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Two photon decays of heavy vector mesonsB*\Bgg, D*\Dgg, and the possible
determination of the gB* „D* …B„D…p and gB* 0B0g couplings

Dafne Guetta* and Paul Singer†

Department of Physics, Technion- Israel Institute of Technology, Haifa 32000, Israel
~Received 26 April 1999; revised manuscript received 9 September 1999; published 10 February 2000!

We study the novel decaysB* →Bgg and D* →Dgg using the framework of the heavy meson chiral
Lagrangian (HMxL) to leading order in chiral perturbation theory. The branching ratios of these decays are
expressed in terms of the stronggB* (D* )B(D)p and the electromagneticgB* (D* )B(D)g couplings, thus providing
a possible tool for their determination. In the charm case, using the experimentally determined ratios (D* 0,1

→Dp)/(D* 0,1→Dg), we are able to express the branching ratio as a function of the strong coupling only.
We thus find 1.631026,Br(D* 0→D0gg),3.331025 for 0.25,g,1, whereg is the strong coupling of
HMxL. In the b-flavored sector, the Br(B* 0→B0gg) which we estimate to be in the 102721025 range is a
function of bothgB* Bp and gB* Bg . Its behavior does not afford an unambiguous determination of these
couplings except for the region of highg values such asg.0.6. The expected two-photon differential distri-
butions are presented for bothB* 0→B0gg andD* 0→D0gg, for different values of the couplings involved.

PACS number~s!: 12.39.Fe, 12.39.Hg, 13.20.He
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I. INTRODUCTION

The heavy vector mesonsB* andD* ~of spin-parity 12)
decay via spin-flip electromagnetic or strong interactions
the well-studied pseudoscalar ground statesB and D. The
decays ofD* are known to proceed either as a strong tra
sition D* →Dp with a final pion with momentum of abou
40 MeV or as an electromagnetic oneD* →Dg, with a final
photon with momentum of about 140 MeV. The situation
different for B* which has a mass of 5324.961.8 MeV;
since the mass differenceMB* 2MB is only 45.8 MeV,
there is no strongB* decay and the radiative processB*
→Bg is the dominant decay mode forB* .

In the present paper we study another possible elec
magnetic decay, the two-photon decay processesB* →Bgg
andD* →Dgg which were not considered previously in th
literature. In addition to the intrinsic interest in these nov
modes, we point out that their study could provide inform
tion on the strong couplingsgB* Bp and gD* Dp and on the
electromagnetic onesgB* Bg ,gD* Dg . The strong couplings
are directly related to the basic strong couplingg of the ef-
fective heavy meson chiral Lagrangian, which describes
interactions of heavy mesons with low-momentum pions

There is a major dissimilarity between the possibility
measuring the couplings in the charm andb-flavored sectors,
as a result of the different mass difference between the
spective vector and pseudoscalar mesons. In the charm
tor, the experimentally measured branching ratios of
D* 0,D* 1 decays into the allowedDp andDg modes lead
to relations betweengD* Dp and gD* Dg . Henceforth, the
D* →Dgg decay under study here is expressible in terms
the strong coupling only and would provide a convenie
tool for its measurement.

*Email address: firenze@physics.technion.ac.il
†Email address: phr26ps@physics.technion.ac.il
0556-2821/2000/61~5!/054014~10!/$15.00 61 0540
o

-

o-

l
-

e

e-
ec-
e

f
t

On the other hand, in theb-flavored sector where the
B* →Bp decay is forbidden by phase space, thegB* Bp cou-
pling is not directly accessible. And although theB* →Bg
decay is experimentally detected, the direct measuremen
its strength is an unlikely proposition at present, in view
the smallness of the expected value of its decay width.

However, as we show in this paper, the two photon de
B* →Bgg branching ratio turns out to be a function o
gB* Bp andgB* Bg , which opens the possibility for their de
termination, especially in particularly favorable regions
the @gB* Bp ,gB* Bg# parameter space.

Our analysis singles out the neutral modesB* 0(D* 0)
→B0(D0)gg as the more relevant ones in relation with t
determination of the the couplings under consideration.
addition to the direct radiative transition which is the so
contribution in neutral decays, and on which we concentr
in this paper, there is also the two-photon decay arising fr
bremsstrahlung in the chargedB* 1(D* 1)→B1(D1)g
channel. Since this radiation overwhelms the direct mode
we will show, one has to resort to the investigation of t
neutral modes if one aims for a cleaner determination of
strong couplings.

In Sec. II we review the present status of the main dec
of B* andD* , with which the rare two photon decays mu
be compared. In Sec. III we present the theoretical fram
work of our approach. Section IV contains the explicit tre
ment of the decay amplitudes. In the last section we sum
rize our predictions and we discuss certain features of
calculation.

