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We study M1-transitions involving mesons: B.(1s), Bi(1s), B.(2s), B:(2s), B.(3s), and B:(3s) in the
relativistic independent quark (RIQ) model based on a flavor independent average potential in the scalar-
vector harmonic form. The transition form factor for B} — B,.y is found to have analytical continuation
from spacelike to physical timelike region. Our predicted coupling constant gz = 0.34 GeV~! and decay
width (B — B.y) = 23 eV agree with other model predictions. In view of possible observation of B, and
B s-wave states at LHC and Z-factory and potential use of theoretical estimate on M]I-transitions,
we investigate the allowed as well as hindered transitions of orbitally excited B.-meson states and predict
their decay widths in overall agreement with other model predictions. We consider the typical case of
Bi(1s) — B.(ls)y, where our predicted decay width which is found quite sensitive to the mass difference
between B} and B. mesons may help in determining the mass of B} experimentally.
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I. INTRODUCTION

Since its discovery at Fermilab by CDF Collaboration
[1], B.-meson has aroused a great deal of interest both
theoretically and experimentally due to its characteristic
special features. The mesons in the bottom-charm bc (B,)
family lie intermediate in mass and size between the cc
(J/w) and bb(Y) family where the heavy quark interactions
are believed to be understood rather well. Unlike the hidden
flavored heavy charmonia (¢c) and bottomonia (bb),
B.-meson is the only lowest bound state of two different
heavy quarks with open flavors (b and c) which forbid its
annihilation to photons and gluons. The ground state B,
meson can therefore decay weakly through b — W+,
¢ — sWH, or decay radiatively through b — by and
¢ — ¢y at the quark level. These decays are free from
uncertainties which are expected in the strong decay of
B.-mesons and therefore weak and radiative decays are
theoretically more tractable. The lifetime of ground state
B_.-mesons has been carefully studied in [2-6]. The excited
B,- states lying between B-D threshold can also undergo
radiative and hadronic transitions to their lower excited and
ground states yielding to a rich spectroscopy of the radial and
orbital excitations, which are more stable than their char-
monium and bottomonium analogues. B.-meson states thus
provides a unique window into heavy quark dynamics and
scope for independent test of quantum chromodynamics.

The experimental data on B.-meson family are scant and
data for ground state B} meson have not yet been possible.
As estimated in [7-9] the ground state B, meson has been
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observed at the hadron collider, TEVATRON [10,11], and its
lifetime has been experimentally measured [12-15] using
decay channels: B — J/wl*0,, and B — J/yz*. LHCb
collaboration have observed a more precise lifetime for B
mesons [16] using the decay mode B, — J/yuv, X, where X
denotes any possible additional particle in the final state.
Recently the ATLAS collaboration at LHC have also
detected the excited B, meson state [17] through the decay
channel: BX(2s) — BE(1s)a" 2~ by using4.9 fb~! of 7 TeV
and 19.2 fb~! of 8 TeV pp-collision data which gives the
BZF(2s) state mass 6842 44 £+ 5 MeV. It is therefore rea-
sonable to expect a detailed study on the B, family at LHC.
But it has not been possible due to the messy QED back-
ground of the hadron collider which contaminates the
environment and make detection and precise measurements
on other members of B, family and even the ground state
B-meson almost impossible. In this respect the proposed
Z-factory, an e*e~ collider is preferred over the hadron
collider at LHC. This is because of sufficiently high
luminosity and relatively clean background offered by the
e e collider that runs at Z-boson pole. Hence Z-factory is
expected to enhance the event-accumulation rate so that B,.-
meson excited states and possibly Bj-meson states are likely
to be observed in near future. A possible measurement of
radially excited states of the B,. family via B.(ns) — B.zx at
LHC and the Z-factory has been discussed [18]. However
the splitting between B..(1s) and its nearest member in the
B, family i.e., Bi(1s) due to possible spin-spin interaction,
which has been estimated [19] in the range 30 < Am <
50 MeV, forbids the decay mode B — B, + z°(nyy/) by
energy-momentum conservation. Therefore the dominant
decay mode in this sector would be the magnetic dipole
transition: B} — B_.y. It is worthwhile to go for a precise
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measurement and analysis of M1 transitions of B, and B;
which would yield the B_.-spectrum and distinguish its exotic
states.

