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We employ a Dyson-Schwinger equation model to effect a unified and uniformly accurate description of
light- and heavy-meson observables, which we characterize by heavy-meson leptonic decays, semileptonic
heavy-to-heavy and heavy-to-light transitioBs,»D*, D, p, m; D—K*, K, 7, radiative and strong decays,
B{S)—>B(S)y; D?s)—>D(S)y, D, and the rar8— K* y flavor-changing neutral-current process. We elucidate
the heavy-quark limit of these processes and, using a model-independent mass formula valid for all nonsinglet
pseudoscalar mesons, demonstrate that their mass rises linearly with the mass of their heaviest constituent. In
our numerical calculations we eschew a heavy-quark expansion and rely instead on the observation that the
dressect,b-quark mass functions are well approximated by a constant, interpreted as their constituent mass:
we find l\7|c: 1.32 GeV andv ,=4.65 GeV. The calculated heavy-meson leptonic decay constants and tran-
sition form factors are a necessary element in the experimental determination of CKM matrix elements. The
results also show that this framework, as employed hitherto, is able to describe vector meson polarization
observables well.S0556-282(99)08013-3

PACS numbs(s): 13.20.Fc, 13.20.He, 24.85p

I INTRODUCTION Si(p) " t:=iy-pAi(p?) +B(p?)=A¢(p*) (i y-p+M¢(p?))
Mesons are the simplest bound states in QCD, and their A 1)
nonhadronic electroweak interactions provide an important =Z,(iy-p+ m?m)+zlj QZDMV(D—Q)
tool for exploring their structure and elucidating the nonper- q
turbative, long-distance behavior of the strong interaction. X
That elucidation is accomplished most effectively by apply- thsf(CI)FfVa(qap)- 2)

ing a single framework to a broad range of observables, and
in this the bound state phenomenolo§¥,2] based on . . .
Dyson-Schwinger equatiof®SES [3] has been successful; Heref(= u’d’s’c’b)ff a flayor labelD (k) is the dressed-
e.g., with its simultaneous application to phenomena as digluon %rrnopagatorl“v (9.p) is the dressed-quark-gluon ver-
verse asr-m scattering4,5], the electromagnetic form fac- €% M; Lo Atﬁe A-de4pendent current-quark bare mass
tors of light pseudoscalar mesof€s-8], anomalous piofid] ~ and [q:=/"d"a/(2m)" represents mnemonically a
and photopiori8—10] processes, and the diffractive electro- translationally-invariantregularization of the integral, with
production [11] and e|ectromagnetic form faCtOiQ.Z] of A the regularization mass scale. The renormalization con-
vector mesons. Herein we extend this application and implestants for the quark-gluon-vertex and quark wave function,
ment a simplification valid for heavy quarks, so obtaining inZ1(¢%A%) and Z5(¢%A?%), depend on the renormali-
addition a description of heavy-meson observables. We illuszation point,{, and the regularization mass scale, as does
trate that by reporting the simultaneous calculation of arangghe ~ mass  renormalization  constant Z,(£% A?)

of light-meson observables and heavy-meson leptonic de=Z2(¢%A%) ~*Z,(£? A?). However, one can choose the
cays, semileptonic heavy-to-heavy and heavy-to-light transirenormalization scheme such that they are flavor-
tions,B—D*, D, p, m; D—K*, K, 7, radiative and strong independent.

decavs.B*. —B,.v: D*.—D Dw. and the rareB This equation has been much studied and the qualitative
YS$,B9—B7: PPy, U, . : : - dremd
_.K*y flavor-changing neutral-current process. This is anfeatures of its solution elucidated. In QCD the chiral limit is
extensive but not exhaustive range of applications. defined bym=0, wherem is the renormalization-point-

To introduce the heavy-quark simplification we observeindependent current-quark mass. It follows that in this case
that mesons, whether heavy or light, are bound states of tere is no scalar, masslike divergence in the perturbative
dressed-quark and -antiquark, where the dressing is devaluation of the quark self-energy. Hence, fq@?
scribed by the quark Dyson-Schwinger equatipSE) [3:*  >20 Ge\? the solution of Eq(2) for the chiral-limit quark

mass function i$13]

Iarge—p22 2 _/an\0
'We use a Euclidean formulation withy, ,y,}=23,,, v, Mo(p?) = T Ym (=(q9)) )

=y,, andp-q=={_ p,q;. A vector,k,,, is timelike if k’<0. 3 pz(%ln[pzlAéCD])l’Vm'

B
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10' . . : - We employZ;:=ME/m¢ as a single, quantitative measure
————————————————————— e of the importance of the DCSB mechanism; i.e., nonpertur-
S T bative effects, in modifying the propagation characteristics

10° oo e of a given quark flavor. In this particular illustration it takes

the values
g 10" e ] f\u,d s ¢ b
- ——— b-quark ) 5)
% —-—- c—quark £fl150 10 2.2 1.2
2 | ----- s—quark
10 u,d-quark
- :;Izl(rgzl)h?gz O%OO These values are representative: for light quags g s
10° | %o, il ~10-100, while for heavy quarkS,-.,~ 1, and highlight
- - - “a the existence of a mass-scale characteristic of DA8B:
107 107" 10° 10’ 10° ; et ;
2 (GoV) The propagation characteristics of a flavor vm%s M, are
p (Ge

significantly altered by the DCSB mechanism, while for fla-
FIG. 1. Quark mass function obtained as a solution of @y. ~ VOrS with mf§>MX momentum-dependent dressing is almost
using D,,,(k) and I''%(q,p) from Ref. [13] and current-quark irrelevant. It is apparent and unsurprising thad,

masses, fixed af=19 GeV:m{ ,=3.7 MeV, m{=82 MeV, m{ ~0.2 GeV~Aqcp. As a consequence we anticipate that the
=0.58 GeV, andm{=3.8 GeV. The indicated solutions of propagation of,b quarks can be described well by replacing
M?(p?)=p? define the Euclidean constituent-quark mabt;,  their mass functions with a constant; i.e., writing

which takes the valueMf=0.56 GeV, ME=0.70 Gev, ME
=1.3 GeV, andVM;=4.6 GeV. 1
SQ(D)ZW, Q=c,b, (6)
where y,,=12/(33-2N;) is the gauge-independent mass ly-p Q

anomalous dimension andqq)® is the renormalization-

point-independent vacuum quark condensate. The existeneg ot that a good description of observable phenomena will
of dynamical chiral symmetry breakin@ CSB) means that P .~ gE P P
requireMqo~Mg.

