99 151 smallest modulde,|. Its occupation number is adjusted to

describe a configuration possessing unit baryon number, i.e.,
Nva=1+(1/2)2 ,sgn(e,). Finally the chiral angled(r) is
vector mesons are omitted in the present study. As a consé&elf-consistently determined by minimizirig,, [23,19.

quence of the missingr—a, mixing the relation between  In order to compute the binding energy of the heavy me-
f. andA is modified, whence reducing the numerical valueSon in the soliton background, the bosonized actnis

of A. This also effects the prediction f&,. We display the first expanded up to the quadratic order in the meson field,
resulting values in Table I. For the system without the lightH(,t) = (dw/2m)H(r,0)exp(—iwt),

(axial) vector mesons, we have re-evaluated the binding en-
ergy,Eyy=m—AM, of the heavy meson by determining the 2)_ f d_w
root, AM of the Bethe-Salpeter equation for the heavy me- "~ | 24
son fieldH. For simplicity we expand this Bethe-Salpeter

equation in powers of - p, with p,=P ,—Mgv , being the =~
residual four-momentum ofl. The coléfficigntg in this ex- _2,:‘ (u|QTBHHO|w)Ry (w,€,) |, (10)
pansion depend on the proper-time cutdff,It turns out that

the expansion inv-p converges less rapidly than in the where the argumentsr, ) of the heavy fields have been
model with light(axial) vector mesons. An expansion up to omitted. In analogy to the static energy functioi@), this

at least cubic order proved necessary to gain reliable resultpart of the action is composed of a purely mesonic piece as
In Table | we present the predicted rabtM and the binding well as valence and vacuum contributions. The regulariza-
energyE,, . These results were obtained from an expansiorion function, R, is obtained as an expansion in the fre-
up to fifth order inv - p. The analytic form of this expansion quencyw:

27 .y (vall Q' BAHQ|val)
Nceg r( ) 77va| o+ eval

is provided in the Appendix cf. Eq$A2) and (A3). Appar-
ently, the binding energy increases with the constituent quark

1 €
mass. It should be stressed that these results correspond 3(@:€)= Z[l—sgr{e)erfc( N

~ ooal1-sgre)]

A

the leading order of the M, expansion.

Equation (6) shows that only the residual momentum, w? €
p.. is affected by the regularization as a consequence of the + ﬁ[ ( 1-sgn é)effc( A ) )
heavy quark transformatiofl). This is physically meaning-
ful and crucial for a consistent interpretation of the model. 2A -
Indeed, the residual momentum of the heavy quark in a had- - (1—e €A )] +... (11
ron containing a single heavy quark arises entirely from its \/;6

interaction with the light degrees of freedofm this case
light quarks and is thus cut off at the same scale Note
that the cutoff A is significantly smaller than the c- or
b-quark masse&f. Table ).

This expansion is equivalent to the one in terms op for

the meson sector. For completeness, weRistup to fifth in

the appendix, cf. EQ/A6). It is not surprising that this result
for A®) can be obtained equivalently from the expression
found for the fluctuations of kaon fields in the background of
the NJL model solitor{24] once the eigenenergies for the
IIl. BARYONS WITH A HEAVY QUARK strange quark levels are set to zero. We note that in the

Before describing heavy baryons as bound systems, it ignregularized formulation, only the negative energy states
contribute to the vacuum part éf?) because

appropriate to explain briefly the emergence of the soliton.
When integrating out the light quarks, an energy functional 11— sgre)

for the light meson fields can be extractg®,19 by first lim Ry (w, €)== ————. (12)
defining the one-particle Dirac Hamiltoniah from Ao 2 ote

