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Abstract: Radiative decays DZ‘S) — D)y are revisited in light of new experimental data from the BaBar and BE-

SIII Collaborations. The radiative couplings gp+py encoding nonperturbative QCD effects are calculated in the

framework of the covariant confined quark model developed by us. We compare our results with other theoretical

studies and experimental data. The couplings (in GeV‘l) |gp+p+yl = 0.45(9) and |gD*oDoy| =1.72(34) calculated in

our model agree with the corresponding experimental data |gp++p+y| = 0.47(7) and |gp« D0y| =1.77(16). The most in-

teresting case is the decay D — Dyy, for which a recent prediction based on light-cone sum rules at next-to-leading
order |gp:p,y|l = 0.60(19) deviates from the first (and only to date) lattice QCD result |gp:p,| = 0.11(2) at nearly
30. Our calculation yields |gp:p,,| = 0.29(6), which falls somehow between the two mentioned results, although it is

larger than those predicted in other studies using quark models or QCD sum rules.
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I. INTRODUCTION

Decays of D* mesons are dominated by the radiative
D* — Dy (y emission) and strong D* — Dr (z emission)
processes. The hadronic effects in these decays are en-
coded in the magnetic moment coupling gp-p, and axial
coupling gp-pr, respectively. Owing to experimental dif-
ficulties, data concerning their width are rare. The first
measurement of the width of a vector D meson was
achieved by the CLEO Collaboration for the charged D**
meson. They observed I[(D**)=(96+4+22)keV [1],
whose uncertainties are statistical and systematic. In
2013, the BaBar Collaboration obtained the width with
much higher precision: I'(D**) = (83.3+ 1.2+ 1.4) keV [2].
In 2014, the BESIII Collaboration reported the measure-
ments of the branching fractions of the D** decays to be
B(D0 — D'7%) = (65.5+0.8+0.5)% and B(D** — D) =
(34.5+0.8 £0.5)%, assuming the dominance of these two
channels [3]. These are the most precise measurements of
the branching fractions to date. Recently, the BESIII Col-

laboration has announced the measurement of the branch-
ing of D - Din’ relative to D" — Dy to be
(6.16+0.43+0.19)% [4]. This measurement confirmed
the previous BaBar Collaboration's result and made it
more accurate [5]. It should be noted that the decay
D** — D*n° violates isospin symmetry and is highly sup-
pressed with respect to the dominating mode Di* — D7y.
The mechanism of D** — D{ is still an open question.
However, it is evidently not the same # emission as for
D** — (Dm)* and D' — D%2°. Tt can be concluded that,
in light of these new experimental data, as well as data to
be reported in the near future from BESIII, the study of
D*-meson radiative decays is fruitful and promising.
Radiative decays of D* meson can shed light on the
dynamics of many hadronic processes. They allow test-
ing various non-perturbative approaches in QCD. This
explains the large amount of theoretical attempts to calcu-
late these decays, especially prior to CLEO's first meas-
urement of I'(D*). Radiative decays D* — Dy have been
studied in the framework of QCD sum rules (QCDSR)
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[6—9], light cone sum rules (LCSR) [10, 11], and various
quark models [12—22]. Lattice QCD (LQCD) calculation
has been carried out for decays D* — Dy [23] and D} —
Dyy [24]. However, the theoretical uncertainties in these
calculations are still significant. Recently, the first com-
plete next-to-leading order (NLO) computation of the de-
cays D* — Dy using LCSR has been reported [25]. In
Ref. [25], the authors pointed out some differences
between the first LQCD prediction [24] of gpp, =
0.11(2) GeV~! and the current experimental value gp-p, =
—0.47(7) GeV~!, assuming the level of D-spin breaking to
be no more than 20%—30%. Moreover, the LQCD result
[24] predicted the decay width to be (D} — Dyy)=
0.066(26) keV. This value disagrees with the result ob-
tained from the light front quark model I'(D; — Dyy) =
0.18(1) keV [21] by 40, and with the result from QCD-
SR I'(D; — Dyy) =0.25(8) keV [7] by 20. The central
value of this prediction is one order of magnitude smaller
than most of other predictions available in the literature.
Given that D; — Dyy dominates the decay of the Dj
meson, it is interesting to examine this case more care-
fully.

In this paper, we revisit the radiative decays of the D*
mesons in the framework of the covariant confined quark
model (CCQM) developed previously by our group. This
is a model based on quantum field theory in which the in-
teraction between the constituent quarks and correspond-
ing hadronic bound state is described by a Lagrangian in
the form of a hadron field coupled to a quark current. Our
model has the advantages of treating multiquark states in
a similar manner and obtaining observables in the full
physical range without any extrapolation. We aimed to
provide predictions for both D* and D decays; neverthe-
less, we further focused on the decay D; — Dyy, for
which theoretical predictions still vary significantly and
experimental data on its width are expected to be avail-
able soon.

The rest of the paper is organized as follows. In Sec.
II, we briefly introduce the covariant confined quark
model. The calculation of the radiative decays Df,) — Dy
using our model is demonstrated in Sec. III. Numerical
results are presented in Sec. IV, where we also provide a
detailed comparison of our results with experimental data
and other theoretical studies. Finally, a brief summary is
given in Sec. V.

