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Chiral multiplets of heavy-light mesons
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The recent discovery of a narrow resonanceDig® by the BaBar Collaboration is consistent with the
interpretation of a heavy”(0*,1") spin multiplet. This system is the parity partner of the ground state
(07,17) multiplet, which we argue is required in the implementatiorsaf(3), X SU(3)g chiral symmetry in
heavy-light meson systems. The*(@*)—(0~,17)+ = transition couplings satisfy a Goldberger-Treiman
relation,g,=AM/f_, whereAM is the mass gap. The BaBar resonance fits thatate, with a kinematically
blocked principal decay mode 1 +K. The allowedD¢+ 7, D¢+ 2, and electromagnetic transitions are
computed from the full chiral theory and found to be suppressed, consistent with the narrowness of the state.
This state establishes the chiral mass difference for all such heavy-quark chiral multiplets, and precise predic-
tions exist for the analogouB, and strange doubly heavy baryon states.

DOI: 10.1103/PhysRevD.68.054024 PACS nuni§erl2.39.Fe, 12.39.Hg, 13.25.Ft, 13.25.Hw

[. INTRODUCTION either massless chiral representations, like the constituent
quark, or in massive parity-doubled representations. The
Recently, the BaBar Collaboration has reported the obsepions would be forced into a linear chiral multiplet with
vation of a narrow resonance [m; 0 with a mass of 2317 scalar mesons.
MeV [1]. There is also a hint of a second stateDgm®y As we adiabatically turn off the interactions modifying
with a mass 2460 MeV. The mass difference between th&CD and restore the spontaneously broken chiral phase, we
D#(2317) and the well established lightest charm mesonYVOUld e>_<pect the effective field theory Lagrangians describ-
D, 4 is AM=452 MeV. This is less than the kaon mass, "9 the light hadrons and the heavy-light hadrons to evolve

. . . * smoothly, with the main effect being a shift in the scalar
thllis t(lnehmatlcally forbidding th?” decalys 51231;)? Df”vdh mass termsthis is irrespective of the order of the associated
TK.n't € present paper we wi argue+t at O'_[ of thes&iral phase transition; it is simply the flow of the Lagrang-
states are indeed members of the heavy,{0) spin mul-

> - » ' ) ian parameters that matters to).ukinear 3 models have
tiplet, usually identified with thej,=1/2, p-wave valence peen used successfully to describe the physics of light had-
light-quark system. rons since their introduction by Gell-Mann andwye[2] in
Heavy-light systems involving a single valence light 1960. For heavy-light systems, the effective field theory
quark, heavy-light mesons, and baryons with two heavyyould require parity-doubled representations of the hadrons
quarks, can be viewed as a “tethered” constituent quark. Inwith the doubling degeneracies being lifted through cou-
QCD the light-quark chiral symmetry is spontaneously bro-plings to the light-quark chiral fields. An essential feature of
ken and the symmetry is realized nonlinearly, usually dethis dynamical symmetry breaking mechanism is the
scribed via chiral Lagrangians with nearly massless pionsGoldberger-Treiman relatiof8] between the mass splitting
Suppose we could somehow modify QCD to restore both thé chiral multiplets and the couplings to soft pions. We will
explicit and the spontaneously broken light-quark chiraluse this analogy to construct & model for the tethered
symmetries while maintaining the confining properties ofconstituent-quark states that invokes linear realizations of the
QCD. For example, a hypothetical four-fermion interactionlight-quark chiral symmetry and a smooth interpolation to
involving only the light quarks could trigger such a phasethe chiral broken phase. Effective Lagrangians with both
change. heavy-quark symmetry and linearly realized chiral symmetry
In the symmetric phase, the constituent quark would béhave been constructed previously to generate a simplified
expected to become massless—preserving the chiral symmdynamical model of the bound meson states of heavy and
try. However, tethered constituent quark states cannot bdight quarks[4—6].
come massless, due to the presence of the heavy (guark The main consequence is that this newly observed mul-
which tether the light quark. In this case, the confined heavytiplet is, to a good approximation, thehiral partner of the
light hadronswould be forcedto appear in parity-doubled (0~,17) ground state. Physically, this means that the two
bound states transforming as linear representations of therthogonal linear combinations of meson fiel@0",1")
light-quark chiral symmetry. The heavy-light hadrons would+D(0~,17) andD(0",1")-D(0,17), have well defined
be described by an effective field theory of these paritytransformation properties unde8U(3), X SU(3)g, trans-
doubled states. The light-hadron states would also appear forming as(approximately pure(1,3) and(3,1), respectively.
The parity doubling implies that the main decay transitions
(0",1")— (07,17 )+ a,” where “ =" refers to any of the

*Electronic address: bardeen@fnal.gov pseudoscalar octet mesons, are governed by a Goldberger-
'Electronic address: eichten@fnal.gov Treiman (GT) relation g,=AM/f_, where AM is the
*Electronic address: hill@fnal.gov 0~ - 0" mass differencey, is the 0" —0~ 7 coupling con-
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stant, andf . is the pion decay constanAM represents a Under heavy-spinO(4)=SU(2),XSU(2), rotations the
left-right transition, the analogue of the mass of the nucleon(H,"H’ #) mix analogously to fl,H*), transforming as the
which occurs in the successful GT relatigin,=mMy/T . 4 representation ofO(4) (the four-velocity labgl and
The observed magnitude afM ~m,/3, the mass scale of a SU(3)' indices are understoad
single constituent quark, is indicative of a connection with
spontaneously broken chiral symmetry breaking. The
D¢(2317) would be the first clear observation of this more
general phenomenon, which we expect to hold in all heavy-
light mesons and doubly heavy baryons, and to yield correThe other multiplet consists of the usual @calar and a 1
spondingly narrow states in tHg, mesons and the strange vector (H,H*):
heavy-heavy-light baryonscs cbs andbbs