II. EXPERIMENTAL AND THEORETICAL STATUS
OF B* AND D* PRINCIPAL DECAYS

The vector mesonsB* were firstly observed@1# by the
CUSB Collaboration at the Cornell Electron Storage Ri
~CESR! by detecting the photon signal from the radiati
decayB* →Bg. This signal of 46 MeV photons was con
firmed in improved CUSB-II measurements, with the vec
©2000 The American Physical Society14-1
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mesons produced at CESR at theY(5S) resonance@2#. Re-
cently the processB* →Bg has been observed also at t
CERNe1e2 collider LEP with the various detectors@3# in a
sample of over 43106 hadronicZ0 decays. The rate of the
B* -meson production relative to that ofB mesons is found
generally to be consistent with the expectation from s
counting. It is expected that this production rate will
maintained in futureB experiments at hadron machines, su
as the BTeV at Fermilab and Large Hadron Collider~LHC!
at CERN, where samples of the order of 1010 B’s are ex-
pected. Then, a fairly high sensitivity can be achieved in
study ofB* decays and measurements ofB* branching ra-
tios of the order 1027–1028 could be accessible.

In view of the small mass differenceDM (B* 2B)
545.7860.35 MeV @4#, which forbids strongB* decays,
the electromagnetic transitionB* →Bg appears as the mai
decay ofB* . This decay has been studied in a variety
theoretical models, including quark models@5–7#, the chiral
bag model@8# followed by effective chiral Lagrangian ap
proaches for heavy and light mesons@9–11#, potential mod-
els @12,13# and QCD sum rules@14,15#. The predictions of
these calculations span a range of nearly one order of m
nitude for the expected decay widths, betwe
G„B* 0(B* 1)→B0(B1)g…50.04(0.10) keV @14# and
G„B* 0(B* 1)→B0(B1)g…50.28(0.62) keV@8#, with most
of the calculations@6,7,9,15# giving values closer to the
larger values of Ref.@8#.

The D* meson was discovered more than 20 years
@16# and has been subsequently studied in several exp
ments at different accelerators e.g.@17–22#. The D* 1(M
52010.060.5 MeV) and D* 0(M52006.760.5 MeV)
have relatively little phase space for strong decay intoD
1p. The current PDG averages@4# for the measured branch
ing ratios of the observed decays are Br(D* 1

→D1p 0) : Br(D* 1 → D0p 1) : Br(D* 1 → D1g) 5 (30.6
62.5)%:(68.361.4)%:(1.112.120.7)% and Br(D* 0

→D0p0):Br(D* 0→D0g)5~61.962.9!%:~38.162.9!%. The
most recent experiment onD* 1 decays@21# gives more ac-
curate branching ratios for the three decay channels as
lows: (30.760.7)%:(67.660.9)%:(1.760.6)%.

Although there are, by now, good data on the branch
ratios, there is still no absolute measurement of any of
partial decay widths. The tightest upper limit has been es
lished by the ACCMOR Collaboration at CERN@22# from
the measurement of 127D* 1 events using a high-resolutio
silicon vertex detector, to beG(D* 1),131 keV. The other
closest limit, obtained by the HRS Collaboration@18#, gives
upper limits of 1.1 MeV and 2.1 MeV for the total deca
widths of the charged and neutralD* ’s.

The decays ofD* have also been treated extensively in
plethora of theoretical models. Many of the papers we m
tioned concerning theB* decay@5–15# discuss also theD*
decays. In addition, we want to mention the early approac
@23,24# with effective Lagrangian including symmetry brea
ing, a relativistic quark model@25#, the study ofD* decays
using the chiral-bag model which contains pion exchan
effects~pion loops! @26#, the use of QCD sum rules@27#, a
chiral model withMc→` @28# and the comprehensive anal
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sis of Kamal and Xu@29#. Recently@30#, the strength of the
various decay channels ofD* has been extracted from a
analysis of the experimental branching ratios by the use
the chiral perturbation theory.

In the D* case, the theoretical calculations again span
order of magnitude range for the prediction of the absol
decay widths, from a small width ofG(D* 0).(3 –10! keV
@14,28# to G(D* 0).~60–120! keV @9,24,25#, including
fairly large uncertainties. It should be emphasized at t
point that the chiral bag calculation (x) has offered the bes
estimation for the branching ratios@26# Brx(D* 1→D1p0):
Brx(D* 1→D0p1):Brx(D* 1→D1g)531.2%:67.5%:1.3%
and Brx(D* 0→D0p0):Brx(D* 0→D0g)564.3%:35.7%.

The recent experiments have confirmed@4,21# these rela-
tive ratios and dispersed the puzzling features which p
vailed previously concerning the radiative branching ra
and the relative ratios ofD* 1 strong channels~see, e.g., Ref.
@29#!. The prediction of the chiral bag model@26# is
G(D* 1→ all)579 keV, G(D* 0→ all)559.4 keV. Sev-
eral of the other calculations result in fairly similar valu
@5,6,29# as well as predicting forG(D* 0) a value approxi-
mately 25% smaller than forG(D* 1). There are also calcu
lations in which these widths are nearly equal@11,14# or, on
the contrary, calculations givingG(D* 1) to be at least twice
larger thanG(D* 0) @15,27,28#.

The experimental and theoretical survey we presen
here is obviously of direct relevance to our calculation as
absolute values ofB* and D* widths will affect the prob-
ability of the B* →Bgg andD* →Dgg future detection.

