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Relativistic description of exclusive heavy-to-light semileptonic decayB — w(p)ev
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The method of calculating electroweak decay matrix elements between heavy-heavy and heavy-light meson
states is developed in the framework of a relativistic quark model based on the quasipotential approach in
quantum field theory. This method is applied to the study of exclusive semilefBenie-(p) decays. It is
shown that the large value of the finalp) meson recoil momentum allows for the expansion in inverse
powers of theb-quark mass of the decay form factorsgdt=0, whereq is a momentum carried by the lepton
pair. This 1m, expansion considerably simplifies the analysis of these decays and is carried out up to the
second order. Thg? dependence of the form factors is investigated. It is found thagtthavior of the axial
form factor A, is different from the other form factors. It is argued that the rati¢B— pev)/I'(B— mev)
andT /T'; are sensitive probes of th&; g> dependence, and, thus, their experimental measurement may
discriminate between different approaches. We fifgB— mev)=(3.0+0.6)X|V,,/?x10%~ ! and
I'(B— pev) = (5.4+1.2)X|V,,|?*x 10'% 1. The relation between semileptonic and rare radiaBvéecays is
discussed.

PACS numbd(s): 13.20.He, 12.39.Ki

[. INTRODUCTION and allows for the heavy quarkrtiy expansion. This model
has been applied for the calculations of meson mass spectra

The investigation of semileptonic decays Bf mesons [3], radiative decay widthg4], pseudoscalar decay constants
into light mesons is important for the determination of the[5], heavy-to-heavy semileptoni6], and nonleptoni¢7] de-
Cabibbo-Kobayashi-Maskawa matrix elem&hyt,, which is  cay rates. The heavy quarknig expansion in our model for
the most poorly studied. At present the value \gf, is  the heavy-to-heavy semileptonic transitions has been devel-
mainly determined from the end point of the lepton spectrurmoped in[8] up to 1/mé order. The results are in agreement
in semileptonicB decays[1]. Unfortunately, the theoretical with the model independent predictions of the heavy quark
interpretation of the end point region of the lepton spectruneffective theory(HQET) [9]. The 1M, expansion of rare
in inclusive B— X,/ v decays is very complicated and suf- radiative decay form factors & mesons has been carried
fers from large uncertaintig®]. The other way to determine out in[10] along the same lines as in the present paper. We
Vi is to consider exclusive semileptonic decayshave briefly presented the results B¢ mev andB— pev
B— m(p)ev. These are the heavy-to-light transitions with adecays in Ref{11], where the expansion up to the first order
wide kinematic range. In contrast with the heavy-to-heavyin 1/m, has been carried out. In the present paper we extend
transitions, here we cannot expand matrix elements in théhe analysis up to the second order and give a detailed dis-
inverse powers of the final quark mass. It is also necessary teussion of the expansion method and results.
mention that the final meson has a large recoil momentum The paper is organized as follows. The relativistic quark
almost in the whole kinematical range. Thus the motion ofmodel is described in Sec. Il. In Sec. Il we give the detailed
final w(p) meson should be treated relativistically. If we description of the method of calculating decay matrix ele-
consider the point of maximum recoil of the final meson, wements between heavy-heavy and heavy-light meson states,
find that (p) bears the large relativistic recoil momentum based on the quasipotential approach. We show that the
|Anad Of orderm,/2 and the energy of the same order. Thusheavy-to-heavy decay matrix elements can be expanded in
at this kinematical point it is possible to expand the matrixinverse powers of the heavy quark masses at zero recoil of
element of the weak current both in inverse powers ofthe final meson. On the other hand, the heavy-to-light decay
b-quark mass of the initisB meson and in inverse powers of matrix elements can be expanded in inverse powers of the
the recoil momentumA,,,,,| of the final 7(p) meson. As a initial heavy quark mass at the maximum recoil of the final
result the expansion in powers nif arises for the light meson. These expansions permit the calculation of de-
B— m(p) semileptonic form factors aj>=0, whereq is a  cay matrix elements with the account of relativistic effects.
momentum carried by the lepton pair. The aim of this papein Sec. IV the method is applied to the calculation of the
is to realize such expansion in the framework of relativisticsemileptonidB— m(p)ev decay form factors. Our numerical
guark model. We show that this expansion considerably simresults for the form factors and decay rates are presented in
plifies the analysis of exclusivB— m(p)er semileptonic  Sec. V. Therein we discuss tlig dependence of the form
decays. factors and the relations between semileptdie pev and

Our relativistic quark model is based on the quasipotentiatare radiativeB— p(K*)y decays. Section VI contains our
approach in quantum field theory with the specific choice ofconclusions. The formulas for the form factors at the point of
the qq potential. It provides a consistent scheme for calculasmaximum recoil of the final light meson are given in the
tion of all relativistic corrections at a given order of/c>  Appendix.
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Il. RELATIVISTIC QUARK MODEL model: quark masses, parameters of linear confining poten-
tial A and B, mixing coefficiente, and Pauli interaction
constant« were fixed from the analysis of meson madss

g/iln alr(;(-jti;?éamﬁszn?);gigng:\ieq?uar:g; d(eicnbriqe?é da and radiative decayfst]. The quark masse®,=4.88 GeV,
9 quasip miP), Proj m.=1.55 GeV,ms=0.50 GeV,m, 4=0.33 GeV, and the

onto positive-energy states. This wave function satisfies the . o o
quasipotential equation parameters of linear potentiah=0.18 Ge\?; B=—0.30

GeV have standard values for quark models. The value of the

In the quasipotential approa¢h2] meson with the mass

[M _(p2+mg)l/z_(szrmg)l/z]q,M(p) mixing coefficient of \{ecto_r and scalar confining pc_)tentia_lls
e=—0.9 has been primarily chosen from the consideration

d3 _ of meson radiative decays, which are very sensitive to the

= (277)3V(p,q,M)\PM(q). (D Lorentz structure of the confining potential: the resulting

leading relativistic corrections coming from vector and scalar
The quasipotential equatiofi) can be transformed into a potentials have opposite signs for the radiatMéd decays
local Schralinger-like equatiof13] [4]. The universal Pauli interaction constant — 1 has been

fixed from the analysis of the fine splitting of heavy quarko-

b%(M)  p? dq nia 3P, stateq 3]
_ = . J :
( 2ur  2uR Yu(p) j (277)3V(p,q,M)\IfM(q), @ Recently we have considered the expansion of the matrix
o _ elements of weak heavy quark currents between pseudosca-
where the relativistic reduced mass is lar and vector meson states up to the second order in inverse