II. COVARIANT CONFINED QUARK MODEL

The covariant confined quark model (CCQM) is a
model based on quantum field theory. In this model, had-
ronic bound states are described by quantum fields that
interact with their constituent quarks via an interaction
Lagrangian. In the case of a meson M(qi32), this Lag-
rangian has the form

Lin(x) = guM(x)J(x) +H.c.,

J(x) = / dx; / dxa Fpr (e x1, x)[G2(e)T g (x)1, - (1)

where I'y; is the relevant Dirac matrix and gy is the
meson-quark coupling constant. The vertex function
Fu(x;x1,x;) effectively represents the finite size of the
meson and relative quark-hadron position. The vertex
function has to obey the identity Fy(x+a;x; +a,x2+a) =
Fu(x;x1,x2) for any given four-vector a so as to satisfy
the translational invariance. Its form is chosen as

Fuy(x;x1,%2) = 0P (x — w131 — 0200) Py [(x1 —x2)*],  (2)

where w; = my,/(mg, +my,) with m, being the constituent
quark mass; therefore, w; +ws = 1. This chosen form sat-
isfies the translational invariance mentioned above. Be-
sides, it corresponds to an effective description of a
meson. The Dirac delta function effectively represents the
barycenter of the two-quark system. The function
Dpl(x1 —x2)2] depends on the distance between the two
quarks, which can be understood as the effective size of
the meson. The Fourier transform of the function
®y[(x1 — x2)?], which we denote as &)M(_k2), can be cal-
culated, in principle, from the solutions of the Bethe-Sal-
peter equation for meson bound states. In a series of pre-
vious papers of us [26—28], after trying various forms for
the vertex function, we found that the hadronic observ-
ables are insensitive to the details of the functional form
of the quark-hadron vertex function. This observation is
used as a guiding principle, and the function @p[(x;—
x2)?] is assumed to be Gaussian for simplicity; it is ex-
pressed in terms of the momentum representation as

Dy (—k2) = exp(k?/A3)). 3)

The size parameter Ay of the meson M is one of the free
parameters of the model. The minus sign in the argument
of the function ¢,,(—2) emphasizes that we are working
in Minkowski space. Given that k> turns into —k> in the
Euclidean space, the Gaussian function exp(k*/A3,) falls
off appropriately in the Euclidean region. We stress again
that any choice for ¢,, is applicable provided that it has
the sufficiently fast fall-off behavior in the ultraviolet re-
gion of the Euclidean space to render the ultraviolet fi-
nite of Feynman diagrams.

The normalization of particle-quark vertices is
provided by the compositeness condition [29, 30]

Zy = 1=1I,,(m3,) =0, 4)

where Z,, is the wave function renormalization constant
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of the meson M and ﬁﬁu is the derivative of the meson
mass function taken on the mass-shell p?> =m3,. The
square root of the renormalization constant Z,/* can be
interpreted as the matrix element between the physical
state and corresponding bare state. When Zy =0, the
physical state does not contain the bare state; therefore, it
is described as a bound state. The Lagrangian given in
Eq. (1) describes the interaction of the constituents
(quarks) and corresponding physical state (meson), which
is the bound state of the constituents. As a result of the in-
teraction, the physical state is dressed, and its mass and
wave function have to be renormalized.

Note that, even before the rise of QCD, it was well
understood that describing composite particles such as
hadrons within QFT is not easy. In QFT, free fields are
quantized by imposing (anti)commutator relations
between creation and annihilation operators, which act on
vacuum and help construct the asymptotic in- and out-
states. Physical processes are described by the S-matrix
elements, which are convolutions of propagators. The
Lagrangian that describes free fields and their interac-
tions must be renormalized; in other words, bare or un-
renormalized quantities such as wave functions, coupling
constants, and mass must be renormalized so that they
represent physical (renormalized) ones. When describing
a bound state, e.g., the decays of a hadron in a physical
process, physical (renormalized) quantities such as its
mass must be used. The relation between the bare field
and the dressed one can be expressed using the wave
function renormalization constant as ¢ =Zl/2¢r. Note
that the bare field ¢o can be eliminated from the Lag-
rangian by setting its wave function renormalization con-
stant to be zero, i.e., Z=0. Jouvet [31] suggested that the
equation Z =0 can be used as a compositeness condition.
In particular, he proved the equivalence between a four-
fermion theory and a Yukawa-type theory if the renor-
malization constant of the boson field is set to zero. Then,
the renormalized boson mass and Yukawa coupling can
be expressed in terms of the Fermi constant via the com-
positeness condition. A more detailed discussion of the
compositeness condition is given in the Appendix.

The compositeness condition effectively excludes the
constituent degrees of freedom from the physical state
space and avoids double counting. In other words, the
constituents exist only in virtual states. This point is illus-
trated in a more intuitive manner in Fig. 1.

The meson mass function in Eq. (4) is defined by the
Feynman diagram shown in Fig. 2 and has the following
form for a pseudoscalar meson and vector meson, re-
spectively:

- dk ~
p(p) =3g%/m @} (k%)

xtr [S1(k+wi1p)y’Satk—wap)y’], Q)

‘ 7Z=0: how it works ‘

LIPS

free vertex mass operator mass—renormalization

N J

>
(I—H/(mz))i = Zi:o

dressed vertex
Fig. 1.
works.

(color online) Compositeness condition: how it

Fig. 2. One-loop self-energy diagram for a meson.

