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Phenomenology of D,; mesons radiative transitions
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We discuss radiative transitions Dy, — D,y and D; — D}y of p-wave mesons. Since D,; mesons have
no certain C-parity, and the masses of quarks in these mesons differ significantly, then due to the spin-orbit
interaction, each of the p-wave mesons with the total angular momentum J = 1 is a superposition of states
with the total spin of quarks S, = 0 and S,,; = 1. We explain why the partial width of D, (2460) — Dy
radiative transition is significantly larger than the corresponding value for D, (2536) — D,y. We also
predict the corresponding partial widths of B and B,;.
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I. INTRODUCTION

Currently, various phenomenological approaches are
used to study spectroscopy and radiative transitions of
hadronic states containing heavy quarks. In particular, one
can try to use a nonrelativistic quark model accounting for
the first relativistic corrections. The corrections are espe-
cially important if the photon radiation amplitude obtained
in the leading nonrelativistic approximation is suppressed
for one reason or another. In this case, when calculating the
radiation amplitudes, in addition to relativistic corrections it
is also necessary to take into account the retardation effect
in the photon wave function. A similar problem arises in
both atomic and nuclear physics. An example is a single-
photon transition 2s — 1s in the hydrogen atom [1] and
bremsstrahlung during scattering of two identical non-
relativistic nuclei [2]. This is precisely the situation that
arises when studying radiative transitions of p-wave states,
for example, c¢5 systems with the total momentum J = 1.
The nonrelativistic electric dipole moment of this system is

d— [__}Mz_M (1)
3Im

mS mC s

where m, and e; = ¢/3 are the mass and charge of 5 quark,
m, and e. = 2¢/3 are the mass and charge of ¢ quark, e is
the proton charge, r =r; —r,, and Mz = m.m,/(m,. +
my) is the reduced mass. In the center-of-mass frame,
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rs = Mgr/mg and r, = —Mgr/m,. For the estimate, the
values m; = 0.5 GeV and m,. = 1.7 GeV are used. A
strong compensation in the magnitude of electric dipole
moment is seen.

The nonrelativistic dipole moment (1) is independent of
quark spins S; and S, and cannot lead to radiative
transitions between the states with S, =1 and S, =0
of the total spin S, = S5 + S.. Meanwhile, there are two
p-wave mesons consisting of ¢ and 5 quarks, D (2460)
and Dy, (2536), with the total momentum J = 1 and close
masses. Each of these mesons is a superposition of states
with S, = 1 and S, = 0 [3-6]. This is because the fine
structure operator of the system depends not only on S
but also on the operator X = S; — S, having nonzero
matrix elements between the states with different values
of the operator S, Therefore, the total spin is not
conserved, unlike the total angular momentum J, corre-
sponding to the operator J =L + S, where L is the
angular momentum operator of the system. In addition, the
operator responsible for radiative transitions between states
with L = 1 and L = 0 also contains contributions propor-
tional to S, and X. This, as it is shown in our paper,
explains the unusual ratio of widths of D;-meson radiative
transitions [7]. The conclusions of Ref. [7] are based on the
analysis of experimental data of BABAR Collaboration [8].
As noted in Ref. [7], the width of transition Dy, (2536) —
Dyy is less than 8 KeV, and the width of transition
D,;(2460) — Dy is less than 2.3 KeV, which is strikingly
different from the generally accepted expectations pre-
sented in Table I. Note that the estimation for the width of
D,;(2460) — D,y transition in Ref. [7] was based on the
account of the nonrelativistic dipole moment contribution
solely. We show that this assumption is not valid due to the
importance of relativistic corrections. Taking these correc-
tions into account within a potential model, we obtain the
formulas for the probabilities of Dy; — Dy, Dy — D3y,
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TABLE I. Theoretical predictions for radiative decay widths Dy, — Dg.*) y in KeV.
Publication [13] [14] [15] [16] [17] [18] This work
(D (2536) — Dyy) 15 25.2-31.1 61.2 54.5 18.18-18.85 1.6 +23 12
(D, (2536) — Diy) 5.6 14.6-22.8 9.21 8.9 2.96-3.02 104 £1 29
(D, (2460) - D,y) 6.2 10.3-17.2 13.2 12.8 3.53-3.61 297
(D, (2460) - Diy) 55 140251 174 15.5 4.74-4.79 104
le - Bsy’ le - BT]/, Bcl - ch’ and Bcl - Bc}, He— 1 g b [rxﬂ.?] S? [rxﬂ"c] 'Sc
transitions. SToO\B3  » m2 om?
Our work is organized as follows. We first derive the g
spin-dependent corrections to the operator responsible for Tomr (rxm.]-Ss—[rxm]-S,.)
radiative transitions, make qualitative predictions for the e s w
corresponding probabilities, and compare them with avail- + g [3(n-Sr)” =S 4_” 5(r)( 2 _é (4)
able experimental data. The conclusion formulates the main mym, 23 3 ot

