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Study of weak radiative decays of D — Vy
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The weak radiative decay of D° — Vy with V = K, and ¢, p°, and w, is systematically studied in the
vector meson dominance model. It allows us to distinguish the short-distance mechanisms which can be
described by the tree-level transitions in the nonrelativistic constituent quark model, and the long-distance
mechanisms which are related to the final-state interactions (FSIs). We find that the FSI effects play a
crucial role in D° — Vy and the SU(3) flavor symmetry can provide a natural constraint on the relative
phase between the short and long-distance transition amplitudes. Our analysis suggests that the D-meson
weak radiative decays can serve as a good case for investigating the nonperturbative QCD mechanisms at

the charm quark mass region.
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I. INTRODUCTION

The charm quark production and decay has been an ideal
place for probing the nonperturbative QCD effects due to
the reason that the charm quark mass is not heavy enough.
In recent years the accumulation of large D-meson samples
allows more precise measurements of its exclusive decays
and also access more channels which have not been
measured before. One of those interesting processes is
the weak radiative decay of D° — Vy with V denoting the
light vector mesons K*, and ¢, p°, @. These four exclusive
decays are either Cabibbo-favored (D° — K*y) or singly
Cabibbo-suppressed (D° — p% /wy/¢y).

It is interesting to note that the D-meson weak decays
would be very different from B. The B-meson weak
radiative decays has been studied in the framework of
an effective Hamiltonian approach [1,2], where the
approximation of free-quark transition, namely the tran-
sition amplitude is dominated by the approximately free
quark decay, e.g., b — sy, is well-confirmed. In contrast,
the dominance of the free-quark transition picture cannot be
justified for D — Vy due to the relatively light charm quark
mass. As a natural consequence, nonperturbative contri-
butions may become important in D — Vy. It was pointed
out in Ref. [3] that the naive factorization hypothesis
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actually breaks down in the D-meson decay and the decay
amplitudes appear to be dominated by nonfactorizable
dynamics, e.g., through annihilation topologies, which
are particularly sensitive to long-distance hadronic con-
tributions. A direct confirmation of such effects should
provide crucial informations about the decay mechanisms.

In experiment, the decay of D° — wy was first searched
by CLEO-c in Ref. [4] but with only an upper limit set, i.e.,
BR(D° - wy) < 2.4 x 107*. The two decay channels, ¢y
and K*%, were measured by the BABAR Collaboration in
2008 [5] with BR(D? — ¢by) = (2.78 £0.30 +0.27) x 107>
and BR(D — K*%) = (3.28 +0.20 £ 0.27) x 10~*. The
Belle Collaboration confirmed the BABAR result for
D° — ¢y [6]. However, the branching ratio of D° — K*0y
measured by the Belle Collaboration, i.e., BR(D? — K*0y) =
(4.66 +0.21 +0.21) x 107*, turns out to be significantly
different from that from BABAR. Apart from the ¢y and K*%y
channels, Belle also measured the decay of D — p%, i.e.,
BR(D® — p%) = (1.77 £ 0.30 £ 0.07) x 1073 [6], which
is the same order of magnitude as D° — ¢y. This may be
reasonable since both processes are color-suppressed and
singly Cabibbo-suppressed.

Theoretical studies of the D° — Vy can be found in the
literature. In Ref. [7] a modified quark model was applied
to estimate the decay of D° — K*%y which had under-
estimated the data by about a factor of 5. In Ref. [8] an
effective Lagrangian approach was developed for dealing
with the weak radiative decays of heavy flavor hadron
involving the bottom quark. Its extension to D° — K*0y
also yields an underestimated result by about a factor
of 4. In Ref. [9] the decay of D° — K*%y was studied by
combining the heavy quark effective field theory and chiral
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Lagrangian approach. Although the theoretical prediction
was consistent with the later measurement, it had large
uncertainties which covered a range larger than the exper-
imental value with errors. In Ref. [10] a detailed analysis of
the short-distance contributions to D° — Vy via the free
¢ — uy transition was presented. It was also discussed that
the long-distance contributions via the pole terms and
VMD should be non-negligible. Similar approaches based
on the heavy quark effective theory and chiral Lagrangians
was presented in Refs. [11-13], where the long-distance
contributions are through the pole terms and vector meson
dominance (VMD). In Ref. [14] results for D — K*Oy and
py by QCD sum rules were presented. It is interesting to
see that in all these approaches the predicted results are
systematically lower than the experimental data by a couple
of times up to nearly one order of magnitude. In Ref. [15] a
covariant light cone approach was adopted for calculating
the D — V,A, T form factors among which the D - V
transition can contribute to the weak radiative decay of
D — Vy. Again, it shows that the long-distance contribu-
tions from the VMD are dominant over the short-distance
¢ — uy dynamics. Meanwhile, the VMD contributions are
still insufficient for accounting for the experimental data.

In this work we are motivated to make a combined analysis
of the Cabibbo-favored and singly Cabibbo-suppressed
decays of D — Vy. Different from other approaches in the
literature [11-13], where the heavy-quark effective
Lagrangians are employed to describe the weak couplings
for D° - VV, we calculate the couplings of the flavor-
neutral vector meson decays of D° — V'V in the nonrela-
tivistic constituent quark model (NRCQM). It means that the
breaking of the SU(3) flavor symmetry will arise partially
from the quark model wave functions due to the quark mass
difference. Despite the tree-level contributions, we argue that
the large branching ratios (BRs) of some of those inter-
mediate hadronic two-body decays, e.g., D — VV, VP, and
PP, etc., imply that the final-state interactions (FSIs) via
rescatterings should be important. Note that the mass thresh-
old of K*TK*~, which involves the direct emission of K**
and is sizeable, is almost degenerate with that of ¢p° and ¢w.
As being investigated recently in Ref. [16], the FSIs play a
crucial role in the understanding of the puzzling polarization
results in D — VV. We will show in this work that this
mechanism also plays a crucial role in the description of

D° — Vy and provides a natural source for filling the deficit
between the theoretical calculations [11-13] and experimen-
tal measurements [4-6].

As follows, we first introduce the formalism in Sec. II.
The numerical results and discussions are presented in
Sec. III, and a brief summary is given in the end.

II. FORMALISM

The most general form of the S-matrix element for a
generic radiative weak decay of kind D(p) — V(k,e) +
y(ko, €,), consistent with gauge invariance, is

S=1-iQ2r)**(p —ky — ko) (MFD + MEV)), (1)
where
MO = jAPOe, o ke phett sy, (2)
and
MEPY) = APY) (PuPy = Guka - p)el'es”, (3)

where p, k;, and k, are the four-momenta of the initial and
the final mesons and the photon, respectively. & and & are
the vector-meson and the photon polarization vectors.
MO and M®V) are the parity-conserving (PC) and
parity-violating (PV) amplitudes. The parity-conserving
amplitude involves P wave in the final state while the
parity-violating amplitude involves S- and D-waves. From
Egs. (1)-(3), the decay rate is calculated to be

3
[0 - v = "2 qarop +jamp), @)

where |k,| = (m%, — m})/2my, is the decay momentum in
the rest frame of D-meson.