= 2w PP k ~ 5
Hv(p) =gv {g” pe } / (2ﬂ)4i(DV< k)
xtr [S 1(k+wi1p)yuSa2(k—wap)yy |, (6)

where we use the free quark propagator

1 mg+ K
Si(k) = — = 7
® my— f—ie m} —k*—ie ™

It is convenient to calculate the derivatives of the
meson mass functions by using the following identities:

d~ o 1 ,d~
() == p =TI
a2 m(p”) 277 dp m(P),

p"%S(k+wp) =wS(k+wp) pSk+wp). (8)

Then, the derivatives of the meson mass functions
have the form
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~ 1 3g% [ dk ~
’ 2N P 2 2 5 5
I (p )—sz o | 2P (k%) {W1tr [S1(k+w1p) pS1(k+wip)y’S2(k—wap)y’]
—watr [S1(k+w1p)y* Satk—wap) pSatk—wap)y’] }, )

~ 11 "\ 3¢y [ dk =
) = 5 (7= 20 ) 258 [2583 (42) fwn [$150wap) B3 10w Stk —waps

2p2 3 p 42 | 4n2i

—watr [S1(k+wi p)yuSatk—wap) pSak—wap)yy] }- (10)

The Fock-Schwinger representation of quark propag-
ators is then used to calculate the loop integrations in Eqs.
(9) and (10):

1 mg+K+w p
S (k+ = =1
a(k+wp) my—K-wp  m—(k+wp)?
=(mg+ K+w p) [dae otmi=owp’l ()
0

As will be seen later, the Fock-Schwinger representation
constitutes an efficient approach for the calculation of
tensor loop integrals because loop momenta can be con-
verted into derivatives of the exponent function.

Loop integrations are performed in the Euclidean
space. The transition from the Minkowski space to the
Euclidean space is done by the Wick rotation

ko =eltky = iky (12)

so that k% = k3 — k> = —k3 —k* = k2 < 0. Simultaneously,
all external momenta are rotated, i.e., po — ips4, so that
p?=-p2 <0. Note that the quadratic form in Eq. (11)
now becomes positive-definite,

mé —(k+ wp)2 = mﬁ + (kg + wa)2 >0,

and the integral over a is absolutely convergent. The
Minkowski notation will be kept to avoid excessive rela-
beling; keep in mind that ¥ <0 and p? <0.

Using the representations of the vertex functions and
quark propagators given by Eqgs. (3) and (11), respect-
ively, we calculate the Gaussian integration in the deriv-
atives of the mass functions in Egs. (9) and (10). The ex-
ponent has the form ak®+2kr+z9, where r=bp.
Next, with the help of the properties (k is the loop mo-
mentum)

10
K exp(ak® +2kr +z0) = = — exp(ak® + 2kr + z)
2 0ry,

10190
Kk exp(ak® + 2kr + z0) = 5 % 2or, exp(ak® + 2kr + zo)

etc.

(13)

0 )
we replace § by ﬁ,zyl‘ﬁ,whlch allows us to ex-

change the tensor integrationﬂs for a differentiation of the
Gaussian exponent. For example, Eq. (6) now has the
form

~ 3g2 moodaqdaz
2\ _ P
HP(p )_1677'2 // az
00
X tr [ys(ml + 9, +w Py (ma+ P, —wn P e T,
(14)

The r-dependent Gaussian exponent e /¢ is moved to
the left through the differential operator @, by using the
properties

6 _rZ/a _rZ/a 2]"‘“ (9 }
g —e Sl
ory, a O
0 0 rra_gria| 2, i} 2, i}
Ory Or, - a O, a 0Or)l’
etc. (15)

Finally, the derivatives are moved to the right by using
the commutation relation

9 v} — oMV

The last step is done by using a form code that works for
any numbers of loops and propagators.

The remaining integrals over the Fock-Schwinger
parameters 0 < @; < oo are treated by introducing an addi-
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tional integration that converts the set of these paramet-
ers into a simplex as follows:

o)

H/da,-f(a/l,...,an)

i=1 0

:/dtt"‘IH/da/ié' <I—Za,~> fGay,... 1. (17)
0 =1 =1

As an example, we show below the expression for the de-
rivative of the mass function of a pseudoscalar meson:

o0 1

~, 3g2 [drt
HP(pz) :4715/ 5 /dae tZ(|+ZPf (t a,)
0 0
20 =am§ +(1 —oz)mi —a(l- a')pz,
2spt
20 =2 (=) P,
ap
ap =2sp+t,  sp=1/A3. (18)

The function fp(¢,@) arises from trace evaluation.
At this stage, an infrared cutoff is introduced to avoid
any possible thresholds in the Feynman diagram:

o 1/2°

/dt(...) - /dt(...). (19)
0

0

The infrared cutoff parameter 1 effectively guarantees the
confinement of quarks within hadrons. This method is
generic and can be used for diagrams with an arbitrary
number of loops and propagators. In the CCQM, the para-
meter A is assumed to be universal. The numerical evalu-
ation of the final integral in Eq. (19) was done by FOR-
TRAN code using the NAG library.

