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We perform a lattice calculation on the radiative decay of D using the (2 + 1)-flavor Wilson-clover gauge
ensembles generated by CLQCD collaboration. A method allowing us to calculate the form factor with
zero transfer momentum is proposed and applied to the radiative transition D; — D,y and the Dalitz
decay D! — D,ete™. After a continuum extrapolation using three lattice spacings, we obtain
['(Di — Dyy) = 0.0549(54) keV, where the error is purely statistical. The result is consistent with previous
lattice calculations but with a error reduced to only a fifth of the before. The Dalitz decay rate is also
calculated for the first time and the ratio with the radiative transition is found to be R,, = 0.624(3)%. A total
decay width of D} can then be determined as 0.0587(54) keV taking into account the experimental branching
fraction. Combining with the most recent experimental measurement on the branching fraction of the purely
Vel = (190.57307 £ 12.6,) MeV, where the
stat. is only the statistical error from the experiment, and syst. results from the experimental systematic
uncertainty and the lattice statistical error. Our result leads to an improved systematic uncertainty compared

leptonic decay D{** — e*v,, we obtain the quantity fp:

t0 42.7y obtained using previous lattice prediction of total decay width 0.070(28) keV as the input.

DOI: 10.1103/PhysRevD.109.074511

I. INTRODUCTION

Testing the standard model precisely and searching for
signals or even hints for new physics beyond the standard
model is one of the major goals of contemporary particle
physics. Various flavor-changing weak decay processes can
be used to extract relevant Cabibbo-Kobayashi-Maskawa
(CKM) matrix elements and then test them under 3 flavor
unitarity, which has become a well-known and extremely
important direction in flavor physics [1]. For the electro-
magnetic decays without involving the CKM matrix
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elements, the decay rate can be measured experimentally
and also be calculated theoretically, hence providing an
alternative and even more direct way to test the standard
model. In recent works on 7. — 2y [2,3], for example, the
decay rate has been calculated precisely and it appears to
differ significantly from the Particle Data Group’s reported
value. It therefore leaves some interesting physics in this
channel.

In this work, we focus on the radiative decay of the
excited strange charm meson, the vector meson D with
quark content c¢5. Though the particle mass and the
branching fraction of the known decay channels have been
measured, the total decay width of D} is not determined
experimentally. A possible way to extract the total decay
width is to combine the calculated partial decay width, such
as D — D,y and its experimental branching fraction. On
the theoretical side, an impressive achievement comes from
the lattice calculation [4], in which the authors obtained the
radiative decay width as ['(D? — D,y) = 0.066(26) keV.
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It thereby determines the total decay width F‘B?l =

0.070(28) keV. A most recent experimental measurement
on the branching fraction of the purely leptonic decay
Dyt —ety, gives Br(Dy" - ety,) = (2.11“&‘3%[
0.24y5) X 1073 [5]. Combining this branching fraction and
the total decay width, it obtains fp. |V = (207.970% +
42.7) MeV. The systematic uncertainty comes from the
uncertainties in the experimental measurement and the
total decay width. Since the precision of the theoretical
total decay width is about 40%, significantly larger than
the experimental 10%, it is therefore urgent to reduce the
theoretical uncertainty for a more precise extraction of the
quantity fp:|V.l.

The aim of this work is to further improve upon the
previous lattice study of this radiative decay. Several
improvements are made to obtain a more accurate result.
(i) We adopt a novel method to extract the on-shell
transition factor. The new method allows a calculation of
an off-shell transition factor with zero transfer momentum.
When the continuous momentum extrapolation is per-
formed, the accuracy of the on-shell factor is well con-
trolled by this point; (ii) We consider a large number of time
separations between the initial and final particles in our
calculation. A correlated fit to a constant at large time
separation is performed and the excited-state contamination
is well removed; (iii) We utilize three gauge ensembles with
different lattice spacings, the finest of which is 0.052 fm,
leading to a well-controlled continuous limit > — 0. These
efforts finally enable us to obtain the decay width with a
statistical precision of about 9.8%.