At the tree level there are two types of two-body radiative
decay diagrams at the quark level as illustrated in Fig. 1.
The first corresponds to the internal W-emission process
¢ = ¢,q,q, followed by g,q — y (or q,it — y) which is
depicted in Fig. 1(a). The second one corresponds to the
internal conversion processes cit — q;g, with a photon
attached to any of the four quark (antiquark) lines which are
depicted in the remaining diagrams, Fig. 1(b)—(e). At the
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Schematic diagrams for the process D° — Vy at the quark level.
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DO —> Do 4
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() (d)

FIG. 2. Schematic diagrams for the process D — Vy in the VMD model at the hadronic level. (a) stands for the tree-level transitions,
(b) and (c) denote two types of pole-term contributions: type-I (b) and type-II (c), (d) stands for the hadronic triangle loop transitions.
Red squares, blue dots, and black dots represent weak, strong, and electromagnetic vertices, respectively.

hadronic level, these four processes give rise to the set of
contributions as shown in Figs. 2(a)-2(c). These are
actually the VMD contributions and pole terms considered
in some of those previous studies [10-13], but as discussed
earlier, these contributions are systematically smaller than
the experimental data and insufficient for accounting for the
observed results.

A possible solution is the FSIs via the intermediate
meson scatterings taking into account the large BRs for
some of the hadronic two-body decays which can rescatter
into VV. Then, in the framework of the VMD model,
contributions from such a mechanism to Vy can be
included. It should be stressed that although the FSI
contributions are loop corrections, their effects may not
be small given that the D° — V'V couplings are large. To be
more specific and practical, we identify the Cabibbo-
favored decay channels or those processes involving the
color-allowed direct emission (DE) transitions as the
leading intermediate processes which can contribute to
Vy via the triangle diagram of Fig. 2(d).

As follows, we first extract the tree-level amplitudes
which contain the contributions from the processes of
Figs. 2(a)-2(c), and then extract the amplitudes of the
FSIs via the triangle diagram of Fig. 2(d).

A. Tree-level amplitudes in the VMD model

Note that the decay of D° — Vy only involves the color-
suppressed process. The tree-level amplitudes include two
parts. One is the internal W-emission process (CS-process)
[Fig. 2(a)], and the other ones are the internal conversion
via the W exchange, where the pole contributions can be
identified [Figs. 2(b) and 2(c)].

|

1. CS processes

We describe briefly the formalism for extracting the
amplitude for the internal W-emission process (CS process)
of D° - VV’, which has been constructed in Ref. [16].
Then, the flavor neutral vector meson (we note it as V') will
propagate as a virtual particle and convert into a photon in
the VMD model. The CS process is essentially the 1 — 3
flavor-changing emission process at the quark level,
accompanied by the color suppression of quark-antiquark
hadronization into final mesons. The corresponding effec-
tive weak Hamiltonian operators A (Vl;?l_,3 can reduce to the
form of four-fermion interaction in the nonrelativistic
approximation, and the detailed expressions which take
different forms for PC or PV transitions have been derived
in Ref. [17]. The corresponding weak-transition matrix
element which can be calculated at the quark level are
expressed as follows:

iM(cPs) = <V1(P1;J1,J1Z)V2(P2§J2’Jzz>|ﬁg;,)1_>3\
X DO(PD;JisJiz»’ (5)

where P, = p; +p; and P, = p) + p3. The above for-
mula contains spatial wave function integrals for which the
NRCQM wave functions [18-20] are adopted. Moreover,
the weak coupling strengths containing the polarization

information, i.e., ggzgs) %s),

ing the transition matrix element of the corresponding spin
projection states at the quark level to the hadron-level
effective coupling, and the detailed derivation can be found
in the Appendix E,

and g are defined by match-

(Vi(Py; 1, £1)Vo(Pys 1, F1)|[H 5| DO(Pp; 0,0))

g(PC)T _

w(es) mpo |I_5|ch qu ’

evr  (Vi(Pi L ED V(P 173F1)|ﬁ5}];,\?—»3|D0(P020v0)>
Iw(cs) = VeV g ,

~(PV

v (Vi(PiLO)Va(Py: 1) Y 5[0 (P:0.0)) ©

Iw(cs) = FPEvEr,y, v :
my, ny, cq " uq
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TABLE 1. w(cs
transitions, which is estimated by calcuf
model parameters (10%).

The weak couplings g(PW " in units of 1076 for the decays of D° — VV including the PC and PV
ating the CS process in the NRCQM and the uncertainty comes from the

Decay channels D = K00 /K0 DY = ¢pp°/paw DY = p°0%/waw

G [Gev] 147 £0.31 1.63 +0.34 1314035
gPVL 1GeV] 1714029 1.90 +0.32 1534033
3;22& [GeV] 1.15+0.19 1.64 +0.28 0.81 +0.02

TABLE II.  Vector meson decay constants determined by V' — eTe™. The data are taken from the PDG [21].

Channel Total width of V' BR (V' - ete) e/fyv (x1072)

b —ete 425 MeV (2.98 +0.03) x 107+ ~2.26

P’ = ete” 147.4 MeV (4.72 £0.05) x 1073 6.07

w—ete” 8.68 MeV (7.38 £0.22) x 107 1.83

J/w = ete” 92.6 keV (5.97 £0.032)% 2.71

It should be noted that the mass differences within those Gor = —i B —i )
VV channels will lead to different values for the CS ViT o2 o ’

(P )T/[L
w(C

tions. Since the NRCQM wave functions are constituent-
quark-mass dependent, it means that after the convolutions
the extracted couplings will contain additional contribu-
tions to the SU(3) flavor symmetry breaking. In Table I the

CS couplings 954/2 cs) of the CF (D° = K*°p°/K*%%) and

SCS (D° = ¢p°/pw and p°p°/ww) decay channels calcu-
lated in the NRCQM are listed. Since the outgoing photons

are only transversely polarized, only 9%5

The amplitude of the tree diagram for the PC and PV
transitions shown in Fig. 2(a) are defined as

couplings g after taking the wave function convolu-

) contributes.

(PC
M) = ighy eapmPi PhEED

lM( (a) _lgDVy gl;eVM’ (7)

where the tree-level effective coupling gg)‘)/y can be

expressed as
p) emy,
A A ®)
fv

where (P) in the above equation can be either PC or PV, f
is the decay constant of vector meson V', and it can be
extracted using the data for V' — ete™ [21]. We collect the
values for e/ fy in Table II for convenience. In the above
equation Gy is the propagator of the intermediate vector
meson V/,

p]’ - m%,/ + imV/FV! —m%// + imVrFV,

The tree-level amplitudes for D° — Vy (V = K*0, ¢, p°, @)
can be parametrized in the VMD model as shown in Table III.
Note that the vector meson decay constant f in Table I1I
has a negative sign for ¢, and is positive for p° and @ which
can be explicitly determined in the quark model. It suggests
that the tree-level amplitude of D° — wy will be relatively
suppressed due to the cancellation between the two terms in
Table I11. In contrast, the two terms in Table III for D° — p%
will have a constructive interference.

2. Pole terms

The pole contributions to charm meson radiative weak
decays are shown in Figs. 2(b) and 2(c). At the quark
level, they correspond to the internal conversion diagrams
cii - q;g, with a photon attached to any of the four quark

TABLE III. The tree-level amplitudes of all the Cabibbo-
favored and singly Cabibbo-suppressed radiative weak decay
channels for D° — Vy (V = K*°, ¢, p°, ). (Note that there is no
CS process in D = plw.).