<aq>0¢0' hqwever, its actuaIOZaIue depgnd; on the long- When considering a meson with a heavy-quark constitu-
range behavior oD ,,(k) andT",”(q,p), which is modelled  gnt gne can proceed further, as in heavy-quark effective

in contemporary DSE studiegqq)®~—(0.24 GeV} is  theory(HQET) [17], allow the heaviest quark to carry all the
consistent with light-meson observab[d4]]. heavy-meson momentum:

In contrast, form;#0,

whereM o Is a constituent-heavy-quark mass paramewe

) ) P,=:myv,=:(Mo+Ep)v,,, 7
large-p my
M¢(p?) = : (4)  and write
(3In[p?/Agepl) "
11-iy- k| E
An obvious qualitative difference is that, relative to E4), Sq(k+P)=5 ~—ry lA—|A—H , (8)
the chiral-limit solution is Jp2-suppressed in the ultraviolet. 2 k-v—Ey Mq Mg

There is some quantitative model dependence in the _ . .
momentum-evolution of the mass-function into the infrared WhereK is the momentum of the lighter constituent. In the
However, for any forms oD (k) andria(q,p) that pro- ce_llculatlo_n _of _observables, the meson’s Beth(_a—SaIpeter am-
vide an accurate description 6f « andm_ «, one obtains plitude will “m'F the_ range oflk| so that Eq(8) will only be
[15] quark mass-functions with brofiles like those illustrated® good a_pprOX|mat|on Both the _momentum-space V.V'dt.h. of
in Fig. 1. The evolution to coincidence between the chiralthe amplltudew,j, and the binding energg,, are signifi-
limit and u,d-quark mass functions, apparent in this figure,cantly less thaMq. _
makes clear the transition from the perturbative to the non- In Ref.[18] the propagation of and b quarks was de-
perturbative domain. The chiral limit mass function is non-Scribed by Eq.(8), with a goal of exploring the fidelity of
zeroonly because of the nonperturbative DCSB mechanisnihat idealization. It was found to allow for a uniformly good
whereas thai,d-quark mass function is purely perturbative description ofB¢-meson leptonic and semileptonic decays
at p2>20 Ge\?, where Eq.(4) is accurate. The DCSB with heavy- and Ilght'—pseudoscalar final states. In that study,
mechanism thus has a significant effect on the propagatioporrected as described belowyg ~1.3 GeV and Eg,
characteristics of1,d,s quarks.

However, as evident in the figure, that is not the case for
theb quark. Its large current-quark mass almost entirely sup- 2Aithough not illustrated explicitly, whenM (p?)~const,
presses momentum-dependent dressing, soNhgp?) is  A«(p?)~1 in Eq.(1). Equation(6) is an implicit assumption in the
nearly constant on a substantial domain. This is true to gormulation of Bethe-Salpeter equation models of heavy mesons,
lesser extent for the quark. such as Ref[16].
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~0.70 GeV, both of which are small compared wlﬂhb whereﬂr,(k;—p)=C*1Fp(—k;—p)C, with C=vy,v,, the
~4.6 GeV in Fig. 1, so that the accuracy of the approxima-charge conjugation matrix;,s,t,u are color-, Dirac-, and
tion could be anticipated. It is reasonable to expect that flavor-matrix indices; and is the quark-antiquark scattering
~wg andEp~Eg, since they must be the same in the limit kernel. Equatior(9) is exactin QCD: the A dependence of

of exact heavy-quark symmetrx. Hence in processes i”V0|VZZ ensures that the right-hand-sidBHS) is finite as A

ing the weak decay of aquark M.~1.3 GeV) where ®; —oo, and its{ and gauge dependence is just that necessary to
meson is the heaviest participant, E8). must be inadequate; compensate that ofp(k:p).

an expectation verified in Ref18]. . The leptonic decay constants of light pseudoscalar me-
The failure of Eq.(8) for the c quark complicates or pre- sons, 7, K, are known [20]: f.=0.131 GeV, fg
cludes the development of a unified understandin®def  —0.160 GeV. The increase with increasing current-quark

f"‘n?E’f'TeSO’LObé_?rvag'?Sh‘{[Sing such Conlggggsr{tgheorehass is easily reproduced in DSE studi&8] and continues
ical tools as HQET and light cone sum ru [19]. éj_ntil at least 3?15 [21], at which point the renormalization-

However, the constituentlike dressed-heavy-quark propag . d and fining ladderlik ion I6f
tor of Eq.(6) can still be used to effect a unified and accurated'OUP-IMProved and confining: fadderiike truncation
simplification of the study of these observables. Herein, td'S€d in those studies becomes inadequate, and that model no

demonstrate this, we extend Refd8,22 and employ Eq. longer allows themp dependence ofp to be tracked di-

(6), with I\7IQ treated as free parameters, and parametrizationrseCtly' However, we note from Eq10) that
[6—9,11,12 of the dressed-light-quark propagators and me- 1
son Bethe-Salpeter amplitudes in the calculation of a wide Go(K;p):=
range of observables, determining the parametersyif fit \/ﬁp
to a subset of them. It is an efficacious strategy.

Our article is divided into eight sections with a single i.e., thatGp(k;p) is mass independent in the heavy-quark
appendix. We discuss heavy- and light-meson leptonic desymmetry limit, and hence it followg22] from the general
cays in Sec. Il, and their masses in Sec. Ill. In Sec. IV weform of the meson Bethe-Salpeter amplitude and Egjs-
introduce the impulse approximation to the semileptonic de{10) that for large pseudoscalar meson masses
cays of heavy mesons, and describe the light-quark propaga-
tors and meson Bethe-Salpeter amplitudes necessary for their fpoc 1\ m. (12)
evaluation. The impulse approximation to the other pro- ) )
cesses is presented in Sec. V, while in Sec. VI we elucidatd? this model-independent result we recover a well-known
the heavy-quark symmetry limits of all the decays and trandeneral consequence of heavy-quark symmgtig. How-
sitions. The accuracy of these heavy-quark symmetry predic€Ve. the value of the current-quark mass at which it becomes
tions is discussed in conjunction with the complete presenta€Vident is unknown in spite of the many studies that report

tion of our results in Sec. VIl and Sec. VIII contains some vValueés offp andfg, some of which are tabulated in Ref.
concluding remarks. [23], and the results of lattice simulations, a sumni24j of

which reports

Ip(kip)<oe, mp—; (11)

II. LEPTONIC DECAYS
f,=200+30 MeV, fg=170-35 MeV. (13

A. Pseudoscalar mesons

In Fig. 2 we illustrate the behavior ¢ we anticipatebased

on these observations. It suggests that D mesons lie outside
the domain on which Eq12) is manifest.

The leptonic decay of a pseudoscalar mese(p), is
described by the matrix elemefit3]

fop,:=(0]Q(T") Ty, ¥5Q|P(p))
B. Vector mesons

A
=tr22f (TP T ysy,.xp(K;p), (9) The leptonic decay of a vector mesaf,(p), is described
K by the matrix element e(,ﬁ(p) is the polarization vector:

where xp(k;p) =S(k+p)Tp(k; p)S(K), o €(p)-p=0)

=column(u,d,s,c,b), T” is a flavor matrix identifying the

N - ~A/TP\T
meson; e.g.T™ =3(\1+ir2), (TP)T is its transposeS fuMye,(p):=(0]Q(T") v, Q[V\(p))

=diag(S,.Sy,Ss,S:,Sy), and the trace is over color, Dirac A
and flavor indicesI'p is the meson’s Bethe-Salpeter ampli- =fyMy=3tr szk (TP Ty,x (ki p),
tude, which is normalized canonically according to
14
(A= 4S(g+p) (19
2p,=tr fq Fp(q’—p)—apu I'e(a;p)S(q) where x"(k;p) =S(k+p)T V(k;p)S(k) with TY(k;p) the
vector meson Bethe-Salpeter amplitude, which is transverse:
AfA— IK(a,k; p) ' y ,
"1, fk [XP(Qa_p)]sr—apM [xp(k;P)lut, p.Lh(kip)=0, p?=—-M{, (15)