results of our work.

II. FINE STRUCTURE OF c¢5 SYSTEM IN THE
RADIATION FIELD

To obtain a radiative-transition operator that takes into
account relativistic corrections and the retardation effect,
we consider the Hamiltonian of the ¢§ system in the
radiation field. This Hamiltonian contains several terms,
which we discuss separately. The vector potential A (r, ¢) of
the electromagnetic wave in the final state, the correspond-
ing electric field £(r, t), and the magnetic field H(r, r) have
the forms

A(r,1) = Ayel@=kn),

E(r,1)

H(r,t) =
= —iwA(r, 1),

—ilk x A(r, 1)),
(2)

where Ay is a constant vector perpendicular to the
momentum k of the photon, and the system of units 7 =
¢ =1 is used.

We start with the Hamiltonian H(, which accounts for
the first spin-independent relativistic correction to the
kinetic energy,

m o m (73)* _ (m2)°
H0:2mS 2m, g(r)+Uconf(r)_ 8m§ - 8m2 ’
Tts :p_eK'A(rS’t)’ nc:_p_ecA(rc’t)’

g 4
Ug<r):_;’ Uconf(r>:br’ g=§ s (3)
where p = —iV, and ¢ and b are the parameters of our

model. The values of these parameters are fixed by
comparing the predictions for the masses of states with
known experimental values [9].

The potential energy U, (r) of the ¢ and § interaction is
the zero component of a Lorentz vector, and U y(r) is a
Lorentz scalar [3]. This is why U,(r) and U (r) enter
differently into the spin-dependent relativistic correction
Hg to the Hamiltonian,

where n =r/r. Recall that §2, —3/2 = 25:S,. Finally,
there are two more corrections to the Hamiltonian that do
not explicitly include the potentials U, (r) and Ucgye(r).
The first correction H, is related to the interaction of the
magnetic field with the magnetic moments of quarks,

oS  H(ra.1).

c

[
H.,=—-——28§._. _ —
=S M) (5)

The second correction Hy is related to the Thomas
precession, which occurs due to the acceleration of a
particle in the electric field of radiation,

Hy = =22 (lms x £(rs.0)] = [E(rs.1) x 75) - S;
- (e x £ )]~ (Bl ) <)) S (6)

For U,qui(r) = 0, the Hamiltonian of a system with differ-
ent masses and charges in a radiation field can be found in
Refs. [10,11]. The contribution of Uy (r) to the spin-
dependent part of the Hamiltonian is proportional to the
constant b and is contained only in the correction Hy.

Note that the Hamiltonians H,, Hg, Hy, and Hy are
written in the gauge A°(r,7) =0, divA(r,t) = 0. Since
m; = myv; and w, = m v, where v; and v; are velocities,
the operators z; and x, are gauge invariant. Therefore, the
Hamiltonians H,, Hg, H);, and Hy are expressed via the
gauge invariant operators E(r, 1), H(r, 1), &5, and z... Thus,
transition amplitudes following from these Hamiltonians
are gauge invariant.