Let us enumerate the number of free parameters in the
CCQM and describe the fitting process to determine their
values. For a given meson M;, five parameters are
needed: the size parameter Ay, meson-quark coupling
gm,, two of the four constituent quark masses my,,
(my = mg,me,ms,mp), and universal cutoff parameter A. If
ny mesons are considered, one has 2ny +5 model para-
meters. However, the compositeness condition in Eq. (4)
provides ny constraints. These constraints are used to ex-
clude the coupling gy from the parameter set. The re-
maining ny +5 parameters are obtained by fitting the ex-
perimental data. Naturally, we first chose experimental
values for the leptonic decay constants of ny mesons to
fit the model parameters. Whenever experimental data
were not available, or were available but with large er-
rors, we decided to use LQCD results instead.

a2 0=
Ww-
M
p
75} e
Fig. 3. Quark model diagram for meson leptonic decay.

The matrix elements of the leptonic decays are de-
scribed by the Feynman diagram shown in Fig. 3. The
leptonic decay constants of the pseudoscalar and vector
mesons are defined in the CCQM as

N /d4k
<8P | 2yt
X tr {O”Sl(k+w1p)y552(k—wzp)} = fpp",

d*k ~

Negy | —— Oy(—k>

gv/(zﬂ)4i v(=k7)

xts[ 08 e wip) Stk wap) =my el (20)

Dp(—k2)

where N, =3 is the number of colors and O* = y*(1 —7s)
is the weak Dirac matrix with left chirality. The mesons
are taken on their mass-shells. The matrix elements in Eq.
(20) are calculated in a similar manner as that for the case
of the mass functions described above.

In addition, we decided to use eight fundamental elec-
tromagnetic decays to establish further constraints on the
model parameters. These decays are listed in Table 2. The
results of (overconstrained) least-squares fitting for the
leptonic decay constants and electromagnetic decay
widths are reported in Tables 1 and 2. The results of the
fitting for the values of quark masses, size parameters,
and infrared cutoff parameter are reported in Tables 3 and
4.

Once the free parameters are fixed, the CCQM can be
employed as a frame-independent tool for hadronic calcu-
lation. Note that this data fitting was performed in 2011
(see Ref. [38]). One of the advantages of the CCQM is
the possibility to calculate hadronic quantities in the full
physical range of momentum transfer without any extra-
polation. Another advantage of the model is that it can be
used to treat not only mesons [39—42], but also baryons
[43—45], tetraquarks [46, 47], and other multiquark states
[48, 49] in a consistent way.

Concerning the estimation of theoretical errors in the
CCQM, we used MINUIT for fitting, which is based on
x* minimization. When we performed the fitting, we ob-
tained the best-fitting values for model parameters, which
are listed in Tables 3 and 4. We did not consider the er-
rors of these parameters because it is complicated to take
into account the error propagations in the final physical
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Table 1. Input values for the leptonic decay constants fy (in MeV) and our least-squares fitting values [38].
Fit Values Input Ref. Fit Values Input Ref.
fx 128.7(6.4) 130.4+0.2 [33, 34] Jfo 198.5(9.9) 198 +2 [33]
fx 156.1(7.8) 156.1+0.8 [33, 34] Jo 228.2(11.4) 22742 [33]
o 205.9(10.3) 206.7+8.9 [33, 34] S 415.0(20.8) 415+7 [33]
b, 257.5(12.9) 257.5+6.1 [33, 34] Vi< 213.7(10.7) 217+7 [33]
1 191.1(9.6) 192.8+9.9 [35] for 243.3(12.2) 245+20 [37]
1B, 234.9(11.7) 238.8+9.5 [35] Jo: 272.0(13.6) 272+26 [37]
I, 489.0(24.5) 489£5 [36] f3 196.0(9.8) 196 + 44 [37]
A 221.1(11.1) 2211 [33] I8 229.0(11.5) 229+46 [37]
Table 2. Input values for some basic electromagnetic decay widths and our least-squares fitting values (in keV) [38].
Process Fit Values Input [33] Process Fit Values Input [33]
70— yy 5.06(25)x 1073 (7.7+0.4)x 1073 K+ — Kty 55.1(2.8) 50+5
e =YY 1.61(8) 1.8+0.8 K0 - KOy 116(6) 116 £ 10
ptonty 76.0(3.8) 67+7 D** — Dty 1.22(6) 1.5+0.5
w—nly 672(34) 703 +25 Iy = ney 1.43(7) 1.58+0.37
Table 3. Meson size parameters (in GeV) [38].
v Ak Ap Ap Ap Ag; Ap, Ap
0.87(10) 1.04(26) 1.47(39) 1.57(42) 1.88(26) 1.95Q27) 2.42(10) 0.61(7)
Aw Ay Ajy NG Ap+ Ap: Ap- Ap:
0.47(5) 0.88(10) 1.48(17) 0.72(18) 1.16(22) 1.17(22) 1.72Q27) 1.71(27)
Table 4. uark masses and infrared cutoff parameter (in
GeV) [38]. Q P ( III. RADIATIVE DECAYS DZ"S) — Dy
Mujd ", m, my 1 The radiative decays Df,) — D,y are described by
0235(12)  0424(19) 2160071 5.09021)  0.18109) the Feynman diagrams shown in Fig. 4. The coupling

predictions. Instead, we followed an easier but less rigor-
ous approach for error estimation. We only used the best-
fitting parameters for further calculation. Then, we ob-
served that the fitted values deviated from experimental
data by approximately 5%—10%. In our model, hadronic
quantities are calculated in a similar manner to the calcu-
lations of the leptonic and electromagnetic decay con-
stants. Therefore, we estimated the errors of the hadronic
quantities to be approximately 5%—10%. When these
hadronic quantities are used for further calculations, for
example, the decay widths, the errors accumulate. Con-
sequently, we estimated the error for the decay widths to
be approximately 10%—20%. In particular, in this study,
we estimated the error for the couplings gp.p, to be 10%
and the error for the decay widths to be 20%.