Modes Tree amplitudes [Fig. 2(a)]

B iy VeVua T2 Gy + Sy ibles Ve Via 2
o L5 Givtcs)VesVus 'f; G+ I3 ules) Ves Vs F2 Gy
Oy -1 gg;zcs)vcdvudf—”Gpo +95 gWP>CS VesVis 6;7 Gy
wy (P) (P) emy

2gw(cs)Vchud fw Gm + \/‘gw Cs>V(sVus Ts Gq’
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lines illustrated by Figs. 1(b)-1(e). At the hadronic level,
these give rise to the contributions which are part of the
long-distance mechanisms. The transition amplitudes are
denoted as type-I and type-II, respectively, depending on
that the photon emission occurs either before or after the
weak transition. It should be stressed that in both cases, all
possible spin-one (J” = 1¥) and spin-zero (J* = 0%)
intermediate virtual particles can contribute, respectively.
Because of this, a reliable calculation of the pole terms is
nontrivial. In particular, at the energy region of the charmed
meson, such pole terms may become significant and cannot
be neglected. It has been shown in Ref. [16] that the internal
conversion processes can play a crucial role in some of

those D° — V'V channels. This pushes us to include these
contributions and make efforts on estimating their magni-
tude with some accessible constraints.

3. Type-I pole terms

Since for the type-I pole amplitude, the photon emission
occurs before the weak transition. Hence, the intermediate
state can be either a vector meson for the parity-conserving
case or an axial vector meson for the parity-violating one.
This intermediate state will propagate virtually until it
weakly decays into a vector meson V. The type-I pole
amplitude is then given by

i

MP(D > vy)

n

(P)

(P)
= E VIH
(VIHy 52 m

— m2 i
I/}’le«7 + lmD;FD;

D7) (D5 |Hem | D), (10)

where Hy,’,_, is the weak effective Hamiltonian for the 2 — 2 internal conversion process.

(i) PC transition amplitude;

iIM = (iMpoyp )Gy (iMy) G (iMpy)
_l(gw

Py

V’pV’

_,-(g/w -

Py PZ*)
P

= (igpp- V’eaﬂullpv/lpD*) B

x &(py — Py)5(PD* - pv)

iem?,
€
py —mi, +imyTy \ fy ") ph. —mp. + impTpy

em%,, —i

(191)* 8(\5/)

. B
= l€a/3w1]’?17/v€l; 8%/ (gDD* %4

’QE)V; aﬁﬂ,lp},pveﬂev,

em? Vv

fv p% — m%,, + imy Ty

g(PC> !
bv m%, - m%)* + imp-I'p

(11)

—i _ —i

PC
where gﬁ)w) = Yoo (1) GV’gD* GV b Gy =

(i1) PV transition amplitude;

M)

Py —m%,+imvl"v -

and GV v = =

27 ) .
—mv+thF mV—m ,+lmV/FV/

(iMp_yp )Gy (iMy)Gp (iMpey)

= (igppv') >

x 8(py — Py>5<PD

—l (gﬂy _ v’pv’) —l’(gﬂé _ P’Z)x/’f}x)
2
., iemy, P (PV) 5)
I &) 2 2 L imol WpvéEy

Py —my +imy Ty \ fyr Pp- — mp +imp-l p

<= pv)

—i iem? —i

Vgl (i (PV) )
2 imol v 3 2 Do D v Evu

py —my, +imy Dy \ fyr my, — my. + imp:I'p-

= (igDD*V’) 2

. (PV
= _lg<DV}/)£I;£V/47

%
where p, - e, = py - ey =0, 953\/7) = gDD*(l*)v’
the above.

(12)

(P

GV/ Ip- v) Gy p+, and functions Gy and Gy p- are the same as
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To estimate the coupling strength gpp-(;-)y, the follow-
ing Lagrangians are invoked,

Lypp = gVDD*eaﬁ/waaV/jaMD*yD +H.c.,

LI/IDD* = gWDD*eaﬁMba"l//ﬁa”D*”D + H.C., (13)

where V is the light vector meson field. In the chiral
and heavy quark limits, the following relations can be
obtained [22,23]:

9vpb = \/Ellgv, gy = £

91/wDD =
91/wDD* = /~W ) Mp = \/mpmp-,

o2 (14

where A is commonly taken as A = 0.56 GeV~! and f, =
132 MeV is the pion decay constant. The coupling g;/,pp

can be extracted by the VMD model and its value is
9rypb = 144 [24].

Unfortunately, we know little about the property of the
DY couplings to the axial-vector meson D, and a neutral
vector meson. Therefore, we do not consider the parity-
violating contributions of the type-I amplitudes here. But
we will put an estimate of the uncertainties from the PV
pole terms.

4. Type-II pole terms

For the type-II pole terms, the intermediate state is either
a scalar for the PV transition or a pseudoscalar meson for
the PC one. In the VMD scenario the intermediate state
will propagate virtually until it decays to a pair of vector
mesons. Then, the flavor-neutral one will transit into a
photon. The amplitude can be written in a similar way as
the type-I amplitude,

i p
P, (P,|H,_,|D).

MDD = V)= (VIHeu—

— m2 i
- myp, mPn—i—lmPnFP”

(i) PC transition amplitude;

iMGS = (iMpp)Gp(iMp_yy) Gy (iMy,)

= (ig) "
PP pp — mp + implp

x &(py = py)d(pp — pp)
: i

(ingv'eapﬂéiP?//ipeffl‘s/) 2

(15)

Hoov
. PP
—l(g’”’— \l/)’7 v’)

W

iemy,
e
py = my, + imy Ty \ fyr 7

. PC
= l€aﬂ,45P‘y'P(‘$/€l;€‘\s/ (QE)P 2

—i em%/,
; grvv' ;
m? —m% + implp p% - m%,, + imy Ty fy

. (pC
= lg(DV}zeaﬂﬂ&p‘;p“s/g/;g“s/, (16)
PC PC em?,
where Q(Dw) = 9pp Gp pgpvv' Gy T
(i) PV transition amplitude;
.y (PV . . .
iMf" (D = V) = (iMps)Gs(iMs_yy) Gy (iMy,)
_i <g"” _ Pi‘,J’C;) )
. (PV) i . Py iemy, y>
= (i i 'l €
X &(py — Py)é(PD - Ps)
. . 2
. (PV) l —1 emV/
=—idle )
rEVh <gDS m%) — m% + imsrs gsvv p% - m%// + imV/FV« fV/ >
. (PV
= —igpy ey, (17)

2
em:,

PV
where gpy, = 95)5 )GD,SQSVV’GV’ o

For the PV transitions, we again encounter the problem of lacking the coupling information for the intermediate scalar
meson transitions into the vector meson pair. While it is impossible to provide a quantified prescription here, we will
estimate the magnitude of uncertainties arising from this process.
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TABLE IV. Weak transition matrix elements of the internal conversion processes. The coefficient includes flavor
factor and spin sign. ap is the mixing angle of the 7 and n’ on the quark-flavor basis and it takes a value of 42°.