(10 and normalized according to
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0.25 - - - - which again is a model-independent and general conse-
r . 1 guence of heavy-quark symmetry. In fact, as we illustrate
below,
0.20 I _77 fp:f\/OC 1/\/EQ, r:hQHOO, (21)
S | // - “-\x\\ E .e., observables are spin-independent in the heavy-quark
& ¢/ ~e symmetry limit[17].
> 1 hl N
o | _3/ -
015 _: // i Ill. PSEUDOSCALAR MESON MASSES
( : )
"./ o Flavor nonsinglet pseudoscalar meson masses sgtisfy
/
T PmP M {u Mé‘:trflavor[MZ{TP!(TP)T}]' (22)
0100 " TT0 20 80 40 50 60 with M¢=diag(mg,m§,m$,mg, mg) and
m, (GeV)
A
FIG. 2. Experimental values df, , filled circles; lattice esti- irp=tr Z4fk (T") Tysxp(k;p). (23

mates offp g in Eq. (13), open circles; our calculated values of

f.kpp, diamonds; see Sec. VI(We estimate a theoretical error L £
of 10%) The dashed line is a fit to the experimental values and! N€ renormalization constar,, ensures thats, is finite as

lattice estimatesf2=(0.013+0.028n,)/(1+0.055m,+0.15m2), ~ A—, and its{ and gauge dependence is just that necessary
which exhibits the largen, limit of Eq. (12), and the dotted line is  t0 ensure that the product on the RHS of E2p) is gauge

the largemp limit of this fit. invariant and renormalization point independent.
In the limit of small current-quark masses one obtains
= as(a+p) [13] what is commonly called the Gell-Mann—-Oakes—
2p,= 3”] (45— p)—p I')(a;:p)S(q) Renner relation as a corollary of E@Q2); i.e., mdo<m;, m;
o

—0. However, it also has an important corollary in the
heavy-quark symmetry limit. Using Eq&) and (11),

u(q, P)
ff[x (0= P Tor R v o) e,

(16)

lpx \/ap y Mp—, (24)

from which Eqgs.(12) and (22) yield
an analogue of Eq10). The obvious analogue of E(L1) is

true.

Such decays are difficult to observe directly but it is pos-
sible to estimatef, and hence |dent|fy the natural scale of Thus the quadratic trajectory, valid when the current-quark
fy. In the isospin-symmetric limit the—e*e™ decay con- mass of the constituents is small, evolves into a linear trajec-
stant,g,,, is obtained from the matrix element tory when this mass becomes large. In all phenomenologi-
cally efficacious DSE models the linear trajectory is manifest

— 1 — at twice thes-quark current massl5] so thatmy lies on the
p )\' = O = — N . . . . . - K .
) €,(P)=(0[u,ulp\(p)) \/§<o|uyﬂd|f’A () extrapolation of the straight line joininmy and mg in the
(17 (mg,mp) plane[2].

Mpx ﬁ]Q , r}]Q—W}O (25)

2

so that IV. SEMILEPTONIC TRANSITION FORM FACTORS
M A. Pseudoscalar meson in the final state
fo=v2 —* (18)
9 The pseudoscalaspseudoscalar transition:P(p;)

—Psy(po)l v, whereP, represents eitherB or D andP, can

The experimentally measured widf20] I'yo_¢+e-=6.77 be aD, K, or 7, is described by the invariant amplitude

+0.32 keV yieldsg,=5.03+0.12 and hence

f,=216=5 MeV. (19 A(P1— Pyl v)= G—ngml Yu(1=75)vM P 2(py py),
For the vector mesons it follows from the general form of (26)
the Bethe-Salpeter amplitude, and E¢®), (14), and (16)
that for large vector-meson masses where G.=1.166x10"° GeV 2, V;/; is the relevant ele-
ment of the Cabibbo-Kobayashi-Maskaw@KM) matrix,
fyc 1My, (200 and the hadronic current is
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ME2(py,p2)=(Po(p) [T, 1 Pa(p)

=f (O(p1+p2),+f_(Da,, (27

with t:=—g®=—(p;—pp)°

ements from a measurement of the decay width=(mp,
+ mP2)2]3

['(P;—P,lv) G Tk !
— V)— ’ I
1 2 19271_3 frf |3)1

><ft_dtlh(t)lz[(u—t)(t_—t)]3’2.
0

(28

B. Vector meson in the final state

The pseudoscalasvector transition:P(p;)—V,(p2)! v,
with P either aB or D andV, aD*, K*, or p, is described
by the invariant amplitude

_ GF e N PV)\
A(P—=V\lv)= Evf’fl 1Yu(1=vs)ve,(p2)M M (P1,P2),
(29

where the hadronic tensor involves four scalar functions

e (pIM N(p1.p2)

=€) (Mp+My)A; (1)
A(1) . As(t)
MR Fren vl et e vy
+e Al (30
va, E o Ve
€uvap pl p2ﬁm +MV
The contribution ofA; can be neglected unless 7.
Introducing three helicity amplitudes
_AYEmE ML
H.=(mp+ MV)Al(t)"'WV(t)! (31
Ho:;([m%_M\zﬁt][mP+ MyIA(t)
2Myt
N(mE M)
B v IGC U (32

wherex(m3 , M2 t)=[t, —t][t_—t], t.
transition rates can be expressed as

=(mp=My)?, the

The transition form factors,
f.(t), contain all the information about strong-interaction
effects in these processes, and their accurate calculation is
essential for a reliable determination of the CKM matrix el-

PHYSICAL REVIEW 50 034018

ar., Gf
dt  19273m3

| el PN2(mZ M D[ H L o(1)]2,

(33

and the transverse and longitudinal rates and widths are

dry_dr, dl“, f ] a
gt at o 9
dr, dFO

W j dt (35

with the total width:I'=T'1+ 1" . The polarization ratio and
forward-backward asymmetry are

3r_-TI.,
a=2—--1, A= ——

T, (36)

C. Impulse approximation

We employ the impulse approximation in calculating the
hadronic contribution to these invariant amplitudes:

A_
H 5 X(P1,P2)=2Nctrp fk Ty (K; = P2) Sq(Kn)i O 9°(k; ky)

X Sq(k)I'p(k;p1) Sy (K), (37)
where the flavor structure has been made explicib=k
+py,and

H Y (1, py) =M 2 2(py,py), (39)

PX=V*
H/L

(P1.P2) = €3(PIM. N(P1.p2);

(39

Iy_w(k;p)=€*(p)-TV(k;p); and OzQ(kzakl) is the
dressed-quark-W-boson vertex, which in weak decays of
heavy quarks is well approximat¢d8,22 by
099k k1) = y,(1— ¥s). (40

The impulse approximation has been used widely and ef-
ficaciously in phenomenological DSE studies; e.g., Refs.
[6-12,18,22 It is self-consistent only if the quark-antiquark
scattering kernel is independent of the total momentum. Cor-
rections can be incorporated systematicd®p] and their
effect in processes such as those considered herein has been
estimated27,2§: they vanish with increasing spacelike mo-
mentum transfer and contribute15% even at the extreme
kinematic limit,t=t_ .