III. MODEL FOR TWO-PHOTON TRANSITION

Substantial progress has been made in recent years in
treatment of the interactions of heavy mesons containin
single heavy quark with low momentum pions, by the use
an effective Lagrangian@31–33#, the so-called ‘‘heavy me-
son chiral Lagrangian’’ (HMxL), which embodies two prin-
cipal symmetries of quantum chromodynamics~for a com-
prehensive review of this theoretical framework and
applications, see@34#!. At the leading order in an 1/MH ex-
pansion (MH is the mass of the heavy meson! and the chiral
limit for the light quarks (ml→0,l 5u,d,s), the Lagrangian
carries flavor and spin symmetry in the heavy meson sec
as well asSU(3)L ^ SU(3)R chiral invariance in the light
meson one. We adopt this framework for the calculation
the processes we study here, namely theB* (D* )
→B(D)gg decays, and we shall use it to display the po
sible usefulness of these transitions for the determination
the gB* Bp ,gD* Dp andgB* Bg couplings.

The heavy vector (B* or D* ) and pseudoscalar (B or D)
mesons are represented by a 434 Dirac matrixH, with one
spinor index for the heavy quark and the second one for
light degree of freedom:

H5
11v”

2
@Bm* gm2Bg5#, H̄5g0H†g0 , ~3.1!

wherev is the meson velocity, andvmBm* 50 andBm* ,B are
the respective annihilation operators of the meson fields.
4-2
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TWO PHOTON DECAYS OF HEAVY VECTOR MESONS . . . PHYSICAL REVIEW D 61 054014
shall usually refer henceforth toB* →Bgg with the under-
standing that the same treatment holds forD* →Dgg. How-
ever, we shall specify the two channels separately when
merical or other specific features make it necessary.

The relevant interaction term of the HMxL, representing
the coupling of heavy mesons to an odd number of pions
given by @31,32#

L HMxL
int 5gTr~H̄agmg5A ab

m Hb! ~3.2!

where the axial currentA m is

A m5
i

2
~j†]mj2j]mj†! ~3.3!

and j5exp(iM/ f ), with M being the usual 333 matrix
describing the octet of pseudoscalar Nambu-Goldst
bosons. The axial coupling constantg is one of the basic
parameters of the HMxL, which is of direct import to our
problem.a,b denote light quark flavors (a,b51,2,3) andf is
the pion decay constant,f 5132 MeV. Expanding the axia
current and using the first termA m52(1/f )]mM1••• one
obtains the effective Lagrangian representingB* B-pion and
B* B* -pion interactions, which are the relevant ones in o
problem. Thus,

L eff
1 5F2

2g

f
Bm* ]mMB†1H.c.G

1
2gi

f
eabmnB* b]mMB* †a

vn. ~3.4!

The dimensionlessB* Bp coupling is defined as@34#

^p~q!B̄~v1!uB* ~v2 ,e2!&5gB* Bp~q2!qme2
m ~3.5!

whereem is the polarization vector ofB* , with the physical
coupling given by the limitq2→mp

2 . We use the same nor
malization convention as in@34#.

Throughout this work, we assume that the variation
gB* Bp with q2 in the region of our treatment can be safe
neglected. Likewise, we define

^p~q!B̄* ~v1 ,e1!uB* ~v2 ,e2!&

5gB* B* p~q2!eabmne1
ae2

bqmv1
n , ~3.6!

with the same remarks as above.
We also note that the isospin symmetry requires

gB* Bp[gB* 1B0p152A2gB* 1B1p05A2gB* 0B0p0

52gB* 0B1p2 ~3.7!

and thegB* Bp so defined is the commonly used in the liter
ture.

The relation~3.7! holds similarly forgB* B* p ,gD* Dp and
gD* D* p couplings.

Now, from Eqs.~3.2!–~3.4!, using the definition~3.5! one
has
05401
u-

is

e

r

f

gB* Bp5
2MB

f
g5gB* B* p

gD* Dp5
2MD

f
g5gD* D* p . ~3.8!

Note that, in deriving Eqs.~3.8! one assumesB,B* (D,D* )
mass degeneracy. In order to calculate theB* →Bgg decay
width we use the interaction Lagrangian~3.4! to the leading
order in chiral perturbation theory, which is an appropria
tool here, in view of the smallness ofMB* 2MB .

The calculation of the radiative processesB* (D* )
→B(D)gg obviously requires the incorporation of the ele
tromagnetic interaction in our Lagrangian~3.4!, which is
performed@30,35# by the usual procedure of gauging th
Lagrangian with theU(1) photon field. This leads to the
replacement of the derivative operators in the Lagrangian
covariant derivatives containing the photon field, explici
exhibited in @35#. Nevertheless, the new Lagrangian st
does not provide for couplings to induce the observedB*
→Bg, D* →Dg magnetic dipole transitions. This nece
sitates the introduction of an additional term in the Lagran
ian, a contact gauge invariant interaction proportional to
electromagnetic fieldFmn , which is given by@30,35#

L5
em

4
Tr~H̄asmnFmnHbdab!, ~3.9!

wherem is the strength of this anomalous magnetic dipo
interaction, having mass dimension@1/M #.

Additional terms arising from an 1/MH expansion exist
@30,35#; however, several of them, including the radiation
the heavy quark, can be absorbed in Eq.~3.9! by redefining
m. In the present paper, we shall considerm as an effective
coupling, representing the strength of theB* (D* )B(D)g
transition.