The GT relation implies that the expected rates for the H=(i y"H+ y,HH)
nonstrange resonances to decay through pionic transitions a
are now determined precisely for all of the analogous sys-

tems, and we tabulate them. The BaBar resonances, howev&°t€ that we have the constrainH"=0. We have intro-
interpreted as the Dand 1* states, would have had princi- duced the caligraphigl and’" with explicit projection fac-
tors. We have reversed the order of the heavy-spin projection

al GT transitions, decaying through a kaonic transition : o x
b ying g and the field components because it is more convenient for

Ds(2317)~D, 4+ K, but this is blocked by kinematics. It writing manifestly chirally invariant operators this way. The
t theref dth 3) breaki ffects, de- . o L
must therefore proceed througi(3) breaking effects, de field H' has overall odd parity, whil&{ is even. With either

caying byD¢(2317)—D 4+ (7— 7°), emitting a virtualy . . T~
that then mi;es with theur’((’j through isospin violating effects. of these fields a properly normalized kinetic term can be
written as

We compute its width and find it is indeed narrow. We also
tabulate the widths for all analogous processes. We further 1

show that electromagnetic transitions are indeed, and some- —i=Tr(Hv-dH) 3)
what remarkably, suppressed, since they involve cancella- 2

tions between the heavy and light magnetic moments. Again here the trace extends over Dirac and flavor indises the
we tabulate rgtes for the analogue syste.ms. The overall p";\ﬂlppendix for the full normalization conventions

ture of the chiral structure of the heavy-light systems works To implement a linear chiral symmetry multiplet structure

quite well. , o . in the HL sector we construct left-handed and right-handed
In the next section we begin with the familiar fact that jj,oar combinations of the heavy-spin multiplets. We define

heavy-light meson$i~Qq, containing one heavy qua®  the following chiral combinations:
and one light quarkg, are subject to powerful symmetry

constraints. The heavy-quark symmetry must apply in the 1 _ 1 _

limit mg—c0 [7-9], typically implying vanishing hyperfine HLZﬁ(H—IH'), HR:E(H_HH’)- (4)
splitting effects and leading to degenerate spin multiplets, as

in the (07,17) ground state of the system. In addition, the \j,qer SU(3) XSU(3)s these fields transform as{g
light-quark chiral symmetries of QCD must apply. Hence, in~(1,3) andH, ~(3,1).

the limitmq—0, whereq=(u,d,s), any Lagrangian mustbe 14 gescribe the light mesons we introduce the chiral field

invariant under th&&U(3), X SU(3)g chiral symmetry, bro- . —
ken by the light-quark mass matrix and electromagnetism.z’ transforming as () under SU(3), XSU(3)r. The

Together these heavy-quartiQ) and chiral light-quark usual linear>, model Lagrangian is:

symmetries control the interactions of heavy-ligHL.) me- 1

sons with pions andk mesons, etc[10]. Presently we will £L=ZTr(&METa"E)+KTr(MqEJrH.c.)—V(E), (5)
not delve into chiral constituent-quark models. Rather, we

write directly the chiral Lagrangian for the two heavy-quark,;nere A1 - is the light-quark mass matrix, representing ex-
multiplets H~(07,17) and H'~(0*,1"), implementing plicit SU(q3),_><SU(3)R breaking, and

both HQ symmetry and chiré& U(3), X SU(3)y.

, 1+
H'=(|75H’+7#H’“)(T). (6h)

1+9

2

@

1 1
Il. EFFECTIVE LAGRANGIANS V(Z)== Z7ugTr(3T) + gAoTr(ETEETY)

We begin in the limit in which the linear chiral symmetry —Ao(e'’detS +H.c)+ - -, (6)
is an exact symmetry of the vacuum. In this limit the heavy-
light (07,17) multiplet is degenerate with the (01") mul-  where we have included (1), breaking effects through a 't
tiplet. We must therefore introduce four independent heavyHooft determinant term. The field is a 3x 3 complex ma-
meson fieldsH(H') are 0 (0") scalars, whileH , (H[’L) trix. The imaginary components & are the 0 nonet, in-
are 1~ (17) vectors. Heavy-quark symmetry is implementedcluding ,K,», 7', while the real components form a"0
by constructing multiplets for a fixed four-velocity supersec-nonet.
tor v, . One heavy-spin multiplet consists of thé Gcalar In the My=0 limit and in the chiral symmetric phase
together with the abnormal parity {) vector as H',H' #). (2)=0, the 0" and O octets are degenerate, forming a
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massive parity-doubled nonet. Whe1,=0 and the chiral chiral symmetry. The lowest order effective Lagrangian to
symmetry is spontaneously brokéB)=1f,., and the 0 first order in an expansion in the chiral fic¥dand to zeroth
nonet becomes heavy, while the @ctet becomes a set of order in (1mg) is [4]

massless Goldstone bosons, tfiereceiving a nonzero mass
from the 't Hooft determinant. In the spontaneously broken 1 1 —
symmetry phase we can write Liw=—15Tr(H-dH ) =15 Ti(Hgv - dHg)