D. Quark propagators

To evaluateH zlx(pl,pz) a specific form for the dressed-
quark propagators is required. As argued in Sec. |, (Bg.
provides a good approximation for the heavier quaqs,

=c,b, and we use that herein witll , treated as free pa-
rameters. For the light-quark propagators

034018-5



M. A. IVANOV, YU. L. KALINOVSKY, AND C. D. ROBERTS PHYSICAL REVIEW D 60 034018

Si(p)=—iy-pol(p?)+oi(p?)=- : )
f Y ° w~pAf(p2)+Bf(p2()4l) my by b b b

u | 0.00897 0.131 2.90 0.603 0.185

f=u,s (isospin symmetry is assumeadve use the algebraic
forms introduced in Ref[6], which efficiently characterize
the essential and robust elements of the solution of (EQq.

s 10.224 0.105 2.90 0.740 0.185

and have been used efficaciously in R§6-9,11,12,18,2P (47)
o o with A=0.566 GeV, which were determingd] in a least-
oL(x)=2mF2(x+m?)) + F(byx) F(bsx) (bl + bhF(ex)),  squares fit to a range of light-hadron observables, and we

(420 note that with Agcp=0.2 GeV they yield(Uu); gee=

(—0.22 GeV} and (ss); gevz=0.8uUU); ge\2. Herein we
2(x+m?)—1+ e~ 20+ mp) reconsider this parametrization and allay ¢, by** andb}*
, (43 to vary. This is a reasonable step provided that in refitting to
an increased sample of observables the light-quark propaga-
tors are pointwise little changed.

_f = p—
o) 2(x+m?)?

Ay)=(1—eY)ly, x=p?\% m=m;/\; and
E. Bethe-Salpeter amplitudes
vy 2y Ty —y 2 f a2
os(X)=hog(p),  oy(X) =M ay(p%), (44 1. Light pseudoscalar mesons
with A a mass scale. This algebraic form combines the ef- _ '€ lightmeson Bethe-Salpeter amplitudes can be deter-
fects of confinemefitand DCSB with free-particle behavior Mined reliably by solving the Bethe-Salpeter equaltiBBE)
at large, spacelik@?.* in a truncation consistent with thqt employed in the quark
The chiral limit vacuum quark condensate] 1] DSE[13]. However, since for the light quarks we have pa-
rametrized the solution of the quark DSE, we follow Refs.
A [5-9,11,12,18,2Pand do the same for the light-meson am-
—{aa)0:= i 2 A2 litude; i.e., for the = and K mesons we emplo
qq);:= lim N¢ trp Z4(Z%,A )J' So(k), (45 P ; , ploy
A= T N o 2 ‘ I (K P) =1 75, (K?) with

where at one-loop  order Z,(Z2,A?)=[a(A?)/ 51 )
a(L?) M8 with ¢ the covariant-gauge parametef ( Ep(k )=%—Bp(k ), P=mK, (48)
=0 specifies Landau gauge The ¢ dependence of P
Z,(¢%,A?) is just that required to ensure thafq)? is gauge ; .
independent. The parametrization of E@2) pgrovides a fa=tal\2, WhereBP::BU|b3Hb§’ obtained from Eq(41),
model that corresponds to the replacemgpt-1 in Landau and bg’K are allowed to var;?.This ansatz follows from the
gauge, in which case, witBy:=S, 1o, EQ. (45) yields constraints imposed by the axial-vector Ward-Takahashi
identity and, together with Eq$42) and (43), provides an
3 pY 22 algebraic representation gf-(k;p) valid for small to inter-
—(uu), =\ — % n . (46) ~ Mediate meson energ,18].

472 bibs Adcp With this representation, Eq&2) and(23) yield the fol-

lowing expression for ther- and K-meson masses:

This is a signature of DCSB in the model. .
In Ref. [18] the parameters;, b, 5 in Egs.(42) and f2mz=—(m,+me)(qa)s &, (49
(43) take the values
wherem;==my, mi=mg, and the “in-meson condensate”
is

3The representation @&(p) as an entire function is motivated by
the algebraic solutions of EqR) in Refs.[25] and the concomitant
absence of a Lehmann representation is a sufficient condition for 5 the following we explicitly account for the flavor structure in
confinemen{2,3,24. the hadronic tensors. With E8) we correct an error in E¢33)

*At large p% oy(p?)~1/p? and og(p?) ~m/p®. Therefore the of Ref. [18], which led to =10% underestimates of27(0),
parametrization does not incorporate the additionallsuppres- fEK(o), andf?ﬂ(o)_ A corrected Table |, accounting also for a
sion characteristic of QCD. It is a useful simplification, which in- factor of \2 arising through a mismatch between the normalization
troduces model artifacts that are easily identified and accounted fotonventions for light and heavy mesons, is obtained with
=10 “is introduced only to decouple the large- and intermediate-=0.698 GeV and\ =1.273 GeV, and yield&?/N=0.59 cf. 0.48
p? domains. therein.
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P V. OTHER DECAY PROCESSES

1GeV_ _ 3 _
<qq> ) ~Nn——— A2 20 477 bubu P=mK, (50) A. Radiative decays
The radiative decaysH* (p;)—H(p,)y(k), where H

_ _ =D ,B(s , are described by the invariant amplitude
and takes typical valuegl3] (qq)l eV’ 1. 05(Ul); cew =6

and(qa)k ' =1.64uu); gee. A(H* —H7)=€,"(py)e, (K[egM,(P1,P2)
2. Light vector mesons +egM3,(p1,p2)] (53
The application of DSE-based phenomenology to pro- =g mﬁf (p1)6 "(K)P1aKp
cesses involving vector mesons is less extensive than that “ “
involving pseudoscalars. Therefore the modelling of vector X [egdt) +egdi(t)], (54

meson Bethe-Salpeter amplitudes is less sophisticated. Solu-
tions of a mutually consistent truncation of the quark DSEwhere t=—k?=—(p,—p,)?=0 and e; is the fractional
and meson BSE; e.g., RéR9], indicate that a given vector charge of the active quark in units of the positron charge.
meson is narrower in momentum space than its pseudoscal@ihe sum indicates that the decay occurs via a spin-flip tran-
partner but that for both vector and pseudoscalar mesons thigtion by either the heavy or light quark. The width is

width increases with the total current mass of the constitu-
ents. These observations are confirmed in calculations of
vector meson electroproduction cross sectiddg and elec-  I's
tromagnetic form factorfl2]. The simple ansatz

Y WZ(MH*.mH,0>[eQJQ(0>+quQ(0>]2

(59

vp 5 In impulse approximation the hadronic tensors in &)
YutPu— | e(k9), D are

V- —
F,u(klp)_ M2

1

NV
A__

M,%(pl,pz):zwcterl Ta(l;— p2) Sq(1)iT(15,11)

where ¢(k?) =1/(1+ k¥ w}) with o, a parameter andv
fixed by Eq.(16), allows for the realization of these qualita-

tive features and, from Ref12], we expectwy«~1.6w,. X So(1 )T (1;p1)Sy(1), (56)
3 H A__
- Heavymesons M,(P1.P2)=2Nc trp f Tp(l; = P2)So(I)T(15py)
Renormalization-group-improved ladderlike truncations '
of K employed, e.g., in Ref$13], are inadequate for heavy X Sq(DIT(1,1+K) Syl +Kk) (57)

mesons; one reason being that they do not yield the Dirac
equation when the mass of one of the fermions become@hereQ corb, g=u ors andl;,=1+p;,.

large. While an improved truncation valid in this regime is rf {(11,1,) is the dressed-quark-photon vertex, which sat-

being sought, there is currently no satisfactory alternative
and the ladderlike truncations have been used in spite of thels]cles the vector Ward-Takahashi identity:

inadequacy[29,30. Such studies cannot yield a complete
and quantitatively reliable spectrum, however, the result that
heavy mesons are described by an amplitude whose width
behaves as described in Sec. IV E 2 must be quahtatlvel
robust. We therefore use a simple model for the amplitude
that allows a representation of this feature: Ef1) for
heavy vector mesons, with(k?) — ¢y (k?), and its analogue
for heavy pseudoscalar mesons

(=1, T (1,1 =S (1) — S (1), (58)

a feature that ensures current conservaj®h This vertex

as been much studig®l] and, although its exact form
remains unknown, its qualitatively robust features have been
elucidated so that a phenomenologically efficacious ansatz
has emergef@i32]:

iTH(11,01)=iSa05,19) v, + (11412,

1. 2 1 22 2 12y7.
Fp(k;p)=FlyscpH(k), (52) X[ziy-(li+12)Aa(7,15) +Ap(I1,15)];
(59

where ¢y, (k?) = exp(—k/w?) and the normalization is fixed Se(1219) =L F(1%H+F(12)],
by Eqg.(10). We assume the widths are spin and flavor inde-

pendent; i.e.szwB*szs, etc., as would be the case in

the limit of exact heavy-quark symmetry, which is a useful Ae(1213)=
but not necessary simplification.