powers of the heavy quark mas$8% It has been found that
the general structure of leading, subleading, and second or-
der Limg corrections in our relativistic model is in accord
with the predictions of HQET. The heavy quark symmetry
and the square of the relative momentum on the mass shell ignd QCD impose rigid constraints on the parameters of the
long-range potential of our model. The analysis of the first
[M2—(ma+mp)?J[M?—(my—m;)?] @ ordger co?recF;ion:ES] allowed to fix the value o):‘ Pauli inter-
am* ’ action constank= — 1, which coincides with the result, ob-
. . tained from the mass spectfd]. The mixing parameter of
M, , are the quark masses. While constructing the kemel ofecior and scalar confining potentials has been found from
this equation V(p,q;M), the quasipotential of quark- he comparison of the second order corrections to be
antiquark interaction, we have assumed that effective inter;— _ 1 This value is very close to the previous one
action is the sum of the one-gluon exchange term with the, _ _ g g getermined from radiative decays of mespdis
mixture of long-range vector and scalar linear confining POTherefore, we have got QCD and heavy quark symmetry
tentials. We have also assumed that at large distances thgntivation for the choice of the main parameters of our

vector long-range potential contains the Pauli interaction,o4el. The found values of and x imply that confining

_MA—(mi-mp)?.

MR_T’ (3)

b?(M)=

The quasipotential is defined ] quark-antiquark potential has predominantly Lorentz-vector
= o B structure, while the scalar potential is anticonfining and helps
V(p,g,M)=uy(p)up(—p)71(p,a,M)ua(q)uy(— ) to reproduce the initial nonrelativistic potential.
- 4
=Ua(P)Up(— p)[ 35D (K)7a7p IIl. MATRIX ELEMENTS OF ELECTROWEAK CURRENT

BETWEEN HEAVY-HEAVY AND HEAVY-LIGHT

MESON STATES
+ V?:/onf( k)rgrb:,u_l_ V?onf(k)] ua(q)ub( - Q)u
The matrix element of the local currehtbetween bound

(5)  states in the quasipotential method has the it

propagator;y, andu(p) are the Dirac matrices and spinors; (M'[J,(0)[M)= | ——5 Py (P)T .(p,q) ¥ (), (8

where ag is the QCD coupling constanD ,, is the gluon d3pdiq —
f (2m)°

k=p—q; the effective long-range vector vertex is

i K where M(M') is initial (final) meson, I",(p,q) is the
r,(k)=vy,+ ﬁ”#vky; (6) two-particle vertex function, andlVy, \, are the meson
wave functions projected onto the positive energy states of
« is the Pauli interaction constant. Vector and scalar confinduarks. o ,
ing potentials in the nonrelativistic limit reduce to This relation is valid for the general structure of the cur-
rentJ=Q’'GQ, whereG can be an arbitrary combination of
Vel =(1—&)(Ar+B), V5 (r)=e(Ar+B), (7) Dirac matrices. The contributions #© come from Figs. 1
and 2. Thus the vertex functions look like
reproducingveo™ (r) =V + VY ~=Ar+B, wheres is the o
mixing coefficient. The explicit expression for the quasipo- I'Y(p,a)=uq (p1)Gug(dy)(2m)38(p—az),  (9)
tential with the account of the relativistic corrections of order
v?/c? can be found in Ref[3]. All the parameters of our and



6304 R. N. FAUSTOV, V. O. GALKIN, AND A. YU. MISHUROV 53

AS(ky)
oK) +eg(py)

A (k)
eqr(ky)+eq(dy)

J’EG Uo(g1)Uq(dz),
(10

F(z)(p,Q):U_Q'(pl)U—q(pz) G 17(pa—a2) + 7 (p2— )

where ki=p;—A, ki=dq:+A, A=py—pu, &(p) A. Heavy-to-heavy decay matrix elements

=(m?+p?)*?, At first we consider the heavy-to-heavy meson decays,
such as semileptoniB—Devr decays, and radiative transi-
e(p)—[my°++%()] tions in quarkonia and* —By, D* —Dv. Here we have
2e(p) two natural expansion parameters, which are the heavy quark
masses in initial and final meson. The most convenient point
and for the expansion of vertex functio®® in inverse powers
of the heavy quark masses for semileptonic decays is the
3 point of zero recoil of final meson, whetfe=0. For radiative
pl,zzsl,z(p)%iz nD(py)p', decays the2 momentum ' transfer . ”is fi>'<ed
=1 |A|=(M%—M3,, )/2M, . The difference of initial and fi-
nal meson masses is proportional to the fine or hyperfine
Pu s , splitting and thugA|/M =0O(1/M?), so zero recoil is a good
CI1.2=81,2(CI)W1“2 nY(pw)d'; approximation.
=t It is easy to see thdt(® contributes to the current matrix
element at first order of i, expansion for transitons be-
tween mesons consisting from heavy and light quais (
i i D mesong [8]_ a}nd at second order af/c expansion for
n(s(p)= LA = P s PP mesons consisting from two heavy quarks of the same fla-
P M7 M(E+M) |’ vour (quarkoniaY, J/y) [4]. We limit our analysis to the
consideration of the terms up to the second order inglér
Note that the contributiod ® is the consequence of the v/c expansions. We substitute the Dirac matric@sand
projection onto the positive-energy states. The form of thespinorsu in the vertex functiod”®) and consider the cases
relativistic corrections resulting from the vertex function of Lorentz-scalar and Lorentz-vectowith Pauli term
I'® is explicitly dependent on the Lorentz structureqaf  qgrinteraction potential. Then we expafié® to the desired
interaction. order and see that it is possible to integrate either with re-
The general structure of the current matrix elem@ts  spect tod3p or d3q in the current matrix elemer8) using
rather complicated, because it is necessary to integrate botjuasipotential equatioitl). Performing these integrations
with respect tod®*p andd3q. The & function in the expres- and taking the sum of the contributions BfY andT"® we
sion (9) for the vertex functiod™™) permits to perform one get the expression for the current matrix element, which con-
of these integrations. As a result the contribution[éP to  tains the ordinary mean values between meson wave func-
the current matrix element has usual structure and can bgons. Thus this matrix element can be easily calculated nu-
calculated without any expansion, if the wave functions ofmerically if the meson wave functions are known. The
initial and final meson are known. The situation with the described method has been applied to the calculations of
contributionI’® is different. Here instead of function we  heavy-to-heavy semileptonic decays [#,8] and radiative
have a complicated structure, containing the potentiajepf decays in4].
interaction in meson. Thus in general case we cannot get rid
of one of the integrations in the contribution Bf?) to the B. Heavy-to-light decay matrix elements

matrix element(8). Therefore, it is necessary to use some Now we consider the heavv-to-liaht meson decavs. such
additional considerations. The main idea is to expand the Y g yS,

vertex functionl' ), given by(10), in such a way that it will 2> semileptoni— w(p)ev and rare radiativé—K*y de-

be possible to use the quasipotential equaiorin order to cays. In these decays Fhe final meson contains only light
perform one of the integrations in the current matrix elemenggirsl?tsiogé dv’ves)éat::;t’ :anx C;:(;rarﬁtattﬁx tZTer:Z?\\t/g-Eg-?r?\?gée
(8). The realization of such expansion differs for the cases o ’ P

heavy-to-heavy and heavy-to-light transitions.