=£0é, = i N2f ), - _ _ _
T=dof, c=expim N2l @ —%[Tr(HLzTHR)+Tr(HR2HL)]—A[Tr(HLHL)

where the 0 nonet field is

. P FTHCHRHR) 1+ o [TH(HyS (U5 ) He)
o= §0’|3+ o\? (8) 2f,
—Tr(Hry(42)HL)]. (12)
and (o)=/3/2f .. If we then take the 0 nonet mass to
infinity, holding fw'fixed, we can describe the octet of pseu- jere we will neglect explicitSU(3), X SU(3)x symmetry
doscalar mesons in the nonlinéarmodel: breaking effects which arise throught,#0 corrections to
_ . aia the vacuum expectation vald& ). The effects of quadratic
> =faexpin® A Es). © terms of orderS /A qcp, which we have not displayed,
are essential, however, to fit thg, and D, 4 mass differ-
ences, since the two-state mixing produces a level repulsion,
decreasing th®, mass relative to th®,, 4 at linear order in
1 N 1 M. These terms do arise with approximately the correct
Ly=5Tr(0,2'9"%)+ Sk Tr(MgX+H.c), (10 scale of coefficients in chiral quark models such4ls The
A term in Eq.(12) can be “gauged away” by a reparameter-

where we restore th8U(3), X SU(3)r symmetry breaking ization transformation on the fields, so we henceforth drop it.
through the usual first order inclusion #fl,# 0. The choice Additional terms can be added at first order inngg) to
k=f_m2/(m,+my) fits the meson masses, yielding the accommodate the intramultiplet hyperfine mass splitting ef-
Gell-Mann—Okubo formula. The expansion of the mass ternfects:

in the meson fields to quadratic order yields an isospin vio-

lating 7% mixing term that we will require later: AéCD

Eo,hyperfine:1—2mQ[k1Tr(77LO',uVH Lo*”)

Note thatf ,=93.3 MeV in this normalization. The nonlinear
chiral Lagrangian takes the form

, Ma(my—my)
.« .. —77
V3(my+my)

0 _

Li= - (1D + Ko TH(Hpo o Hgo™") 1. (13)

We now write an effective Lagrangian involving both the Parity symmetry implies invariance unddr—R, and
HL mesons and th& field, implementing HQ symmetry and 3«3 hence

TABLE I. The heavy-light spectrum compared to experiment. We report the difference between the
excited state masses and the ground st@leof B) in each case. We have assumed tAa(m,)
=AM(mp) =AM () =349 MeV.

Charmed meson massédeV) Bottom meson masséMeV)
Model Experiment Model Experiment

D*%-DO 1422 142.12+0.07 B*0-BO 462 45.78+0.35
D**—D" 1412 140.64+0.10 B*"—B" 462 45.78+0.35
D¥"-DS 1442 143.8-0.41 B -B/ 472 47.0+2.6
D%(0*)-D° 349° B°(0*)-B° 349°

D*(0*) " D* 349° B*(0*) B* 349°

DS (0%) D] 3492 349+ 1.3¢ BS(0%) " BS 349

DO(17)—D%0™") 142 B°(17)—B°(0™") 46

DT (1")"D*(0") 141 BT(17) B*(0") 46

DI(1*)"DJ(0") 144 BJ(1%)"BJ(07) 47

3Experimental input to model parameter fit.

bSU(3) symmetry limit result; i o/m$)AM =255 MeV is expected in chiral constituent modgK], see
text).

‘BaBar resulf1].
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k=k,=k,. (14) Since these terms are overall second order effects we expect
them to be smallk’ <k.
There are additional terms of order nif, such as We can perform redefinitions of the heavy fields to bring
T H, (v-9)?H ]+ (L—R). them into linear flavorSU(3) representations in the parity

The hyperfine splitting effects to first order }rand first ~ eigenbasis:
order in 1ing areLR transition terms of the form

!

1 1
k'A% _ Hi=—=¢(H-IH"), Hp=—z&H+iH'), (16
ﬁl,hypemnezW‘?[Tr(mawzmRa#”)+H.c.]. V2 2

(15 and the Lagrangian now takes the form

1 1. 1 _ 1 _ .
LLHz—ETr[Hu.(iaJrV)H]—ETr[H'v-(ia+V)H']+iEGATr(H'u-AH)—iEGATr(Hv-AH')Jr%[Tr(H'aH’)

~THHEH) 1+ A [T Yy, ARG ) = THH Yy, AR 50T+ S TR 3oy, (45— [V* 5]

In

+ o TTH Yy, (o =iV oD H 1+, (17)
|
where Note that we can decouple the heavier figld and the 0
nonet, yielding an effective chiral Lagrangian for the lower
1 i~ - energy fieldH alone:
VM:§(§T0M§+§0”M§T)=W[W,%W]JF“', (18
T 1 o _
L L Low=— 5T Ho-(i0+V)H]- gaTrHY AH. (22
A =i5(E9,6-80,6)=—5—d,m+ -,

(19) This Lagrangiari11] contains relatively limited information,
compared to Eq(17), and will not apply on energy scales
and 7= \2/37’ + 7®\2. We have introduced a phenomeno- @PproachingAM above the ground state mass.
logical parameteiG,, which is unity in the lowest order The hyperfine mass splitting effects now take the form
model of Eq.(12), but can differ from unity because of mix-

2
ing with higher states and other effects in full QCD. The _Agep, =, o

chiral Lagrangian of Eq(17) obeys a nonlinearly realized ELthypef”“e_klzmQ[Tr(H TuH o)

chiral symmetry appropriate to the chiral broken phase, in _

addition to heavy-quark symmetry. +Tr(Ho,, Hot")]. (23

In the chiral symmetric phase the multiplets’ and H
are degenerate in mass. In the broken phase, however, Wee have assumed thiat<k is negligible, as per the discus-
have(a)~f |5, and from Eq(17) we learn that the physical Sion of ordering the strengths of various terms. This implies
mass of thel ' state is elevated by the amoustg_f_/2,  that the hyperfine splitting within the heavy (") multip-
while the state is depressed byg..f /2 (see the Appen- letis identical to that in the ground state (1) mesons.
dix for normalization conventionsThe mass difference is
given by the Goldberger-Treiman relation IIl. SPECTRUM