iBD,=id,—h, cf. Eq.(6). Adopting the hedgehog ansatz for

the chiral fieldU=exdi= r@(r)], this Hamiltonian reads In the many-body interpretation of the functional integral
h=a-p+mp(codd +iys7 rsin®). The total energy func- Az, one would phrase this result such that in the limit
tional is expressed in terms of the eigenvalues, of h. A—o, only the occupied quark orbits couple to the heavy
Formally it is composed, respectively, of valence, vacuummeson. The unregularized expressid) may be derived
and meson contributions: independently when considering
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AR =Tr[(iD,) *HG,H 13 1(d
nunreg =TIy RG] B A= [ S At (0B (0).C (0)16()

in Minkowski space. Here

A(w)
L _ o ik(t=t)) x| B(w) |. (17
G,(t,t")=(t|(ig) "t >:,I,'TJ§W (14 C(w)

o ) The inverse propagator is ax3 matrix
denotes the nonrelativistic propagator in the heavy quark rest

frame. However, the regularization is unavoidable since 1 0 O 1 -3 -1
2 ,R.(w,e,) diverges logarithmically. Nevertheless, the 87
e K . _ 0 3 1 -3 9 3
limit (12) serves as an independent check on our computa-G(w)= NG + fo(w)
tions. From expressiof12) it also becomes apparent that the =310 1 1 -1 3 1
total action(10) is continuous as the energy eigenvalue as-
sociated with the valence quark orbit changes its sign. 3 3 1
Next we study the coupling of a grand spjn P-wave 3 3 1
heavy meson to the soliton. Such a configuration can be ex- +fi(w) (18
pressed in terms of three radial functidi®s: 1 1 3
Hi (1 w) =T 72 ua(r, @) §in 8+ ug(r,0) 7% oy, Denoting byg,(r) the radial parts of the upper components
5 per c of the light quark wave functions, which are eigenstates of
+Ue(r,@)F- T o1n ] (15 h, the spectral functions are expresset| as
Here x® denotes gconstant isospinor. One might have ex- |9val(0)|

pected the appearance of three different isospinors. However,  fo(@)=7a~_————+ > 19,(0)?Ry(w,€,),

such an ansatz is waived because it is not an eigenstate of the @ €val - p,G=0

grand spin projection operator. Skyrme-model studigk

also indicate that the light grand spin, which is defined as the fi(w)= > 19,(0)]?Ry(,€,). (19)
grand spin of the operator multiplying, has to vanish for mG=1

the meson configuration with the largest binding energy. In o

the heavy quark limit the binding energy of this heavy mesonf he sums refer to distinct quark grand spfg)(channels.

is determined by the potential it experiences at the center of The equation of motion for the heavy meson reduces to a
the soliton,r =0. In order to extract this potential it is con- homogeneous matrix equation f&; B, andC. Its solution
venient(and consistetto adopt radial functions in Eq15), ~ requires adjusting» to wq such thatG(w,) possesses van-
which are nonvanishing radial functions a0. Conse- ishing eigenvalues. It is easy to show that there exist two
quently, the heavy meson field couples only to quark levelsdistinct solutions to this problem:

which have nonvanishing radial functionsrat0. As can be

seen from the decompositiod) and the coupling scheme (q). 2m +fo(wy)=0, with (A,B,C)e(1,—1,0),
exhibited in the Lagrangiaif3), these nonvanishing radial NcGs
functions must occur in the lower components of the light (20)

quark fields. At first sight this appears to be surprising be- )

cause the lower component of the valence quark eigenfunc-,., . ™ _ :

tion happens to vanish at=0. However, one has to be @): NCG3+f1(w°) 0. with (A,B,C)=(3+4.1.0).
aware of the fact that the heavy meson couples to the light (21

quark states via the chiral rotation, which is off diagonal at ] ] ]
the origin in the presence of the soliton since INe vectors of sef2) obviously span a two-dimensional vec-

O(r=0)=—m, tor space causing the associated eigenstates to be degenerate.
The set(1) decouples from th&=1 states while the s€p)
0 it is annihilated by the5=0 states. In particular, the sét)
Q(r:O):(. . ) (16)  corresponds to the bound state wave function found in the
irr 0 heavy quark limit of properly extended Skyrme-type models
(8]
allowing the valence quark to couple to the heavy meson. In
addition to the channel with grand spin zero, which includes & (Skyrme=u(r)(r- r)a,(rﬁh,)(h,)
the valence quark orbit, only the channel carrying grand spin
one contains states, which do not vanish at0. _ ﬂ[ﬁ HSn— 7 o) x] 22
Carrying out the angular integrals as well as the flavor and T2 h™ 7 i) Xla-