Coupling ggzm) can be extracted by calculating the 2 — 2 internal conversion process in the NRCQM.
Processes (H (vl;?_Q) Processes (H (uljcz)—>2>
0 0 (PC) * 0 0 (PC)
D" > K _Vcs Vudgw([(j) D (2007) - K Vcs Vudgw(IQ
0 < . PC * 0 pC
D" — ?](SS) S apVCSVMg%V(Ig:) D (2007) - ¢ Vcsvusgg}v(lzj)
0 /(s PC * 0 0 PC
DY — ' (s5) —cos ap chvaggﬁ,a)c) D*(2007)" - p —%2 Vzrdvudgg;m)c)
0 p PC * 0 PC
D' — n(dd) —\i[zcos apVCdV,,dg(W(I)O D*(2007)° = @ \/LEVCdV“dg(WG)C)
0 p . PC .
D" — ﬂl(dd) - \/Li sinap Vcd Vudgs)v(gc)
0 0( 77 1 (PC)
DY — 7°(dd) %Vchudi(IQ

We collect the PC amplitudes from the IC processes
which includes both type-I and type-II,

PC PC PC
MEC = M;(b)> + Mgl(c))’ (18)
with
MPD = N (v(17) Y, -
1(b) D;l_) W2-2 m} — méif’ + imp:l'peo

x | D2 (17))(D;°(17) | Hem | D°(07)). (19)

i

C _
My = > (V) Hew —

P00 D~ m%n + impann
_ _ PC _
x [P, (07)) (P, (07)[H\S),|DY(07)), (20)

where a complete set of intermediate meson states D;; (P,,)

with quantum numbers 1~ (07) have been included in process

of type-Tand type-1I1, respectively. (P(V)|H E;,Cz>—>2 |D™) is the

weak transition matrix element which can be parametrized
out as listed in Table I'V.

To obtain the EM transition matrix element, we describe
the electromagnetic vertices in the VMD model. Taking a
pair of charm mesons D°D** couplings to the photon y as
an example, the vertex can be written as

) emi0 ) e g}
Ipopy = 19p0pop0 T Gy + igypop A G,
. em%/l/l
+ng/l//D0D*O—RGJ/V/’ (21)
fJ/l//

where R is an SU(4) flavor symmetry breaking parameter
and it distinguishes the production of a c¢c¢ from that of
uit (dd) and takes a value of 0.3. We present detailed
expressions for all electromagnetic vertices in the VMD
model in Appendix B and their values are listed in Table V.

The intermediate states of the pole terms contribute
differently in these four radiative decay processes. Since the
inclusion of all the intermediate states are impractical we
only consider the ground state as the leading contribution.
Namely, for the PC case, only D*(2007)° will contribute to
the type-I pole term of all four decays; K will contribute to
the type-II pole term in D° — K*%; both 5 and ' will
contribute to the type-II pole terms in D° — ¢y, D° — p%,
and D° — wy, and in addition, z° will contribute to type-II
pole terms in D° — p°7 and D° — wy.

We summarize some of the main features of the pole
term contributions as follows:

(i) Since only the ground states are considered, the IC
pole terms will mainly contribute to the real part of
the transition amplitude due to the narrowness of
these intermediate states. Moreover, the type-I and
type-II amplitudes have opposite signs and will
cancel each other. For the same intermediate D° —
V'V’ processes, the cancellation turns to be apparent
if an infinity mass limit is taken for the heavy quark,
e.g., Mmpo > my and mpo > mp .

(i) The relative sign between the weak transition matrix
element (V(17)|H %Lz D) for the type-I pole
terms and (P, (0‘)|H$§>_)2|D0(0‘)) is explicitly
fixed by the SU(3) flavor symmetry as shown in
Table IV.

(iii) In Table V it shows that the charmed meson coupling
to the photon gpop, in the type-I pole terms, is at
the same order of magnitude as that of the light
meson couplings to the photon in the type-II
pole terms.

(iv) The above properties lead to the cancellation be-
tween the amplitudes of the two types of pole terms
even in the physical D-meson mass region. We list
the amplitudes of the pole terms in Table VI and
compare them with the corresponding tree ampli-
tudes. One can see that the exclusive type-I or type-II
amplitudes can be sizeable. However, by comparing
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TABLE V. The effective couplings for the electromagnetic vertices. The values extracted from the VMD model
are listed in the second column and their corresponding modules are presented in the round brackets. In the last
column the signs of the values are determined in the quark model. The couplings gx-x-,(9,,,) and ggx,(grzy) are
treated as pure QED couplings. Thus their coupling strengths will be given by the charge of the hadron. Note that

e ~0.33.

Electromagnetic couplings

Values in VMD (Magnitude)

Experimental values

gk [GeVT] —0.288 — 0.063i (0.294) —0.253 £ 0.012
grogeo, [GeV™'] 0.369 + 0.062i (0.374) 0.385 4 0.016
Ik Ky 0.324 + 0.036i (0.326) e
Ixoky —0.046 — 0.034i (0.057) 0

Ik Ky 0.324 + 0.036i (0.326) e

Iroxo, —0.046 — 0.034i (0.057) 0

et py [GeVT] —0.205 — 0.002i (0.205) —0.219 + 0.012
G200y [GeV~!] —0.205 — 0.002: (0.205) -0.222 +£0.019
9oy 0.347 + 0.066 (0.354) e

gpoﬂoy 0 0

[ 0.347 + 0.066i (0.354) e

92040y 0 0

gy [GeV™'] —0.192 — 0.0008i (0.192) —0.209 + 0.002
gy 1GEVT] 0.213 4 0.0009i (0.213) 0.217 + 0.004
Gy, [GeVT'] —0.488 — 0.093i (0.496) —0.478 +0.017
Gy, [GeVT] —0.440 — 0.084i (0.447) —0.434 + 0.003
oy [GeV] —0.152 — 0.002i (0.152) —0.136 4 0.006
Gy 1GEVT'] —0.137 — 0.002i (0.137) —0.134 4 0.002
a0y [GEV] —0.657 — 0.125i (0.669) —0.707 £ 0.011
gpopo, [GeV!] —0.389 — 0.053i (0.393) > —3.297

the exclusive contributions from the tree and the sum
of the pole terms, we see that the cancellation has led
to rather small effects on the BRs as shown in
Table VII. We argue that the parity-violating inter-
mediate states in the IC processes have the similar
behaviors. As a result of the cancellation, the IC pole
terms turn to be much smaller than the CS process

[Fig. 1(a)].

B. Loop amplitudes in the VMD model

In the VMD model the mass of the intermediate vector
meson pairs are close to that of D°. Nevertheless, the mass
of the K*K* is almost degenerate with that of ¢p° and ¢w.
It suggests that FSIs via the VV — V'V rescatterings can be
significant. In addition, other predominant intermediate

processes, which can rescatter into the flavor-neutral VV
channel, can also contribute if the quantum numbers are
allowed. This was recently investigated by Ref. [16]. To
some extent, the FSIs are anticipated in D° — Vy in the
VMD model.

The typical FSI processes can be illustrated by Fig. 2(d),
where the DE process as the intermediate channel should be
crucial. To benefit from the study of Ref. [16] where the
D° — VV couplings have been extracted, we define the

) )

short-distance 9w(sp) = Iw(DE)

leading
(P)

ei"gw<lc) where € = r is taken as determined in Ref. [16].

(PC)
W(sD) = 2.0 x

=24x10"° GeV for the CF

couplings

Then, we obtain the weak couplings g
10° GeV-! and ¢"")

W(SD)

TABLE VI. The tree and pole amplitudes for different processes and the unit is 1078 GeV~! Amphtudes AP 16y ATy AZC(Lz
Al,), 3)° and .A" (ca) AT given by the parity-conserving intermediate states D*(2007)°, K°, #, 1, and 7°, respectively.

