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B— yy decays in a bound state model
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Starting from an effective quark level Lagrangian tmrsy and b—syy, we calculate the proce®
— 7y using the bound state model of Holdom and Sutherland. We discuss this model and its limitations. We
calculate the contributions from the well-knovim—sy magnetic-moment operator. There is also a non-
negligible contribution coming from operators that vanish on the free-quark mass shell. We find a branching
ratio of the order of 107. [S0556-282(98)02621-§

PACS numbd(s): 13.25.Hw, 12.39-x%, 13.40.Hq

[. INTRODUCTION other drawback is that the obtained value fgris of order
1/3 of the measured value.

Much attention has been devoted to the decay mode The outline of the paper is as follows: In Sec. Il we
B— yK* [1-4]. Recently Holdom and Sutherlafig,5] have  present the effective Lagrangian at the quark level. In Sec. IlI
invented a model for a heavy-light system of quarks such a1e bound state model is presented, and in Sec. IV the cal-
the B mesons. In this model matrix elements of quark operaculation of theBs—2y decay amplitude is performed. Fi-
tors are obtained in terms of loop integrals. The model inhally, Sec. V contains our conclusions.
volves vertices where quarks couple to mesons, essentially as
in the chiral quark modé€]6]. The difference is that, in the || QUARK EFFECTIVE LAGRANGIAN FOR RADIATIVE
present case, the meson-quark vertex includes a form factor b—s TRANSITIONS
such that the effect of high momenta flowing into a light
quark is damped. Holdom and Sutherland calculaid

K* v within this model with a reasonable result. In this .
A [7,17]. The one-loop level electroweak transitiohs—sy

pa;ln':arﬂ:/é © iglcsslztis: ggvi':zlﬂggfoigi fKrimivc\JIS:;ér- and b—syvy, related by the Ward identities, can be com-
b Y Y bined into an effective Lagrangian

part, the light quark is merely a spectator. However, addi-
tional effects from the motion of the light quark might be

The effective Lagrangian for radiativie—s transitions
are presented ifi7—9,17, and we will keep the notation of

expected in flavor-changing two-photon decays, suclb as L(b—s),=B(My)€e*F ,,(siD,y,by), (1)
—svyvy and its hadroni®;— yy version, where the light and
heavy quarks fuse together. where the coefficienB(M ) ~e G\ contains the result

In a previous papef7], one of us made an estimate of of the relevant loop diagrams, ang ), is the relevant KM
B.— yv. In that paper the model was not exploited in factor forb—s transitions. The covariant derivative contains
detail—just the general idea of the model was used. Théoth the gluon and photon fields. One can decompose this
underlying quark processés—sy andb—syy are studied expression into two pieces(s—d),=Lg+L,, whereL,
in many papers and are establish&e-16]. To calculate the is the well-known off-diagonal magnetic moment term:
physical proces8;— yvy various model dependent assump-
tion; are use@7,8,.10,12,1$ The_ purpose of the present pa- £”:B(rg(mba-MVF,U«VR_FmSO.MVF,u,VL)b, 2
per is to study this process using the bound state model of
[3,5]. Operators for the electroweak flavor change bin
— Sy transitions contain a genuine off-shell piece, which
vanishes on the free-quark mass sl8l| but they are ex-
pected to give non-negligible contributions in a bound stat
calculation[7,17,18. _

The parameters of the bound state md@e¥)] are deter- Lg=Bgs[(iy-D—mg)o, F*’L+0o,, F*"R(iy-D—my)]b,
mined by certain requirements for thH&,— B amplitude (3)
(Bs-meson self-energycalculated within the model. Unfor-
tunately, these requirements lead to imaginary parts for thigvhich vanish by applying théperturbativg equation of mo-
amplitude and most amplitudes in general. Because of cortion (or in momentum space, for on-shell free quarks.,
finement effects, such imaginary parts should not be therdpr (iy-D—mjy)—0. [In Eq. (3) it is understood that the
and we follow the procedure ¢8,5] and ignore these imagi- covariant derivative acts on the nearest fermion field to the
nary parts. This is of course a drawback of the model. Andeft or right]in this casel(b—s), reduces to its on-shell

which is obtained fromC(b—s),, in Eqg. (1) when going on
shell with thes andb quarks(or using the equations of mo-
etion). Then there is a remaining piece
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L ) b . b 7 even if there is a cancellation between the contributions from
B B, ~ P . . .
E’—QEC::) - s - b L2 and a part ofZ”, there is a remaining nonzero genuine
- v d off-shell contribution which has been neglected in the litera-

! ! ture by appealing to théerturbativé equations of motion.
FIG. 1. The two-photon contribution and the one-photon contri-This result iscompletely generahnd doesiot depend on the

butions toBs— 2. The cross within the circle denotes the effective details of the bound state dynamics
vertex corresponding tdr or L, in the last two diagrams. The diagrams for the magnetic moment tefm are the

same as fot”. It turns out that the magnetic moment term
is the most important numerically fd,— 2y, in contrast
with the caseK— 2y where the off-shell contribution was
most importan{17]. This reflects the fact that bound state
effects are more inportant iK mesons compared t® me-

remnantZ, in Eq. (2). In [7] it was shown that the genuine
off-shell L¢ in Eq. (3) term gives a nonzero contribution for
the bound state case.