The rest of this paper is organized as follows. In Sec. II,
we introduce the methodology utilized in this work for
calculating the radiative decay width. This section is
divided into three parts: in Sec. II A the theoretical
framework is given; in Sec. II B the hadronic function is
extracted from the lattice data; in Sec. II C the decay widths
of Di — D}y and D} — D,eTe™ are obtained using the
form factors calculated on the lattice. In Sec. III we give
details of the simulations and show the main results. This
section is further divided into three parts: in Sec. III A the
numerical values of D} and D, masses, together with the
dispersion relation of D particle are presented; in Sec. II1 B
the results of D} — D,y are obtained, a continuum
extrapolation under three lattice spacings is performed;
in Sec. III C the results of D¥ — D e™ e~ are summarized;
Finally, we conclude in Sec. IV.

II. METHODOLOGY

The lattice study on the radiative transition process is
quite mature, either for the traditional momentum extra-
polation, or the latter twisted boundary condition [6,7]. We
will not go into these details in this paper. Instead, we would
proceed in another way, which is called the scalar function
method in recent years. Such a method has been widely

applied to various physical processes [2,8—15] and achieved
great successes. For more detailed derivations in this paper,
we refer to the supplementary materials in our previous
study on the charmonium two-photon decay [2], where the
same parameterization of the form factor is utilized.

A. Scalar function method

We start with a Euclidean hadronic function in the
infinite volume

H,,(x.1) = (0|O0p, (X, )77 (0)| D5, (). £>0. (1)

where Ji™ =" e,qy,q (e, =2/3,-1/3,-1/3,2/3 for
q = u,d,s, c.The |D; ,(p')) is a Dy state with momentum
p' = (imp:, 6) and Op,_is the interpolating operator of D.
At large time ¢, the hadronic function is saturated by the
single D, state

oDy &dp 1
How = = [ G50
< 0105, O, (F) DAL O3, () (2

Considering the following parametrizations

—Ep t+ip-X

(010p,(0)[D(p)) = Zp,

2V (q?)
D S (0)|Dyu(p') = —FF
< v(p)| v ( )| S,M(p )> mp, —|—sz'

e/wa[)’papéj (3)
where an effective transition factor Vg (g?) is introduced
and the square of transfer momentum ¢ is determined by
q* = (mp: — Ep,)* — |p|* as D} is at rest. Then, the spatial
Fourier transform of H,, (X, ) yields

N 1 Zp
H,(p.t)=Hp(p.1) =——— ot
yv(p ) H (p ) D, D: EDse

X eyua/)’pap;iveff(qz) (4)

The conventional way to extract the form factor Vg (g?)
is to utilize the above equation at a series of nonzero lattice
momentum p = 2zii/L,n # 0. The on-shell transition
factor V.4;(0) is obtained by a momentum extrapolation
with these data at discrete ¢ as inputs. We remark that the
specific momentum point p = 0 closest to the on-shell
condition ¢g> = 0 is missed in such a way. It is easy to check
that A, (p, t) = 0 if the D, and D are both stationary, and
hence the p =0 data cannot be incorporated into the
analysis via this quantity. Therefore, an extrapolation
including this point will improve the precision and, more
importantly, the reliability of the momentum extrapolation.
To achieve this, we construct a scalar function given below

1

————€euusPal s H (Pt 5
mD;|p|2 /u/([)’p(p/} ﬂl/(p ) ()

Z(n|pl) =
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This quantity, on the one hand, is related to the transition
factor Vg (g?) via

_2ZDA me e_EDxt

Z(t,|pl) Imveﬂ‘(qz)?; (6)

s

On the other hand, it can be computed directly only using
the hadronic function H,,(X,t) defined in Eq. (1) as an
input,

(1,

. -1 (|B]1%]) 2
)= [ e de s a0 )

where j,(x) are the spherical Bessel functions. Finally, it
arrives at

_(mDJ + mD;)EDA_ eED.‘f

ZZDS mD;

chf(qz) =

-Ji1(1pl1x]) -
X /d3xW€”moxaHﬂy(x, t) (8)

It is easy to verify the momentum |p| = 0 is immediately
accessible since j,(x)/x tends to a finite value as x — 0.

The on-shell transition factor V(0) can be determined by
a general polynomial extrapolation,

2 4

Vaarld?) = do + dy - +-dy - T+ O(g*/my) - (9)
D: D:

where the coefficients d; are introduced and V(0) = dj,.
Since ¢* = (mp: —mp )* = (m)* as p =0, the differ-
ence of Vx(0) and Vi ((6m)?) is thereby a very small
quantity with the consideration of (6m)?/mf,. ~ 0.46%. It

is therefore expected that the extrapolation precision with
p = 0 included can be significantly improved.