The study of exclusive hadronic decays involving the
nonperturbative hadronic matrix elements is nontrivial.
Since rigorous field theoretic formulation with a first
principle application of QCD for reliable estimation of
the hadronic matrix element has not so far been possible,
most of the theoretical attempts take resort to phenomeno-
logical approaches to probe the nonperturbative QCD
dynamics. Different theoretical attempts [19-33] including
various versions of potential models based on Bethe-
Salpeter (BS) approach, light front quark (LFQ) model
and QCD sum rules etc. have been employed to evaluate
the B.-spectrum and predict the mass, lifetime and decay
widths of the ground and excited B, and B} meson states.
We have predicted decay widths of several M1 transitions
V — Py and P — Vy in the light and heavy flavor sector in
the framework of the relativistic independent quark (RIQ)
model within and beyond the static approximations [34,35].
The predicted decay widths in the light and heavy flavor
sector are found to be in good agreement with other model
predictions and experimental data. In our recent analysis
[36] we studied the ¢ dependence of spacelike and
timelike transition form-factors for energetically possible
MI-transitions of heavy flavored mesons (D*, D}, J/y)
and (B*, B:, Y) and our predicted decay widths are found
compatible with the observed data and other model
predictions. Similar studies on M1 transitions of mesons
in the B, family has not yet been undertaken in this model.
Further more, with the possibility of large statistics of B,
meson events at LHCb and Z-factory in near future, it is
worthwhile to undertake such studies involving B,.- and
B}-meson ground and excited states.

In principle one could discuss decay modes involving
higher excited and P- and D- wave states of the B, family.
But because their production rates are much lower and
experimental measurements would be much more difficult,
we do not intend to include such decay modes in this
work. On the other hand, we would like to analyze various
possible radiative decays of the ground and radially excited
meson states in the B, family such as Bi(ns) — B.(ns)y;
B:(2s) = B.(1s)y; B{(3s) — B.(2s)y; Bi(3s) = B.(1s)y;
B.(2s) = Bi(1s)y; B.(3s) —» Bi(2s)y and B.(3s) — B:
(Ls)y. The applicability of this model has already been
tested in describing a wide ranging hadronic phenomena
including the radiative, weak radiative, rare radiative
[34-38], leptonic [39], weak leptonic [40], semileptonic
[41], radiative leptonic [42], and nonleptonic [43] decays of
hadrons in the light and heavy flavor sector. Our prediction
on magnetic dipole transitions of B.- and Bj}- meson states
in this work would not only be useful for future experi-
ments in this sector but would pin down RIQ model as a
successful phenomenological model of hadrons.

The paper is organized as follows: In Sec. II we present a
brief account of the RIQ model. Section III describes model
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expressions for the transition form factors and decay width
(V= Py) and T'(P — Vy). In Sec. IV we discuss ¢*-
dependence of the transition form factor and numerical
results on the coupling constants and decays rates.
Section V encompasses our summary and conclusion.

II. MODEL FRAMEWORK

In the RIQ model a meson is pictured as a color-singlet
assembly of a quark and an antiquark independently
confined by an effective and average flavor independent
potential in the form [34-43]:

U(r) = 5(1+ ) (ar? + Vy), (1)
where (a, V) are potential parameters. It is believed that the
zeroth order quark dynamics generated by the phenom-
enological confining potential U(r) can provide adequate
tree level description of the decay process: By — B.y. With
the interaction potential U(r) in scalar-vector harmonic
form, put into the zeroth order quark lagrangian density, the
ensuing Dirac equation admits static solution of positive
and negative energy. The quark orbitals so obtained
correspond to all possible eigen-modes which are described
in the Appendix.

The decay process: B; — B,y in fact occurs physically
in the definite momentum eigen-states of the participating
mesons. It is therefore worthwhile to construct the meson
states in the form of suitable wave packets reflecting
appropriate momentum distribution between quark and
antiquark in the corresponding spin-flavor configuration
for which the individual momentum probability amplitudes
Gy(p,) and G, (p.) for the quark and antiquark have been
obtained in this model via momentum projection of the
bound quark orbitals. The model expression for momentum
probability amplitudes are also described in the Appendix.
From momentum probability amplitude of the quark and
antiquark an effective momentum profile function
Gg_(Pp. D) for a quark(b) antiquark (¢) pair is considered
here in the form [34-43]:

Gy (Py)Ge(Pe) (2)

in a straightforward extension of the ansatz of Margolis
and Mendel in their bag model analysis [44]. Using

gBl. (ﬁbv ﬁc) =

Gp.(Pp- P.), the meson state |B.(P)) at definite momentum

P and spin Sp in the form of a wave packet reflecting the
momentum and spin distribution among the constituent
quark (b) and antiquark (¢) is constructed as

B.(P)) = Ag (P.Sp)|(Bos 40)i (PesAe))  (3)

where, |(7y.45): (Pe 2c)) = by(Py2)be(Pe- 20)10) s a
Fockspace representation of the unbound quark(b) and

116010-2



MAGNETIC DIPOLE TRANSITIONS OF B, AND ...

antiquark (¢) in a color-singlet configuration with their
respective momentum and spin as (py,4,) and (p.,4.).
Here @Z( DPps4p) and Z)Z( De» Ac) are respectively the quark

and antiquark creation operators. IA\BL_ (13 Sg) represents an
integral operator:

A (P.Sp) = Zab (- e
NBL ( 5/)

x / Py 550 5y + e — P)Gi (P o).
(@)

Here +/3 is the effective color factor, {5< (4, 4z) stands for
SU(6)-spin flavor coefficients for the meson B, (b¢). N(P)
is the meson-state normalization which is realized from
(B.(P)|B.(P")) = 8®(p — §') in an integral form

N(P) = / P5ylGs (P - (5)

In the meson state | B, (ﬁ)) represented by momentum wave
packets of the bound quark-antiquark pair, the bound state
character is thought to be embedded in the momentum

profile function Gp (p), P—p,) used in the integral
operator /A\Bf (ﬁ, Sg). Any residual internal dynamics
responsible for ultimate decay process can then be studied
at the level of otherwise free quark (b) and antiquark (c)
using the Feynman diagrams. The total contributions from
appropriate Feynman diagrams is finally operated upon by

a bag like integral operator /A\B(_(ﬁ, Sg) so as to obtain the
effective transition amplitude for B} — B_.y as

7 = Ay, (P.Sp)S%. (6)

Here Slf’f is the S-matrix elements at the constituent level
(bc) +yand S
level S-matrix element descrlblng B* — B.y

describing (bc) — is the effective meson-

ITII. TRANSITION AMPLITUDE, TRANSITION
FORM FACTOR AND DECAY WIDTH

The hadronic matrix element for M1 transition: B} —
B.y can be expressed in terms of transition form factor
Fy: (g*) through the covariant expansion:

(Be(P")|Jen|BL(P, h))
= l.e€/wpo-€y(P7 h) (P + Pl)p(P - PI)GFB[Bz (qZ) (7)
where, ¢ = (P —P’) is the four momentum transfer,

€, (P, h) is the polarization vector of vector meson B} with
four momentum P and helicity 4 and P’ is the four
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FIG. 1. Lowest order Feynman diagram contributing to B}
radiative transition.

momentum of pseudoscalar meson B,.. The timelike part
of the covariant expansion in fact vanishes in the B}:-meson
rest frame. Hence the transition form factor Fj.5 (¢*) can
be calculated in RIQ-model from the nonvanishing space-
like part of hadronic matrix element (7) using the appro-
priate meson states as in (3-4). In the B}:-meson rest frame:

q* = M%z_ + M%C - 2M3m/122 + M%,(_ has a kinematic

range: 0 < (¢?) < (Mp. — Mp )?, where k is third momen-
tum of emitted photon. Now assuming the decay process:
B} — B._y, depicted in the lowest order Feynman diagrams
[Fig. 1(a,b)], is predominantly a single vertex decay process
governed mainly by photon emission from independently
confined quark or antiquark inside the meson, the S-matrix
element in the configuration space can be written as

SB(.Bj = (B.y| -

< [ @t e a8 ©)

which can be reduced to

SB(,B:‘. =1 (l/Ek P, |Zeq
q. A
dpdp’
_apap 4 P4k p)
,/4EPEP/
x D(p'; pA; k6)|BL(P)) )
where,
D(p'X; pA; kb)

=U(p' . )y.e(k.8)U(p, ))bl(p'. )by (p.2)
—V(p, Arek, )V(p' . 2)b}(p'. V)by(p,2).  (10)

Here a is fine structure constant, k and E; are four
momentum and energy of the emitted photon; Ep = M.
and Ep are energies of initial and daughter meson,
respectively. Then using appropriate wave packets repre-
senting the meson states (|B}), |B.)) and explicit forms of