here

W,y W,y
W, ,
7 Q Q@ Q Q
M ! M M | M
] ]
@ @ S U S SE SR
M M

FIG. 2. Vertex function with the account of the quark interac-
tion. Dashed line corresponds to the effective poteriBal Bold
FIG. 1. Lowest order vertex function. line denotes the negative-energy part of the quark propagator.

q

L=1]
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powers of the final quark mass. The expansiod’& only  with our analysis, which is carried out up to the second or-
in inverse powers of the initial heavy quark massAat 0 der. It is easy to see that we can now perform one of the
does not allow to use the quasipotential equation for perintegrations in the current matrix eleme®) using the qua-
forming one of the integrations in corresponding current masipotential equation as in the case of heavy final meson. As a
trix element(8). However, as was already mentioned in theresult we again get the expression for the current matrix el-
Introduction, the final light meson has the large recoil mo-ement, which contains only the ordinary mean values be-
mentum almost in the whole kinematical range. At the pointtween meson wave functions, but in this case at the point of
of maximum recoil of final light mesdnthe large value of maximum recoil of final light meson. This method has been
recoil momentumA,,,~Mq/2 allows for the expansion of applied to calculation of rare radiative decaysBofnesons in
decay matrix element in fil . The contributions to this ex- Ref.[10] and in the next section we use it for consideration
pansion come both from the inverse powers of heayy of B— m(p)ev semileptonic decays.

from initial meson and from inverse powers of the recoll

momentum|A.d of the final light meson. The large value

of recoil momentumA ., permits to neglegp? in compari- IV. B—a(p)ev DECAY FORM FACTORS

son withAﬁqaX in the light quark energy, o/(p+4) in final A. Decay form factors atg?=0

meson in the expression for the matrix element originating

from T'®. Such approximation corresponds to omitting The form factors of the semileptonic decads- wev and
terms of the third order in il expansion and is compatible B— pev are defined in the standard way as

<W(pw)|®ub| B(pB)> = f+(q2)(pB+ p7T)/.L+ f*(qz)(pB_ pﬂ'),u. ’ (11)
— 5 B LGOI As(q)
(p(Py,8)|ay.(1=¥)b[B(pe)) =~ (Mg+M,)Ai(q")e; + Mot M, (& Pe)(Pet Pt g g (€7 Pe) (Pe =Py )
2V(9?) o
WI E,U.VT(Te pop ’ (12)
|
whereq=pg—p(,) ande is a polarization vector op me- The parameters are
son. In the limit of vanishing lepton mass, the form factors
f_ andA; do not contribute to the decay rates and thus will Bs=0.41GeV, B, =0.31GeV.
not be considered. . .
It is convenient to consider the decBy- m(p)ev in the Now we apply the method for calculation of decay matrix

B meson rest frame. Then the wave function of the final€lements, described in the previous section. At the point of
m(p) meson moving with the recoil momentut is con- ~ Maximal recail of final light meson
nected with the wave function at rest by the transformation 2 a2
Mg—M
[14] A _ B 7(p)
|Amad = ————

, (15
2Mg

¥ r(p)alP) = DG ARIDDFARID Y oppolP),  (13)

12 e : ) ) W we expand the vertex functiofi®® for the Lorentz-scalar
whereD ™(R) is the well-known rotation matrix anB™ IS anq Lorentz-vectofwith Pauli term qq interactions up to

the Wigner rotation. o the second order in t,. Then we substitute the vertex
The meson wave functions in the rest frame have beeﬂmctionsl“(l) andT® in the matrix element8) and take

calculated by numerical solution of the quasipotential equaj, account the Lorentz transformation of the final meson
tion (2) [15]. However, it is more convenient to use analyti-\aye function(13). Performing one of the integrations in the
cal expressions for meson wave functions. The exarr'nnauoEu”ent matrix elemen8) (using thes-function in 'Y and

of numerical results for the ground state wave functions o e quasipotential equation in the contribution[$®’) we

they can b6 well spproximated by the Gaussian functons. St 01 he form factors 0B me and-— pev decays the
y pp y following expressions ay>=0 point:

477 3/4 p2
WmﬂﬁEWMdPFZ‘TJ en{———f, (14) f(0)=F1(0)+ef$?(0)+(1—-#)f{?(0), (16
B 283

with the deviation less than 5%. A1(0)=A(0) +eAT?(0) +(1-8)AY?(0), (17)

A,(0)=AN(0)+eAS?(0)+(1-2)AY?(0), (18
!In the case of rare radiative decays the recoil momentum of final
light meson is fixed at the maximum valug, . V(0)=VD(0)+eVI2(0)+(1—e)VVP(0), (19
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where f(H, £$V@ AL ASYE v and VSV are  out theAay dependence of the meson wave function overlap
given in Append|x the superscrlpts(lﬁ” and “(2)” corre-  in form factorsf, , A; 5, V. The result can be written in the
spond to Figs. 1 and 2, ar®landV to the scalar and vector form

potentials of thegq interaction.

£,(0)=7, (A2 )exp( — [AZ,), (24

B. 1/my, expansion for decay form factors

Let us proceed further and for the sake of consistensy Al,Z(O):“”’glvz‘(Arznax)qu_gAﬁmx)* (29
carry out the complete expansion of form fact¢i§)—(19)
in inverse powers ob-quark mass. For this expansion we
will use some model independent results obtained in HQET
[9].