between the quarks and the photon is described by the in-
teraction Lagrangian,

Lini (x) =eA ()5 (%),

Jem(%) =ecc(x)yH c(x) + eqq(x)y"q(x), €2y

where e. and e, are the quark charges in units of e.
The transition amplitude is expressed as

(P':q.€)1S —11p.€l)
=(i)’egn g€, (p)€)(q)
X f f f dxdydze PHPYHECT T, (0T (I

=2m)*i6(p - p’ = ) M(D* — Dy), (22)

where
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Diyy

M(D* = Dy) = (=3i)egp gpe? ()€ (@) (e M + e, MY,

(23)
M = i{f) [-k-w )2]&) [-k-w ’)2]
« =) @t P i P
Xtr[S 4 (kyy”S o(k = pyy*S (k= p')y").
(24)
wy _ dk Op [~ (k+wip)*]Op [~ (k+wi p')]
¢ = @mii P R 1

xtr[S o (k+ IS (k+p)y"S (kY]
(25)

The ratios of quark masses now read w;=m./
(me +myg) and wy = my/(mc +my) with g = u,d, s.

To calculate the matrix element M(D* — Dy), the
Gaussian form is substituted for the vertex functions in
Eq. (3) and Fock-Schwinger representation of quark
propagators in Eq. (11), and then the techniques de-
scribed by Eqs. (12)—(19) are applied.

Next, using the transversality conditions € (¢)g" =0
and €? (p)p” = 0, the matrix element can be expressed in
the form

M(D* — Dy) = egpy & pogpei(@) el (p),  (26)

where gp py = e 1.(m%.,m%) + e, 1,(m%.,m%) is the radiat-
ive decay constant. The quantities I (m3.,m3) are
threefold integrals which are calculated numerically. The
expression for I.(m3,,m3) reads

2

1/4 ;

N. dri?
Ic(mzuumzp) =8p&p- ) /(s Py /da36(l - Za/,-)
0

i=1
t
X {mcwz +mgw; + E(mc —my) (w1 — 0!2)}

st
X exp (_tzo i ﬁm) ’

2 2 2 2
20 =(1 —a)m; +aymy — ajaomyp. — @a3mp,

2 Spr 2
21 =mp. (al - sz) (w1 —a2) +mp(ar —wy)

Sp- SD
X (a/l +a2———w1—) ,
N N
S =Sp-+Sp, Spx = I/AZDM. (27)

The expression for I,(m%.,m%) can be obtained by
simply exchanging m.<m, and w;ew, Ie.
Iq(szx,m%,mq,mc,wl,wg) = Ic(szx,m%,mc,mq,wz,wl).

Finally, the decay width for D* — Dy is given by

04 m2 3
[(D* — Dy) = ﬁmgy (1 - m—zD) 8D Dy (28)
D‘f

IV. NUMERICAL RESULTS AND DISCUSSION

Our results for the radiative decay constants are listed
in Table 5 together with results obtained in other theoret-
ical approaches. It is worth mentioning that the sign dif-
ference in the predictions in Table 5 is simply due to the
choice when one defines the matrix element and does not
affect the physical observables, i.e., the decay width, giv-

Table 5. Radiative decay constants in the CCQM and other
approaches (all in GeV~!).

Ref. 8D+ Dty 8p*0poy 8D Dty

This work -045(9)  1.72(34) -0.29(6)

LCSR (NLO) [25] 040912 —2.11*03 0.6070:12

LCSR (NLO)[10] —0.15*011 1.48%929  —0.079:0:08¢
HQET+CQM [22] -0.38*00>  1.91*309 -
LQCD [23]7, [24]*, [S0]** -02(3)"  2.0(6)"  0.1L(2)*,0.04(1)"

Bag Model [16] 0.5 1.1 -
RQM [18] -0.30 1.85 -

RQM [19] -044(6)  2.15(11) -0.19(3)
LCSR [11] -0.50(12)  1.52(25) -

QCDSR [7] —0.19*003  0.62+0:93 -0.207903

HQET+VMD [52] -0.29%7017  1.607033 -0.19%0.82

HHyPT [53] -027(5)  2.19(11) 0.041(56)
Experiment [54] -0.47(7) 1.77(16) -
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en that the last is proportional to the square of the matrix
element. In other words, the sign of the radiative decay
constants cannot be measured experimentally. The exper-
imental value gp-p-, =—0.47(7) GeV~' was extracted
from the total width of D** and measured branching frac-
tion B(D** — D*y) [25]. Meanwhile, the total width of
D is still unknown experimentally. However, it can be
calculated using the isospin symmetry related to the
strong couplings gppr and gpop. [23, 51], which yields
['(D*%) =56.5(14.0)keV [25]. Then, the value gpopy =
1.77(16)GeV~! was obtained with the help of the meas-
ured B(D*° — D) [25]. Note that our predictions
gp-py =—0.45(9)GeV™" and gpopy, = 1.72(34)GeV~" are
in full agreement with the current experimental data. Note
also that the decay width of the channel D** — D*y was
included in the model parameter fitting (see Ref. [38] and
Table 2). However, channels D* — D% and D" — Dy
were not included in the fitting.