We now have everything we need to study both the
structure of p-wave mesons and their radiative transitions.

III. STRUCTURE OF Dy;; MESONS

We set A(r,t) = 0 and obtain the Hamiltonian describ-
ing the fine structure of the c¢5 system with L =1,

114019-2
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H=H, +AH,, + AHj,

PPN 2 s

T2Mg 1 " T 8m3 8md’

1/g b 1 1 1 1
atts =g (=)o |Gt (=)

g
+msmcr3L'St0t+_2msmcr3 [3(n'Stot)2_St20t]' (7)

Recall that p> = p2 +L?/r?, where —p? is the radial
part of the Laplacian. The Hamiltonian (7) coincides with
the Hamiltonian in the model [3], with one difference—in
our model, only the first correction AH,, to the kinetic
energy is taken into account. We have checked that such a
replacement does not significantly affect the numerical
results, but essentially simplifies the calculations.

The eigenfunctions of the Hamiltonian with J =1,
L=1,and J, =pu, ¥, and ¥, are a linear combination
of the functions y; and y,,

Y =cy +ayr, Yr=cyp—cy,,
"4 =Ylﬂ(9’¢)|S=0ySz=0>R1(r),

1
¥2 :chz’,l(ﬂ—ﬂ’)ylﬂ'<9v(p)|S: l’SZ :/’l_ﬂ/>R1(F>, (8)
”/

where Y, (6, @) is the spherical function, c 11 (uy) AT€ the

Clebsch-Gordan coefficients, and R (r) is the radial wave
function with the angular momentum L = 1. The corre-
sponding energy and the coefficients ¢, are found from
the solution of the secular equation [12].

The matrix elements of the operator AH ¢ read

(AHS)U:Ov

=33 ((3)- () -z ()
— — 1 .

©)
Let ¥, correspond to the lower energy E; = Ego) + AE,;
with AE; <0, and ¥, to the higher energy E, = E(lo) +

AE, with E, > 0, where E(lo) is the eigenvalue of the
Hamiltonian H,,. The state ¥; corresponds to the
Dy (2460) meson, and ¥, to the D,;(2536) meson.
Solving the secular equation, we obtain

(AHg)y
2

(AHg)y
2

AH
v = \/( S)22 (AHS 12>

/ [|AE, |
c1 = —sgn(AHy),, 6= | 1 (10)
2y

To calculate the matrix elements of radiative transitions, we
need to know the wave functions not only of D;; mesons,
but also of D, mesons with L =0, S, = 0, and J = 0. We
use the wave functions calculated by means of the
variational principle [12]. For states with L = 0, we write
the radial wave function Ry(r) as

AEI = Y, AEZ == + Y,

4
—a)g, (11)

Ny exp(-a3r?/2). 7

Ro(r) = Ny =

where @, is a variational parameter. Then,

30} 2 (b
E((JO) :ﬂ+—(——gwo>,

4MR \/7_2' (O
0 0 3wy 2 (b
0600 0 2MR \/_ a)o +g ( )

Here, EE)O) is the average value of the Hamiltonian H,, over
the wave function (11) at L = 0. Similarly, for L = 1, the
variational radial wave function R,(r) has the form

r) = \/Nirexp(—wir?/2), N, = 3\/_0)?, (13)

where the variational parameter w; is found from the
relations

o Swb 4 <2b >
E = (-
! 4MR 3\/_ (] g

0 5 4 (2b
EY = 2 <E+ g> =0. (14)
1

ow, ' 2Mg 3z
In these formulas, @, and @, are variational parameters that
are found by minimizing the corresponding energies. For
the average values in the matrix elements that determine the
mixing coefficients of the functions y; and y,, we obtain

©Rr) 4 [=R) . 4
A r3 dr—ﬁwl, o , dr—mwl. (15)

As a result, for the matrix elements, we have
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(AHg),; =0,
1 1 1 29
(8, = 5= b0y = god) () =2,
NG 1
(AHg) ), = (AHg)y = _m(ba)l — goy) <m—? _m_§>

Note that the spin-independent relativistic corrections,

350t (11
(8, = Bty = =00 (k)7

do not contribute to the energy difference E, — E;. The
corresponding shift of energy for the state with L = 0 is

5 (11
@ty == ().