116010-3



PATNAIK, DASH, KAR, PATRA, and BARIK

Dirac spinors: U(py.4,) and V(p.,2.), the S-matrix
element in Bj-meson rest frame is obtained as

Sp g = irv/a/kod® (P + k — OMy.)[Q(P'. k) — Q(P', k)]

(11)
Here P' = (E,, 7'); O = (1,0,0,0), P + k=0
= e i L= -
(k) = =18 (M) Eye (i ho iy (6K, 1 (k)
~ = e + o -
0(k) = D28, (MA)y k) (G.K)Z; I (K)
(12)

/d" gBj(ﬁb’_ﬁwch(ﬁb_lg’ ~Pb)
Pb = —
Ng:(0)Np, (k)

~
>
I

X (pr + mb)
4prprk(prk + mb)
. ﬁcv_ﬁc _—)c’ _’c_lg
J. _/dﬁcgzﬂp 1_7 )gBC<_ PﬁP )
N (0)Np, (k)

E, +m,
X (Ep, +mc) (13)
4Ep[.Eka(EpL.k + mc)

) 2 =
We denote E, = \/m and E, ;=

\/ (73, —k)> +m}, and use the so-called loose binding
approximation: E, +E, =Mp and E,;+E, =
E, +E, = Eg, here to ensure energy conservation at
the photon hadron vertex.

Then specifying appropriate spin flavor-coefficients
Z_,’fi (Ap4e) and £3¢.(AA,) for the vector and pseudoscalar
mesons, the invariant transition amplitude is extracted from
the S-matrix elements (11) in the form:

MBL‘B? =V dra 2M322EB(.FBCB§ (];)KSV (14)

Similarly for transition B. — B}y, the invariant transition
amplitude can also be obtained in the form of form factor

-

Fg.p (k). Here K, for both the decay modes correspond-
ing to spin states (£1,0) stand for

K, (B: = B.y) = [F (K, £iK,)/ V2, K3]
Ks,(B. = Biy) = [£(K, F iK,)/V2.K;). (15)
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Note that a sum over photon polarization index 6 and vector
meson spin states (+1,0) yields a general relation

> Ik, P =2k (16)

5.5y

Then the decay widths for B} — B.y and B, — B}y are
obtained from the generic expression:

1 1 / PP Pk
(27[)2 ZMBszc 2EP’2Ek

<3 IM8H (P k- OMp. ) (17)
in the form:

2

\/ Ep, (E)/MBjFBCB;(qz)
\/ EB; (g)/MBCFBjB(, (qz)

It may be mentioned that a phase space factor such as

\/E BC(E) /M p: is arising here out of the argument factori-

zation of energy delta function which has been extracted
from the constituent level integration (11) under certain
approximation in order to realize correct photon energy
at the mesonic level. In fact starting with a relativistic
effective interaction of the form Fyp(q?)e"*?9,A,
(x)0,V,(x)P(x) where A, (x), V,(x) and P(x) are, respec-
tively the fields of photon, vector meson, and pseudoscalar
meson, one can arrive at the expression for I'(V — Py) in
terms of transition form factor Fyp(g*) without the
mesonic level phase-space factor. The spurious phase space
factor arising here is not a problem typical to this model
calculation. It is indeed a pathological problem common to
all phenomenological models attempting to explain the
hadronic level decays in terms of constituent level dynam-
ics considered in zeroth order. However an explicit can-
cellation of such phase space factor taken approximately
along with the contribution of quark spinors have been
obtained by authors [45] within the scope of their models.
Here we would like to push back the phase space factor

T(B: - B.y) = gl'é

2

(B, - Biy) = ak® (18)

-

from the mesonic level to quark level integral J,(k)

describing Fp. BC(E) under the same approximation with
which it was extracted out through the argument factori-
zation of energy delta function. The phase space factor

-

Ep (k)/Mpg: taken in the form

(El’b.ck+Epu.b )

&, TE,) into the

-

quark level integral in Eq. (13); reduces J,, .(k) to [ b,c(l;)
yielding
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R
N(O)N ()
x/ﬁmgm@bﬁmgum—é—m>
« (Ep, + my)(Epx +Ep)
4prprk(prk + mb)(pr + Epc)
) 1
1.(0) =

N(O)N(k)

X /dﬁqlgBﬁ(_ﬁc’_ﬁc)gB(.(_ﬁc’ ﬁc _k)

X¢ (Ep, +m)(Epi + Ep,)