AM=g_f_, (20 From the Lagrangian of Eq17) we see that the chiral
multiplet structure, together with HQ symmetry, controls the
whereAM is the mass difference between the multiplets thaimasses within the (0,17) multiplet. The spin-weighted cen-
is now measured to be 349 MeV from the BaBar res{de®  ter of mass of any (0,1") multiplet will have a universal
Table ). This impliesg = 3.73. With the introduction of the AM(mg) above the corresponding spin-weighted ground
phenomenological paramet&, in Eq. (17), the true soft state in all heavy-light systems. This is weakly dependent
pion coupling constang,, differs fromg,, and is given by uponmg, and approaches a universal vali# () in the

the modified Goldberger-Treiman relation heavy-quark symmetry limitng— .
~ The observe®(0™) resonance in the BaBar experiment
0,=GpAM/f . (21 measureaAM(m;). AM(m,) is therefore determined by the
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mass difference of th®4(0,2317) and the ground state M(B*(17))—M(B*(07))=47 MeV. (30)
D¢(07,1969) to be
We thus predict
AM(m,)=349 MeV. (24)
M@B*(1*))=M(B%1%))=5674+35 MeV. (31
A predicted value ofAM () ~ 338 MeV was obtained if¢]

from a fit to the HL chiral constituent-quark model. As in the nonstrang®, 4 system, the explicisU(3) break-
Using AM(m,) we predict theD¢(1") mass: ing effects may be analogously large.
The determination ofAM is model dependent. In the
M(D(1"))=2460 MeV (25 constituent-quark model ¢#] we argued thafAM is linear

in the constituent-quark mass, for small mass, and predicted
from the sum of theDy(1,2112) mass andM(mc). This 3 value ofAM =338 MeV. For large quark mass, a linear
is in good agreement with the hinted second resonance ifotential model would suggest that the intermultiplet split-
D’y in the BaBar data. ting should scale a4 M~ (m,) ~ Y. These potential models
In the nonstrang® *(0*,1%) andD®(0*,1") multiplets  tend to predict a largeAM than observed by the BaBar
the chiral mass gap is given baM(m.), subject to experiment. Since the intermultiplet splitting should vanish
SU(3). X SU(3)r explicit symmetry breaking corrections. in the chiral symmetric phase, it is clear that a potential
Neglecting these symmetry breaking effects we would premodel is likely to overestimate the size of the actual splitting
dict for smaller quark mass. Of course, it should also be stated
M(D*(0*))=2217 MeV that a valence quark picture for tethered quark states is likely
- ' to be an oversimplification.

1Y) —
M(D~(17))=2358 MeV, IV. PIONIC TRANSITIONS

M(D°(0%))=2212 MeV, A. Intermultiplet transitions

0/1+1)— The chiral structure of the theory controls the decays of
M(D™(17))=2355 MeV. (26) the form (07,17)—(07,17)+x. These decays between

We caution, however, that in the chiral constituent-quarkmultiplets proceed through the axial coupling term:
model of [4] we would obtain a mass gap of 1 - 1 -
(mj ¢/mg)AM(m;)~255 MeV, reducing the above results +i §GATr(H’U'.AH)_i EGATr(Hv-AH’). (32)
by 94 MeV. Hence, the expliciSU(3) breaking effects
could be large and are model dependent.

There will be corrections of ordef gcp/m to the in-
ferred value of the universaAM (), from the center of
mass. TheB system will provide a better determination of

All such transitions for HL mesons and doubly heavy bary-
ons are governed by the same amplitude, and differ only in
the phase space.

the heavy-quark symmetry limit and the chiral mass gap 1. Dy o(0*,1*)—Dy (0, 17)+ 7
AM (). We have no prediction for these corrections at , o o
present so we tak& M (m,) =AM (m,) =35 MeV. The _a_mplltudesDu.,d(O 17)—D, ¢(07,17)+ = follow
For the B; system we have the established ground statér%m writing Eq.(32) in component form. For example, the
mass ofM (Bs(0~))=5370 MeV and we likewise infer 7 transition Is
- 1 — iGy — _
M(Bs(17))=5417 MeV. (@D 4iZGATH(H v AH)—~ 5" (D,D*~D'D)v,d"n°,

From this we predict (33

M(B4(0"))=5718+35 MeV, leading to the partial width

M(B4(1"))=5765+35 MeV. (28) Ga(AM)? _

F(Du,d(0+11+)_)Du,d(07117)+770): |p1'r|

2
In the nonstrangeB system we therefore predict in the Aty

SU(3), X SU(3)R limit =164G5 MeV. (34)

M(B*(0"))=M(B%07))=5627=35 MeV. (29  The charged pion rate differs by2 in amplitude:

The M(B*(17)) and M(Bo(l‘))_ masses must be inferred I'(D,4(0%,17) =Dy (07,17) +7")=326G2 MeV.

from heavy-quark symmetry. This is an intramultiplet hyper- (35)

fine splitting, above theM(B*(0"))=5627 MeV ground

state. In theB system it is reduced by a factor ai./m,  Thus the partial widths of th®, 4(0") andD4(1") are
=0.33 relative to the correspondingM(D(17)) identical, and the total widths are 4@} MeV. We expect
—M(D(07))=142 MeV. Hence, we have Gp~1. We caution, however, that these widths are propor-
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tional to AM and will be modified if there are significant
SU(3) breaking corrections to the nonstrany# .
2. By o(0",1%) =By (07, 1)+
We expect identical results for theB,4(0",1%)
—B,4(07,17) + 7 transitions:

['(Byg(0%,1") =B, ¢(07,17)+ 7°)=164G3 MeV,
(36)

l_‘(Bu,d(o+ 11+)_>Bu,d(07 117) + 7T+): 32&% |\/|eV
(37

As in the previous case, there are potentially significaman
SU(3) breaking corrections to these widths, if there are cor-
respondingly significant modifications to the nonstrang

AM.