In addition, for L = 0, it is necessary to take into account
the correction

29(08

rmgm,

These shifts must be taken into account when comparing
the prediction for energies of transitions with the exper-
imental values.

(AHS)OO = (19)

IV. RADIATIVE TRANSITIONS OF D;; MESONS

To derive the Hamiltonian H,4 corresponding to the
emission of one photon, it is necessary to keep in H,, Hy,
Hy;, and Hy the terms linear in A(r, ¢). Let us represent
H_,4 as follows:

1 1
Hg = GO + istot : Gtot + 52 : GZ’ (20)

where

1
Gy =—(Ay -p)F, +Z{p2’F3}(AW ‘p),

b
Gy = —[r xAy] [l (r—g’g_ ;)fz +L3fo]

2 mgm,r

ilk x Ayl +%“’{ua x Ayl f2},

l(ig b g
GZ: [rXAw] |:—§<F—;)F2+m m.r3F0:|

+illx AwlFy+ 2 {lp x Ayl P2}, 1)

Here,

€x . e .
[ =S i 4 ¢ piaer
s mC

fo = ege_lqi'r — ecelq(r'r’

_ 5 —iger_ % ig.r
far= 5€ se'de’,
mS mC

Fo=ese 7 e e,

€5 . e, . €5 . e, .
Fy =55 emiaer _ £ giger -y = S5 gmiaer 4 O piaer,
mS mC ms mC
€5 _ig.r_ 6c ig.. Mpg Mpg
F3 :736 lq.xr_i:;elq(:r7 qEZ k, qczik’ (22)
mS mC mS mC

and {A, B} = AB + BA.

A. Radiative transitions of D;; mesons to Dy

The state of the D; meson is described by the wave
function ),

wo = YoolS = 0.5, = 0)Ro(r). (23)
To calculate the amplitudes of radiative transitions from the

states W, , to the state y, it is necessary to calculate two
matrix elements,

Ty = (wolHraaly1). Ty = (wolHalwa). (24)

In the matrix element 7, the only nonzero contribution
comes from the term G, in Eq. (20),

3
T, = i;r/_/d3rR0G0R1(eﬂ n),  u=J. (25)
T

where the following relations are used:

Y | /—3 (e,-n), Yyp=——=, n=r/
= . — — r
lu l 4r " ) 00 /—4”7 s
(e, +iey) (e, —iey)
ey=e, e —=———>- e ,=——>-. (26
0 z 1 \/E 1 \/E ( )

In T, the only nonzero contribution comes from the term
X -Gs/2 in Eq. (20). After simple transformations, we
arrive at the result

V3
8ﬂ\/§

Using the obtained wave functions, we find

TZI

/ PrRo(e, - [Gs xn)R,.  (27)

Ty =Z(Ay -e,)t, T,=Z(Ay -e,)t,

S, (uow%_1 /4a)oa)1 ’ o [} —2k a)f (28)
w

For the coefficient ¢, the straightforward calculation gives
1, =ty + t1,, where
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2
ty = ——20_ (& Q4 _ &e—Qm),
26) mS mC
50t0? ( e- 2 4 o
1y = S20%T {%e—gz/4 [1 L9 (wo;L ;01)]
42 \m; 20wjw7
gl {1 n Q?(wéj g)?)] }
. 20wgwy
Mgpk Mgk
0, =—"2, ===, (29)
my@ m.@