The expressiong2) and (3) take into account that the
coefficientsBg of £ and B, of £, both being equal to

B(My) at the W scale, evolve differently down to the sons.
=m, scale. This difference betwedBr and B, is due to
different anomalous dimensions of the operators in E2js. Ill. BOUND STATE MODEL
and(3). TheB’s will have the form[7,9,11 The flavor-changing radiative vertices at the quark level
presented in the previous section have to be supplemented by
B”F:A'GF € ~oF 4) a guark-meson interaction in order to obtain the amplitude

f)‘KM@q : for the physical procesB—2y. Here the heavyB meson

cannot be treated as a Goldstone boson like in the chiral

where[11] C9=—0.28 and[7] quark model adopted earlier for the analog&us yy decay
[27].
5 However, the pseudoscalar characteBahesons allows
C(r:4/3’ ®  usto parametrize this interaction in a simple way, replacing
7 the term used in chiral quark model calculatid6sl7] by
at the scalew=m;. Bound state models often involve the _
constituent quark mass instead of the current one. Therefore, Limod= GpSysbBs. (10
we make another decomposition of the total radiative—decaYN ]
Lagrangian e use a model of this type proposed by Holdom and Suth-
erland[3,5]. This is a relativistic model of mesons containing
E(b—>S)Y=ZF+ZU, (6) @ heavy quark and a light antiquark, and where transition

amplitudes are represented by attaching Bgemeson to a
WhereZF is obtained fromCg simply by replacing the cur- 100p involving the two constituent quarks. Note that B¢

rent massesn,) by the constituent onesM(), field is considered as external, such tBatis not propagat-
ing before the quarks are integrated out. The effect of the
ZFzﬁF(quMq), (7) quarks being confined within the meson is modeled in the
meson-quark vertex, and the quarks are technically consid-
andZ, is the remainder: ered as free in the loofalthough they are assigned effective
masses which differs from the current magses
ZU=§(~BRUWFWR+~BLUWF“”L)b, (8) In a meson containing a heavy and a light quark, the
heavy quark carries most of the energy and momentum in the
where system. This means that contributions with large momentum
_ ~ flowing through the light-quark line have to be suppressed
B . =Bg(Mg—my)+B,m;, Br=Bg(Mp,—m,)+B,my. [5]. One reproduces this effect by including factors in the

(99  vertices which damp the loop integral when the light-quark

_ ) momentum exceeds some scalg. The vertex which con-
To calculc’_ﬂe theBs—2y amplitude from the Lagrangian .acts the meson line to the loop is written as
L(b—s), in Eg. (1) one needs some bound state model. Let

us in this section be quite general, and just assume that a 72
bound state model involving a meson-quark vertex exists. Gg=———, (12)
Moreover, we find it suitable to split the generically off-shell A2—q?

operatorZg into the one- and two-photon piece8; = Z1”

+727 in an obvious notation. whereq is the light-quark momentum. The light and heavy

o _ i ) quarks in the loop are represented by standard fermion
The piecel;” gives rise to the first quark loop diagrams propagators with effective masskk, andM,,, respectively.

in Fig. 1. Further, the piecé’” gives rise to the second and The effective masses are of order the constituent masses of

third diagrams in Fig. 1(This interaction is represented by the quarks, which are expected to differ from the current

the cross within the circlg.n [7] it is shown in detail that ones by 2—300 MeV. They are in principle free parameters
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of the model. One advantage of this model is that the mesorwhere k is the B-meson momentum. Now we insekf
quark vertex contains a factor of 2 in the denominator, =M§ (for Mg=5375 MeV) and the values for the quark
which will make the loop diagrams convergent. These diamasseg12) in the expression fok (k). There is now only
grams would be divergent if we had used vertices with noone variable ir®, namely,Ag. (Zg only enters as an overall
momentum dependence. factor) When we now plo (Ag) with respect toAg, we
The parameterZg and Ag are different for different me- want to determine the value dfg which gives> (Ag)=0
son flavor and spin. Our first task is to find the parameters ofccording to the requirement in E¢l4). When plotting

this model for theBs meson. 3 (Ag), however, we observe that there arises an imaginary
part becausd ;+M,<Mg. This imaginary part will be ig-
A. Determining the parameters of the model nored[3,5]. The value ofAg is then determined by the re-

guirement that R& (Ag)]=0.