ExpandingH in terms of the components, one obtains, f
the additional electromagnetic interaction,

L eff
2 52emFmn@ iBm*

†Bn* 1eabmnva~B†Bb* 1H.c.!#
~3.10!

which exhibits B* Bg and B* B* g couplings with equal
strength, as given by the heavy quark symmetry. From
~3.10! we obtain the respective vertices, which are

^g~k,e!B̄* ~v1 ,e1!uB* ~v2 ,e2!&

5emMB* ~e1•ke•e22e2•ke•e1! ~3.11!

FIG. 1. The anomaly graph forB* (D* )→B(D)gg.
4-3
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^g~k,e!B̄~v1!uB* ~v2,e2!&

52 ieMB* memnabemknv2
ae2

b . ~3.12!

The propagator of the heavy vector meson is given
2 i (gmn2vmvn)/2@(v•k)2D/4#, where D5MB* 2MB and
v,k are the velocity and the residual momentum. The pro
gator of the heavy pseudoscalar meson isi /2@(v•k)
13D/4# @34#.

Now, considering Lagrangians~3.4! and~3.10!, as well as
the axial anomaly responsible for thep0→gg, we classify
the diagrams contributing toB* →Bgg in the leading order
of chiral perturbation theory as follows:

There is the diagramB* 0→B0‘ ‘ p ’ ’ →B0gg ~Fig. 1!, via
a virtual pion ~the somewhat different situation inD*
→Dgg will be analyzed in the last section!. This diagram
contains the known strength of the pion axial anomaly. Th
there is the loop graphB* 0→(B* 1p2)→B0gg ~Fig. 2!,
with the photons radiated from the virtual charged pion
the loop, with additional graphs of the same class, as sp
fied in the next section. The first graph is proportional to
gB* Bp coupling, while the loop graph contains th
gB* BpgB* B* p product. In addition we have the tree lev
diagram with two insertions of the magnetic operator defin
in Eq. ~3.10!, leading toB* 0→B* 0g→B0gg ~Fig. 3!. This
graph depends only on them magnetic moment. Finally we
have a class of one loop diagrams which involve both
magnetic moment and the strong coupling, which is exh
ited in Figs. 4–6. We did not include the contribution
diagrams containing three heavy meson propagators whic
negligible. Needless to say, the determination ofgB* Bp

would be simpler, should the first two graphs domina
However, this is not true forD* decay, while it can be true
for theB* decay for an opportune range of parameters as
discuss in the next section.

We remark at this point that corrections to Eq.~3.2! which
arise from higher terms in the 1/MH expansion as well as in
chiral breaking have also been investigated@30,34,36,37#. A
comprehensive inclusion of these corrections in the calc
tion of the two-photon decays of heavy vector mesons
beyond our scope in this first treatment of these proces

FIG. 2. Loop graph forB* (D* )→B(D)gg which depends only
on the strong coupling. Additional graphs of this kind are discus
in the text.

FIG. 3. Tree graph forB* (D* )→B(D)gg.
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Nevertheless, we note that we shall use physical masse
the degenerate doublet of heavy mesons both in the l
propagators and in the decay calculations; moreover, the
ral loops included are themselves of order 1/MH . The terms
we include are the leading ones in chiral perturbation theo
and are of the same order in an 1/Nc expansion; moreover, to
this order there are no counterterms@38#.

It is appropriate to mention now that thegB* Bp ,gD* Dp

couplings were estimated in recent years by the use o
variety of theoretical techniques, such as QCD sum ru
@14,27#, soft pion approximation@39# and other methods
@9,10,30,36,37,40#. Generally, the values ofg obtained in
these works are in the rangeg50.25–0.7, significantly
smaller than the quark model result ofg51 or of modified
quark models@24,41,42# which brought this value slightly
below 1. The most recent determinations ofg include an
analysis@34# of various theoretical approaches which lea
to a ‘‘best estimate’’ ofg50.38, a recent lattice determina
tion giving 0.42(4)(8) @43# and the analysis of Stewart@30#
which incorporates symmetry breaking terms in the Lagra
ian and obtainsg50.2720.04

10.09.
Finally, the experimental limitG(D* 1),131 keV @22#

puts an upper limit ofg,0.71, using G(D* 1→D0p1

1D1p0)5(g2/4p f 2)upW pu3.
The existing theoretical estimates we mentioned, g

0.04 keV,G(B* 0→B0g),1 keV and 0.10 keV
,G(B* 1→B1g),1 keV, where we allowed for a slightly
higher upper limit. We redefine the magnetic coupling in E
~3.10! to a dimensionless quantitym̄5MB* m5gB* 0B0g and
m̄15MB* m15gB* 1B1g ; then the above limits give the
ranges 2.2,m̄,11.0 and 3.5,m̄1,11.0.

IV. THE DECAY AMPLITUDES

We present now the explicit expressions of the decay a
plitudes, which in our approach, to leading order in chi
perturbation theory, consist of the contribution of th
anomaly graph~Fig. 1!, the tree level graph~Fig. 3! and the
loop graphs~Figs. 2, 4–6!.