Note that accounting for retardation, i.e., e~%" and 4" in
the photon wave function, and compensation in the differ-
ence e;/m; —e./m, lead to a decrease in the value of
nonrelativistic contribution #;; by half. Therefore, it is
important to take into account the relativistic corrections 7,
and 1,. For t,, we find t, = t5; + t5; + 153, Where

1 fe (br?* — g@*)  29@?
by =— e F
=) {es { T Ml
br? — g&* 2g@?
+ e, [( 5 ) F(Q.r) pdr,
mC mSmC
sinx cosx sinx
Fx) = X 2 B3
k [ es e
[22 e Z <;S Qse_Q§/4 _|_ m_c ch_Q%/4> s
A c
k €5 2 [P 274
In=—— {40)2 <— e~ %/ 4 =S 700/
16@ 0\ m? m?
+ @? <e—2 Qe /4 +e—;Q§e—Qﬁ/4>] (30)
mS mC

As a result, we obtain the transition probabilities,

4
F(DS] (2460) - Ds]/) = gklzz(clt] + Cztz)z,
4
F(D\1(2536) g Ds]/) = gkzzz(Czll - Cllz)z. (31)

When calculating these quantities, it is necessary to
substitute the corresponding photon energies,

ki = ey — 110 ks = kg — 2
1 — *10 2M0 s 2 — 120 2M0 P
ki = [Ego) + AE; + (AH,, )]

0
— [EY + (AH,,) o + (AH) o).
k20 == kl +AE2—AE1 (32)

In these formulas, the recoil energies are taken into account,
and M, is the mass of the D, meson. Explicit expressions
for all the quantities included here are given in Egs. (10),
(12), (14), and (16)—(19).

For numerical estimates, we use the values of parameters

m, = 0.5 GeV,
b =0.18 GeV?,

m. = 1.7 GeV,
g=0.8.

With these parameters, we have

@y = 0.47 GeV, w7 = 0.38 GeV,
¢y =0.71, ¢, =0.71,
M(D};) — M(D,) = 147 MeV,
M(D,(2536 M(Dy;(2460)) = 50 MeV,

M (D, (2460 M(D;) = 600 MeV. (33)

@ = arctan(c,/cy) = 45°,
) =
) =
For the transitions Dy, (2460) — D,y and D, (2536) — D,y,
we find from (31)
['(Dy;(2460) — D,y) = 297 KeV,
I'(Dy;(2536) — D,y) = 12 KeV. (34)
This result answers the question of [7] on why the decay
D,;(2536) — D,y is not observed, in contrast to the
decay Dy (2460) — Dy.
In the nonrelativistic approximation, only the contribu-
tion #;1, Eq. (29), should be taken into account. In this case,
['(D,;(2460) — D,y) = 4.9 KeV,
I'(D,;(2536) — D,y) = 5.2 KeV. (35)

B. Radiative transitions of D;; mesons to D}y

The state of the D meson is described by the wave
function ),

wo=YolS=1.5, = )Ry(r). (36)
We need to calculate two matrix elements,
T/l = <W6|Hrad|l//1>7 T/2 = <W6|Hrad|l//2>- (37)

The nonzero contribution to the matrix element 7"; comes
from the term X - Gy /2 in Eq. (20),

V3 .
T/l = lg/d’}'l’Ro(Gz -eﬂ/)(n 'eﬂ)Rl. (38)

The nonzero contributions to 7, come from the terms G,
and Syo( - Giot/2,

3
le = —47\1/\;2/d3rR0G0([e;, Xe”] 'n)Rlv

V3
871'\/2

-1

[ @rroGux ] e DRi. (29)
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Calculating the matrix elements yields the following
expression for the amplitude 77):