(19)
AE, E, 1 (Ep i+ me)(Ep, + Ep )

in terms of which the transition form factor is found to be
_ 1 _ _
Fy 5. (k) = 5 [21c(k) = 1, (K)]. (20)

Finally the decay widths for transitions: B — B,y and
B} — B_y are obtained in the usual form:

a - _
F(Bf- - Bc?’) = §k3|93:30(k)|2

I'(B. - Biy) = al_<3|93y.31. (/_C)|2 (21)
- (MM .
where, k = T is the energy of outgoing photon;

98B (k) and 9B:B, (k) are coupling constants obtained from
respective transition form factor in the limit g> — O that
corresponds to real photon. We consider here the transverse
(h = +1) polarization only to get the coupling constant
since the longitudinal component of vector meson does not
convert into a real photon.

IV. NUMERICAL RESULTS AND DISCUSSION

For numerical analysis of radiative decay of the ground
state Bi(ls) meson, we take the quark masses mg,
corresponding binding energies E, and potential parame-
ters (a,V() as those fixed from hadron spectroscopy by
fitting the data of heavy quarkonia [46] and then used to
describe a wide ranging hadronic phenomena [34-43] as

(a,Vy) = (0.017166 GeV?, —0.1375 GeV),
(my,m., Ey, E.) = (4.77659, 1.49276, 4.76633,
1.57951) GeV. (22)
Since the mass of B (1s)-meson has not yet been observed,

we take our predicted values; Mp = 6.2642 GeV and
Mp. = 6.3078 GeV [40]. Note that our predicted value
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FIG. 2. Dependence of I'(B; — B.y) on Am = My, — My .

of My _is close to the central value of observed one, i.e.,
Mz" = 62751 GeV [47]. In Fig. 2 we depict the ¢*-
dependence of form factor Fj.p (¢*) and show its ana-
lytical continuation from the spacelike (g < 0) region to
the physical timelike (0 < ¢* < g2,y ) region. Here g2, =
(M. — My )* corresponds to zero recoil point for the B,
meson which is shown by the arrow in Fig. 2. The coupling
constant gg:p for real photon case is calculated from the
expression of the form factor Fj. (¢?) in the limit ¢g* — 0
where the final state B,. meson gets recoiled with maximum
- (M -M)
three momentum |k| = 2y
0.34 GeV~! is comparable to the results of
0.273[0.257] GeV~' for linear [HO] potential from
LFQM [32] and 0.27 + 0.095 GeV~! from QCD sum rule
approach [33].

Finally our predicted decay width T'(Bf — B.y) =
23 eV is compatible with other theoretical predictions
such as 17 eV from Bethe-Salpeter approach [19], 33 eV
from the relativistic quark model [24], 59 eV from
the Richardson’s potential [23], 60 eV from the non-
relativistic potential [21], 80 eV from the relativized
quark model [25] and 133.9 £ 79.7 eV from QCD sum
rule approach [33].

For unmeasured B} meson mass, we take a range of the
B} meson mass as 33 MeV < Am = (Mg —Mp ) <
220 MeV. The lower value of Am chosen here corresponds
to our predicted By meson mass (i.e., Mp: = 6308 MeV).
The decay width I'(Bi — B.y) being proportional to
Am?® = (M. — My )? is found quite sensitive to B meson
mass as depicted in Fig. 3. In the same range of Am our
predicted decay width is found to vary widely from 0.23 eV
to 2824.28 eV. This is comparable to predicted values
in the range: 22.4[19.9] eV ~ 1836[1631] eV for Am =
50 MeV ~ 220 MeV obtained for linear [HO] potential
in LFQ model [32]. The sensitivity of I'(Bi — B.y) on B
mass in this model provide a clue for experimental

. Our prediction gg:p =
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FIG. 3. Dependence of I'(Bf — B.y) on Am = Mg — M .

determination of B}-mass which is expected at LHCb and
Z-factory in near future.