In HQET the mass oB meson has the following expan-
sion in 1y, [9]:

V(0)=7(AZ0exp — (AL, (26)

where|A.{ is given by(15) and

— Am? 1 T2A2
Mg=m,+A+ 2m8+o —2), (20) (A2 2A° Aoy
b 1M (B34 BZ ) (Eiy T Mon(y)?
where parameteA_ is the difference between the meson and A2 Mg—M () 2
quark masses in the limit of infinitely heavy quark mass. In = EZ Uj I\/IB+—M(> ; (27)
B w(p

our modelA is equal to the mean value of light quark energy
inside the heavy mesomM=(eq)g~0.54 GeV [8]. Am3
arises from the first-order power corrections to the HQETheren= ZBB/(BB+ﬁW(p)) andA is equal to the mean value
Lagrangian and has the forf8] of light quark energy betweeB and 7(p) meson states:

Am3=—X\;—3\,. (21 _
A=(gq)~0.53 GeV. (28
The parametek ; results from the mass shift due to the ki-
netic operator, whilex, parameterizes the chromomagnetic ) ]
interaction[9]. The value of spin-symmetry breaking param- Expanding(27) in powers of 1th, we get
eter\, is related to the vector-pseudoscalar mass splitting:
N2

1 2 m(p)
xzzz(ME*—Mé)zo.lzto.mGe\?. gAmax_?"(l iy

+0

) (29
mj

The parametek ; is not directly connected with observable
guantities. Theoretical predictions for it vary in a wide range:
A;=—0.30+0.30 GeVf [9,16].

The Gaussian parametgg in the wave functior(14) has

.We see that the first term in this expansion for the decay into
p meson is large. Really,M ,/m,~0.63. The value of this
correction is also increased by the exponentiating2i)—
. : . ) (26). Therefore, we conclude that the first order correction in
the following expansion8] in our model: 1/m, expansion for the form factors &— m(p)ev decay,
ﬁz arising from the meson wave function overlap, is lafge.
Be= B— v O(—2> B~0.42 GeV, (220  Thus, taking into account that our method of calculating de-
My cay matrix elements does not require the expansion of the
meson wave function overlap, we use unexpanded expres-

whereA 82~0.045 GeV [8]. . . .
- . sion (27) in the exponential of the form factofg&4)—(26).
Substituting(20) in (15) and (70) we get the T, expan- In contrast with the meson wave function overlap the fac-

sion of the recoil momentum and the energy of final vector, tOfS/l(A A z(A ), and 7/(A ..), which originate

meson: from the vertex function§ () and Lorentz transformation

1 Am2 (13) of the final meson wave function, have a well defined
|Ama>J— 1+ —A+ 7 —B—Mi(p) +0 _2) 1/my, expansion. The first and second order corrections are
2 m, small. Substituting the Gaussian wave functidhb8) in the
expressions for the form factqi6)—(19) and (A1)-(A12),
1— Amj 5 1 with the value of Pauli interaction constakt= — 1, and us-
Erp= 2 1+ HbA“L mZ| 2 +MZ,) || +O m ing (24)—(26) and the expansion@0)—(23), we get up to the

(23)  second order in i, expansion:
(8) B— mev decay
Now we use the Gaussian approximation for the wave
functions (14). Then shifting the integration variable in
(58)—(69) by — [&¢/(En(p)TM ()] Amax, We can factor  2The same situation occurs for the rare radiaieecay10].
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7 (ML) =7 B (AL + 873D (AR ) + (1 2). 7 VP (AGL); (30)
1 1 3~ 2 2 - 1
(A2 )=N — X1+ — 2<p2)——A2 P+ Ap(2mg+M )+ = P 2An—mg—2M — A | | 1;
mp m; a 3\ eq+m, 2
(31
2) A2 1 o 1 p? N: 2 2
Af) =N— ) —=2mg(M ,—2(eq)) — 3 = [M (1= R)+2mg(1-2R)~ 2AR]+ 2 (p*)(1-2R)
q q
1/p?
+= An 2(e)(1-2R)—M (1— R)+2AR—§ — )|t (32
€q
1 1| 2 3 p? ( 1
FV(2) A2 = _ 2 _ _ _
TY2(AZ ) N{ mb[2R21+(1+2R)Zz]+m ~3MRZ+4(p?)| 1- 7R <8q+mq> 2M,| 1-3R
5 | 5— B AB? .
+4mg| 1- 7R |+ 2 ARb|+ 2|v|7,+7;?7 (14+2R)—2my(1—-2R) |Z,| ¢ ; (33)
(b) B—pev decay
A (AL = AM(AZ )+ e 25D (AZ )+ (1—8). 2] P (AZL; (34)
D) a2 1 1 — 1~
AV(AZ )=N 1+—x +7 Yo+ My(M,=mg) + A(M,+mg) = 5 Ay(5mq+3M,)
1/ p? ~
e (— (2Ap—my—3M,,) (35)
3 8q+mq P

2

p

(<;q+mq

ATP(AZ)=N mib(Mp—2<g_qw+le —2(M,+A+3my)(M, 2<sq>)—z< >[MPR+mq(1+3R)+A_(1+R)]

2 ~ . — 1/ p?
+§(p2>(1+3R)—A77 Mp(2+R)—<sq)(7+3R)+A(3+R)+§<p:>(l+R) }; (36)
€q
AP (AZ )=N ! (4RZ +2RZ)+ 1 (m —3M )RZ;—10(p? 2 P’ B
2 | ; ! »)RZs p?)| 1 3R|+ 2M,| 2+ TR
sq-i-mq
4 ) B ,6’2 - 1 K( 5
+8mg| 1- 3R | |+2| 2my(1-R)—2M R+nﬁ -5 R|Z,+2A7n r— 7\M,| 1-3R
_ — 10 10/ p?
—A+mq 1—§R +2(3A—Mp—<8q> A?] 1—§R 3 8:q ; (37
A% )= A (AL ) T e 5D (AZ )+ (1—e) 23D (A% (39)

_ 1~
—M,(3M,—mg)+A(M,—mgy)— EAn(Mp—7mq)

AP(A2 )=N 1+ix_+i2 Y_
2 ma mb mb

2
— 2N+ E<_'° >(27\n—mq+5|v|p) }; (39

3 sq+mq

, 1 -
AP (Arad =237 (Ama) +N m—g4Mp(Mp_2<8q>)}: (40)
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p2
sq-l— mq

2
7 3M,(1-11R)

v2) 1 4 ) 10
Ay P(AZ =N —(4RZl+2RZZ)+ bl 3(M,—mg)RZs—2(p?)| 1- zR|+

+2A_+2 (1+R) | +2| my(1+3R)—3M R+ B, ABZR Z,+2A ! AqplM 1+5R
a mq mq - p N2 5o 2 7 —\= n p a
3 B B 8q+mq 3
P Aem 3+ 2R )+3A_ M — @+ Ryl 3+ Dr| -2 P 41
M| 3t 3 “Mple A 3T R 5\ = (@D
7 8nad =7 V(An) +e752(A7 ) + (1= 8) 7V DAL L) (42
A1) A2 1 1, — 7~ 1,
7 (AmaX):N 1+ m—bX++—g Y,+Mp(Mp—mq)+ qu‘FA(qu—Mp)'i‘ §A7]Mp—4§<p>
1/ p?
Sy - (M,—m) (43)
3 8q+mq