3. D(0*,11)—-Dy(07,17)+=°

The decay proceeds by the emission of a virtyalhat
then mixes with ther® through the light-meson chiral La-
grangian:

1 s IGA N/ N
+i5GATI(H v+ AH)— — —=(Dg,,D4~Dy'Dy)

2
X(—z 9" 5P (39)
—= |V, .
NE Ui
The amplitude for the decay is therefore
AM& G ) 2m(m, ~ M) (39
5 0,706, 70= )
26, 7R T (m2 - m2) (my+ mg)

where g, .o parameterizes the7° mixing. 8,70 vanishes in
the limit of nonet symmetry, as a contribution from thyé
meson will exactly cancel they contribution given above.

PHYSICAL REVIEW D 68, 054024 (2003

4. B0, 11)—B(0,17)+7°

This case is identical to thB¢ system discussed above:

['(Bs(0")—By(07)+°)

=(164 MeV)s’ ,=21.5 G; keV, (42)
I'(Bs(17)—By(17)+7°)
=(164 MeV)s, ,=21.553 keV. (43)

5. D(1")—D407)+2m

The analysis of the 2 transitions is more complicated

d involves effects from the'Ononet. These effects are not
expected to be cleanly separable from other resonances
ehigher in the spectrum of the light-quark system. Nonethe-
less, these probably indicate the correct order of the effect,
and we include them here because they are predicted conse-
quences of the model.

In the model the decay can proceed via decay to a virtual

o, which then converts to the72 state,D4(17)—D4(0")

+(o—2m). The relevant component of thefield, which is
a 3x 3 matrix, is the(33) component. This must then mix
with the (11) and(22) components to produce the pions.

The relevant HL meson operator is the term from @q)
of the form

ZgTATr(ﬁ’ Yy (Fo—i[VHoDH)+ . (49
In component form this becomes
9 v (V2,0 2 e
f Dg, ~DS< \/g& o \/§o7 o°. (45)

The mixing of theo® ando® with 27 is controlled by the
light-sector chiral Lagrangian of E@5). Using the replace-

mentS — £0é, Eq. (5) becomes

Instanton effects, parameterized by the determinant term in
the X potential in Eq.(6), break the nonet symmetry and
generate a large contribution to th¢ mass, suppressing the
cancellation. The singlet axial current anomalies also signal a

direct coupling of the singlet;” to gluons, which will \ye ghift ;0= \3/2f _+ & and expand the currents to obtain
modify the nonet coupling of the;’” to hadrons, perhaps the effective coupliﬁgs to thes
further suppressing the singlet contribution to the mixing

with the 7°. In the following we include only the octey

1.1 -,
ZTr(&o—I[VM,U]) +ZTr{A’“U} +... (46)

contribution to the mixing with ther®. Using 0 pq0=(112) N ! [(5;)2_mfr( 7})2][\/§UO+U8], (47)
X (1/43.7)[12,13, the widths are given by f 3
I'(Dy(0")—D(0")+ 70 Putting this together gives the((1")—D(0")+ 7%#°
amplitude:
=(164 MeV)§> ,=21.5G2 keV, (40)
nm ZgA “ 2 2
?6 q/,L(q _4m17) 2_m2 - 2_m2 1 (48)
I(Dy(1")—Dy(17)+7°) - 9?-mo o?—mis
) whereg?=(p;+ p,)? is the 2 system invariant mass. The
=(164 MeV) 53771-0:21'EGA keV. (4) 77~ amplitude is\2 larger.
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The resulting widths are controlled baM(Dg(1") F(D*+(1+)—>D+(O+)7T°)=1819§ keV=65.2 keV,
—D4(07))=491 MeV. The phase space integrals are ex-
tremely sensitive to scalar masses, varying by over an order (p*+(1*)~D%0")7")=83g2 keV=30.1 keV.
of magnitude when the lighter singlet mass is varied over the (53)
range 0.8 to 1.2 GeV. We will give the values fai,o
=1.0 GeV with a heavier octet scalar at 1.5 Ge\te that
the singlet-octet splitting is opposite for scalars and pseudo-
scalarg. As in our discussion of the-#° mixing, the cou- In the static limit, heavy-light mesons can be used to de-
pling of the singlet meson to hadrons is also uncertain due téine the electromagnetic properties of the tethered constituent
the mixing with gluons. Nevertheless, we give representativgjuark. In fact, it has sometimes been suggested that the
widths using nonet couplings and the scalar masses givegonstituent-quark mass be defined through the meson mag-
above: netic moment in this limit.
. 0 on - The M1 electromagnetic transitions govern the intramul-
I'(Dy(17)—=Ds(07)mm")=6.493=2.3 keV, tiplet processes 1—0*y, while theE1 transitions govern
N L 5 the intermultiplet processes {10")— (17,07 )v. There are
I'(Dg(17)—=Ds(07 )7 7 )=5.493=1.9 keV, significant finite heavy-quark mass corrections particularly
for the D4 system. We observe below that the- -0~y M1
transition amplitude, and the thr&l transition amplitudes