For numerical analysis of transitions involving radially
excited B, and B} mesons, we take the same quark masses
and potential parameter as in (22). The quark and antiquark
binding energies for radially excited states (2s and 3s) are
obtained in this model by solving the corresponding cubic
equations for n = 2 and 3 representing their bound states
conditions. The binding energies for quark b and antiquark
¢ are found to be:

(Ey:E,) = (5.05366;1.97016) GeV
(Ey:E,) = (5.21703;2.22479) GeV (23)

for 2s and 3s states, respectively. With the model param-
eters (a, V) and quark mesons m,, as in (22) and binding
energies E, obtained in the model as shown in (23), we
generate the mass splitting as done in [46] between B
and B, mesons in 2s-states yielding My = 6.88501 GeV
and My = 6.78521 GeV. Our predicted mass My (2s) for
example is found 57 MeV below the observed value of
6842 +4 + 5 MeV [17]. We thus encounter a difficulty
here to make sure all the meson states (ground and excited)
to have their respective correct masses with same set of
input parameters. This is indeed a problem common to all
potential models especially for states above the threshold.
Just as in all other potential models, we too cannot expect
to obtain precise meson masses for all the states. So we
adjust the V,, value in our potential to a new value i.e.,
—0.01545 GeV so as to set the B.(2s) mass equal to the
observed value as done by T. Wang et al. in their analysis
based on the instantaneous approximated Bethe-Salpeter
approach [27]. With the newly adjusted value of V, and
other relevant input parameters (22,23), we predict the mass
of meson states: Bj(2s), B.(2s), B:(3s) and B.(3s) as:

(M, (25); Mg (25)) = (6910.3;6841.9) MeV
(M, (35); Mg (35)) = (7259.5;7135.6) MeV.  (24)
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TABLE 1. Predicted transition energy, coupling constant, and
decay width in the RIQ model.
Transition Coupling Decay
Energy Constant Width
Transitions (MeV) (Gev™h) (KeV)
135, = 11, 0.04344 0.3392 0.023
235, = 21§, 0.06806 0.300066 0.069
335, — 315, 0.12285 0.338143 0.516
235, = 11, 0.61589 0.02609 0.387
335, —= 21s, 0.40559 0.02919 0.138
335, =118, 0.927079 0.01121 0.244
218, = 135, 0.51325 0.038745 1.481
315, = 235, 0.22174 0.05898 0.277
318, — 135, 0.77978 0.04138 5.927

Using appropriate wave packets for initial and daughter
meson states, we calculate the invariant transition matrix
element from (9) and extract the coupling constants
gp:s, = Fp:p (¢> =0). Then substituting the value of
gp:p, In (21), we evaluate decay widths. Our predicted
coupling constants and decay widths for decay modes
involving ground and radially excited states along with the
associated photon energy are listed in Table I. It can be
noted here that the transition energy involved in different
decay modes may differ by a factor of 2 ~3 but the
corresponding coupling constants are found to vary only
marginally. Most of our predictions on decay widths are
also found in qualitative agreement with other model
predictions as shown in Table-II. For M1 transition:
B.(2s) — Bi(ls)y, although our result is found large
compared to most other model predictions but it finds an
order of magnitude agreement with the result of the recent
work of Devlani et al. [30]. However for transitions:
B:(3s) = B.(3s)y and B.(3s) — Bj(2s)y there is order
of magnitude mismatch between our result and most other
model predictions. It may be mentioned here that the mass
of orbitally excited B.(3s), B:(3s), and B(2s) states have
not yet been measured. Different models use different
meson masses to evaluate decay widths. Being sensitive to
the value of meson masses it is not therefore surprising to
have predicted decay widths varying from one model
to other.

The transitions of the type B}:(ns) — B.(ns)y are known
as allowed transitions where as the transitions in which
principal quantum numbers change, are referred to as
hindered ones. In theoretical studies [20,21,23] based on
nonrelativistic approach, the MIl-transitions especially
hindered ones have been predicted to have large decay
widths. Introducing relativistic effect into the analysis [24]
the results are found to be rather small. In fact the
relativistic corrections are implicitly taken into account
by invoking spin-spin interactions while extracting the
wave functions in this model and reproducing hyperfine
splitting between vector meson and its pseudoscalar
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TABLE II. Comparison of theoretical predictions on M1 transition rate (KeV).

Transitions Present Work [25] [19] [24] [21] [20] [23] [30]
135, = 11, 0.023 0.08 0.017 0.033 0.06 0.135 0.059

235, = 218, 0.069 0.01 0.017 0.01 0.029 0.012

335, — 318, 0.516 0.003

235, = 11, 0.387 0.6 0.28 0.428 0.098 0.123 0.122

335, = 218, 0.138 02

338, = 118, 0.244 0.6 0.37 e e e e e
218, — 135, 1.481 0.3 0.38 0.488 0.096 0.093 0.139 1
318, = 235, 0.277 0.06 0.25 e e e .
315, = 135, 5.927 4.2 0.074

counterpart. In the present study the relativistic effect on ¢
quark which is not so heavy compared to b-quark is found
to be significant. This along with our choice of interaction
potential U(r) in equally mixed scalar-vector harmonic
form yields the results as shown in Table II in qualitative
agreement with other model predictions.