=iZ{(Aw - [" Xe])Tn
+ (Aw - e, x A])(e, - A)712}, (40)

where A = k/k, Z is defined in (28), and the coefficients 7,
and 7, are

‘f/

_ )
e [ 28

m? mgm,

o[t B o,

2 _0a?)  2ai?
{ [r gw)Jr g

T”_\f/

[ B

m¢ mym
MRk ( Q2/4+—e_Q2/4>
2\/_ m?2
213 2
L MRK (90 (&5 gy S m0ia
8\/_0) @? m? mc

sinx 3sinx 3cosx

Fo(x)= =3 T2 (42)

X X X

me mgm The amplitude 7% reads
4"}’0 ( QZ/4+_26—Q2/4) — iZ{(Aw - [e, % e))ear + (Ay - e, X A]) (e - A)en),
sinx cosx (43)
Fi(¥) =—%——%", (41) ici
b X where the coefficients 7,; and 7,, are
|
br? — g 2g@*
T = / { [ ( 2 ) + fl(er)
mS mSmC
=2 2
[ (br? —ga) n 29 }Fl(ch)}dr—@ <€_§2€_Q§/4 _e_cze—Qz/4>
mgm,. 8w \mj mg
_9G (& gy _ Ce o +—5 DD, 04| Qz(wo + ‘01)
2@ m, 20w
Sa)oa)l 024 0 (0} + o)
- e = 44
8 m? < + 20a)(2)a)% ' (44)
1 br? — g@*) 2g9@*
T = — \/— _rz{es|: ( m2 )+mm ‘7:2(er)
br? — gi*)  29&° Mgk?
—e, [—( Lo g | 290 ]fz(ch)}dr+ £ ( e 03 e—ée‘Qg“>
me mgm, 40 \m; me
MRk2 C()(z) €5 _ €. _»n
+ 16 (1—5 ﬁe Q‘Y/4—$€ 0:/4 . (45)

The probabilities of radiative transitions are of the forms
4

I'(D;,(2460) — D3y) :gklzz{[clﬁl + ¢ (721 —720)?
+[ei (11 +712) + e}
4

I'(D;1(2536) - Diy) :gkzzz{[—czfn + 1t =)

+[=ca(zii +712) + 172 ]*}. (46)

The photon momenta in radiative transitions are given in
Eq. (32) with (AH),, replaced by

2ga)8

AH)y = —F———.
( )01 3\/7_[msmc

(47)

I
For numerical estimates, we use the same parameters as
before. As a result, we obtain

I'(D,,(2460) — Dy) = 104 KeV,
I'(D,,(2536) — Dy) = 29 KeV. (48)

In the nonrelativistic approximation,

(D, (2460) — D?y) = 7.1 KeV,
I'(D,,(2536) — D*y) = 7.4 KeV. (49)

Thus, the importance of relativistic corrections is obvious.
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C. Comparison with previous predictions

Numerous theoretical works [13-18] are devoted to
calculation of radiative decay partial widths of Dg
mesons. The results of these studies, carried out within
the framework of potential models, are presented in
Table I together with the predictions of our work. It is
evident that in all previous studies, the predictions for the
width T'(D,;(2536) — D,y) are larger than that for
['(D,;(2460) — D,y), and the decay width T'( D, (2460) —
Diy) systematically exceeds I'(Dy;(2460) — D,y), which
significantly contradicts the experimental data [9].
Apparently, this is due to the fact that in all previous
works, the spin-dependent contributions to the radiative
transition amplitudes have been neglected. Therefore, the
ratio of transition probabilities to Dy is determined only by
the mixing angle, which is of the order of forty degrees. As
can be seen from our calculations, the spin-independent
contribution to the transition amplitudes is strongly sup-
pressed. As a result, the contributions of relativistic correc-
tions, dependent on quark spins and independent of them,
become very important. As it turns out, the relativistic
corrections to the amplitudes of radiative transitions are of
the same order as the contribution of the nonrelativistic
dipole moment operator. Since in the decay amplitude
D, (2536) — D,y the corresponding contributions enter
with opposite signs (46), a strong compensation occurs
in the corresponding decay width. At the same time, an
amplification takes place in the decay amplitude
D,;(2460) — Dgy. A similar phenomenon occurs in tran-
sitions to Djy.