B ) . ) . 1"—1"y, 1*—=0"y, and 0"—1" vy receive a common
whereg,=0.6 is used. The corresponding widths in Bg verall coefficient g, . We find

system are significantly smaller due to the reduced phas%

V. ELECTROMAGNETIC TRANSITIONS

I(Dy(1%)—Dy0 )mm)=4.2 keV, (49)

space: .
__[,-Ma% (54
I'(By(1%)—By(07)7°7%=0.12=0.07 keV, fQa™ mey)
I'(By(17)—By(0 ) 7" 77)=0.1393=0.05 keV, wherem* ande are the mass and charge of the constituent
. ~ quarks. In theD 4 system the anticharm quark has a charge of
[(Bs(1")—Bg(07)mm)=0.12 keV. (500 —2/3 and the strange quark chargel/3 leading to a large
suppressiorisee the Appendix of15]):
6. Ds(1*)—>D(07)+3w
This decay is allowed by the phase space and proceeds —_[q- 2mg 5
throughw-¢ mixing. It is highly suppressed by chiral sym- Fes™ m? (59

metry, and also has a strong OZI-rule suppression. We do not

consider it further in the present paper. The D4 has a somewhat smaller suppression andthen
enhancement. In th&-meson system the situation is re-

versed as thé quark has charge-1/3 although the overall
The chiral structure of the theory controls the intramultip-effects are much smaller due to the larger mass forkthe

let decays of the fornD(1*)—D(0*)+ 7 (see, e.g.[14]).  quark.

These decays within multiplets proceed throughdhecou- We use the usual constituent-quark potential model to es-

pling term: timate the electromagnetic transition rates. Forkhk mag-

netic transitions I—0~ y the rate is given by

B. Intramultiplet transitions

9a

Tt

[Tr(H Yy, A oY H) = TH(H Yoy JA* ot H) ]
(51

2

. 4a 3 . . 2
FMl('*fV):?Maqk (23s+ DK fljo(kn)[i)]*, (56)

with o—f.l3. Such transitions are relevant only for the where the magnetic dipole moment is
charmed mesons. The intramultiplet hyperfine splitting in

mass between the*land 0" states is too small in th& mie —mfes e

. _ _ Q=g q~Q _ =g r= (57)
mesons(an_d even smaller in thecq bcg andbbgbaryons MQq= omEmE o @
to allow this decay. Q' q

The resulting decay widths are andk is the photon energy.

I'(D**(17)—D"(07)n%=181g2 keV=65.2 keV, The s_trength of the_ electric-dipole transitions is gove_rned
by the size of the radiator and the charges of the constituent
F(D*+(1‘)—>D°(0‘)w+)=83g,§ keV=30.1 keV, quarks. TheE1 transition rate is given by
(52
) Te(i—f+ )=Mk3(23 +1)|(F|r[i)?S,
whereg,=0.6 was used. The identical widths are obtained El Y 27 f i
for the 1" —0" + 7 modes: (58)
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where the mean charge is

* * A— * . —
Ma€~ My €Q _ €MQlQq

<eavg> = (59

* * * *
mg+mg mg+myg
k is the photon energy, and the statistical fac&y for

(i,f)=(0",17) is 1, for (1*,17) is 2/3, and for (1,07) is
1.

To evaluate the factorg, we use the constituent-quark

masses:
m;; =mj =350 MeV,
ms;=480 MeV,

m* =[3M(J/¥)—M(7,)]/4=1530 MeV,

m’ =[3M(Y)—M(7,)]/4=4730 MeV. (60)
This in turn leads to theg, factors:
re=1.23, rp,=0.85,
reg=0.54, ry=1.07,
res=0.38, rps=1.10. (61)

With theser g, factors we can see the large cancellation be-
tween the light ¢,s) quark moment and the charm quark

moment. Using the measured total width of hé* to set

PHYSICAL REVIEW D 68, 054024 (2003

E1 radiative transitions of Table Il for thes system should
be reduced by a factor of 3.

In the B system there is no suppression for BigandBg
transitions which are slightly enhanced by thg, factors.
There is a small suppression in tBg states. The resulting
electromagnetic transition rates and photon energies for the
narrow B states are presented in Table II.

For the I"—0*y M1 transition we define the coefficient

I‘aqi
m’eg
o q-Q
rQq—(1+3 ”

mQﬂq

(64)

—_

The decay rate is given by
. 4a 12,3 . 12
Twa(i— )= o ug k(23 DKHio(kn]i)P, (65

where the effective magnetic dipole momez%q is now

s :—mgeq—3m;e5:_ €q o 66
Qa 6mgmy 6my Qa
andk is the photon energy,
re=2.88, r.=0.70. (67)

These decay rates are also included for Eheand B sys-

the pionic transition, the partial rates for photonic decays irfems in Table II. _ N
theD% andD ** systems can be calculated. The uncertainty Finally, we have ignored mixing between the two

in the total width drops out for the ratio of partial widths:

[(D*™*—=D"+v) ~16x04
(D% —=D%+y) C27.4+21

=0.058-0.015. (62)

This implies

1(reg
—— | = 0.24+0.0 =5\ = =0.2 .
) expt Feu theory

1" p-wave mesons as the parity partner of gi@ave me-
sons hag,=1/2, which does not mix with thg,=3/2 state

at leading order in the heavy-quark expansion. The total an-
gular momentum of the light quark,, is conserved in the
heavy-quark limit.

VI. DOUBLY HEAVY BARYONS

We will provide only a schematic discussion of the corre-
sponding situation in the doubly heavy baryons and defer
tabulating the detailed results. These systems provide inter-
esting targets of opportunity in the spectroscopy of QCD, but

In the HQ limit this ratio is 0.5. Hence the finite charm quark are challenging to reconstruct. For some recent reviews and

mass provides a large cancellation for dé* system. This

suppression of thé1 1 transition will be even larger for the

DJ* system as<rg. Rates for the allowed1 transi-
tions are given in Table II.