2 2
752)(A2 )= N[——(M —2(eg)) + —3| —2(M,— A—mg)(M, 2<sq>)+§<_p >[Mp(l—R)+mq(2—3R)
gqT Mg
— 2 ~ _ — 2/ p?
~ AR+ 5(p?)(2=3R)+ An| —M,(1+2R)+6(sgR+2A(1-R)~ z( = | (2-R) | | ; (44)
€q
FN(2)( A2 L 1.8 ) p’ 11
FV@(A2 =N H}(8Rzl—2(1—R)Zz)+m—g — 3(M,~MRZ;+20(p?) = 2M,| 3 —4R
22— — B5 AB2
+ 5 A+4mg(5+2R) |+2|A+ MR+ 755 —5= | (1=R)+my(1+R) |2
+A2 2(17— ! o B 1m )) (45)
7 eqtmg/ 137 3 V)

whereN= (2858 /[ B3+ By ) **= ([Br(yy | Bsl 1) ¥ is 1
due to the normalization of Gaussian wave functionglif); X =§
eq=\Vp*+mi+A%7?, ie., the energies of light quarks in

final light meson acquire additional contribution from the

recoil momentum. The averaging --) is taken over the

Gaussian wave functions &f and7(p) mesons, so it can be Y.= <p2>+ (M w(p) " é)
carried out analytically. For example,

p? 1~
+ EAﬂi(Mp_mq),

+Mmy

2 2
- &p Ry MA_B)
<sq>=N‘1JW‘I’ﬂp)(p)sq(p)ﬁ's(p) R AV
1 _2
- eKy(2), (46) 1 P p’
\/— w(p)\/— Zl—§<m>(A+Mﬂ(p)+3mq) <+—|’T]q>,

Wherem m +A277 and K4(z) is the modified Bessel
function; z m /(Znﬁﬂ(p)) Analogous expressions can be 5
obtained for the other matrix elements(80)—(45). = } p

We have introduced the notation ( <__ >

2/ p? 1~ 1 —
Xl=§ f— _§A7], +\ = (A+ Mﬂ.(p)'f'?)mq)_?) ’
€qtmg gqtmy
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TABLE |. SemileptonicB— 7 andB— p decay form factors.

Ref. 827(0) A%=r(0) AS7(0) VEB=r(0)
Our results 0.26:0.02 0.26:0.03 0.310.03 0.29-0.03
[17] @ 0.33 0.28 0.28 0.33
[18] @ 0.09 0.05 0.02 0.27
[19] ° 0.26+0.02 0.5-0.1 0.4-0.2 0.6-0.2
[20] ° 0.23+0.02 0.38-0.04 0.45-0.05 0.45-0.05
[21]° 0.24+0.04 0.28-0.06
[22] ¢ 0.35+0.08 0.24:0.12 0.270.80 0.53:0.31
[23] ¢ 0.30+0.14+0.05 0.22:0.05 0.49-0.21+0.05 0.37:0.11

8uark models.
®QCD sum rules.
‘Lattice.

p? o (A1)—(A12), (24)—(27) for the form factors . , A;, A,, and
Zz=\ ———— | (A+ M, +3m,) V, we find that theg? dependence of these form factors near

(8q+mg)? g°=0 is given by
and ) B+ M,
f(0%) = ——= (W) 7 (AL, (48)
2\JM3
_ my B 1
 2ep(Amad T Mp] J5+2° 2yM
2\ —
Ai(gQ9) = Mgt M, +M 2(1+W)§(W Z1(Afa, (49
V. RESULTS AND DISCUSSION
Using the parameters of Gaussian wave functi@h¥ Az(qz)— (w) %Z(A ) (50
and the value of the mixing coefficient of vector and scalar 2yM
confining potentialse=—1 [8] in the expressiong24),
(30)—(393) for the B— = transition form factorf , (0) and the ) -
Egs.(25), (26), (34)—(45) for the B— p transition form fac- V(g%)= \/—f(w)7 (A7 masd (3)
tors A;(0), A,(0), andV(0) we get
where w= (M3+ Mw(p) 92)/2MgM ,); 7+ (A%,) and

B—mw _ — _
f277(0)=0.20£0.02, V®7*(0)=0.29+0.03, Ay AAZ ), 7/(A2ax) are defined by(24)—(26), (30)—(45).
We have introduced the function

12 A2 w—1
ATz wr1)

AP7P(0)=0.26-0.03, A5 7(0)=0.31+0.03. (47)

E(w)= (52

The presented theoretical uncertainty is estimated within our w+1

model. It results mostly from the approximation of the wave

functions by Gaussiand4). The contribution of higher or- which in the limit of infinitely heavy quarks in the initial and

der terms in Ith, is almost negligible. In Ref.11] we have final mesons coincides with the Isgur-Wise function of our

presented the results f&— 7(p)ev decay form factors up model[8]. In this limit Egs.(48)—(51) reproduce the leading

to the first order in Ih, expansion. The values of form order prediction of HQET9].

factors found in11] are close tq47), this indicates that the It is important to note that the form factéy; in (49) has

second order correctons inn are small(less than 5% of ~a differentq® dependence than the other form fact¢48),

form factor values Certainly additional theoretical uncer- (50), (51). In the quark models it is usually assumed the pole

tainties due to our model approach exist. [17] or exponential[18] g behavior for all form factors.
We compare our result§47) for the form factors of However, the recent QCD sum rule analysis indicates that

B—m(p)ev decays with the predictions of quark models the form factorA; hasqg? dependence different from other

[17,18, QCD sum rules[19-21 and lattice calculations form factors[19-21. In [20] it even decreases with the in-

[22,23 in Table I. There is an agreement between our valuereasingg? as

of f877(0) and QCD sum rule and lattice predictions. Our 5

B— pev form factors agree with lattice and QCD sum rule (q))=~|1- a AL(0)= M, (1+W)A,(0).

ones[21], while they are approximately 1.5 times less than "+ /= VM (Mg+M, )2 !

QCD sum rule results of Ref§19,20. (53
To calculate theB— m(p) semileptonic decay rates it is

necessary to determine tlyg dependence of the form fac- Such behavior corresponds to replamgig/v) in (49 by

tors. Analyzing theAmaX dependence of the expressions g(wmax)
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TABLE Il. Semileptonic decay rates I'(B— mwev),

I'(B—pev) (X|V,p|?x 102 s71y, the ratio of the rates for longi- 4.00 [

tudinally (L) and transverselyT) polarizedp meson, and the ratio

of p and 7 rates.