Dirac traces finally yields the action as a function of the

values, which the meson wave functions in Etp) assume

atr=0. Denoting these bA(w), B(w), andC(w), respec- “The single quark wave functiongy,,, carry the dimension
tively, we find (energy§’.
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TABLE II. The roots,w, of the spectral function€0) and(21)

for the heavy meson modes, which couple to the grand spin zero

and one quark channels, respectivély= AM — wq represents the

associated binding energy of the heavy baryon. All data are in
MeV.

m 350 400 450 500 600

Set(1) wq 94 102 113 114 86
Eg 233 251 257 287 363

Set(2) wy —128 —-182 —-223 —-261 —341
Eg 455 535 592 662 790

the coupling gains strength. Obviously, a heavy baryon con-
structed from an eigenmode of tyg@) is more strongly
bound than a typ€él) heavy meson. In Table Il the predicted
roots, wg, as well as the associated binding energigs, of

the heavy baryon are presented. For the modes of(tytee
eigenfrequency acquires a maximum far~=500 MeV.
Since AM increases with the constituent quark masshe
binding energy for the associated heavy baryon exhibits al-

most no variation fom=500 MeV. Whenm is further in-
creased, the eigenfrequency decreases leading to a larger
FIG. 1. The spectral functions and their roots for the eigenvecbinding energy. This behavior of, is due to the decrease of
tors defined in Egs(20) and (21). The constituent quark mass has €, Whenm grows. On the contrary, the eigenfrequency cor-
been taken to ben=400 MeV. responding to the eigenvectors of ty(® appears to be a
. : o . quickly, monotonously decreasing functionrof This causes
The mterpr.etatpn of this .S|tuat|on is obvious: If t_he baCk'the binding energy of the corresponding heavy baryon to
groun.d soliton field contains onl=0 states, as It Is the increase significantly witim. Since studies in the light quark
case in Skyrme-type models, the only solution will be 9iVeN o tor of the NJL model favor 400 MeVm<450 MeV
by set_(l). However, .'f aIspG=1 states are present, an al- [19], the results displayed in Table Il suggest the interpreta-
ternative solution will exist. The soliton dynamics, from tion that the NJL model predicts the baryon with one heavy
which t_he spe(_:tral function§, and f, are computed, then quark to have a binding energy of about 560 MeV in leading
determ|r_1es_ which of these two mod¢) or .(2)' leads to a order of the 1M expansion. A less strongly bound state is
Igrger binding and, t_hgrefore, has to be interpreted as th btained possessing about half of that binding energy. As
lightest baryon containing a heavy quark. discussed above the latter state corresponds to the one which
is identified as the most strongly bound baryon in Skyrme-
type models. In this context it has to be remarked that a state
In analogy with the meson sector, we have expanded th@SSOCi""ted with th_e modg) does not appear in Skyrme.—typg
regularization functionR, (w, €), (11) up to fifth order in the muorgecl;s—t:)ez%l;?ie l:rr]ai?:r?el fnt]r?gﬂ?]Ehri(?;:lkg(;ﬁg;dhz%“tggnl-s a
frequencyw. In Fig. 1 the resultant frequency dependence of?. d _oG—l 9 ' s th tst v bound b
the spectral functionf0) and (21) is shown for the special alnel no=1 components, the most strongly bound baryon
casem=400 MeV. As a result of the heavy quark transfor- wou d have been of the same structure as in purely mesonic
hmation () the.threshold fkor the{unihysi.ca)] d(_acay t? f tr? © SOIXZninmt?lgetl)i‘und state approafhl], heavy baryon states
eavy meson into a quark-antiquark pair is given by the en- . X . i ! -
ergy of the lowest accessible light quark state. Therefore, &"th_ g?lod hspln ﬁnd sospin are gen_erated b3f/ ?]uannzmg ca-
singularity appears ab~ — €, for the mode coupling to the r?onlca y.t e collective isospin rotatiod(t), of t € meson
G=0 channel, while the radius of convergence is muctfields. This adds a term of the for@tr xx"A"()A(t)] to
|arger in the case of th&=1 channel. The latter mode ap- the action. The !nde)(: 1,2 I-'Efers to the d|St|!’]Ct sets -|n EqS
parently leads to a smaller eigenfrequeney, (20), (21). The time derivative of thg collective rotation de-
The total energy of the system consisting of the solitonfines the angular velocitw via AT(t)A(t) =(i/2)w- 7. Em-
and the bound meson is given Mo+ Eq+ wo. As the total ~ polying (isojrotational invariance these coefficients can,
energy of the heavy meson in the trivial background ishence, be computed from the matrix eleménts
Mq+AM, the binding energy of the heavy baryon becomes u| 7| v)(»|QTH'BHQ|u). As argued aboveH only