The same cancellation that appears for khé& transition
is operative for theEl transitions. In theDg system this
greatly suppresses the rate for the"(D")— (0,17 )+

allowed E1 transitions. TheE1 transition rates and photon

energies are also presented in Table II.
The observed ratio of branching fraction®4(17)
—Dy(07)70)/T(Dg(17)—Dy(07)y)=0.062+0.026 is

relevant information seg¢l16]. A chiral constituent-quark
model similar to[4] has also been developed for these sys-
tems[17].

There are four distinct doubly heavy baryon systems, each
transforming as flavorSU(3) triplets, [cc];-4(u,d,s),
[bclj=o(u,d,s), [bc];=1(u,d,s), and [bb];-4(u,d,s).
There is evidence for doubly charmed baryons in the SELEX
data[18].

These systems are interesting because of heavy-quark
symmetry, since th¢QQ] subsystem has a large mass, of
order ~2mgq, and forms, in the subsystem ground state, a

large compared to our prediction of 0.018. This may indicatelightly bound anticolor triplet combination, which can be

thatrg is more suppressed than our estimate in @4). If

viewed as a heavy spin-1 or spin-0 antique[rQ,Q]~6’.

we implement the experimental value for this ratio, then theHence, doubly heavy baryons can be viewed as ultraheavy
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TABLE Il. The predicted hadronic and electromagnetic transition rates for na'yf?eWL/Z‘ (1S) and
j|P=1/2+ (1P) heavy-light states. “Overlap” is the reduced matrix element overlap integral; “dependence”
refers to the sensitive model parameters, as defined in the text. W&také and extracg, from a fit to

theD** total width. Note that thes transitions are sensitive g ; if we implement the observed ratio of
branching fractiong D4(17)—Dg(07)#°]/T'(Dg(17)—D¢(0")y)=0.062+0.026 then theEl radiative

transitions for thecs system should be reduced by a factor-e8.

System Transition Q(keV) Overlap Dependence I' (keV) Expt branching ratio
(cu) 1"—=0 +y 137 0.991 e 335 (38.1:2.9)%
1" -0 +a° 137 Oa 43.6 (61.9-2.9)%
total 77.1
(cd) 1"—=0 +y 136 0.991 red 1.63 (1.6:0.4)%
1"—=0 +7° 38 da 30.1 (30.7-0.5)%
1" —0 +=* 39 Oa 65.1 (67.2-0.5)%
total 96.8 96-22
(cs) 1"—=0 +y 138 0.992 les 0.43 (94.2:2.5)%
1" —0 +7° 48 IA0,m0 0.0079 (5.82.5)%
total 0.44
(c9) 0F—1"+y 212 2.794 Ies 1.74
0" =0 +° 297 Gad,n0 21.5
total 23.2
(c9) 1" =0t +y 138 0.992 re 2.74
17 =0t + 70 48 9ad,m0 0.0079
1" =1 +y 323 2.638 les 4.66
170"+ vy 442 2.437 Fes 5.08
1" =1 +7° 298 Gad,mo 21.5
10 +27 221 I8, 4.2
total 38.2
(bu) 1" =0 +y 46 0.998 Mou 0.78
total 0.78
(bd) 1" =0 +y 46 0.998 Iod 0.24
total 0.24
(bs) 1" =0 +y 47 0.998 Ios 0.15
total 0.15
(bs) 0f—1 " +y 293 2.536 Ibs 58.3
0"—=0 +m° 297 Gad,mo 21.5
total 79.8
(bs) 1" =0t +y 47 0.998 rt’)—s 0.061
1" =14y 335 2.483 Ibs 56.9
1" =0 +y 381 2.423 Ibs 39.1
17" —1"+ 70 298 Gad,ymo 215
1" —0 +27 125 9a%0, 0, 0.12
total 117.7

mesons,[QQ]qfva’q_ The hyperfine mass splittings in mated |n[17] Note that in the case of ti[e:b]le we have

these systems are suppressed. the normal (1/2,3/2") multiplet, while in the[cb];_, Sys-
The doubly heavy baryon ground states of the formtem the spin-3/2 partner is absent.
[QQ],-1q will consist of multiplets containing (1/23/2") The parity partner states are correspondingyave reso-

heavy-spin fields. For example, thec](u,d) ground state nances (1/2,3/27). The intramultiplet mass splitting will be
will contain onel = 3 spin-1/2 baryon, and orle= 3 spin-3/2  approximately identical to the case of the ground state. The
baryon(this is the analogue ipss](u,d) of a multiplet con-  intramultiplet chiral mass gap for each system is therefore
taining the €% 2 ) spin-1/2 baryon from the octet and the given by AM(«)~349+35 MeV, subject to modification
(E*% 2* ) spin-3/2 resonance from the decupldthe hy- by SU(3) breaking effects.

perfine splitting mass differences within the multiplets, be- The four systems with a strange quark will display narrow
tween the spin-3/2 and spin-1/2 members, have been estiesonances in analogy to ti2,(0",1"). These will have
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blocked kaonic decays to the ground state. They will decaglectromagnetic transition widths are significantly larger.
mesonically in a manner identical to the HL meson system It is important to realize that these heavy-quark and chiral
with the correspondence (017)« ((1/2),(3/2)7). All of symmetry arguments are quite general. What has been dis-
our computed intramultiplet widths will correspond identi- covered by the BaBar experiment igpaenomenonAnalo-
cally, but will have significant modifications due to the hy- gous effects will be seen in tH& meson system as well as
perfine splittings affecting the phase space and kinematiwith doubly heavy baryons.
factors, as well as explicBU(3) breaking effects. In the B system we expect a splitting between the
The electromagnetic transitions will correspond with the(0~,17)SU(3) triplet ground state mesons and the analo-
meson case in a similar fashion. The intramultiplet transigous (0",17) resonance multiplet with a mass of 349
tions will be suppressed because of the reduced phase spaceO(A gcp/Meharm), OF ~349+ 35 MeV. Again, the chan-
The widths in thg bb]s system will have suppressed cancel-nel B((0",1")—=B4(07,17)+K will be kinematically
lations and will be predominantly governed by the light- blocked, while theB, 4(0*,1") states will have similar nar-
guark terms alone. row meson transition widths. We have also described sche-
matically how the doubly heavy baryop® Q]qg will present
an analogous situation.
VII. CONCLUSIONS Heavy-light meson states may be classified according to