Ref. Ir(B—mev) I'(B—pev) I /Iy TBp/LB=" 7

Our results g

Model A 3.0+0.6 5412 0.5-0.3 1.8:£0.6 &

Model B 2906 5012 05-03 1706 = 200

[17] @ 7.4 26 1.34 3.5 Q

[18] 2 2.1 8.3 0.75 4.0 ~

[19] b 5.1*+1.1 12+4 0.06:0.02 2.4:0.9

[20] b 3.6£0.6 5110 0.13:0.08 1.4-0.2 —

[22] ¢ 8+4

3Quark models.

®QCD sum rules. 0.00

°Lattice. ' | !

0.00 0.20 0.40

We have calculated the decay ratesBoef> m(p)ev using X

our form factor values afj?=0 and theg? dependence
(48)—(52) in the whole kinematical regiofmodel A). We
have also used the pole dependence for form factor

FIG. 3. The differential decay spectralmodel A
gl/l“)(dF/dx) for B—m(p) semileptonic transitions, where
X=E,/Mg andE, is lepton energy. Absolute rated’/dx can be

2 2 2
f (a9, Ax(g%), V(g°), and obtained using"[B— m(p)ev] from Table II.
) M, A1(0) The present experimental accuracy is not enough to make
Ai(Q9)= 7(1+W) ———— (modelB, definite conclusions. However, we see from the Table Il that
(Mg+M,) (1—g?/mg)

the experimental ratio of the and 7 rates favors the models
with a specificg? behavior ofA; form factor. For the CKM

which corresponds to replacing the funcﬁf(rw) (52 by the  matrix elementv,,, we find, in our model,
pole form factor. The results are presented in Table Il in

comparison with the quark modé17,18, QCD sum rule [Vip/=(5.2+1.3+0.5) X107 (B—mlv),
[19,20, and lattice(for B— 7rev) [22] predictions. Lattice _ 112 3

accuracy, at present, is not enough to estinBateper rates Vbl =(5.2°15+0.6)x 10 (B—plv),
[24]. We see that our results for the above mentioned modelghere the first error is experimental and the second one is
A and B of form factorq? dependence coincide within er- theoretical. The experimental errors are rather large at
rors. The ratio of the rateS(B— pev)/I'(B— mwev) is con-  present, but we find the agreement betwdgp values ex-
siderably reduced in our model compared to the Bauertracted fromB— 7ev andB— pev decays. There is also no
Stech-Wirbel (BSW) [17] and Isgur-Scora-Grinstein-Wise contradiction with the value obtained from the analysis of
(ISGW) [18] models with the simple pole or exponential inclusive decay rates.

g2 behavior of all form factors. Meanwhile our prediction for ~ The differential decay spectra (@)(dI'/dx) for

this ratio is in agreement with QCD sum rule res(iit§,20. = B—m(p) semileptonic transitions, where= E,/Mg and

The absolute values of the ratef(B—mev) and E is the lepton energy, are presented in Figs&e also the
I'(B— pev) in our model are close to those from QCD sum Second paper of Ref6]).

rules[20]. The predictions for the rates with longitudinally ~ We can use our results f&f and A, to test the HQET
and transversely polarized meson differ considerably in relation [26] .be.tween the form factors of the seml|leptonlc
these approaches. This is mainly due to diffexgnbehavior ~2nd rare radiative decays Bf mesons. Isgur and Wig@6]

of A, [see(49), (53) or pole dominance modgL7] ]. Thus have shown that in the limit of infinitely hea\kyquark mass
the measurement of the ratib$B— pev)/T'(B— mev) and an exact relation connects the form factorandA, with the

T', /T'; should provide the test af? dependence ok, and rare radiative decag— py form factorF, defined by

may discriminate between these approaches. (p(p,.euic,,q"Prb|B(ps))
Recently CLEO presentefi25] the first experimental ) o 5 o )
measurement 0B semileptonic decays te and p: =i€,,,0€" "PgP, F1(q°) +[€,(Mg—M?)
—(e* 2
(B 771+ ) =(1.34+0.35-0.28 X 10" 4, (€7 A)(Ps+Py),]G2(7)- ®4
This relation is valid forg? values sufficiently close to
AB— p~ 1" v) = (2.28+0.36+ 0.59°399 x 104, Oimax= (Mg —M,)? and reads
2 2 2 2
g°+Mg—M: V(q9) Mg+ M
0_, - 2= p P 2
F(B°=p 1"v) . ioso, g ggro Fa(a”) oM MgtM,  2mg ‘(@)
F(B —>777|+V) - ¥-0.50— Y-Y2-0.34" (55)



53

RELATIVISTIC DESCRIPTION OF EXCLUSIVE HEAVY-TO- ...

6311

It has been argued if27,28,2Q that in these processes the of various radiative and weak decays of heavy mesons with
soft contributions dominate over the hard perturbative oneghe complete account of relativistic effects.

and thus the Isgur-Wise relatioiS5) could be extended to
the whole range ofj®. In[10] we developed th, expansion
for the rare radiative decay form factei(0) using the same

ideas as in the present discussion of semileptonic decays.

was shown that Isgur-Wise relatigh5) is satisfied in our
model at leading order of fi, expansion. The found value
of the form factor of rare radiative decd@r—py up to the
second order in i, expansion i§10]

This method has been applied to the investigation of the
semileptonic decays d@ mesons into light mesons. The re-
coil momentum of finakr(p) meson is large compared to the
4#t(p) mass almost in the whole kinematical range. This re-
quires the completely relativistic treatment of these decays.
On the other hand, the presence of large recoil momentum,
which for g?=0 is of orderm,/2, allows for the Irh, ex-
pansion of weak decay matrix element at this point. The

contributions to this expansion come both from the heavy
b-quark mass and large recoil momentum of the light final
meson.

We have performed the iy, expansion of the semilep-
tonic decay form factors aj?=0 up to the second order.
The g dependence of the form factors negr=0 has been
determined. It has been found that the axial form faéer
has aqg? behavior different from other form factoijsee
which is in accord with(56). Thus we conclude thatty, ~ (48)—(51)]. This is in agreement with recent QCD sum rule
and 1m? corrections do not break the Isgur-Wise relationresults [19-21. The r51“05F(E’Jﬂpev)/r(Bﬂ7TeV) and
(55) in our model. ' /T'; are very sensitive to thg? dependence oh,, and
thus their experimental measurement may discriminate be-
tween different approaches.