Of course, our predictions are model-dependent, and the
numerical values of widths are sensitive to such parameters
as the quark masses and the constants in the interaction
potential. However, at our values of the parameters, we
reproduce well the experimentally known mass differences
of Dy, D, and D} mesons. The sensitivity of radiative
widths to small changes in model parameters is more
significant. Since I'(Dy;(2536) — D,y) turned out to be
very small as a result of strong compensation, we believe
that this value lies in the range from zero to 15 KeV. At the
same time, we estimate the accuracy of the remaining
predictions at 50%. Note that such a variation of widths
does not significantly affect their ratios. Our statement, that
the decay width of D;(2460) — D,y transition is much
larger than that for Dy, (2536) — Dy, is stable with respect
to variations in the model parameters.

Since the decay probability of D,,(2460) — Dy is
known from the experiment, we can estimate the total width
of the Dy (2460) meson, [y (D, (2460)) ~ 1.5 MeV.
Therefore, measuring the total width of D;(2460) is an
important check of our estimates. In addition, measuring the
ratio I'(Dy;(2460) — Diy)/T'(D,(2460) — D,y) will also
be a test of the model. This ratio is much less dependent on
the choice of parameters than the partial widths and is easier
to measure.

V. RADIATIVE TRANSITIONS
OF B,, AND B,; MESONS

Using the obtained formulas, we can predict the partial
widths for radiative transitions By, — By, By — B}y,
B(?l - Bc% and Bcl - ny

A. Radiative transitions B,; — B,y and B;; — By

Let us make the substitutions m, — m;, = 4.8 GeV and
e, — e, = —e/3 in the formulas obtained for D,; mesons.
In addition, for By; mesons we use the value g = 0.7. The
small decrease in the constant g is due to the fact that with
the growth of heavy quark mass, the reduced mass My
increases, which leads to a decrease in the characteristic
size of the system. As a result, the strong interaction
coupling constant @, and, consequently, the constant g,
decrease. Then, we have

=0.49 GeV, w; = 040 GeV,
¢; =0.78, ¢, =0.62, @ = arctan(c,/c;) = 38.3°,
M(B:) — M(By) = 52 MeV,

M(B,;(5829)) —
M(B,,(5748)) — M(B

M(B,;(5748)) = 59 MeV,
\) =490 MeV. (50)

For the transitions By, (5748) — By and B, (5829) — By,
we obtain

I'(B,,(5748) — B,y) = 47 KeV,
I'(B,,(5829) — B,y) = 28 KeV. (51)

For the transitions of B,; mesons to By, we find

I'(B;(5748) — Biy) =20 KeV,
['(B,(5829) — Biy) = 41 KeV. (52)

In the nonrelativistic approximation, we have

(B, (5748) — Byy) = 111 KeV,

(B, (5829) — B,y) =70 KeV,

I'(B,(5748) — Biy) = 67 KeV,

I'(B,(5829) — Biy) =5 KeV. (53)
TABLE II. Theoretical predictions for radiative decay widths

B,, — By in KeV.

Publication [19] [20] [21] This work

I'(B,,(5748) — Byy) 37 70.6 97.7 47
(B,1(5748) — Biy) 56 36.9 39.5 20

I'(B,;(5829) — By) 27 47.8 56.6 28
(B,1(5829) — Biy) 53 57.3 98.8 41
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TABLE IIl. Theoretical predictions for radiative decay widths B, — B(c*) y in KeV.