Eg=AM —w. This binding energy is measured with regard couples to quark states with=0,1. The bound state of set
to a decay into a soliton and a heavy meson. When increas-

ing the heavy quark coupling constaag, the curves shown

in Fig. 1 get shifted downwards by a constant amount. 5For the case of the bound state approach to hyperons these matrix

Hence, the roots decrease and the binding energies of thements have been discussed thoroughly by Waeigal. in Ref.
baryon states containing a heavy quark become larger when2].

IV. NUMERICAL RESULTS FOR THE HEAVY BARYON
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(1) has nonvanishing matrix elements only for quark levelsstudies to finiteMy. Such studies are considerably more
with G=0. In that case the matrix element of vanishes, involved because it is crucial to first perform the heavy quark
henceC,;=0, in agreement with the Skyrme-model resultstransformation and to regularize subsequently the functional
[8]. For the set(2) there is indeed a coupling when both trace to have a consistent interpretation of the model.
quark levels () and|v)) are from theG™=1" channel. In practice the binding energies of heavy baryons are
We find C,=C,[({+2)(£+6)]/[({+2)?+2], where the measured with respect to the decay into a nucleon and the
positive definite denominator is due to the normalization aslightest meson containing the corresponding heavy quark.
sociated to the metric induced by the coefficient matrix ofThe experimentally observed binding energies are
f1 in Eqg. (18). Although the collective rotation removes the ~613*=50 MeV and~625 MeV for theA g(5641+50) and
degeneracy iy, we will argue thatC, is negligibly small A c(2285), respectivelyf3]. It should be noted that these
without going into the details of the calculation. For quark baryons are degenerate in the heavy quark limit. In reason-
states [u) and|»)) from the G™=1" channel, the above- able agreement with these data, our numerical analysis yields
mentioned matrix elements are similar to those entering tha binding energy of about 560 MeV for the most strongly
evaluation of the moment of inerti@® [22]. As the collec- bound heavy baryon when the only free parameter of the
tive quantization gives rise to a factora®] C, can be esti- model is adjusted to reproduce the properties of the light
mated by the contribution of th@"=1" channel to the total baryons. The less strongly bound heavy baryon with a pre-
moment of inertia. This contribution is very small becausedicted binding energy around 250 MeV may be associated
«? is dominated by the valence quark level, which resides ireventually withA¢(2625). This baryon is bound by about
the G™=0" channel, e.g., fom=400 MeV we find a con- (~285 MeV) against the decay into a nucleon an® ane-
tribution of only 2%. Hence, we conclude that thergas  son. We would like to emphasize that the main purpose of
mosd no hyperfine splitting in the heavy quark limit. For a the present paper was to discuss the novel coupling scheme
finite heavy quark mass, this conclusion should change bedetween the heavy meson and the soliton rather than to
causeH will couple to channels wittG=2 as well. achieve a precise agreement with the experimentally ob-
served binding energies.
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. . . ) son.
or not this novel state is an artifact of applying the well-