FIG. 4. Loop graph forB* (D* )→B(D)gg which involve both
magnetic and the strong couplings. Instead ofB* (D* ) in the first
propagator we can haveB(D).

FIG. 5. Loop graph forB* (D* )→B(D)gg which involve both
magnetic and the strong couplings. Instead ofB* (D* ) in the loop
we can haveB(D).

d

4-4



se

nd

te

vy
re

eir
em

ng
ion
ne
er

the

a
ves

the
ne
er

TWO PHOTON DECAYS OF HEAVY VECTOR MESONS . . . PHYSICAL REVIEW D 61 054014
In presenting the differential decay distribution, we u
the following variables:

s5~p2p8!25~k11k2!2

t5~p2k1!25~p81k2!2

u5~p2k2!25~p81k1!2 ~4.1!

with

t1s1u5MB*
2

1MB
2 , ~4.2!

wherek1 ,k2 are the four-momenta of the two photons a
p,p8 are the four-momenta of the decayingB* and the final
B respectively. The allowed ranges fors and t are

0<s<~MB* 2MB!2, t2<t<t1 ,

t65
1

2
@~MB*

2
1MB

22s!

6A~MB*
2

1MB
22s!224MB*

2 MB
2 #. ~4.3!

The amplitudes are given forB* 0→B0gg and we shall
remark on the changes appearing inD* 0→D0gg whenever
required. The amplitude from the anomaly graph, media
by a pion, is

Aanomaly~B* 0→B0gg!5
agB* Bp

A2p f
eB*

m e1
le2

g 1

s2mp
2

3elgtrk1
tk2

r~k11k2!m , ~4.4!

where eB* ,e1 ,e2 are the polarization vectors of the hea
vector mesonB* and the two photons respectively. There a
additional contributions fromh,h8 which are not specified
in Eq. ~4.4!. As we shall describe in the next section, th
contribution is rather small and we may safely neglect th
at this stage.

For the tree level graph we find

Atree~B* 0→B0gg!5
4pam̄2

MB*
egdabeB* sp8a

3F e2
gk2

d~e1
sk1

b2e1
bk1

s!

t2MB*
2 1

e1
gk1

d~e2
sk2

b2e2
bk2

s!

u2MB*
2 G

~4.5!

FIG. 6. Loop graph forB* (D* )→B(D)gg which involve both
magnetic and the strong couplings.
05401
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The loop contribution which depends only on the stro
coupling is given by a sum of several diagrams. In addit
to that explicitly shown in Fig. 2 there are diagrams with o
photon radiated by the virtual pion in the loop and the oth
emitted from theB* B* p, B* Bp vertices or both photons
emitted from these vertices, or both photons emitted from
loop by theppgg vertex. In the limit of photon momenta
small compared to the pion mass, which we find to be
suitable approximation, the class of diagrams of Fig. 2 gi

Aloop
1 ~B* 0→B0gg!

5
agB* BpgB* B* p

8pMB*
emhabeB*

m vbe1
le2

g~k11k2!h

3F3~gg
avl1gl

avg!1
1

9mp
~gg

ak2l1gl
ak1g!G .

~4.6!

Finally other loop contributions to theB* →Bgg decay
come from diagrams where both the strong coupling and
magnetic one are involved. There are diagrams with o
photon radiated by the virtual pion in the loop and the oth
emitted from the ingoingB* particle through theB* B* (B)g
vertices ~Fig. 4!, or from the outgoing particleB* which
becomesB through theB* Bg vertex~Fig. 5!, or from theB
in the loop which becomesB* through theB* Bg vertex
~Fig. 6!.

The amplitude corresponding to Fig. 4 with aB* B* g
vertex is

Aloop
2 ~B* 0→B0gg!

5
11a~MB* 2MB!gB* B* pgB* Bpm̄

16pMB*
2 easgd

3F @k1
a~eB* •e1!2e1

a~eB* •k1!#
~p2k1!de2

gk2
s

t2MB*
2

1@k2
a~eB* •e2!2e2

a~eB* •k2!#
~p2k2!de1

gk1
s

u2MB*
2 G .

~4.7!

The amplitude corresponding to Fig. 4, where aB* Bg
vertex replaces theB* B* g appearing in Fig. 4, is

Aloop
3 ~B* 0→B0gg!5

9amp
2 gB* Bp

2 m̄

4pMB*
emnabeB*

n vavg

3F e1
mk1be2

g

t2MB*
2 1

e2
mk2be1

g

u2MB*
2 G . ~4.8!

The amplitude corresponding to Fig. 5 withB in the loop
is
4-5
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Aloop
4 ~B* 0→B0gg!

5
3amp

2 gB* Bp
2 m̄

8pMB*
2 emnareB*

s
~gg

rvs1gs
r vg!

3F ~p2k1!ae2
mk2

ne1
g

t2MB*
2 1

~p2k2!ae1
mk1

ne2
g

u2MB*
2 G

~4.9!

and the one withB* in the loop is

Aloop
5 ~B* 0→B0gg!

5
3amp

2 gB* B* p
2 m̄

16pMB*
3

3eabgdeB*
b vdehajremnsh~ggrvt1gt

gvr!

3F ~p2k1!j~p2k1!se1
te2

mk2
n

t2MB*
2

1
~p2k2!j~p2k2!se1

me2
tk1

n

u2MB*
2 G . ~4.10!