F(12)—F(13)

T 0
1
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where F=A;,B;; i.e., the scalar functions in Eq41). A C. Rare flavor-changing neutral-current process

feature of Eq.(59) is that the vertex is completely deter- e final decay we consider is the rare, flavor-changing
mined by the dressed-quark propagator. In Landau gauge the, tral current processB(p,) —K* (p,)¥(q), which pro-

quantitative effect of modifications, such as that canvassed igygg predominantfs] via the local magnetic penguin op-
Ref. [33], is small and can be compensated for by smallg 4ior-

changes in the parameters that characterize a given model

study [34]. The structure in Eq(59) is only important for e . o

light quarks because, using E@): Ag=1, Bo=Mg, and Q7,:=-—MpF,50,,(1+ ¥5)b, (69
hence B

Q. 1.)= whereF ,, is the photon’s field strength tensor, and the ef-
I5(,1%) Yu- (62) R . . . .
fective interaction promoting this process, renormalized at a

scale/~My, is
B. Strong decays

The processH* (p,)—H(po)m(a), with pi=—M?2,,

F
p5=—mj, andg?=—m?, is described by the invariant am- Hef=— EstthQQn, (70)
plitude
A(H*—>Hw)=e;H*(pl)Mﬂ*“”(pl,pz) with C7(Mp)=—0.299 and|VVy,|2=(0.95+0.03) V2.
e Consequently, the invariant amplitude describing the decay
=€, (P1)P2uIHxHr- 62 s
On*n, Can be calculated even when the decay is kinemati- G e
cally forbidden, as foB*, and is sometimes reexpressed via A(B—K*y)=— —FstthC7—b €(q)
\/E 471_2 M
_ f, . e
I+ Ha =5~ OH* Hr - (63) Xé:\,K (DZ)MEV “p1.p2), (7D
H
with, atg®=0,

We calculate the coupling using the impulse approximation,
Eq. (A1), and this gives the width:

@M, (py,py)

2
gH*H'ﬂ' 2 2 2
Cyepa= ————N¥(m3 ,m2 ,M7,). (64)
1927M a* H = GZV(Q)QBK* A& uvapP1aP2s
2 2
We also consider the analogous decays of light vector +0,,(Mg= M) = (P1+P2) ,P1,)- (72)

mesons: p(P=k;+k,)—m(k))m(k,) and K*(P)
—K(ky)m(k,). For these processes the hadronic current caiVe calculate the coupling using the impulse approximation

be written to the hadronic tensor, EA3), in terms of which the decay
width is
M3 (kg ko) = (ky— k), 5 () +P, £7(1), (65 L

A~ K*
which we calculate using the impulse approximation, Eq. Ig_k*y= aem(l\/lb)mg( 1-— )
(A2). The decay constant is Mg

G?
Gvpr=3f (t=M), (66) X§M§C5|V§th|zgéwv' (73

in terms of which the widths are
VI. HEAVY-QUARK SYMMETRY LIMITS

2

pwsz"S)\W( m2 ,mi,Mﬁ), (67) With algebraic representations of the dressed-quark
487M propagators and Bethe-Salpeter amplitudes the calculation of

all observables is straightforward. In addition, one can obtain

92 simple formulas that express the heavy-quark symmetry lim-

Tx (k= ﬂ)\s/z(mz m2 ,M2,). its. We present them here, and in Sec. VIl gauge their accu-

(Kr) 5 Koot s Wk . .

647 M . racy and relevance through a comparison with the results of

(68 our complete calculations.
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A. Leptonic decays
To begin, using Eq(8), Egs. (10) and (16) with K as-

sumedp-independent in order to effect a consistent impulse
approximation, and Eq52) with its analogue for the heavy

vector mesons, one find&2]

11
— —=Np=NF (74)

mH Ky

Ne [~
| dustiatata+ uoliay,

:m_H 47%Jo
(79

wherez=u—2E,u, f labels the meson’s lighter quark and
in this section all dimensioned quantities are expressed i

units of our mass-scal@,.® This illustrates Eq(11). Simi-
larly, using this result with Eq(8) in Egs.(9) and(14),

fom fym N°Fd(¢ En)on(2)
P \/—IIHKfZ\/E’JT2 0 HIPH

x{ol(2)+ 1 Juol(2)}, (76)

which is the promised illustration of Eq$12), (20), and

(21).

B. Semileptonic heavy-heavy transitions

PHYSICAL REVIEW 50 034018

and it follows[22] from Eq.(78) that

(81)
w=1

Similar analysis applied to Eq$30) and(37) yields

11
Aq(t) =T §(1+W) &r(w), (82

Ax(t)=—Ag(t) =V(t) =T, &(w). (83

Equations(77), (82), and (83) are exemplars of a general

result that, in the heavy-quark symmetry limit, the semilep-
tonic H;—H{ transitions are described by a single, universal
H.mction: &:(w) [36]. In this limit the functions

o V(1)
Rl(W)-—(l—t/h)m, (84)
o Ax(t)
Ra(W): =(1-tt,) 270 (85)

are also constarit=1), independent ofv.

C. Semileptonic heavy— light transitions

In this case the form factors cannot be expressed in terms
of a single function when the heavy meson mass becomes
large. However, some simplifications do occur. Adapting the

The semileptonic heawyheavy transition form factors analysis employed above, Eq€7) and (37) yield

acquire a particularly simple form in the heavy-quark sym-

metry limit. From Eqs(27) and (37) one obtaing22]

Mp, % Mp,
fo(t)=T.&(w):= &(w), (77)

2 Mp,Mp,

Ne (1, 1 (=
gf(W):Kf247:2fo dTV_VJO duen(zw)?

f u
os(zw) + WU'V(ZW)

with k; defined in Eq.(74), W=1+27(1—7)(w—1), zy
=u—2E,yu/W and

X : (78)

2 2
mp, + mpz—t 79
W= —F—————=—Vp_ Vp..
2mp Mp, P1" P

The canonical normalization of the Bethe-Salpeter amplitude

automatically ensures that

&(w=1)=1 (80)

SHere and in the following we employ methods analogous to that
described in the appendix of R€fl8] to simplify the integrands

that express observables.