V. SUMMARY AND CONCLUSION

In this work we study M1 transitions of the ground and
excited s-wave states of B.- and B}- meson in the
framework of relativistic independent quark (RIQ) model
based on an equally mixed scalar-vector harmonic form.
We predict the g>-dependence of transition form factor
Fy:.(g*) for the transition: Bj(1s) — B.(1s)y, where the
spacelike (g < 0) form factor is shown to have analytical
continuation to the physical timelike (0 < ¢ < Gmax)
region, with gp. = (Mp: —Mp )* corresponding to the
zero-recoil point for the daughter meson (B,). We extract
the coupling constant gp.5 from Fp.p (¢*) in the limit
g*> — 0 for real photon case. Our prediction for coupling
constant gg-p = 0.34 GeV~! is comparable to the result of
0.273[0.257] GeV~! for linear [HO] potential from LFQ
model [32] and 0.27 4+ 0.095 GeV~! from the QCD sum
rule approach [33]. We also predict decay width:
I['(Bi(1s) —» B.(1s)y) = 23 eV in comparison with other
theoretical predictions such as 17 eV from Bethe-Salpeter
approach [19], 33 eV from relativistic potential [24], 60 eV
from nonrelativistic potential [21], 59 eV from the
Richardson’s potential [23], 80 eV from the relativized
quark model [25] and 133.9 &+ 79.7 eV from the QCD sum
rule approach [33]. Since the decay width: ['(Bi — B.y) is
proportional to (Am)3, we study the dependence of decay
width on Am = M. — My _for which we take a range of
Am values: 33 MeV < Am < 220 MeV. The lowest values
of 33 MeV corresponds to our predicted B} mass of
6308 MeV. We find that although the value of the transition
form factor Fy.p_ (¢?) is not sensitive to B:- meson mass,
the decay width I'(B;: — B.y) is found quite sensitive to
Mpg.. This is quite evident from our predicted values
varying widely in the range: (0.23 ~2824.28) eV for

Am=33MeV~220MeV. The sensitivity of ['(B:— B.y)
on Bi—meson mass would guide the experiment for
measurement of B} -meson mass which is expected at
LHC and the proposed Z-factory in near future.

For analysis of M1 transitions involving radially excited
2s- and 3s- wave states, we first find the binding energies
of quark b and antiquark ¢ by solving the cubic equation
representing respective bound state condition in this model.
Then by suitably adjusting the value of V|, of our potential
U(r) to anew value ~ — 0.01545 GeV, we generate the mass
splitting so as to obtain the mass of B.(2s)- meson equal to
its observed value [17]. The corresponding meson masses
obtained in this model are: Mg (2s) = 6910.3 GeV,
Mg (25) = 6841.9 MeV, Mg (3s) = 7259.5 MeV, and
My (3s) = 7135.6 MeV.

Finally we predict transition energies, coupling constants
and decay widths for energetically possible decay modes
involving B} (ns) and B.(ns) states with n =1, 2, 3. We
find that the transition energy may change by a factor of
about 2 ~3 from one transition mode to other but the
corresponding coupling constant changes only marginally.
Our predicted decay widths for transition involving the
ground and excited B_.- meson s-wave states, are found
mostly in qualitative agreement with other model predic-
tions except in few cases that involve excited B} (2s) and
B:(3s) and B,(3s) states. It may be mentioned here that in
evaluating decay widths for transitions: B:(3s) — B.(3s)7,
B.(3s) — Bi(2s)y, for example, different models use
different meson masses obtained in their respective model
calculations since masses of these excited states have not
yet been measured. The predicted decay widths for these
transitions are found to vary from one model to other as
expected. The present model, within its working approxi-
mation, thus provides a realistic framework to describe
MI-transitions of B, and B} s-wave states based on the
conventional picture of photon emission induced by the
quark electromagnetic current. Besides S-wave states there
are two P-wave multiplets and one D-wave multiplet for the
members of B.- family lying below the B-D threshold,
which we have not considered in this work. We would like
to address this issue in our future communication.