As mentioned in the previous section, the quark masse - ,
in our caseM, andM., are in principle free parameters, and  '9Ure 223*‘0";3 the graph for R&(A)]. In this plot, we
have usek“=Mg, and the quarks masses of Efj2). We

should strictly speaking be determined from some physical
requirements. We know, however, that in order to have @bserve that H& (Ag)]=0 for Ag~655 MeV.

realistic model, the quark masses cannot be completely arbj- W& now want to determine the last unknown parameter of
trary, and we know approximately within what range theythe model, narzne_IyZB. To do this, we write the meson
should be. I{3], where the proces8,— K* v is studied, the ~ Self-energyX (k) in Eq. (13) as

effective masseM, andM. are found to bg¢3 -
" ° 4] 3 (k?)=3(k*=M3) + (k2= MZ)%(k?), (15)

M,=4830 MeV, My =400 MeV. (12
and we use the requirement
In our paper the relevant mesonBg; so we must in addi-
tion find the parametergg, Ag for this meson, having the i(kzz M§)=1, (16)
physical masMg=5375 MeV[4].

To find Ag, we first calculate the Feynman diagram rep-which will determine Zgz. The model assumes that the
resenting theB;— B¢ amplitude, i.e., the meson self-energy Bs-meson field is only present in the Lagrangian density term
3.(k?), given by Lmod Of EQ. (10), and that there are no terms for propagating

mesons. The requiremefi6) garantees that the one-loop
d“q diagram forBs—Bg, obtained from using Eqg10) twice,
(2m) gives_ the KIein-G_ord(_)n equation f@ with no extra wave
function renormalization.
X TH{i ysGgiSk ()i ysGpiSk (a+K)}, Our numerical analysis shows that E6) is satisfied for
the value ofZg=904 MeV. The values of the parameters
(13)  are summarized in Table I.

—iE(k)=(—l)NcJ

where Gg corresponds to Eql1) for the B¢ meson,N; is

the number of color, and is the s-quark momentum. This B. Decay constantfs within the model

self-energy is now required to vanish at tBgmeson mass Because we consider a system of a quark and an anti-
shell: quark, we want to check if the obtained values of the param-
eters give us a physically reasonable value forBhelecay
3 (k*=M§)=0, (14 constantfg. We calculate the Feynman diagram for the ma-
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TABLE |. The parameters of the model.

PHYSICAL REVIEW D58 114010

where the quantitied\.. are obtained from the diagram in
Fig. 1 and given in Table II.

Ms=400 MeV The numbers in the coloums named “numerically” are
_ the result of the numerical integration. These numbers are
M,=4830 MeV » < .
Au—655 MeV very sensitive to the explicit choice of the quark masses and
B™ m H T :
Zo=904 MeV Ag. In the coloumn named “analytically” we have written

down the result of the rough approximatidhg=A<<Mg
=M. This approximation gives amplitudés. almost one
trix element of the axial vector current between the mesorPrder of magnitude below the exact numerical evaluation,
and hadronic vacuum, and compare this with the physicall;?how'”g the sensn!wty_ of the involved mass parameters.
measurable decay constat, defined by The decay rate is given by

_ _ NZZ4e2M3
(O|sy*ysh|Bg)=ifgp*. 17 I'(Be—2y)= —— B (|A,[2+|A_|?). (2D

5
Within our modelfg is given by the following expression: 2048 =

Using the numbers in Table Kfrom the coloumn named
“numerically”) combined with the values d, r we find
the branching rate

d4
fap=—Ne | o T30S (@ 7,515, (0 ).
(18 B _7
B(Bs—2vy)=(1.4-2.3X10". (22
giving the numerical valuég=67 MeV, which is of order
1/3 of the physical value. Thus the model only reproduges V. CONCLUSIONS
within an order of magnitude.
Within the model invented in Ref§3,5], we have calcu-
lated the branching ratio for the proceBs— 2y which we
find to have a branching ratio of order10 7. This is the
Having determined the parameters of the model, we are iBame order of magnitude as obtained by other groups, using
position to calculate th8,— 2y amplitude. Using the verti- different assumptionf7,10,12—14
ces obtained from the effective Lagrangiais and Z,, The model, which works well foBy— yK* [3], has some
containing the relevant KM factors for the—s transition, —drawbacks and does not work so well 8;—2v, when a
we obtain an amplitude of the form heavy and a light quark annihilateé) The obtained value for
fg is only 1/3 of the physical onéii) the results are sensitive