Ncks (=
fa(t)= °;f du(Vu—En) ¢n(2)Ep(2)
47°Jo
1 = 1
XJ d7VMg| =—H;*H,|, (86)
0 Mg
where  z;=z+2X1u, X=(Mg/2)(1-t/IM3), 1z,

=(1-7)(z+ 7u), with similar expressions foA;, A, As,
andV, Egs.(A4)—(A7), and the functions forming the inte-
grands,H=H(z,z,,2,), also given in the appendix.

When E;/my—0 and Mq—my— then X=0 at the
end point,t=t,,, and one obtains the following simple
scaling lawq 36]:

et ATTHATL AT mp,
P21 %2 APz APz APz Vmp! 87
P 2 3 1 P1
for—f"r ATI-ATL P fmp,
Pa_P2 AP2_ P2 yPa N mo (88)
=122 A2—A2 V72 Mp,

It is also clear from Eqgs(86) and (A4)—(A7) that in this
limit

fo(tmad =~ (tnas  As(tmad = —Ax(tma) (89

and hence one obtains a further idealization from E&8).
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iP1 APt me TABLE I. The 16 dimension-GeV quantities used A fitting
2 _ 1 (90) our parameters. The weighting error is the experimental error or
fiz A2Pz mp2 10% of the experimental value, if that is greater, since we expect

that to be the limit of our model's accuracy. The values in the
The form factors also exhibit a factorizable mass-“Obs.” column are taken from Ref§13,20,24.
dependence at=0 but it is modulated by the properties of

the light-quark propagator; e.g., Obs. Calc. Obs. Calc.
nm « f. 0.131 0.146 m,. 0.138 0.130
f (0)= 1/'2* Ne ff du(1—Ep/Ju) on(2)Ep(2) fi 0.160 0178  mg 0.496 0.449
my (Uu>1/3 0.241 0.220 <§S>1/3 0.227 0.199
L A\1/3 1/3
X{mf(Tfs(Z)+ZO'I/(Z)}, (91) (qq)¥ 0.245 0.255 <qq> 0.287 0.296
f, 0.216 0.163 fyx 0.244 0.253
with the forms ofA;, A,, Az, andV givenin Eq.(A13). The T .. 0.151 0.118 Tgx (k) 0.051 0.052
factorized dependence onrim,/m{/? is a common feature of fp 0.200:0.030 0.213 fp_ 0.251+0.030 0.234
our impulse approximation to all heawlight form factors  fg 0.170+0.035 0.182 gBK*yMb 2.03+0.62 2.86

and differs from the 1% behavior obtained in LCSH49].

It arises in the simplification of the multidimensional inte-
grals because our model dressed-light-quark propagatota the heavy-quark symmetry I|m||s/| I\A/IQ and provides a
evolve into free-particle propagators at large spacelike momeasure of the quarkisertial mass.

menta. In QCD, where the propagators and Bethe-Salpeter The expression for thel* —H 7 coupling also simplifies:
amplitudes possess an anomalous dimension, we expect only

that Inmy—In"my, wherey is calculable. kiNg (= 5
gH*Hw:mH—Zf du(\u—Ep) ¢1(2)%Ep(2)
V2m?Jo

D. Other decay processes

In the heavy-quark symmetry limit Eq55) can be ex- x{o\[ost3oy]+(3u—EyJu)[oso—oyosl},
pressed in a particularly simple form because (95)
1°(0)= i (92) exposing a linear increase with the mass of the heavy meson.
|\7| ]l

Q
VII. RESULTS

which suggests the following “classical” formulation of the
width The calculation of all observables is a straightforward nu-

merical exercise. We simplify the integrands using the meth-
\3 ods illustrated in the appendix of RéfL8] and the expres-
NAME L m2,0) (o+ g)? (99 sions we actually evaluate are similar to those presented
H* therein with the important difference, however, that herein
we use the constituent-like dressed-quark propagator of Eq.
(6) for the c,b quarks,not Eq. (8).

aem

I‘H*HHy:

where we have introduced the quark magnetons:

e . 1 Our model has ten parameters plus the four quark masses,
==y M{=——. (94)  all of which are fixed via &? fit to the No,=42 heavy- and
2My J'(0) light-meson observables in Tables | and Il. This yiélds
|
g b{ b£ bé’ w‘gev GeV ‘ MGeV
u | 0.00948 2.94 0.733 7]0.204 p |0.515 D|1.81 ¢{1.32 (96)

s 10210 318 0.858 K|0.319 K*{0.817 B|1.81 b|4.63

"In the fitting we used?20] Vub 0.0033,V4=0.2205,V.,=0.9745, and/.,=0.039; and, in GeVM ,=0.77, My =0.892, and, except
in the kinematic factom(ml,mz,t) where the splittings are crucial, averaged and B-meson massesnpy=1.99, mg=5.35 (from mp
—1 87 mDS—l 97 MD*—Z 01 MD:—Z 11 ande 5 28 mBS—S 37 MB*—S 32 MB:—S 42)
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TABLE II. The 26 dimensionless quantities usedyif fitting our parameters. The weighting error is the
experimental error or 10% of the experimental value, if that is greater, since we expect that to be the limit of
accuracy of our model. The values in the “Obs.” column are taken from R26523,37—4Q0 The light-
meson electromagnetic form factors are calculated in impulse approxini&ties} and £(w) is obtained
from 8P (1) via Eq.(77).

Obs. Calc. Obs. Calc.
8-D(0) 0.73 058  f.r, 0.44+0.004 0.44
F (33 Gew) 0.097+0.019 0.077 B(B—D%*) 0.0453+0.0032 0.052
p? 1.53+0.36 1.84  ,B-D* 1.25+0.26 0.94
£(1.1) 0.86-0.03 0.84  AB D 0.19+0.031 0.24
£(1.2) 0.75-0.05 072 B(B—w) (1.8+0.6)x19-4 2.2
B—m
£(1.3) 0.66-0.06 063  f%17s cew) 0.82+0.17 0.82
B—m
£(1.4) 0.59-0.07 056 574 cer) 1.19+0.28 1.00
B—m
£(1.5) 0.53-0.08 050 200 cew) 1.89+0.53 1.28
B(B—D) 0.020+0.007 0.013 B(B—p) (2.5+0.9)y 194 4.8
B(D—K*) 0.047+0.004 0.049 fP~%(0) 0.73 0.61
V(0)P—K* 1.89+0.25 1.74  £277(0) 0.73 0.67
A(0)
I, D—K* 1.23+0.13 117  Qgrpn 23.0£5.0 23.2
I't
Ay(0)P—K" 0.73+0.15 0.87  Jp*pn 10.0+1.3 11.0
Ai(0)
H 2 _ 2 _ H H ~
with xy*/DOF=1.75 andx“/N,,s~1.17. The dimensionless Ep:=mp—M_.=0.67 GeV,

u,s current-quark masses correspondnig=5.4 MeV and
ms=119 MeV, and the parametelsy® and b3*°, which
were not varied, are given in EG7). A general comparison
of Eq. (47) with Eq. (96) reveals the light-quark propagators g calculated here is identical to the corrected heavy-meson
to be little modified, with an average Change in the param‘binding energy obtained using the heavy-quark Symmetry
eters of only 3%, and with this parameter set methods of Ref[18], while Ep is 4% less. These values

yield Ep /M ,=0.51 andEg/M,=0.15, which furnishes an-
other indication that while a heavy-quark expansion will be
accurate for thé quark it will provide a poor approximation
These values are little changed from those obtained with Egqr the ¢ quark. This is emphasized by the value of

(47: Mg=0.35M5=0.48, and are similar to the —,. which means that the Compton wavelength of the
constituent-light-quark masses typically employed in quarke-quark is greater than the length-scale characterizing the
models[41]: M ,4=0.33 GeV andM¢=0.55 GeV. Further, pound state’s extent.