Finally the amplitude corresponding to Fig. 6 is

Aloop
6 ~B* 0→B0gg!

5
11agB* Bp

2 m̄1

24pMB*
3 emnabeB*

s

3F1

3
~k11k2!se1

ae2
mk1

nk2
b1

1

2
pa

3@e2
mk2

b~e1sk1
n1e1

nk1s!1e1
mk1

b~e2sk2
n1e2

nk2s!#G .
~4.11!
05401
In theB* decay, the pions are the sole contributions in t
loop, while in theD* →Dgg calculation we include both
pions and kaons.

Let us callA the sum of all the amplitudes:

A5Aanomaly1Atree1Aloops ~4.12!

where Aloops is the sum of all the amplitudesAloops
i ,i

51, . . . ,6,which come from the loops.
The square of the above amplitude, when averaged o

the initial spin and summed over the final spins, is

uĀu25
1

2 (
spins

uAu2, ~4.13!

where we have included the factor1
2 in order to take into

account two identical particles in the final state.
The differential decay rate of photon energy is obtain

by integrating the following expression over the variablet:

dG

ds
5

1

~2p!3

1

32MB*
3 E

t2

t1

uĀu2dt. ~4.14!

There is a major difference in the anomaly contribution
theB* andD* decays. Since thep0 appears in the physica
region in theD* 0→D0p0 decay, we have to isolate the on
shellp0 decay in theD* 0→D0gg mode. Hence, for theD*
case we limit ourselves in the integration ofdG/ds to a
region which goes froms50 up to 20 MeV away from the
pion mass.

Using now the physical masses ofMB* ,MB ,MD* MD @4#
and Eq.~3.8! we obtain, for the decay rates ofB* →Bgg,
the following expression:
G~B* →Bgg!5~3.40310216g211.53310212g414.81310217g3m̄11.53310213g4m̄14.71310217gm̄2

19.81310214g4m̄212.65310216g2m̄311.38310216m̄412.67310216g3m̄112.90310217g4m̄1

18.94310220g4m̄m̄119.11310220g2m̄2m̄117.21310217g4m̄1
2 ! GeV. ~4.15!

As we can see this is a function of both the strong couplingg and the magnetic dipole strengthm̄,m̄1 which represent the
effectivegB* 0B0g andgB* 1B1g couplings. For theD* →Dgg we have

G~D* →Dgg!5~2.52310211g215.85310210g411.79310212g3m̄14.43310211g4m̄11.30310212gm̄2

13.50310211g4m̄212.42310213g2m̄312.18310212m̄411.01310211g3m̄112.95310213g4m̄1

12.11310214g4m̄m̄111.70310214g2m̄2m̄112.05310212g4m̄1
2 ! GeV. ~4.16!
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In this case we can relate the magnetic coupling to the str
coupling using the existing experimental informations
G(D* 0→D0p0): G(D* 0→D0g) of (61.962.9)%:(38.1
62.9)%, which gives rise to the relationm̄.6.6g, and
G(D* 1→D0p1):G(D* 1→D1g) of (67.660.9)%:(1.7
60.6)%, which gives rise to the relationm̄1.1.7g. Then
we can write the decay width solely as a function ofg, which
is a crucial step in the engagement of this decay as a too
measuringg:

G~D* →Dgg!5~2.52310211g215.66310211g314.76

31029g413.64310210g5

11.5331029g6! GeV. ~4.17!

We used in Eqs.~4.15!, ~4.16! the same notation ofm,m1

for the magnetic moment strength in both the charmed
b-flavored sectors although they are probably not equal
the physical processes. However, since in the charm cas
magnetic coupling has been related to the strong one,
m,m1 will denote in the rest of the paper the strength of t
B* 0,1→B0,1g transitions.

The experimentally measured branching ratios ofD*
→Dp, D* →Dg lead to relations betweenm̄,m̄1 and g
modulo an unknown phase. We have allowed also for
possibilities of negative relative signs amongm̄,m̄1 and g
and as it turns out, this affects only slightly the numeric
picture, due to the fact that the main contribution is given
quadratic terms. In Eq.~4.18! we give for comparison the
expression obtained form̄526.6g,m̄1521.7g:

G~D* →Dgg!m̄5neg5~2.52310211g2

15.66310211g314.7031029g4

23.64310210g511.53

31029g6! GeV. ~4.18!

This ambiguity will be further discussed in the next se
tion. The difference between the rates ofB* and D* is
mainly due to the different phase space.

In discussing the two photon radiative decays, we sh
refer in the next section to the following quantities:

Br~B* →Bgg!5
G~B* 0→B0gg!

G~B* 0!
5

G~B* 0→B0gg!

G~B* 0→B0g!

~4.19!

Br~D* →Dgg!5
G~D* 0→D0gg!

G~D* 0!

5
G~D* 0→D0gg!

G ~D* 0→D0g!1G~D* 0→D0p0!
. ~4.20!