(PV) (PC) (pC) (PC) (PC) (pC) (PC) (PC) (PC)
Mode ‘AT(a) ‘AT(a) ‘Al(b) ‘A[I(cl) 'AII(CZ) ‘AII(C3) "411((:4) AT+ Ay
K% 1.20 - 8.17i —-1.13+7.68i 0.79-5.76i —0.93 +5.57i 0 0 0 —0.14 + 0.19i
¢y 0.34 —2.30i -029+197i 0.19 —1.43; 0 —0.002 + 0.45 —-0.003 4 0.69i 0 0.19 - 0.28i
Py —0.16 + 1.39i 0.16 - 1.40i -0.12+0.87i 0 0.16 — 0.89i 0.17-0.89i —0.005+0.47i 0.21 —0.45i
wy 0.0004 + 0.32; —0.0005 —0.32; 0.12 —0.87{ 0 0.003 -0.27i 0.003 -0.28; —0.28 +1.46i —0.15+4 0.03i
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TABLE VII. The BRs of the tree contributions shown in Fig. 2(a) and pole term contributions shown in Figs. 2(b)
and 2(c) in units of 10~ for the decay D° — Vy (V = K*°, ¢, p°, w).
BR K%y dr Py wy
Experimental data [21] 417 2.81 £0.19 1.82 +£0.32 <24
Tree PC 11.03£5 0.55+0.23 0.45+0.16 0.023 £ 0.020
PV 1253 +£4 0.75 +0.25 0.454+0.13 0.023 £0.016
PC + PV 23.57+6 1.30 +0.34 0.90 +0.21 0.047 £ 0.026
Pole terms PC 0.011 0.016 0.055 0.005
Tree (PC + PV) + Pole terms (PC) 22.80 1.14 1.23 0.046

decay D° — K*~p™, and gg;(CS)D) =15%x10"° GeV~! and

ap) = 4.5 x 1078 GeV forthe SCS decay D® — K*+K*~,

These vertex couplings will be adopted for the calculations of
the FSIs via Fig. 2(d).

The triangle loop amplitudes illustrated by Fig. 2(d) can
also be calculated in the VMD model. The loop amplitudes
can reduce to an effective coupling which contributes to the
DVy coupling in the end. Within the triangle loops the
vertices for the photon couplings to the kaon (pion) and/or
K*(p) pairs can be described by the VMD model. Taking
the K*"K~ coupling to the photon y as an example, the
photon can couple to the intermediate p°, @, and ¢» mesons,
via the following amplitude,

2
. em?,
gKkKty = E E ((6151)1--|V/>19v’vp—f “Gy,  (22)
V/

q=u8 V'=p" 0,

where V and P stand for the initial K** and pseudoscalar
meson K~, while V' stands for the intermediate vector
mesons, p°, ®, and ¢, to which the photon can couple with a
strength of the decay constant e/ f; ((¢g),--|V’) is a favor
factor given by the decomposition of the gg into flavor
eigenstate of the intermediate vector mesons. For instance,

(uit) |V = <% (uit — dd) —ﬁ—%(uit + le)|V>

=¢i§<<p°+w>|v>.

We present the detailed expressions by the VMD
model for the electromagnetic vertices in Appendix B.
In those equations the ground-state vector meson decay
constants e/ f,(V = ¢, p°, ) are extracted with the data
for V- ete [21].

Since the hadronic vertices can be related by the SU(3)
flavor symmetry their relative strengths and phases can
be fixed. There are five types of hadronic coupling vertices
in the loop amplitudes, i.e., VPP, VVP, VVV, SPP, and
SVV for which the corresponding effective Lagrangians are
as follows:

(23)

Lypp = igyppTr[(Po,P — 0,PP)V*],
Lyyp = Gyvp€apu Tr[0"V* PV P],
‘CVVV = igvvar[(aﬂvy - aDV”)VﬂVI/L
Lpps = gppsTt[PPS],

Lyys = gyysTr[VVS], (24)

where the vector (V), pseudoscalar (P), and scalar (S) fields
as the SU(3) flavor multiplets are listed respectively as
follows:

0
% ot Kt
V e — w_pO *0 s 25
P 7 K (25)
K*— I‘(*O ¢
Sin(zpr/’+\(:/(>§s(tp17+7r“ s K+
pP= p sinapr/Jr\c/%sapn—ﬂ“ KO
K- KO cosapl —sinapn
(26)
and
o'+a\0/(2_980) aar e
— _ —ay (980
5= ag  ° a\% S . (27)
X R £,(980)

where the ideal mixing are adopted between w(= (uit +
dd)/\/2) and ¢(= s5).

With the effective Lagrangians in Eq. (24), we can write
down the loop transition amplitude for Fig. 2(d). We use the
notation Z[(P), M, M5, (M,)] to denote the loop ampli-
tude. Namely, the intermediate M and M rescatter into Vy
by exchanging M,, and (P) [=(PC) or (PV)] indicates the
PC or PV property of the corresponding amplitude. The
masses and 4-vector momenta of these internal particles are
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denoted by (m, m3, m,) and (py, p3, p,), respectively. The
4-vector momenta of the initial-state meson D°, final-state
photon, and vector meson are labeled as pp, p,, and py,
respectively. The polarizations of the final-state photon and
vector meson are €, and ey, respectively. For instance, the
intermediate K**K*~ rescattering amplitudes through the
triangle loops by exchanging K (K or K*) can be expressed
as follows:

iMo, =S I[P, K K ()], (28)

where the sum is over the contributing meson loops
indicated by the different exchanged mesons.

Taking the PC loop transition [(PC); K*, K*, (K)] as an
example, the loop integral is

Z[(PC); K*, K*, (K)]

d4p , ! 5
— /WVWD"” (K*)VouD(K)V3, D (K*)F(p7),

(29)
where the vertex functions have compact forms as follows:

. (P 3
Vl;w = _lgi/stD) Vcsvusea/};wp{llpéf

7 _ ay P x5
Vou = gk ky€arpusPy Pr' €

)

Vi = igVI_(*Keazﬂzv’ﬂpgsz &y, (30)

where functions D** (K*) and D(K) are the propagators for
K* and K, respectively, with 4-vector momentum p, i.e.,

!

. / Hph
—i g — 2" )
(g r
p?—mi. +ie’

i

DM (K*) =

D(K)_pz—mi—kie' (31)
We note that all the strong vertex couplings involving
the light pseudoscalar (P) and vector (V) meson couplings,
ie., gypps 9yvp, and gyyy, have been extracted by
Refs. [25,26], such as gyg-x in Eq. (30). In addition, the
electromagnetic couplings are extracted by the VMD model
and listed in Table V, such as gg-g, in Eq. (30).

In order to cutoff the ultraviolet (UV) divergence in the
loop integrals, we include a commonly adopted form factor
to regularize the integrand,

A7 —m?
o) =TI (3= ).

i

(32)

where Ai =m; + aAQCD with AQCD =220 MeV and
a =1~ 2 as the cutoff parameter.