Wy * /wp=1.59, which is identical to the value calculated Having fixed the model’'s parameters, in Tables IlI-V we
from Ref.[12], as we anticipated in Sec. IV E 2, and our report the calculated values of a wide range of quantities not
simple parametrization yieldg2] included in the fitting. Many articles report a calculation of
some of these quantities and Rg23,40,44,4%5can be con-

Eg:=mg—M,=0.70 GeV. (99)

ME=0.36 GeV, ME=0.49 GeV. (97)

B . _, € sulted for tabulated comparisons.
r,=0.69 fm, u,= '442Mp’ (98) The calculated dependence of the semileptonic transition

form factors that are the hadronic manifestation of the

values of thep-meson charge radius and magnetic moment—¢: b—U, c—s andc—d transitions is depicted in Figs. 3
that compare well with those in Ref12]: 0.61 fm and and 4. The form factors can kpproximatedby the mono-

2.6%,/(2M ). pole form

For the heavy quarks we note that their fitted masses are h(0)
consistent with the estimates of RE20] and hence that the h(t)= , (100)
heavy-meson binding energy is large: 1-t/hy
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TABLE lll. Calculated values of a range of observables not included in fitting the model’'s parameters,
with the light-meson electromagnetic form factors calculated in impulse approxinjéticg). The “Obs.”
values are extracted from Reff0,23,24,43

Obs. Calc. Obs. Calc.
fli 0.472+0.038 0.46  —f2rko (0.19+0.05) (0.10¥
Uy 6.05+0.02 527  Tpxo (MeV) <21 0.020
OK* KO 6.41+0.06 596 T'p«+ (keV) <131 37.9
g, 5.03+0.012 6.68  Tprp, (MeV) <1.9 0.001
fox (GeV) 0.290 I+, (keV) 0.030
fD: (Ge\/) 0.298 FB*OBO}/ (ke\/) 0.015
fg_ (Gev) 0.195+0.035 0.194 Tgrg, (keV) 0.011
o« (GeV) 0.200 B(D**—D*#9) 0.306+0.025 0.316
fgr (GeV) 0.209 B(D**—D%r") 0.683+0.014 0.683
fo./fo 1.10+0.06 1.10 B(D**—D"y) 0.011°3933 0.001
fe /fs 1.14+0.08 1.07 B(D*°-D%0) 0.619+0.029 0.826
fox /p 1.36  B(D*°—D%) 0.381+0.029 0.174
fgu /g 110  B(B—K*y) (5.7+3.3)5-5 11.4

with the dimensionless values &f0) given in Tables IV  due to the light-quark degrees of freedom and bound state

and V, andh,, in Ge\?, listed in Eq.(101). structure. The behavior of all the form factors is consistent
with lattice simulations, where results are availaj#id].

R . | o

A. Fidelity of heavy-quark symmetry

B — D,D" |(4.63) (5.73)* (4.64)* (4.61)° The universal function characterizing semileptonic transi-

. tions in the heavy-quark symmetry limi§(w), can be ob-
2 2 2 2
B mp  |(5:58)° —(21.5)* (6.94) (7.06) tained most reliably fronB—D,D* transitions, if it can be

D= K, K*|(2.31)F  (6.70)° (3.09)® (2.78)" obtained at all. Using Eq77) to extract it fromf®P(t) we
’ ' obtain

D—mp |(225)2 —(7.06)% (3.17)% (2.80)2
(101

£'+(1)=1.08, (102

which is a measurable deviation from E0). We plot
£+ (w)/£"+(0) in Fig. 5 and compare it with two experimen-
As expected, in each of the channels the magnitude of thtal fits [38]:
monopole mass is determined primarily by the heavy-quark
mass, with the actual value reflecting small modifications Ew)=1-p%(w—1), p?=0.91+0.15-0.16, (103

TABLE IV. Calculated values of some— c andb— u transition form factor observables not included in
fitting the model's parameters. The “Obs.” values are extracted from R2€523.

Obs. Calc. Obs. Calc.
AF~P*(0) 057  AB~D*({B-D* 0.88
AZ7P7(0) 056 AZ~P(tha) 1.16
VE=P(0) 0.70 B0 (8 0" 1.47
RB—D"(1) 1.30+0.39 132 RE-D*(1) 0.64+0.29 1.04
R?HD*(Wmax) 123 REHD*(Wmax) 0.98
aBr 0.60  fBP(tB P 1.21
f8-7(0) 045 37T 3.73
AB=r(0) 0.47  AP7r(tBo) 0.45
A37(0) 050  ABP(tB.7) 0.81
VB=r(0) 0.68  VBr(tBor) 1.17
R P(1) 115 RETP(1) 0.80
RY P (Wna) 144 REP(Wpna) 1.06
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TABLE V. Calculated values of some—s andc—d transition form factor observables not included in
fitting the model's parameters. The “Obs.” values are extracted from R2820.

Obs. Calc. Obs. Calc.
B(D"—p9) 0.032 PP 1.03
O —
B(D°—K") 0.037+0.002 0.036 B(D—p°) 0.044+0.034 0.065
B(D—K*)
A?HK*(O) 0.56+0.04 0.46 A?HK* (ta;XK*) 0.66+0.05 0.47
AD—K*(0) 0.39+0.08 0.40 AD—K* (DoK) 0.46+0.09 0.44
VP—K*(0) 1.1+0.2 0.80 VDHK*(ta;K ) 1.4+0.3 0.92
R?HK*(]_) 1.72 RQHK*(]_) 0.83
RY ™K (Wi 1.74 R (Wing) 0.87
B(D°— ) 0.103+0.039 0.098 0 (tha 1.31+0.04 111
B(D°—K)
9-7(0) 1.2+0.3 1.10 e (o 2.18
270
AP~P(0) 0.60 AD=P(tB P 0.58
AD~P(0) 0.54 ADP(tD P 0.64
Vvb=r(0) 1.22 VvP—r(tDr) 1.51
RD (1) 2.08 RS (1) 0.88
RY ™2 (Wpna) 2.03 RE ™2 (Wma) 0.91
2 S W= anw dependence well described by E05 but with
&(w)= exp (1—2p%)——=|,
w+1 w+1
=1.79, pA =1.99, p3=2.02, (107)
p?=1.53+0.36+0.14. (104

The agreement obtained here is possible because, unlike Ref.
[18], we did not employ a heavy-quark expansion for the

quark. Our calculated result is well approximated by

£ (w)= b7 =198 (109

1+§f2+(w— 1)’

We have also used Eq$82) and (83) to extracté(w)
from B—D*. This yields

£1(1)=0.987, &2(1)=1.03, ¢Y(1)=1.30,

and the ratios, Eqg84) and(85),

Rl(l)/Rl(WmaX):lOS7 R2(1)/R2(Wmax):106
(108

This collection of results furnishes a measure of the degree to

which heavy-quark symmetry is respected br-c pro-

cesses. Combining them it is clear that even in this case,
which is the nearest contemporary realization of the heavy-

quark symmetry limit, corrections 0£30% must be ex-
pected.