In the case of gp-p:y, the theoretical predictions vary
significantly with respect to the case of gp-p-, and
gpopry. The central value of our result, |gp-p,l=
0.29(6) GeV~!, is larger than all other theoretical predic-
tions, except for a recent value, |gp:p:y| =0.60(19) GeV~!,
obtained by using LCSR(NLO) [25]. Our result deviates
from others within 20~ owing to large uncertainties in the
predictions. In Ref. [25], a discussion on D-spin sym-
metry for the decays D** — D™y was also provided. Here,
the D-spin symmetry is understood as the symmetry un-
der the exchange of down and strange quarks d < s. As
pointed out in Ref. [25], this is a good approximate sym-
metry in QED. Given that the decay Di* — D}y can be
obtained from the decay D** — D*y by exchanging
d & s, the order of this symmetry breaking is expected
not to be too far from that in QED. It was roughly estim-
ated that the deviation between gp-p-, and gp-p:, is ap-
proximately 20%—30%. Our results show a deviation of
approximately 35%, which is reasonable. Note also from
Table 5 the difference between the predictions of Refs.
[25] and [10], despite the similarity in the approach,
which is LCSR at NLO. The authors of Ref. [25] ex-
plained this issue as the result of computational differ-
ences between both studies. In particular, the twist-1
O(ay)-corrections were calculated in Ref. [25] while they
were neglected in Ref. [10], and the twist-4 corrections
were dismissed in Ref. [25] while they were considered
in Ref. [10].

Table 6 compares the predictions for the width of
theD{;, radiative decays. Available theoretical predic-
tions for ['(D** — D*y) vary in the range (0.2—-1.7) keV.
Our result ['(D** — D*y) = 1.21(48) agrees well with ex-
perimental data, suggesting the width of the decay
D** — D*y to be at the higher end of the predicted range.
Note that the experimental value I'(D** — D¥y)=
1.33(36) keV was obtained from the world average of the
total width ['(D**) = 83.4(1.8)keV and branching fraction

B(D** — D*y)=0.016(4) reported by Particle Data
Group (PDG) [54]. We stress again that the decay
D** — D*y was included in our model parameter fitting
(see Table 2). However, this fitting was performed in
2011 [38], and the input value I'(D** — D*y) = 1.5(5)keV
was taken from PDG at that time [33]. The slight differ-
ence for the central values of I'(D** — D*y) given in
Tables 6 and 2, which are 1.21 and 1.22, respectively, is
because we used the most updated values for meson
masses in this study.

The experimental value T(D*® — D%) = 19.9(5.5)keV
in Table 6 was calculated by using the estimation
I'(D*) = 56.5(14.0)keV mentioned above and the branch-
ing fraction B(D** — D%) = 0.353(9) fitted by PDG [54].
Our prediction T(D** — D%) = 18.4(7.4)keV also agrees
well with this experimental value.

At this point, the ratio of decay widths
[(D** — D*y)/T(D*® = D%)can be checked. It follows
from Eq. (28) that

(D™ — Dy) _m3j., <m%) —mb, >3

(D" — DO%)  m3.. \m2y, —md,

2
el (m3..,m3.) +eqly(m3,..,m>,) }

eclc(m%,,U , szo) +e,l, (m%)vo, m%,o)

2
1 {ZIC(m%)H,m%y) - Id(m%,,+,m%)+)}

4 L L.(m3y..,m3).) + L (m3,..,m3.)

29)

At the final step, we have neglected the mass differences
between charged and neutral D® mesons. Note also that
we have assumed from the beginning that m,; = m,. In the
heavy quark limit (HQL) m, — oo, the integral I, is sup-
pressed as 1/m, and the width ratio yields 0.25. However,
from Table 6, one obtains ['(D** — D*y)/T(D*® — D%) =
0.066. Therefore, the use of HQL is not suitable for the
decays D* — Dvy. This is opposed to the case of the de-
cays B* — By, in which the use of HQL for b quark is re-
liable, as pointed out in a previous paper of us [55].

In the case of the decay D; — Dyy, there is still much
speculation about its width. Predictions for I'(D} — Dyy)
range from 0.07 keV to 2.4 keV. Our result I'(D} —
Dyy) =0.55(22) keV deviates from the recent prediction
based on LCSR at NLO I'(D% — Dyy) =2.36*14 keV [25]
and the first LQCD result I'(D; — Dyy) = 0.066(26) keV
[24] by approximately 2¢. Note also that the central
value of our result I'(D; — Dyy) = 0.55(22) keV is larger
than that of most predictions; in particular, it exceeds the
LQCD central value I'(Di — Dyy) =0.066 keV [24] by
roughly an order of magnitude. By contrast, the recent
prediction based on LCSR at NLO I'(Di— Dyy)=
2.36%14 keV [25] has a central value approximately four
times as large as our value. Other theoretical studies seem
to agree on the central value I'(D; — Dyy) = 0.2 keV.
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Table 6. Decay widths T(Df;, - D(5y) in the CCQM and
other approaches (all in keV).