III. NUMERICAL RESULTS AND DISCUSSIONS

The final results for the D° weak radiative decays
are given by the interfering contributions from both the
short-distance and long-distance dynamics. As studied in
Sec. I A the short-distance contributions include the tree-
level transitions which are calculated in the NRCQM. The
main uncertainties arises from the PV intermediate pole
terms for which the couplings cannot be well-constrained.
However, considering that the type-I and type-II terms
cancel each other in this case, we expect that the neglect
of the PV pole terms would not produce significant uncer-
tainties. For the long-distance contributions, the FSIs via the
triangle loops can be accommodated by the VMD framework
consistently, and the main uncertainties arise from the

TABLE VIIL.  Calculated BRs of each type of the hadronic loop diagrams in units of 107> with the cutoff parameter @ = 1 and @ = 2.
Diagrams Decay channels (PC) (PV) (PC) + (PV) (PC) (PV) (PC) + (PV)
(K K. (KY)] dr 5791075 1.14x 1072 1L15x 1072 533x 10 524x102  529x 1072
POy 1.72x 107 521 x 1073  523x107%  197x10™* 279x1072  2.81x 1072
wy 1.74x 107 522x 107 523x107%  198x10™* 279x1072  281x1072
[K*t, K*=, (K*)] Py 3.29 x 1073 0.61 0.61 223 x 1072 2.15 2.17
Py 1.10 x 1073 0.18 0.18 9.93 x 1073 0.84 0.85
oy 1.11 x 1073 0.18 0.18 9.92 x 1073 0.85 0.86
[K*=,pt, (K7)] K 1.39x 1073 2.73x 1072 2.87 x 1072 .11 x 1072 8.95x 1072 0.10
[K*=,pT, (K*7)] K0y 7.24 x 1072 1.18 1.25 0.44 3.60 4.04
Pt K=, (zh)) Ky 118 x 107 142x1072  143x1072  233x1073 598x1072 621 x 1072
Pt K, (pT)] Ky 0.12 1.78 1.91 0.72 5.20 5.92

093005
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TABLE IX. Calculated BRs containing both tree and loop contributions in units of 10> for the four radiative weak decays D° — Vy
(V=K ¢, p°, w). The uncertainties are given by a = 1.3 £0.13.

DO N I_(*Oy DO N ¢y DO _)/)0]/ DO - wy

Experimental data 328 4+£2.04+2.7 [5] 2.78 +£0.32 £ 0.27 [5] 1.77 +0.30 - 0.07 [6] <24 [4]
46.6 +2.1 £2.1 [6] 2.76 £0.19 £ 0.10 [6]

PDG average [21] 41 +7 2.81 +£0.19 1.82 £0.32 <24
Burdman [10] 7-12 0.1-34 0.1-0.5 ~0.2
Biswas [13] 4.6-18 0.48-0.64 0.512-1.8 0.32-0.9
Fajfer [11] 6-36 0.4-1.9 0.1-1 0.1-0.9
Shen [15] 19°77] 32113103 LIS 0751030101
de Boer [12] 2.6-46 0.24-2.8 0.041-1.17 0.042-1.12
Asthana [7] 0.86
Bajc [9] 28-65
Dias [27] 15.5-34.4
This work 35.9129 2761938 179702 0.581014

UV cutoff parameter for the triangle loop integrals. However,
since the FSIs in D° — V'V have been quantitatively studied
recently in Ref. [16], a consistent range of the cutoff
parameters has been determined. We adopt it as a prediction
for this analysis. The nontrivial aspect is that the SU(3) flavor
symmetry has determined all the relative phases among the
transition amplitudes, which means that we are obliged to
describe the existing data within the commonly adopted
values for the cutoff parameter.

In Table VI the amplitudes of the short-distance proc-
esses have been calculated, while in Table VII the corre-
sponding BRs are also obtained. One sees a systematic
underestimate of the experimental data [21], and it calls for
additional mechanism to account for the deficits.

The contributions from the long-distance processes via
the FSIs is shown by Table VIII, where the contributions
from exclusive triangle loop transitions to the BRs are
listed. It shows that the vector meson exchange terms are
dominant in all the triangle loop transitions. This is a
feature that we found in D° — VV [16]. It is also interest-
ing to note that the FSI corrections are mainly to the PV
channel, while the PC corrections are negligibly small in
comparison with the tree-level transitions. It is under-
standable that the PV coupling for D° to the intermediate
VV is an S-wave while the PC coupling is a P-wave which
will bring significant suppressions near threshold. In
addition, the yields of the loop integrals in the PV channel
are also found larger than in the PC channel due to the
different structures of the integrands.

As shown in Table VIII the exclusive BRs from the
FSIs indicate some sensitivities to the cutoff parameter for
a =1 and 2. This appears to be the main source of the
theoretical uncertainties. Combining the tree and triangle
loop amplitudes together, we obtain the full results for the
BRs for these four decay channels, i.e., D° — Vy (V = K*0,
¢, p°, w), with § = 0 as the natural phase in Table IX.
We also list the experimental data from the BABAR [5],

Belle Collaboration [6], and the PDG average [21] as a
comparison. It shows that the measurements of D° — K*0y
by these two experiments turn out to be quite different,
while their measurements of D° — ¢y are consistent with
each other. Meanwhile, the channel of D° — p% was only
measured by Belle [6] and an upper limit for D° — wy was
set by the CLEO Collaboration [4]. By best describing
D’ — ¢y and p% with a = 1.3 £0.13, we find that the
calculated BR for D° — K*%y is consistent with the
averaged value of the BABAR and Belle measurements,
and the BR for D° — @y is much smaller than the
experimental upper limit. In comparison with D — py
the suppressed BR of D° — wy can be well-understood by
the destructive interference between the two tree-level
amplitudes in Table III as discussed earlier.

In Table IX we also include other theoretical calculations
[7,9-13,15,27] in the literature as a comparison. One can see
that most of these existing results have significantly under-
estimated the data except for Ref. [15] which has given the
results with the correct order of magnitude.

To see more clearly the role played by the FSIs, we plot
the cutoff parameter a dependence of the BRs in Fig. 3, where
“T+L” denotes the full calculations including both the tree
[Fig. 2(a)] and triangle loop [Fig. 2(d)] contributions. We also
show two interfering patterns between the tree and triangle
loop amplitudes denoted by 6 =0 and 7z, respectively.
Namely, 6 = 0 means a natural phase determined by the
SU(3) flavor symmetry while 6 = z denotes an opposite
extreme. The horizontal bands are the PDG average [21] of
the experimental measurements. For these four decay chan-
nels,i.e., D = Vy (V = K*°, ¢, p°, w), we find that the data
for D° — K*°, ¢, p° can be accounted for within a range of
a=13=+0.13 with 6 = 0. In contrast, the results with
0 = & cannot describe these three channels simultaneously.
This confirms our anticipation of the natural sign due to the
SU(3) flavor symmetry in this analysis.
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The dependence of the BRs on the cutoff parameter a for the four radiative weak decays of charm meson D°. “T+L” denotes

the full calculations including the tree [Fig. 2(a)] and loop [Fig. 2(d)] contributions. § is the relative phase of the tree diagrams and loop
diagrams. The horizontal bands are the PDG averages of the corresponding experimental data [21].