Publication [22] [23] [24] [25] [26] [27] [28] [29] This work
['(B.(6743) - B.y) 13 18.4 324 11.6 16.6 35 30.1 9.9 22
['(B.(6743) - Biy) 60 78.9 75.6 77.8 49 70 47.8 62.5 75
I'(B.(6750) - B.y) 80 132 127.8 131.1 66.6 74 64 92.3 47
I'(B.(6750) - Biy) 11 13.6 26.2 8.1 10.5 40 25.6 7.5 2

A comparison of our results with the predictions of other
authors is given in Table II.

B. Radiative transitions B,; — B,y and B,; — B}y

The expressions for probabilities of radiative transitions
B., — B.y and B, — B}y are obtained from that for
transitions Dg; — Dgy and D — D}y by substituting
m. — my, =48 GeV, my, > m, =17 GeV, e. - e, =
—e/3, and e; — e; = —2¢/3. In addition, we use the value
g = 0.6 for these transitions. As a result, we have

wy=082GeV, @ =0.60GeV,
¢, =-022, ¢,=098, @=arctan(c,/c;) =-77°,
M(B:)—M(B.) =61 MeV,
M(B,, (6750)) — M(B,, (6743)) = 8 MeV,
M(B,,(6743)) — M(B,) = 497 MeV. (54)

For transitions B.(6743) - B.y and B, (6750) - B.y,

we obtain

I'(B,,(6743) > B.y) = 22 KeV,

['(B.;(6750) — B.y) = 47 KeV. (55)
Interestingly, for the B,; — B,y transition, the probability
of emission from the lower level is very small, compared to
the probability of emission from the upper level.

For transition B.; — B}y, we find

I'(B,,(6743) — Bly) =75 KeV,

['(B.;(6750) — Biy) =2 KeV. (56)
In the nonrelativistic approximation, we obtain

I'(B.,(6743) —» B.y) =5 KeV,

['(B.(6750) — B.y) = 107 KeV,

I'(B.(6743) — Biy) =96 KeV,

I'(B.(6750) — Biy) =5 KeV. (57)

A comparison of our results with the predictions of other
authors is given in Table III.

Unfortunately, there are currently no experimental data
for radiative decays of B, and B,.; mesons.

Let us make a remark on the mixing angle
@ = arctan(c,/cy). If we let the mass of a heavy quark

g0 to infinity, then ¢ will be either — arctan v/2 = —54.7° or

arctan(1/+/2) = 35.3° [5], depending on the ratio of the
parameters g and b. For ¢ = 0.5 and b =0, it will be
—54.7°, and for ¢g=0 and b = 0.18, it will be 35.3°.
Therefore, it is seen that for all the cases considered, the
heavy quark approximation works rather well only for the
system bs, where m;, > m;.

VI. CONCLUSION

Within the phenomenological approach, predictions
were obtained for the probabilities of radiative transitions
Dsl - Dsyv Dsl - D;Ky’ le - Bsy’ le - B?}’, Bcl - ch’
and B.; — B}y. These predictions explained the unusual
ratio between the widths of different radiative transitions of
D, mesons noted in [7]. The effect appeared due to a large
suppression of nonrelativistic contribution from the electric
dipole moment of the ¢§ system to the decay amplitude. As
a result, the relativistic corrections to the radiation ampli-
tude turned out to be dominant, and the amplitudes (24)
became identical in sign and close in magnitude. Since the
states ¥ , corresponding to Dg; mesons are superposition
of | , states with the coefficients ¢, ; close in value, a large
compensation of contributions occurred in the transition
amplitude T'(D;;(2536) — Dyy). As a result, the width
I'(Dy;(2536) — D,y) became strongly suppressed.

All obtained predictions were in qualitative agreement
with the available experimental results and constraints. All
predictions were obtained with one standard set of param-
eters under natural variation of the coupling constant g. Our
predictions can be tested in future measurements at BESIII,
BELLE-II, and LHCb Collaborations.

DATA AVAILABILITY

No data were created or analyzed in this study.
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