Ref. [(D** - D*y) [(D* - D%) TI(D;* — Dly)
This work 1.21(48) 18.4(7.4) 0.55(22)
LCSR (NLO) [25] 0.96938 27.83%52 236414
LQCD [23]7, [24]* 0.8(7)" 27(14) 0.066(26)"
HQET+CQM [22] 0.9£0.3 227422 -
Bag Model [16] 1.73 7.18 -
NJL Model [17] 0.7 19.4 0.09
RQM [14] 0.46 23.05 0.38
RQM [18] 0.56 21.69 -
RQM [19] (0.94-1.42) (26.0-32.0) (0.2-0.3)
RQM [20] 1.04 115 0.19
LFQM [21] 0.90(2) 20.03) 0.18(1)
QCDSR [9] 0.23(10) 12.9(2.0) 0.13(5)
LCSR [11] 1.50 14.40 -
QCDSR [7] 0.22(6) 2.43(21) 0.25(8)
HQET+VMD [52] 0.51(57) 16.0(10.8) 0.24(24)
Experiment [54] 1.33(36) 19.9(5.5) -

It is instructive to estimate the width of the decay
D} — Dyy using the recent measurement of the leptonic
decay D;* — e*v, performed by the BESIII collaboration
[56]. This is the first measurement of the decay branch-
ing fraction; it reads B(D* — e*v,) = (2.1&1):3\““ +0. 2595 )X
1075, By taking the ratio of branchiﬁg fractions
B — e*v,)/B(Df — ptv,), one obtains

2

2.04%x1073 "

roal = _— Jo; eVv. (30)
© BDir—etve) \ for

Using the world average B(D} — u*v,) and average

e
value K = 1.12(1) given by LQCD calculations, the
BESIII collaboration found the total width of D** to be
I5e =121.9"9+11.8eV [56], in agreement with the
LQCD prediction 70(28)eV [24] within lo. The world
average value B(D;" — D{y) =0.381(29) [54] can now be
used to obtain I'(Di* — D}y) = 46(30) eV, which is much
smaller than most theoretical predictions listed in Table 6,
including ours. It should be noted that this estimation is
based on the first measured branching fraction
B(Dir > ety,) = (2.1:1):%““ £ 0.26y5.) X 1073, which still
suffers from large uncertainties. A more precise measure-
ment of B(Di* — e*v,), likely to be obtained in the near
future, will help clarify the value of the decay width
[(D** — Dty).

Given that our predictions for the case of D** and D*°
fully agree with the experimental values, we wanted to

check if the discrepancy in the case of D7 is due to the
value of the constituent s-quark mass. We varied the mass
of s-quark by approximately +20% with respect to its fit-
ted value m; =0.424 GeV while keeping other paramet-
ers unchanged. The dependence of the width
I'(D; — Dyy) on my is shown in Fig. 5. Note that our pre-
diction is not consistent with the experimental data with-
in the errors. More accurate experimental data are needed
in the case of Dj radiative decay. If this discrepancy still
remains, we will have to refit our model parameters in the
future.

Finally, we compared the contribution from the charm
quark and the other one (up, down, and strange quark) in-
to the radiative coupling constants. As mentioned above,
we have that

8DDy =€c I+ €q Iq,
I 2 2 =] 2 2
G(mp.,mp, mg,me, w1, w2) =I.(mp.,mp,me, My, w3, w1),

€3]

where the expression of I.) is given in Eq. (27). The
electromagnetic aspect of the decays is mostly visible in
the proportionality of the quark contribution to its elec-
tric charge. Given that e, = ¢, = +2/3 and e; =¢;=-1/3,
there is a large cancelation between the contributions
from the charm and down quarks in gp-p+y, as well as
from the charm and strange quarks in gp-p,. Meanwhile,
for gpopwy, the contributions from the charm and up
quarks add up (see Table 5). The strong effects in the de-
cays are captured in the quantities /.. Table 7 com-
pares I. and 1,, (9 = u,d, s) by taking the ratios I,/1.. This
table also includes the numerical values for the ratios
eqlylecl..

V. SUMMARY

Radiative decays of the vector mesons D**, D**, and
Di* are studied in the framework of the Covariant Con-
fined Quark Model in light of new experimental data

s
<
=
Q
xTUJ
Q
[
02} . ]
r experiment —
00 _______________ T ____________\ ______________
0.35 0.40 0.45 0.50
ms (GeV)
Fig. 5. (color online) I'(D — Dyy) vs. strange-quark mass.
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Table 7. Comparison of quark contributions to radiative de-
cay constant.

Channel Quark ¢ I,/1. eqly/ecle g py (GeVh)
D" = Dty d 3.74 ~1.87 ~0.45(9)
D* — DOy u 3.74 +3.74 +1.72(34)
Di* - Dy s 2.97 —-1.49 —-0.29(6)

from the BaBar and BESIII Collaborations. Predictions
for the radiative couplings gp-p+y, &popoy, and gp-p:y, as
well as the decay widths are reported. A full agreement
between these predictions and experimental data was
found for the decays D** — D*y and D** — D%. In the
case of Di* — D}y, our result for the decay width
0.55(22)keV is smaller than the recent LCSR prediction
2.36*]4keV by more than lo but exceeds the first
LQCD prediction 0.066(26)keV by more than 20. Using
the branching fraction of the purely leptonic decay
D" — e*v, recently measured by the BESIII collabora-
tion, we estimated I'(D:* — D{y) to be approximately
0.05(3)keV. Meanwhile, theoretical predictions for this
width range from 0.07keV to 2.4keV, and most of them
are around 0.2keV. In particular, this estimated value is
smaller than our prediction by more that 20-. Therefore,
the decay Di* — D}y is an interesting case that requires
further theoretical and experimental studies to give a fi-
nal answer.
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APPENDIX A: THE COMPOSITENESS
CONDITION