IV. SUMMARY

In this work we have systematically studied the Cabibbo-
favored and singly Cabibbo-suppressed D° weak radiative
decays into Vy in the framework of the VMD model. By
distinguishing the short and long-distance transition mech-
anisms we demonstrate that the long-distance FSIs have
played a crucial role in the understanding of the D° — Vy
decays. In particular, the intermediate K**K*~ rescatter-
ings by exchanging a vector meson into Vy account for
most of the long-distance contributions. Since the same
mechanism also plays a crucial role in the understanding of
the hadronic weak decays of D — V'V, this study can be
regarded as a self-consistent examination of the long-
distance dynamics in the D’ weak decays. We also
emphasize that the extraction of the tree-level amplitudes
is a consistent way to take into account the SU(3) flavor
symmetry breaking effects, which arises from the constitu-
ent quark mass differences. This mechanism may be
investigated in other decay channels given that more and
more data for the D-mesons have been accumulated in

experiment, and it can help us gain better insights into the
near-threshold dynamics via the weak transitions.
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APPENDIX A: WEAK EFFECTIVE
HAMILTONIAN FOR INTERNAL CONVERSION
PROCESS ¢,9, — 414,

The nonrelativistic form of the weak effective
Hamiltonian for the 2 — 2 (¢4, — ¢}g5) internal con-
version process can be explicitly reduced as
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Gr
PC — _ — _
HYS , = 5 VadVan] 32 P& @)+ —pi—p) (SIS (s H]s ) = (57 16il50) - (sTlels ),

i#]

PV GF P o
HyY = 5 VadVen] 32a &2+ p—pi —p))} —((57|eils0) (s 1]s,) = (57|1157) - (shle]s,))

i#

Pi P Pi PN irts i (o pi P pi P
: - /|6, |5; lo:|s)) - - E<R NS Al

where s; and m; are the spin and mass of the ith quark (s; stands for the spin of particle i which is an antiquark), respectively;

the subscripts i and j indicate the quarks experiencing the weak interaction; &5_) and ﬁﬁ-ﬂ are the flavor-changing operators,

e.g., a l( )c = 0;jS}s ﬁﬁ. u; = 6;;d; for Cabibbo-favored process.

APPENDIX B: DETAILED EXPRESSIONS OF THE ELECTROMAGNETIC
COUPLEDIN IN THE VMD MODEL

In this appendix, we present the detailed expressions for the electromagnetic couplings extracted in the VMD model. In

the following equations, R takes a value of 0.8 to distinguish the production of an s5 from uit and dd due to the SU(3) flavor
symmetry breaking,

2 2 2

. em o em?, em

Ikrkty = U kK-~ G 0+ Gokk-— Go + Gpx+x-—— RGy
foo fo fo

i €m20 em%} . emé,
= A gvvp —F— I =G+ gyvp— 7 G, | +igvwvp——RGy,
P° w

em? 2 2
. 0 emy, €m¢
KoK, = l<gp0K*oK*o G 0+ GO0 — G(u =+ 9y 0K —RG(/,>

fp fw f(/)
i em20 emz €m2
= A —gvvp—F— 7 =G+ gyvp—— 7 2G, | +igyyp—— 7 RGqﬁ?
0 ®
2 2
. e em? em
IkKy = 1<9p01<*+1<*- =G+ ok k-~ Go + Gy k- z RG¢>
fp fm f(/)

i emio em?, em 2
275 _gVVV7G gvvvf 2G, +lgVVVf—RG¢a
P 0}
2
m

( e oG v )
Irog, = 1| gogogo——G o + g I(*OI_(O o T 9pr 0K
N 7. TR T

. 2 2
i em~, em2 eny
= NG <gvvvf—fG = gvvy —— 7 2G ) + lgvvv—RG¢,

ra ® f
. em20 em?, em,
Ik+k+y = W 9ok —F G 0t Joxtk-—— Go + 9px+x-—— RGy
S So fo

. 2 5
i em o em?, > . emy,
=—7=\—9ver——Gpo —gvpp—— G, | +igyvprp RG,,
\/i < fpo r fw f(/;

) em20 em? m?,g
Irokdy = 1| 9oxogd —— [ G 0+ GuKORY —— 7 G + gk —— f¢ RG¢
P°
. 2 2
I em emz) ) em
= NG <9vppf—pr0 - gVPPf—aGw) + lgvppf—:RGqs’ (B1)
P ®
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APPENDIX C: THE FLAVOR SU@3) RELATIONSHIP OF THE COUPLING CONSTANTS

The relative strengths and phases of the vector-pseudoscalar couplings can be fixed and expressed by overall coupling
coefficients, i.e., gypp, gyyvp, and gyyy, considering the SU(3) flavor symmetry,
(i) VPP vertices:

9pktk- = —Gpk-K+ = GpKk°K° = —Ypk°k* = gvprp>
1
Joktk~ = “Yok Kkt = Jok°k° = TYuk°Kk* = _ﬁg\/f’f”
1
ngK*K* = _g/)OK*Iﬁ = —g/)oKol‘(o = gpoano = _7§gVPP; (Cl)
(i) VVP vertices:
9okt k- = Gpk K+ = Jpk 0K = GpkOk* = Jvvp,
1
Joktk~ = ok~ K+ = ok Ok = JokOK* = ﬁgvvpv
1
9Ok Kk= = GOkt T TYPOKOR0 = TY0R0K0 = ﬁng”
9op®b® = ,0pD; (C2)
(iii) VVV vertices:
9otk = YKkt = GpkOK0 = ~YGpk0k0 = Gvvv,
1
Jok* K~ = “Yok* K T Gk VK0 = TYpkOK0 = _ﬁgvvw
1
g/JOK*+K*_ = _gpoK*_KH = _gp"K*UI_(*O = gp"f(*oK*“ = —ﬁgvvv. (C3)

APPENDIX D: AMPLITUDES OF THE HADRONIC LOOP DIAGRAMS

In this section, we present the loop amplitudes for the convenience of tracking the calculation details. For simplicity, we
do not distinguish the coupling constants at the hadronic vertices, but just denote them as g; with i = 1, 2, 3. The amplitudes
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for different processes are listed explicitly as follows, and we employ LoopTools (https://www.feynarts.de/looptools/) to

accomp}ish the nun_lerical calculations:
(i) Z[(PC),K*, K*, (K)]
M d4p1 €aﬂ/wp?pg (gﬂ / pll:] > €a,pi 5p1 p}’ 87 €a,po0/ /1p32p€/28/‘1/* (gw/ - %
l = 919293
(2”)4 (P% - mK* + ie) (Pz - mK + l€)(l’3 - mK* + ie)

P Ik
d4p1 a/};wplpy, X €(1|ﬂ]y5p1]pgl &, X 8(12/321//117(3217/‘/28/‘1/ ( 2)

(2n)* (pt = mi. + i€)(p3 = mi + ie) (p3 — mg. +ie)” "

= 919293 / b, Fri)
Ca) (7 =i + i) (A= + i) (3 = e & 7€)

) F(p7)

= 919293

X{€aﬂ5/1Pva3 Ev (1 - Py)(Pl py,+pi- pv) — P1(Py pv)l— eaﬂmpll)vfy 8v (P Py)
+ eapa P2 P e (p1 - pyv)? = PP} — eapiP2 Py P (1 - €5) (1 - py) + (v - €0 (p1 - p,)

- (P '€y)(l?y : Pv)] + ea/izszpyl?vg{s*l’/}(lh Pv)(lﬁ '87/)}4

(i) Z[(PC),K*, K*, (K*)]

s, et~ () )
(27)* (p = mg. + i€)(p5 — mg- + ie)(p3 — mg. + i)

X [(p1+ 1)) €0 Gus + (P2 = Py) € 9sp = (P1 + P2)5€Y Gy

X [(P3 + Pv) otV 9ua = (P2 + Pv) €V Gio + (P2 = P3):8V 9ol F (D7)

/ d'p, cumpiPh (97 =) F(p?)
= 919205 | ;5 — e+ i€)(p2 — mk. + ie)(pl — mh. +ie)” L

IM=g19,93

X [(P1+ Py) & Gus + (P2 = Py) €0 950 — (D1 + P2) 580 Gp)

X [(P3 + Pv) oV Gor = (P2 + PV)EV Gio + (P2 = P3),V 906l F (PF)
d'p 4F (p?)