The scaling laws in Eq9487) and (88), which relate the
heavy—light form factors att=t_, can be tested if8,D

(106 —ar,p decays and we find
|
= _ AB+AB AB AD_ 7D vD AD AD fD
V;g-_o‘ﬁl A2+A3 Zlb— A2_AsB vE Z";BT X;B_ %
=051, 22=015| 032 077 133 1.29 0.79 1.68 0.58 (109
T2 =006, £2 =0.02| 045 0.82 0.86 0.87 0.72 0.99 0.62

The first line is obtained using the actual values of our modescaling laws fail in our model becauseandb-quark masses
parameters, Eq47), while the second uses artificially in- that are consistent with contemporary estimd do not

flated constituent-quark massesv,=1.76 GeV, M,

validate the approximationg, /my=0=M,/my used in

=5.18 GeV, andM ,=0. This comparison indicates that the the derivation of these laws.
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0.0

FIG. 3. Upper panel: calculated form of the semileptoBic
—D and B—D* form factors. Lower panel: the semileptorfic
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FIG. 4. Calculated form of the semileptond@—K and D
—K* (upper pangl andD— 7 andD— p (lower panel form fac-
tors. Monopole fits to our calculated results are given in EfB0)

—a and B—p form factors with, for comparison, data from a and (100.

lattice simulation[39] and a vector dominance; monopole model:
f8=7(t)=0.46/(1-t/m3,), mg«=5.325 GeV, the light, short-
dashed line. Monopole fits to our calculated results are given i

Egs. (100 and(102).

As noted in Sec. VI D, in the heavy-quark limit the radia-

.and unsurprising tha¥1™ is not a good measure of the con-

stituent mass when the binding energy is large.

VIIl. CONCLUSION

tive decays can be used to define an inertial mass for the

quarks. We find

MqJ?(0) M (GeV) Mi"(GeV)

D*— D
B*—~ B
D7 - D,
B; — B,

Comparing these results with Eq®6) and (97) it is clear

0.56

0.70

0.85
1.1

24
6.7
1.5
4.2

1.5
1.7
2.3
2.7

(110

We have described a direct extension of Dyson-
Schwinger equatiofDSE) based phenomenology to experi-
mentally accessible heavy-meson observables. In doing this
we explored the fidelity of a simple approximation, E6),
to the dressed-heavy-quark propagator. In our framework
this approximation is a necessary precursor to effecting a
heavy-quark expansion. However, in contrast to Refs.
[18,22, herein we elected not to consummate that expansion
and thereby achieved anified and uniformly accurate de-
scription of an extensive body of light- and heavy-meson
observables. In doing so our results indicate that corrections
to the heavy-quark symmetry limit o£30% are encoun-
tered inb— c transitions and that these corrections can be as
large as a factor of two ik—d transitions.
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0.60 APPENDIX: COLLECTED FORMULAS

The impulse approximation to the hadronic tensor de-
scribing the strong decay of a heavy vector mesoni jis
—P1, q=p1— P2, §*=—m?)
0.40 : :
1.0 1.2 1.4 1.6

. A__

MH Hw(pl,pz)zz\/Ether p(l; =p2)Se(l1)
FIG. 5. Calculated form of(w) compared with recent experi- '
mental analyses. Our result: solid line. Experiment: short-dashed R —
line, linear fit from Ref[38], Eq.(103); long-dashed line, nonlinear xil', (5p)Sy(DHT (1 =) Syl +a),
fit from Ref. [38], Eq. (104). The two light, dotted lines are this (A1)
nonlinear fit evaluated with the extreme valuespdf upper line,

p?=1.17 and lower linep?=1.89; data points, Ref46]. i o
and that for a light vector meson is similar:

Our calculation of the semileptonic transition form factors
for B and D mesons on their entire kinematic domain and A
with the light-quark sector well constrained is potentiall VPm = iTV(l T. -
useful in t%e gxperimental extraction of the CKpM matri>)</ Mk k2) 2ther| TulliPIS(l ) ello i —ke)
elementsV,,Vyp. That is true too of our calculation of the _
leptonic decay constants; e.g., accurate knowleddg @hn XSyl DT (105 =k)Sy(1-2),  (A2)
assist in the determination d,. They also indicate thdd;
mesons do not lie on the heavy—quark\/HQ trajectory. In - whereP=k;+k,, =1+ (al2)ki+(B/2)k;, andq=u,s
elucidating a mass formula valid for all nonsinglet pseudo-for V=p,K*.
scalar mesons, we demonstrated that in the heavy-quark limit The impulse approximation to the hadronic tensor de-
pseudoscalar meson masses gI’OWAlinearly with the mass gE”b'ng the rare neutra| current process”ﬁz(:l + pl,Z)
their heaviest constituent; i.empxmg. Our calculations
also provide an estimate of the total width of tbés)* and B_K*y
D*° mesons, for which currently there are only experimental'vI wy (P1,P2)
upper bounds.

Although this study is a significant improvement and ex- A,
tension of Refs[18,22], more is possible. One simple step is = 2ther F‘,f (I, —p2)Ss(l5)
a wider study of light vector meson observables so as to '
more tightly constrain their properties. Existing models for X Q01+ 75) Sy(1)Ta(1:p1) Sq(D). (A3)

the Bethe-Salpeter kernel are applicable to these systems and
studies akin to Ref.13] are underway. A pleasing aspect of
our study, however, is the demonstration that DSE phenom- The heavy-quark symmetry limits of the leptonic heavy
enology as applied extensively hitherto is well able to de-— light-meson transition form factors are E&6) and

scribe vector meson polarization observables. A more sig-

nificant extension is the development of a kernel applicable

to the study of heavy-meson masses. That would provide . Ners (o \/— v L 1

further insight into the structure of heavy-meson bound staté*1(!) = Ffo du(NVu—En)en(2)ei(2) fo ds N Ha,:
amplitudes. They are an integral part of our calculations but . M

only rudimentary models are currently available. It would (A4)
also assist in constraining DSE phenomenology via a com-
parison with calculations and models of the heavy-quark po-

. N Kf (@
tential. A= “dua-En (21612
o
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Ngry (*
A =255 fo du(\i-En)en(2)e)(2)
1 = 1
XfodT\/MQ '\7|_QHA2_HA3 ’ (AG)
Nk [ 1 =
V(D)= szfjo du(a- EH><pH<z><p.V<z>JO dr\RgH,,
(A7)

where z=u—2Ey\u, z=z+2X7u, X=(Mg/2)(1
—t/IM3), z,=(1- 7)(z+ 1u), and

Hy=0s0s— TU(asoy— oyae) +zoyoy,  (A8)
Ho=osoyt 2y( 050y — oyog) + Tuoyay,
(A9)
Ha,= 0505t X(osoy+ 25 050y — oy Ts])
- T\/G(O'SE'V_ Uv:Ts)
+(XTu+z+2z)0v0y, (A10)

PHYSICAL REVIEW D 60 034018

HAZZ_ZT\/G(O'S}V+T\/GO'V}V)1 (A11)

Ha,=Ha+ 27 uzoyoy, (A12)
with  o=0(2), o=(z;), o'=do(z)/dz and o’
=do(z,)/dz.

At t=0 the behavior of these form factors simplifies fur-
ther, as described by E1) and

Inmy Ncks

4A1(0)=Az(0)= _Ag(O):V(O):m—ﬁ’z P

x f:duu—EH/@@H(z)@Y(z)afs(zy

(A13)

In Egs.(A4)—(A13) all dimensioned quantities are expressed
in units of our mass scala,.
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