We have considered the relation between semileptonic de-
cay form factors and the rare radiative decay form factor
[26], obtained in the limit of the infinitely heavly quark. It

We have presented in detail the method of the calculatiomas been found that in our modelniy corrections do not
of electroweak decay matrix elements for transitions betweegijglate this relation.

different meson states, based on the quasipotential approach
in quantum field theory. It has been shown that the heavy-
to-heavy decay matrix element can be expanded in inverse
powers of the initial and final heavy quark masses at the
point of zero recoil of the final meson. On the other hand, the We express our gratitude to B. A. Arbuzov, M. A. Ivanov,
heavy-to-light decay matrix element can be expanded in ind. G. Kaner, V. A. Matveev, M. Neubert, V. |. Savrin, B.
verse powers of the initial heavy quark mass and large recotbtech, and A. Vainshtein for the interest in our work and
momentum of final light meson at the point of maximum helpful discussions of the results. This research was sup-
recoil of final meson. As a result the expansion of the heavyported in part by the Russian Foundation for Fundamental
to-light decay matrix element in inverse powers of initial Research under Grant No. 94-02-03300-a and by the Interre-
heavy quark mass arises. This method permits the calculatiagional Centre for Advanced Studies.

F2~r(0)=0.26+0.03. (56)
Using (55) and the values of form factofd7) we find

F8~r(0)=0.27+0.03, (57)

VI. CONCLUSIONS

ACKNOWLEDGMENTS

APPENDIX: HEAVY-TO-LIGHT SEMILEPTONIC DECAY FORM FACTORS AT  ¢?=0

(a) B—arev decay form factor

(0)—\/7f dSDS_(p 2e, Amax) \/sq(p+Amax)+mq\/sb(p)+mb
(27) E. +M 2eq(P+Amay 2my
Mg—E A eq(PTAna—M 1 1
X1t sq(erBAmaX)Werq (pAzmm:() oF 2nr::X) qHMB_E’T)<sq(erAmax)erq+2mb”
+(Pi+Py)| 5 =My ( o !
My(eq(P+Ama) +My) | eg(P)+ Mg eq(P+Amad + Mg
+MB—E7T 1 B 1 )( 1 B 1 H‘I’B(P), (A1)
E+Moleg(P+HAmadtMg  2my ) eq(P)+ My eq(P+Ama) + My
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d’p —
- 22

28q
E +M,

\/8q(p+Amax)+qu(sq(Amax)—mq_ Mg—E_
qu(p+Ama><) l 8q(Amax)"'mq sq(Ama><)+mq

2gq (PAmax) eq(Amax) —My
sqmmax){ 2o PH EW+M7AmaX”+ 2A2_ {(sqmmwxsqmmaxwmq)

1 1 )(
~ M= En| Rt o Bmad F Mol Mulen(Bmad + Mol )/ \MB+ M= eu(P) = 4(P)

n 284 A )_ eq(Amax) — M
P v ] |~ e o ] (M 0P (P

Mg—E, sq(AmaX)—mq( 2g4 )
T Moeq(Bmad £q(A me) F Mg\ M7 28| PYE T, Amax

—2g4

p2+p2 ( E.—M,
z[gq(p)+mq] sq(Amax)[sq(p+Amax)+mq]2
Vo S : - )(M +M,—&p(P) ~ £q(P)
E M, | q(Bmad[eq(Bmad + Mgl My[ep(Apgdtmp] |/ 187V m #oPITealP
q (E’)T_M']T)[MB_Sb(p)_Sq(p)] Mg—E,
—2gq P+ =———Aax -
E,+M, mb[gb(Amax)+mb][sq(Ama><)+mq] (Ew+Mw)mb8q(AmaX)
Sq(Amax)_mq( B 2gy )
sq(Ama><)+mq M7T 28q p+ E7r+ M,TAmaX \PB(p)i (AZ)
£V(2)(0)= [Ex f — 284 _ %4, \/Sq(p+Amax)+mq _ p§+p§ 1 3 1
(27T)3 E +M, T max 2eq(P+Amad [eq(P)+mMglleq(P)+My  &q(Amad+My
-M, 1 N 1 Mg—E,. 1 1 }
8c](p‘|'Ama><)'|"T]q Ep(Ama) + My 8q(Amax)'*_mq E,+M, 8q(Amax)'HT]q Ep(Ama) + My

X|[Mg+M;—ep(Pp)—&q(P)— 284

28q A ” (pAmax)

R i R S (R

[Sq(Amax)_mq](

ep(Ama) + My

Mg ( 1 }
+(Mg—E, + Mg+M ,.— —
8q(Amax)[sq(Amax)—"mq] (Ms )sq(Amax)+mq ep(Ama) + My . e(P) Sq(p)
2g4
, K N ) . p? Mg—M  —ep(p)—g4(P) +2e4| P+ mAmax
fo| PYE 7M™, 2q(p) + Mg 26 q(Amad 2o Amad + M)
2g4
Mg—E. Mg+M —ep(p)—eq(P)—2e4| P+ mAmax
8q(Amax)"}_mq 28q(Amax)[8q(Amax)+mq]
1 1 Mg—E, ))Ms—sb(p)—eqm)

+ - — , A3

8q(Ama><)'|'mq 2mb< sq(Amax)+mq ep(Ama) + My a(P) A3)

(b) B—pev decay form factors
<1>(0)_2\/ sM, f d3p — 2z, A \/sq(p+Amax)+mq\/8b(p)+mb
MetM, YW, ) 2m? T\ PHE 7, 2oq(P+ A o

pe+ps
gq(p)+my

1
X[” 2mb[sq(p+AmaX)+mq] (E,=M,) —gpz—(pAmax))]\I'B(p), (A4)
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2yMgM, [E, [ d°p — 2
AS(Z) 0)_ B f p3 ( Sq Amax
Mg+M, (2m) E +M,

o 20, ”_ (PZ+P2)(E,~M,)
E,+M,” ™ 2my[eq(p) + Mgl €q(Amay) +Mg]

\/sq(p+Amax)+qusq(Amax)—mq 1
qu(p+Ama><) t 8q(Amax)"'mq 8q(A max)

X Mp—qu

1
(M gt M,—en(p)—eq(P)—2e4| P+ )+ m[MB_gb(p)_sq(p)]

2eg
X AI'T'IEIX
Sb(Amax)+mb Ep+ Mp

" (PAmax) 8q(Amw()_qu 1 " 1
Arznax 2 Mplep(Ama) +Mp]  &g(Amad[€q(Amay) + Mgl

MB+Mp_8b(p)

28q

1
—&q(P) 24| P+ E, "M, Am ))+m[MB_Sb(P)—Sq(p)]H‘I’B(p), (A5)

ZW\T dap _ 2 eq(P+Ama)+m

)0y — —L : :
[ (P2+PII(E,~M,) ( 1 L )
[oa(P)+ Malloq(B e + Mgl | [oq(P)+ Malloo(Amed + Mol * [eq(Amad+ Mql?