(27 ) p3(pt — my. +ie)(p5 — my. + i€)(p3 — my. + ie)

X {Gaﬁml?ll?/\j/*? e =pi(p, - pv) + (P11 pyv) + (P py)(Py - V)]

+ €a/351Py 5*8/1*[191(1’;/ : Pv) - (Pl 'Py)(Pl ‘Pv) - (Pl 'Py)(Py : Pv)]

= 0919293

+ eapiPL Py PIE (P = 2p1 - p,) 2Py - €5 — py - €))
+€a/35119y17/\3/€(;*17%( 1-2p;- p,)(2p1-€ —pv - &)}

(i) Z[(PV).K*, K", (K)]

ES I),J £ v 3
s [ £ )22
IM = 91993 . o Pi
(2m)* (p? — m%. + ie)(p3 — m% + ie)(p3 — m%. + ie)
d4pl Hl/”lﬂlspllplffle X €a2ﬂ2”/{p3(lzpvﬁzeﬂ\ﬁ//1 2
919293 372 : 5 5 —F(p;)
(27)* (pT — mg- + ie)(p3 — mg + i€)(p3 — my- + i€)
= 010,9 /d4pl ‘7:(1712)
19293 (27)* (p? — m%. + ie)(p3 — m%k + ie)(p3 — m%. + ie)

X {(8; '@)[P%(Py : Pv) - (P 'Py)(l?y “py) — (Pl 'Py)(Pl 'Pv)] - (Pl '5;)(191 '57/)(1% : Pv)

+ (p1-&)(py - €v)(pr - pyv) + (pv-&)(p1-€0)(p1 - py) + (pv - ) (P, - €0)[(P1 - py) — P11
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(iv) Z[(PV).K*, K*, (K*)]

d4171

(=58 =) =28

iM= 919293/

X [(p3 + pv)oevpg” —

(pg* - p’f 1) (P39 — Pap3) (P3gu —

(2x)* (P% - m%( + le)(l’z - mK* + l€)(l’3 - mK* + ie)
X [(p1 =+ Py),& Gus + (P2 = Py) )
(P2 + PV)”*?/\}/*Qﬁa + (P2

5o — (D1 + P2)s€Y )

- P3)/3€/\3/*9§]7:(P,2)
P3uD31)

P1
2919293/
(27)* p2p3p3(p? — m%. + ie)(p3 — m%. + ie)(p3 — m%. + ie)

X [(pl + p}')pgy gﬂﬁ + (pl - 2py);4
x [2py + p, = P1)oerpg” — (P1

APPENDIX E: DETAILS ABOUT WEAK
COUPLING CONSTANTS
AT THE HADRONIC LEVEL

For the weak decay D° — V,V,, there are two types
of contributions and the corresponding hadronic level
effective Lagrangian are as follows:

Lyvp = ighy" eap Tr[0"VEPVEP],
Lyvs = gy Tt[VVS], (E1)

where both P and S stand for D° meson, just the quantum
number J” of the latter can be regarded as 0% (this is the

result of the weak interaction and not the true quantum

(PC)

number of D° meson). It is worth noting that gy, has only

transverse polarization [gg;cﬁ], while g(vl;v) has both trans-
verse and longitudinal polarization [gg;V)T and ggc)[L].
We define the kinematic variables in the rest frame of the

initial state D°,

By |IPv,| - -
€y,0(€%,0) I = W — ey, Rey,

_|Bv By,
nmy ny,

_ Ipv, ||pv2
my, m

87 95/) - (2p1 - py)égy gy/)]

= P, + Pv)Ey gpo + (201 = 2D, — py)sEl F(p?).  (D4)
|
Ppo = (mDO’O’ 0, 0)7 Pv, = (Ev]a .0.|p ),
pv, = (Ev,.0,0,=|p|). (E2)

In the above convention, the polarizations of the vector

meson are written as
o—("" 0.0, ) (E3)

where ¢ are transverse polarizations and & is longitudinal
polarization. No matter which polarization state the vector
meson is, Lorentz gauge invariance condition p - & = 0 is
always satisfied:
(i) Parity-violating transition
In the interaction Hamiltonian, one has, for ey,
the nonvanishing longitudinal component is
&y 0(€%,0) Gu» Where (g}, ) is the polarization vector
&y, rotated from the V, frame to the V; frame,

1
£y = ZFE(O, 1,Z|:i,0),

Ey Ey
_ ]mvi / Zd WO 10 (Qy) X Yi0(Qy, )dQy,

Eyv E
- V‘mVZ/E d),o(0)(=1)"Yi_ (Qy,) X Y1p(Qy,)dQy,
Vs

\ﬁv||Pv| Ey Ey
=t 2 (0) s

mvlmvz mvlmvz
- |Dv,||Pv,| + Ey,Ey,
mvlm\/2

_ |B|> + Ev,Ey,

’

I’}’l‘/]I’nV2

(E4)
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where |p| = |py,| = |Pv,|. Therefore, the longitudinal component of the effective Lagrangian at the hadronic level

in this case becomes

=12
pvi |PI” + Ey, Ey
E\L/VSZQ(W el

(ES)

mvl mV2

Similarly, the nonvanishing transverse components, &, , (¢}, ,)g,, and &, (&} _)g,,. can be calculated as

‘Ej\l/1+<gl\//2+>g/w = EVI—F : <gV2+>

= €y, - Rey,,

_ / Y1 Q)S dl (0)Y 1 (Qy,)dQy,

= / ;d}n’l(e)

- _d1—11(9)|9=ﬂ
_ 1—coséd
2

ek\l/l—<8l\//2—>gﬂu =-L

The corresponding amplitude below will be

matched to the quark-level transition amplitude

for extracting gng,

PV)T
Lhys=—aw"". (E7)

Note that for a threshold decay, i.e., |p| =0, the
longitudinal and transverse components have the
same structure as expected. But for heavy initial
state decaying into light vector meson pair, e.g.,
B — VV, the dominance of the longitudinal com-
ponent is evident;
(ii) Parity-conserving transition
The nonvanishing components are €45, Py, P/‘}/ZX

ey, (eV,,) and €aﬂ5/117?/117<}/28(\3/1—<5/‘1/2—>» both of

(=D)mys, (Qy)Y 1 (Qy,)dQy,

= —1’

(E6)

which are transverse polarizations and their
values are

= i(Ey, + Ev,)|p|

= impo|p

a .5 vl
€apsiPy, Pv,€v, + <8vz+>

€aﬂ5/1P((/1P/\j/2€(\$/1—<€%/2—> = —i(Ey, + Ev,)|D|
= —impo|Pp|. (E8)

Thus, the corresponding effective Lagrangian can be
expressed as

. (PO)T -
Lyyp = j:lg%[, ) mpo|p|, (E9)
where g(v];C)T can be extracted by matching the

hadronic amplitudes to the quark-level ones.
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