V. DISCUSSION AND CONCLUSIONS

The formalism we have presented refers to the decay
the neutral heavy vector mesonsB* 0,D* 0, as it will the nu-
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merical analysis of our results, which will be given belo
For the charged decays,B* 1→B1gg and D* 1→D1gg,
one has to consider also the bremsstrahlung emission w
appears in diagrams of Figs. 3 and 4 and additional ones.
bremsstrahlung radiation comes from the initial or the fin
charged particles. To give an idea of this effect we ha
calculated the part of the bremsstrahlung amplitude whic
due to radiation from the finalB1 particle in the amplitude
B* 1→(B1g)→B1gg. It is

A brem
B1

54pagB* BgeB*
m e1

le2
gpaF elmabk1

bpg8

~ t2MB
2 !

1
egmark2

rpl8

~u2MB
2 !

G .

~5.1!

This amplitude~and the ones given byB* 1 radiation! has
to be added in order to get the full amplitude for theB* 1

→B1gg decay. An estimate of the bremsstrahlung dec
width, from Eq. ~5.1! only, using for the unknowngB* Bg
vertex a value leading toG(B* 1→B1g)50.14 keV @34#
leads to a decay width of;1029 GeV for k1 ,k2
>10 MeV, considerably larger than Eq.~4.15!. The use of
the chargedB* 1→B1gg thus involves a different type o
analysis in view of the relative size of the different comp
nents ofuA(B* 1→B1gg)u2 and is less useful for a determ
nation of g. A similar situation is encountered forD* 1

→D1gg. Thus, we concentrate here on the ‘‘safer’’ neut
decays and we relegate the discussion of the charged de
to a separate work, in which we consider the usefulness
G(B* 1→B1gg) for the determination ofgB* 1B1g @44#.

We proceed now to analyze the results on the two dec
separately and we start withD* 0→D0gg transition for
which the rate~4.17! was obtained.

The many theoretical estimates forg we mentioned in
Sec. III are spread over the range 0.25,g,1 @we also re-
mind the reader that the experimental result@22# on the up-
per limit of G(D* 1→ all) can be interpreted asg,0.71].
Using this range and Eqs.~4.17!,~4.18!, we can establish the
expectation

G~D* 0→D0gg!.~0.022226.73! eV. ~5.2!

The most promising feature of the present analysis ar
when we use the existing experimental informations
G(D* 0→D0p0):G(D* 0→D0g) of (61.962.9)%:(38.1

TABLE I. Predictions for the variousD* →Dgg decay for vari-
ous values ofg @Eq. ~5.5!#.

g

Br(D* )

(m̄56.6g,m̄151.7g)

Br(D* )

(m̄526.6g,m̄1521.7g)

g50.25 1.731026 1.731026

g50.38 3.931026 3.731026

g50.5 6.931026 6.331026

g50.7 1.431025 1.331025

g51 3.331025 2.931025
4-7
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62.9)% to transform Eq.~4.20! into a ratio of G(D* 0

→D0gg) to the total D* 0 width which becomes propor
tional to g2.

Using

G~D* 0→D0p0!5
1

12p

g2

f 2
upW pu351.2531024g2 GeV

~5.3!
s

he
er
s

p
ha
te

m
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th
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and the (61.962.9)%:(38.162.9)% relative branching ra
tio, we arrive at

G~D* 0→ all!5~2.0260.12!31024g2 GeV. ~5.4!

Thus from Eqs.~5.4! with ~4.17! we can obtain a branching
ratio which depends on g2 only:
Br~D* 0→D0gg!5
~0.02510.057g14.76g210.36g311.53g4!31029g2

2.0231024g2
. ~5.5!
d 8
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With our model forD* 0→D0gg, the measurement of thi
ratio will thus constitute a measurement of theg coupling.
Using again the accepted expectation of 0.25<g<1, we pre-
dict

Br~D* →Dgg!5
G~D* 0→D0gg!

G~D* !
5~0.1623.3!31025.

~5.6!

A few remarks are in order: first, the sign question. T
observed branching ratios do not afford to establish exp
mentally the sign ofg/gD* 0D0g . On the other hand, there i
theoretical support from the analysis of Stewart@30# on the
positive sign of this ratio. However, even if we assume o
posite sign for various pairs of the couplings, we found t
the changes are rather small, and this is explicitly exhibi
in Table I, and included in Eq.~5.6!.

The differential distribution in thes variable can also be
used to learn about the value ofg, due to the fact that the
different contributions depend on different powers ofg. Fi-
nally we remark that the contributions from the diagra
exhibited in Fig. 4 are rather small, as a result of two hea
propagators. The main contributions are those of

FIG. 7. The differential decay widthdG(D* →Dgg)/ds ~eV!
as a function ofs with the valueg50.7.
i-

-
t
d

s
y
e

anomaly and of the graphs of Figs. 2 and 3. In Figs. 7 an
we present the differential distributions ins for g50.7 and
g50.25. In the latter, the contributions containing a high
power of g are diminished and the effect of the anoma
becomes visible in the higher end of the spectrum.

Turning now to theB* →Bgg, we have a rather differen
situation. First, there is only one major decay ofB* , namely
B* →Bg, which precludes an analysis like inD* decays.
The branching ratio~4.19! depends on three parameter
gB* Bp ~or g), gB* 0B0g ~or m) andgB* 1B1g ~or m1). At this
point, we rely on the theoretical estimates presented in S
II and constrain our analysis to the regions given by exist
calculations.