: . . In case no soliton is present, these functions are obtained
established M expansion to the NJL model. In compari- from the quark loop in the self-energl(v - p) [cf. Eq. (47)
son, a few aspects of the Skyrme-model calculation for finiteOf Ref. [14]];

Mg [9,10] are worthwhile to be mentioned. First, the restric-

tion to the leading order of the W, expansion has been o d“k

found to be a somewhat crude approximation to the realistic t[HII(v-p)H]= —iNCJ L

cases causing states, which are predicted to be degenerate at (2m)

leading order, to acquire distinct binding energies when cor- tr[ (K— y§+m)m—l]

rections of subleading order are taken into account. We as- — - (A1)
sume that a similar mechanism will remove the degeneracy [(k=p)*=m7](v-p+ie)

of the novel states in the NJL model. Second, Tal)eof
Ref. [9] shows that the transition from infinite to realistic
values ofMq is indeed continuous. In particular, the order of
bound states remains unchanged. Hence, one is inclined
conjecture that the novel states persist for filitg . Third,
not all bound states, which are predicted within the larg
Mg limit are permitted for finiteMy because the limits
Mg— andr—0 do not commute necessarily. This repre-
sents the only mechanism, which would prohibit the exist- o

ence of the novel states in the case of finile,. These M(v-p)= E 1™M(0)(v-p)", (A2)
issues certainly raise interest for generalizing the NJL model n=0

Again, v denotes the velocity of the heavy quark inside the
meson whilep labels the momentum of the meson. We refer
the literaturg 15,14 on the treatment of this quantity in

uclidean space and regularization of the quark loop. When
&P is smaller than the quark-antiquark threshold, which in
the heavy quark limit is identical to the light quark constitu-
ent mass, the self-energy has the Taylor expansion
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where the superscript refers to the derivative with respect to 1 S
v-p. In the proper-time regularization scheme of Ré&#], - 26, o=+ Z I1™(0)(AM)"=0. (A4)
which actually defines the model, the first five coefficients of

the expansiorfA2) are
P A2) The decay constant,,, of the meson with the heavy quark

2 m2 N m?2 is obtained by coupling external electroweak sources.
H“”(O)— 67| Il ~ 15z 2o — 42 This then relate$,, to the field normalization TT(0):
2erf (m” f ! (A5)
—2merfc, —| |, H——F—,
A Gz VIV (0)M
(1(0)= Ncm I Om—2 + A\/;ex B 12 whereM refers to the mass of the heavy meson. Using the
- 87? 'A? m A2 B-meson parameteffg =180 MeV andM g=5.3 GeV yields
the numerical results foA M and Gy listed in Table I.
— qrerf o As the procedure leading to the regularization function
7 Al R (w,€) has been explained already in Sec. lll, it sufficices
to just list the expansion up to order:
H<2>0—N 2T 0 2+ id
(0= 1652 21| Ogz) * e i) | N e o
, rw,€)=5- 1—sgrie)erfq | + 5zl1—sgnie)]
3(0) = Ne |4 m + rerf m
(0= Temn2|3®H ~ 3z T e 1) | 0? :
, + - 5e3 1—sgne)erfc K
10 Nc 4 4. \/;m m N T ¢ m
O =Tgw2|\37 28 /" ~ 3z T2 % 2A R
T ) | - allosore)]
. Nc 8 m?]  Jmm m? me
16me72 |\ 15 A 2A A ot H €
+-—=1|1—sgne)erfc| | —
+2 fc( m)] (A3) x b
—erfc —| .
47 A LA e 4A
. i —(1l-e ) - —
We then obtain the binding energ{t,M, of the heavy meson \/}63( ) Jme
by determining the root from the trunctated expansion and 5
including the contribution from the purely mesonic part of e
the action Al , (5): gesLisarte)]. (A6)
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