116010-7



PATNAIK, DASH, KAR, PATRA, and BARIK
ACKNOWLEDGMENTS

One of the authors Sonali Patnaik acknowledges the
facilities provided by the authorities of Siksha ‘O’
Anusandhan University, Bhubanaeswar, India to carry
out the present work.

APPENDIX: QUARK ORBITALS AND
MOMENTUM PROBABILITY AMPLITUDES
OF CONSTITUENT QUARKS

The interaction potential U(r) =3 (1+y")(ar’* + Vy)
in the scalar-vector harmonic form in the RIQ model, put
into the quark Lagrangian density, the ensuing Dirac
equation admits static solutions of positive and negative
energies in zeroth order as

(A1)

(I HUAN
w§—><F>:< o )Ufm

where, &= (nlj) represents a set of Dirac quantum
numbers specifying the eigen-modes; Ug(#) and 05(?)
are the spin angular parts given by,

X Ly sy
Ua(?) = S {5 mjm) V7" (7))

mymg

Uijm(7) = (=1)7"U o (7) (A2)

With the quark binding energy E, and quark mass m,
written in the form Ey, = (E, — V/2), m, = (m, + V,/2)
and w, = E/ + mq, one can obtain solutlons to the result-
ing radlal equation for g:(r) and f:(r) in the form:

r\ 1172
9nt = Ny <V_l> exp(— 2/2rnl) i / ( 2/’;11)
n

r\!
fnl = an <}"> exp(_rz/zril)

nl

x [(n—ﬂ—l—%) L7202 ) + nl 2 (2 R)
(A3)

where, r,; = aa)gl/ * is a state independent length param-
eter, N,; is an overall normalisation constant given by

2 4F(n) (wnl/rnl)

N = Far i 1268 +my  AY

and L™V2(2/72) etc. are associated Laguerre polyno-
mials. The radial solutions yields an independent quark
bound-state condition in the form of a cubic equation:

PHYSICAL REVIEW D 96, 116010 (2017)

(wg/a)(Ey —my) =

The solution of the cubic equation provides the zeroth order
binding energies of the confined quark and antiquark for all
possible eigenmodes.

In the relativistic independent particle picture of this
model, the constituent quark and antiquark are thought
to move independently inside the B.-meson bound state
with momentum p, and p,, respectively. Their individual
momentum probability amplitudes are obtained in this
model via momentum projection of respective quark
orbitals in following forms: For ground state mesons:
(n=1,1=0)

n+20—1).  (AS)

N iﬂN}, (Ep + mb) ﬁ2
G = b (E E -
~. iﬂ'N (E + mc) ]3‘2
G.(p,)=— ¢ Pe E, +E. - .
(7)== e [+ B exp(
(A6)
For excited meson state:(n =2, [ = 0)
N lﬂ'N (E,) + mh)
Gy(pp) = : =
2aba)b pr
I 2 2 i
X exp (— E) \/ (A7 + B})et»
GC( S lﬂN (E + me.
2a w, \/
P’
X exp ( w >\/ (A2 + B2)ei?e (A7)
where
3 lay,
Ab c pbé - myp, L (3 >
Wp ¢ pb c
B,.=—= -3
e (% )+ En a1 ).
(A8)
For the excited meson state (n =3, [ = 0)
- inNy,  [(E,, +mp)
Gy(pp) = 1 . =
(LINOIN pr
I 2 2 i
X exp (— E) \/ (A7 + B})eit»
&.(5.) = i\, (E + m,
4a W,
X exp ( > 2+ B%)ei?: (A9)
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where,

5 4 2
Ay, = Dbe /“b»6< Pre_pgPlhe_ 41>
2pb,c T abc ab,c

4 2
Pp.c Spb c 15
B — € 5 -~
he Wb (4(1}27’(‘. 2ach * 4

4 2
Ap ¢ Pp.e 2pb c
+(E ‘—mb.)—’ ( — = - +7>
Pb.c c 2pic a127.c Ay,

(A10)

PHYSICAL REVIEW D 96, 116010 (2017)
For both 2s and 3s states:

¢b,c = tan™! %
b,c
with respective A, . and B, .

The binding energies of the constituent quark and
antiquark for ground and orbitally excited B, and B} states
can also be obtained by solving respective cubic equations
with n = 1, 2, 3 and / = 0 representing appropriate bound-
state conditions by putting the quantum number n = 1, 2, 3
and [ = 0.
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