Now, an inspection of Eq.~4.16! shows thatm1 , which
appears only in diagram of Fig. 6, has a very little effect
the rate, whetherm,m1 are at the lowest or at the highest en
of their value, for any value ofg. Hence, we continue ou
analysis in the parameter space of@g,m# only.

In Table II we present the values of Br(B* →Bgg) for
different values ofg and the two extreme values ofm, cor-
responding toG(B* →Bg)540 eV and 1 keV. Again, as
suming that relative negative signs are possible we give
the last column the branching ratio form522.2. Clearly, a

FIG. 8. The differential decay widthdG(D* →Dgg)/ds ~eV!
as a function ofs with the valueg50.25.
4-8
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branching ratio in the 1027–1026 range will not allow one to
pinpoint accurate values for the two couplings.

Nevertheless, if the branching ratio turns out to be in
1025 range, it can only be caused by large values ofg, say
g.0.6.

We wish also to mention an additional scenario: theg
coupling will probably be measured directly inD* decays,
or indirectly from Br(D* 0→D0gg) or other methods. With
this knowledge, Br(B* 0→B0gg) becomes a function o
gB* 0B0g only and it could provide the desirable measurem
of this coupling. This is a very interesting issue, since
pointed out already some time ago@26#, there is no other
possibility of measuring the width of theB* →Bg decay
with presently known techniques.

In Figs. 9, 10, and 11 we give the differential distributio
of dG(B* →Bgg)/ds for g50.5 and three different value
of m. Clearly, onceg is known one may use accurate diffe
ential distributions to distinguish between differentm values.

At this point we also wish to make some remarks on
similar decays of the strange heavy vector mesons,Bs*

0

→Bs
0gg and Ds*

1→Ds
1gg, which were not mentioned s

far. In both these cases the pion anomaly is further s
pressed, sinceBs*

0→Bs
0p0,Ds*

1→Ds
1p0 can proceed only

by isospin violation, e.g., viah –p0 mixing. On the other
hand, both decays can proceed via chiral loops with char
K mesons in the loops,B* s

0→(K1B* 2)→Bs
0gg and D* s

1

→(K1D* 0)→Ds
1gg. However, one must add that fo

D* s
1→Ds

1gg there is the complication of the bremstrahlu
and we shall disregard it here.

FIG. 9. The differential decay widthdG(B* →Bgg)/ds ~eV! as
a function ofs with the valueg50.5 andm52.2.

TABLE II. Predictions for the variousB* →Bgg decay differ-
ent values ofg andm.

g Br(B* )(m̄52.2) Br(B* )(m̄511.0) Br(B* )(m̄522.2)

g50.25 3.131027 1.931026 2.431027

g50.38 1.331026 2.231026 9.431027

g50.5 3.731026 2.931026 2.731026

g50.7 1.431025 5.531026 9.231026

g51 4.831025 9.031026 3.831025
05401
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We calculated therefore only theB* s
0→Bs

0gg decay, and
the situation is quite similar to that encountered inB* 0 de-
cay; therefore we do not repeat this analysis here.

Before concluding we comment on a few points whi
were neglected in our treatment.

~1! We calculated also the contribution to the anoma
term of a virtualh exchange for theD* →Dgg decay. The
inclusion ofh modifies our result in Eq.~4.16! by a factor of
(11gD* Dh/10gD* Dp). SincegD* Dh andgD* Dp are expected
to be comparable, this is a small effect.

~2! We neglected the off-shellq2 dependence of the
anomaly which could have some effect, especially in theD*
decay. This should be included in a more detailed treatm

To summarize, we have used the heavy meson chiral
grangian to present the first treatment of the rareB* 0

→B0gg, D* 0→D0gg. The decay rates depend on th
strong gB* Bp ,gD* Dp couplings and on the strength of th
magnetic dipole transitionsgB* Bg ,gD* Dg . The strong cou-
plings are expressed in the chiral Lagrangian by the str
axial couplingg.

We have shown that Br(D* 0→D0gg) can be given as a
function of g only, and as such, it would provide an appr

FIG. 10. The differential decay widthsdG(B* →Bgg)/ds ~eV!
as a function ofs, with the valueg50.5 andm55.7.

FIG. 11. The differential decay widthsdG(B* →Bgg)/ds ~eV!
as a function ofs, with the valueg50.5 andm511.0.
4-9
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priate tool for its measurement. For the conventionally
visaged range 0.25,g,1 we calculated 1.631026

,Br(D* 0→D0gg),3.331025.
On the other hand, Br(B* 0→B0gg) is a function of

gB* Bp ,gB* 0B0g and gB* 1B1g . The latter coupling has little
effect on the branching ratio. Nevertheless, one cannot de
mine specific values for the first two couplings from t
measured branching ratio, unlessg is in the higher part of its
expected range, say 0.621.

The differentialdG/ds distributions in both cases can b
used as additional help for extracting the values of the c
pling constants. If the value ofgB* Bp will turn out to be in
05401
-

er-

-

the ‘‘measurable’’ range, it will be of great interest to che
the HMxL relation gB* Bp /gD* Dp5MB /MD .
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