IV. QUARK-LOOP B —yy AMPLITUDE

M(Bs— yy)=M,,€,(ki)e(ky),, (190 to variations of the involved parameter@ij) the require-
, o ments (14),(16) lead to unphysical imaginary parts. These
where thee’s are the photon polarization vectors and might be simply dropped, but mathematically, the real parts

are also influenced by the unphysical imaginary péatpe-

5 cially near the threshholgs

C

v_ Be H v LV M
M= 872 {A1(9"7ky - kp—kik3) Nevertheless, the value in E@2) is what we find if we
calculate the branching ratio f@;— 2y within the frame-
+A_eP(ky) 4(ka) g}, (200  work of this model. Moreover, in spite of the drawbacks of
TABLE Il. A, andA_.
Numerically Analytically
3 0.2966(B—B B M2l 3 m
_A_é[' 8(Br—B.) Ml Tz maEn St v
AL
Br B{1 =
+ 0.913M—0.0300M it B
o . ) . Jm 3M}
— 3 10.2066(Br+ BL) B, 3 M7 m
AG RO M2 m2 N W T wm
A_
Br Be[1l o2
+ 0.913M.+0.0300M il e
Az ° 2 2 [m 3M}
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the model, the amplitude is of the right order of magnitudelimit (and Mgz=M,). However, it can be shown that the
There is also an irredicible contributidi®,10,13-16to b off-shell piece still gives a nonzero contribution by using
— sy of fourth order in the photon momenta which has to[10,12,13 relations such as Ed17), and some averaging
be taken into account, in order to obtain a precise value o®ver thes-quark momentum.

the amplitude. This contribution is directly proportional to ~ The model we have us¢@,5] does not use the formalism
matrix element of the axial current, and thus proportional ta®f heavy-quark effective field theofiQEFT), where results
fg. Still, the contributions we have considered give the cor-2'€ obtained in terms of expansions in inverse powers of
rect order of magnitude. heavy € andb) quark masses and, in addition, some bound

The bound state model we have considered may of cours¥ate parameter$19]. The inclusive proces8s— yXs,
be modified by dropping or relaxing the requiremeit) which is. alsp to a large extent determined by the effective
and (16). One possibillity is to raise the quark masses in-@9rangian in Eq(2) and thereby related to the process
order to avoid unphysical imaginary parts. However, then the 77> has been extensively studied in terms of HQEEQT].
requirement(14) cannot be met by any value df. Still, Itis therefore natural to try to stud§s— yy within the same
for some chosen value dfg, we could determingg to fit ~ framework. And in16] some ideas from HQEFT are used to
the physical value ofz at the expence of a renormalizing €stimate the relevant hadronic matrix elements. A fruitful

S 2 a2 . ) way to handle the hadronized version of quark processes
constanty/2 (k*=Mg) to multiply each physicaBs-meson such asb—sy and b—syy might be to use some heavy-

field. But then the_re is some arbitrariness present, and thl?ght model where HQEFT is combined with Nambu-type
idea of the model is to a large extent lost. models and/or the chiral quark modf]. The latter is
_In some recent papers, the procksssyy has been con- i to work well for thek— yy decay[17,18 and for
sidered[12-16. There is now wide agresmeh1,8,10,13— decays ofK mesons in generdl21]. Such a heavy-light
15] that the rate foBs— yy is of order 10" in the standard 1,46 where the light-quark momenta are integrated out in a
model, although the estimate 2] is slightly higher. The consistent way, is proposed by various gro{ipg]. How-
decay modeBs— yy is also a natural place to 100k for new g\ e 5 systematic study &.— vy will meet some difficul-
physics[15,16. In [10,12,13 one calculates the free-quark (ies \which must be overcome: Usually, when HQEFT is

amplitude and uses E¢L7) and the corresponding relation \seq there is a heavy quark going through the process, as in
for the matrix element of the axial densityysb. Still the B D transitions or in the calculations of theclusive rate
amplitude depends on the quark momentum of the Ight for Bs— yXs. In the case of the exclusive proceSg
quark. Appealing to the heavy-quark limit, this momentum is_, ., there are no heavy particles in the final state, and the
neglected with respect to the heawygquark mass. If thes  energy release is big compared to the hadronic scale of
quark is not neglected, it has to be integrated out, as we hav@rong interactions£1 GeV). Still, models of the type of
done in tbis paper. It should be noted that the off-shell La{22] should be able to tell us something about the decay
grangianLg gives a zero contribution in the heavy-quark modeB,— yvy.
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