Mg+M,—ep(p)

2

) 284 A p 1 £q(Ama) —Mg
~ealP) 2| PR e Amax| | S e | 2o g(Ama[£qBmad + Mol | 2q( A + Mg
><(M P P B ))— Mg— -~ -~ ! +i>
p €q p Ep+ Mp max [ B 8b(p) Sq(p)] Sb(Ama)()+mb 3[8q(Amax)+mq] my
M — 26| pr =20 _a_ ) (PAmand A )] 2[Mg—ep(p)
p PTE, ™, °m Az LEdBmad T lall 50 (A [eq(Amad + Mgl B~ €b(P
max) ( 28q )
—&4(p )]+W Mg+M,—e,(p) —eq(P)—2g4 p+mAmaX
e ! My (M +M,—ep(p)—eq(P)
8q(p)"'mq Sb(Amax)"'mb q(Amax)[Sq(Amax)"'mq] B o EolP Sq(p
&
— 24| p+ 9 A )” Va(p), (A6)
Sq p Ep+Mp B(p)

A0 Mg+M, 2VE,M, f d3p — 2e, A \/sq(p+Amax)+mq\/sb(p)+mb
2 (0= 2~/—|v| M E,+M, (277)3 EP+MP max 2eq(P+Amay 2m,
{1+M_ 1— E, M, _ P n p)2(+p§
Mg 8q(p‘"Amax)'*_mq 2mb[8q(p+Amax)+mq] [8q(p+Amax)+mq][8q(p)+mq]
E +M M (PAmax | €q(PTAmay —M M E
R T q a,_» _r
2mb + MB) Aﬁwax Zmb + MB 1+ my \I,B(p), (A7)
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AS?(0)= Mg+M, 2\/EMJ d3p ¥ | ps —259 4 \/sq(p-i-AmaX)—l—qu &q(Ama) — Mg
2 2 MM, E,+ M (277)3 E,+M, M 264(P+Ama) || £q(Amad T Mg
M 2g4 px+ Py 1 (
oy sqmmag{ “oea| P Ep+MpA"’*‘*”_2mb[sq<p>+mq] (B 1y 0 Mo (P
28q 1 (PAmay 1 8q(Amalx)
gq(P)—2¢&4 p+mAmax +m[MB ep(P)—eq(P)]|+ a2 2|\ mea( Ay T o]
Y mgem 2 2q_ )
+8q(Amax)+mq gt p_sb(p)_gq(p)_ €q p+m max
1
+ —[Mg—ep(p)—eq(P)]| [ ¥a(P), (A8)
mg
AV2)(0) = Mg+M, 2VE,M, f dsp _ _28q \/sq(p+AmaX)+mq
2 2‘/—BM E,+M, 277)3 Ep+|v|p 2e4(P+Amay)
px+pd ( E,+M, 1 Mo S
[Sq(p)+mq][8q(A ax) T Mg] [Sq(p)+mq][3b(A SEN oq(Ama) tmg/[ 2T 070 P)=eq(P
2oy pt =20 i ! (M +M
Pl P E M, A | T o0 g Zeq(Bmad[eq(Bpd gl |18 Mo 0PI Ee(P)
, fa_ 1 1 1 (M , 20 )
2% P M, A | B ed My | Bl q(Bmad T Mgl | mp) (7 28 PTE T, A
<pAmax)[ 1 [eqAmpd+mg M )( 2, ))
- + Mg+M,— - — 24| p+ =——_A
A2 leq(P)+mglep(Amad TMy  2e4(Apad/\ 20 P ep(P)—eq(P)— 24| P £, M, S mex
1 28q
* oaBmmy | SMe = 20(P) —2q(P)] = (M, = 2eq| P+ - Ama| ||| Ve(P). (A9)
V(0)= Mg+M, d3p — 2e ) 2JVE M, \/sq(p+Ama>()+mq\/sb(p)+mb
2yMgM,J (27 )3 Ep+Mp M) & q(P+ A mad + Mg 2eq(P+Amad 2m,
+ +A +m 1 A, +A +m
X(” PitBy | Solpt Ane 1Ty _ ® zmaX)<1—8q(p mer) * Mo ]\Ifs(p), (A10)
E,+M,\ 2my[eq(p)+my]  eq(P+Amad + Mg Al 2my
V2 (0)= Ma+ M, dp v p+ 284 ) 2VEM, \/Sq(p+Ama><)+mq
2MgM,, (2m)3° E, M, " e(p+Amm) +Mmyg 2e4(P+Amay

A BN
p —_—
E,+M, ™

Mp—qu

1
1~ 8q(Amax)

px+py { q(p+Amax)_mq
2mb(E +M)[eq(p)+mgl £q(AmaY

N 2£q A ))}
Pr=—"771
E,+M, ™

+ 2eq A ))
p —_—
E,+M,” ™

2 A +m
p a Ep+ Mp ep(A max)+mb K !

(pAmax) { ( 1 q(Amax) + mq
A? q(Amax) My[ & p(Amax) +Mp]

max

(MB+Mp—eb<p)—sq<p>—28q

_ Eq(Amax)_ (M _oe
Zmbsq(Amax) p q

28
pt mAmaX \I’B(p)i (All)
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VV2(0)=

M+Mfd3p\?
2MM ) (2m)3

X‘ 2(pi+p5)
(E,+ M )[eq(p)+my]

a4 2VE,M, gq(P+Ama) + My
Ep+Mp T & q(P+ Amad + Mg 284(P+Amay

£q(Ama) + Mg B 1
[sq(p)+mq][8b(Amax)+mb] 8q(Ama><)+mq

1

X
ep(Ama) + My

Mg+M,—e,(p) —&q(P) — 224

p2
}_mmb4m+mﬁ

N 28q A ))}
gl pt=———
E,+M, max

p+ Fa A
E,+M,” ™

X[Mg—ep(p)—eq(P)]+ (MB+Mp_8b(p)_8q(p)_

£q(Ama) + Mgy
(PAmay 1 8q(Amax)"'mq 2801
Aﬁ]ax sq(p)+mq - Sb(Amax)+mb MB+Mp_8b(p)_8q(p)_28 p+mAmaX ‘PB(p)!

(A12)

where the superscripts(1)” and “ (2)” correspond to Figs. 1 and 25 andV to the scalar and vector potentials @f
interaction:

M2— M2 M2+ M?2
(p) . (p) .
|Ama>J: 2Mg . J EW(P): Mw(p)_’_Aﬁ’lax 2Mg . ) (A13)

and thez axis is chosen in the direction d,,,.
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