We have examined the chiral structure of the HL mesor{n€ total angular momentum carried by the light quark to
system in QCD. The ground state{((1~) multiplet is paired leading order in the hgavy—quark _I|m|t. In the present paper
with the (0",1") multiplet through chiral symmetry. The W€ have .fo-cused on the=1/2 Parlty-doubled supermultip-
physical significance of this statement is that the linear Coml_et+c0£nb|n|ng theswave (0",17) mesons and the-wave
binations of these state®, andg, form definite represen- (0" ,1') mesons. As mentioned in the Introduction, we ex-
tations underSU(3), X SU(3)g of (3,1) and (1,3, respec- pect all hgavy—llght states to be clas_s!ﬂed into panty—dpubled
tively. super.mul'uplets where the mass splitting b_etween pa.nty part-

The spontaneous breaking of chiral symmetry in QCDMerS is gove_rned by the GoIdberger-Tr_elman relation. For
leads to a mass term that elevates thé (0) above the ~€Xample, thg,=3/2 supermultiplet consists of thewave
(07,17) by an amounAM. Chiral invariance alone implies (17,2") mesons withj,={+1/2 and thed-wave (1°,27)

that the true soft pion coupling constant for intermultiplet MesONs withj ;=€ —1/2, and similarly for the higher angular

transitions obeys a modified Goldberger-Treiman relatiofnomentum states. In QCD, string models, and linear poten-
~ tial models, the meson states are expected to be identified
0,=GpAM/f . The analogue oAM for the nucleon sys-

tem is the nucleon massy, which satisfies the traditional with linear Regge trajectories having a common slope
. N . [19,20. A remarkable consequence of this observation is that
Goldberger-Treiman relatiomy=0gnnsf-- AM~my/3 is

close to its observed value in the BaBar data of 349 MeV. | the mass splitting between parity partners for the higher an-

a remarkable sense, the HL meson is displaying the chir ular momentum supermultiplets will remain constant, i.e.,
. o . . . Yukaw: lin n verning the left-righ
dynamical properties of a single light quark that is “teth- € Yukawa coupling constarg,, governing the left-right

ered” to the heavy quark. transitions in EQ.(12) will be universal. The dynamical

) . breaking of the light-quark chiral symmetries in QCD is ap-
Our hypt_)"chestl)s fits tge trhec%ntBobsgr\lllatl;on ct)f thel narroV\barently associated with the observed shifts in the opposite
s o) v s e vt PN Regge aecorie by about Tl a it of th Regge
' ing f letel ity- I [ f th
heavy-spin multiplets. The nonstrange=3(0*,1") states spacing from a completely parity-doubled picture of the

" ;= Regge trajectories.
can undergd =1 transitions td =3 (0~,17) by emission of gd J

inale pion. Th i h of thi o In a larger sense, parity doubling, which is required in any
a single pion. The coupling strength of this transition Is goV'da)j/namics that can putatively restore spontaneously broken

erned by the GT relation, and these states are therefor iral symmetry of QCD without upsetting confinement, ap-

broad, with total widths predicted to be 490 MeV. _pears to play an important role in the real world and is con-
TheD4(0™,17) resonance, on the other hand, is k'nemat"trolling the chiral physics of HL systems.

cally forbidden from undergoing its principal decay transi-
tion D¢(0*,1")—D(0",17)+K. The observed decay

D(0")—D40 ")+« violates isospin and therefore re- ACKNOWLEDGMENTS
quiresSU(3) breaking effects. In the present paper we have
addressed the main kinematically allowed effeBtg0™) We thank J. Butler, C. Quigg, and S. Stone for discus-

—Dg(07)+ 7% andD¢(17)—D¢(0")+2#. The widths are  sions. This research was supported by the U.S. Department
small, consistent with the narrowness of the observed syf Energy grant DE-AC02-76CHO3000.
tems.
We have also tabulated the electromagnetic transitions.
Due to the cancellations between light-quark and heavy- APPENDIX: NORMALIZATION CONVENTIONS

quark amplitudes, the intermultipl&l rates for thecs sys- Consider a complex scalar fiefl with the Lagrangian
tem are suppressed. This explains why the pﬁotonic decays

are not seen in the BaBar data. In the analodmaisystem
the rates are not suppressed by a similar cancellation, and the aﬂdﬁaﬂrb —(M+6M)2DTd. (A1)
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Defined’=2M exp(Mv-x)® (' destroys incoming mo- R 1
mentumMu ,+p,) and the Lagrangian becomes to order —i5TH(Hyv - ) + M5 Tr(HH, ). (A3)
1M

Thus, when the Lagrangian is written in termstofand H’,
iv,® D' — MDD, (A2)  the normal sign conventions are those of the vector mesons,
and opposite to those of scalars, i.e., the term in the Lagrang-
Now let H,=3(1—%)iy°®’ and write in terms of traces ian + 3 8M Tr(HH) causes anncreasein the H multiplet
(the fieldH, with these conventions annihilates an incomingMass by an amourM. A properly normalized kinetic term
meson stat¢B)) is 3 Tr(HidH)=—i3 Tr(Hv- IH).
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