Let us consider the simplest case of a zero-spin bound
state whose constituents are fermions. The Yukawa-type
"bare" Lagrangian describing the coupling of the boson
field ¢o to the fermion field ¢ has the form

1
Ly =G §=mq)q+ 560 =mp)do +2obo(@lq),

where O=-3"d,, T=Liy. (A1)

The vacuum generating functional of the Yukawa theory
is given by

Zy = [Déy [ DG [ Dge' ] &E®. (A2)

Integrating out quark fields and dismissing all irrelevant

normalization factors, we have

i

Zy = [ Dmexp {3 [axon(i1@-mdionc

© ol
- %/dxl"'/dxn¢0(xl)"'¢0(xn)
n=1
XtH{TS () = x2) TS g, — 1)1} (A3)
d4k e—ik(xfy)
where S, (x—y)=[ 0t is the quark Green
q

function (propagator).
The bi-linear terms in boson field read

1
Ly =5 / dxgo(x)(@—m>)o(x)

_%g(z)/dxl /dx2¢o(x1)¢o(x2)
XAr[I'S 4 (x1 = x)T'S 4 (x2 — x1)]

1
- / dxdo(x)(0 - m)po(x)

1
+§g(2)/dx1 /dx2¢o(x1)l'[s:0(x1—x2)¢0(x2), (A4)

where Hs—o(x1 —x2) = KT [(qT'q)(gT'q)y])o = —itr[I'S 4
(x1 —x2)I'S y(x2 — x1)] is the mass function of the spin-0
boson.

Expanding the Fourier transform of the mass func-
tion at the physical boson mass up to second order

Ms_o(p?) = / dxe P TIg _o(x)

=[T5_o(m?*) + (p* — m*)[T§_o(m?) + TT§ (p?)
(AS)

we obtain

1 ~
Ly =5 / dxgo(x) [0—mg + g5Tls=o(m”)

+(@—mIT_o(m™)] go(x)

1
+ 28} / ax, / 062 o (x I (1 — ¥2)do(x2). (A6)

The wave function, boson mass, and Yukawa coupling
are renormalized as follows:

¢, =2y,  m*=mj—gils-o(m?),
1

1+ g311y _o(m?)

8r =Zl/2g0,
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Note that the wave function renormalization constant Z is
related to the renormalized coupling constant g, via

Z=1-gMs_o(m?). (A8)

The renormalized generating functional of the
Yukawa theory is finally expressed as

0 - / Do, exp {1 / A, (1) — ) ()

ig% ren
iy / dx / dxo ¢ (x)IIGZH(x1 — Xx2),(x2)

-y /dm~~/dxn¢r<x1>---¢r<xn>
n=3
xtr[TS o (x1 = x2) -+ TS (= x1)]}. (A9)

We dismiss the linear boson term because it is absent for
pseudoscalar mesons; for scalar mesons, it can be re-
moved by a shift of the field.

Next, we move on to the Fermi theory for which the
generating functional is expressed as

Zr = / Dq / Dge! /44,

(A10)
where the Fermi-type Lagrangian Lr(x) is given by
. G __
Lr =46 §—mg)q+ = (qlq)”.

(All)

For the exponential of the four-fermion interaction, the
Gaussian functional representation can be used as fol-
lows:

@ = N / Dpexp{ -3 =) +it6-@a)}.

where ((---)) = /dx(---).

(A12)
We then have
Zr =N;1/D¢/Dq/ﬂq
exp{~ 2 L (@D +ilgli g-m,+ o1} (AI3)

2G

Integrating out quark fields and dismissing all irrelev-
ant normalization factors, we obtain

Zr =/Z)¢exp{— %é/dxqﬂ(x)

—Z’;/dxl~~~/dxn¢<x1>---¢<xn>

n=1

Xtr[TS o (x1 = x2) -+ TS (= 1)1} (A14)

All bi-linear terms in the boson field can be collected, and
the renormalized mass function is introduced in a similar
manner to that of the Yukawa case as follows:

1
2
+@-m)IT_o(m®)] ¢(x)

1
- / dx, / s I (x1 — x2)b(x2).

1 -
1 =5 [axo] - & +flsooto)

(A15)

If the condition GTIg—o(m?) =1 is required and the boson

¢
/T _o(m?)
Lagrangian of the boson field with mass m and the cor-

rect residue of the Green function. The renormalized gen-
erating functional of the Fermi theory finally reads

field is rescaled as ¢ — , one obtains the free

7= [Dsexp {5 [ axocom-noe

1
s fan faroongz -

S o] fan-

n=3

/ A, d(x1) -9 x)

XtI'[FSq(Xl —X2)- 'rsq(xn —X])]} .
(A16)

Comparing the renormalized generating functionals of the
Yukawa theory in Eq. (A9) and the Fermi theory in Eq.
(A16), it can be concluded that the condition for their
equality is

g =1/ ﬁ's:o(mz) =0. (A17)

Taking into account the relation (AS), this condition is
equivalent to

Z=1-gHT;_o(m?) =0. (A18)

Therefore, the vanishing of the wave function renormaliz-
ation constant in the Yukawa theory can be used as the
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condition for the bare (unrenormalized) field ¢o = Z'/%¢,

to vanish for a composite boson.
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