B. Hadronic function H,, (¥.?)
The hadronic function H,, (X, t) can be extracted from a
three-point function C,(,? (X, 1)

Cli) (3.1) = (Op; (0500}, (=1)  (10)

+
Dy
and Op: = 5ysc. In this work, we only consider the
connected contribution. Then, it has the following con-
tractions:

where interpolating operators are chosen as O , . = —¢y,s

3) /= - -
CW (3, 1) = —e (ysy,S1(F, 1; =1)S. (%, 10)7,5.(0, =1))
+ ey (57,550, =)y, S5 (%, £, 0)S. (%, t; 1))
(11)

Thus, the hadronic function H,,(x) is given by

H

2
W@ 0 = ZLemic)E) (12)

DJ’

where mp and Z, are extracted from the two-point
function C@(p,1) = Yz cos(p - ¥)(0,(%, 1)} (0)) by a
single-state fit

2
COp.1) = (et 4 BT0)  (13)
2E,
with m;, = E,(p =0) the ground-state energy and
Z, = (h|O}|0) is the overlap amplitude for the ground
state. The symbol /& denotes the hadron, for example, D, or
D7 in this paper. For the computation of the three-point
function C| ,(i) (X, 1), we place the point source propagator on
the current and wall source propagator on the initial hadron.
All the propagators are produced on a large number of time
slices by average to increase the statistics based on time
translation invariance.

C. Decay width of D} — D,y and D — D,e*e~

The amplitude of D" — yD{ can be written as

iM(Z.2) = ieep, (p'. X)ey(q. A)(Ds(p) |77 (0)|D5 . (p"))
(14)

where €. (p’, 1) is the polarization vector of the Dj
particle and €/(g,4) is the photon polarization with the

four-vector momentum ¢ = p’ — p. These polarizations
satisfy the following identities:

%
s

PuPi
Zeuf(p/’l)elz)t (p/,ﬂ) = 9w + ”2 (15)
l &) s mD:

Ze’;(p,l)e’;(p,l) = —9w (16)
A

Combining the parametrization in Eq. (3), it immediately
leads to the following decay width

F(D; = yD,) = — /(

2th

&G &P
27)32|q| (271)32EDX
x (2m)*W (p' — p—q)

xS IME AP
vy A

4 a(ém)’
§(mDS+ij>2|Veff(0)|2 (17)

where a = e?/4x. The factor 1/3 in the third line denotes
the average over three polarizations of D} in its rest frame
and the final photon polarization has been summed up.
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The amplitude of the Dalitz decay D} — D e'e™ has
additionally photon propagator —ig,,/q*> and leptonic
current i,y u, compared with the amplitude of the
radiative decay D; — D,y in Eq. (14). A direct calculation
similar to the above gives the Dalitz decay widths normal-
ized to the corresponding radiative decay as follows [16]

['(Di - Dsete™)
[(D: = D)

2\ 12 2\ 4 2
/dq Verr(q%) <1 _%)2(1 +2n§e>
371 q q

Ve (0)
2 2
q ‘
X 1 — s
K +m%);—mz\.> (ni3y, — m},

R, =

ITI. SIMULATIONS AND RESULTS

We employ three (2 + 1)-flavor Wilson-clover gauge
ensembles generated by the CLQCD collaboration with
lattice spacings a =~ 0.1053, 0.0775, 0.0519 fm, the para-
meters of which are shown in Table I. For more details,
we refer to Ref. [17]. A very fine lattice spacing with
0.03 fm has been produced by MILC collaboration using
the tadpole-improved symanzik gauge action [18].
Therefore, a similar setup with lattice spacing 0.052 fm
should be quite conservative to avoid the topology freezing
effect. All the ensembles have similar volumes and pion
masses in physical units and are expected to provide a fully
well-controlled continuous extrapolation. The bare valence
charm quark mass has not been presented in the original
paper, so we determine its value by demanding the lattice
result of J/y mass to reproduce its physical value. This is

TABLE 1. Parameters of gauge ensembles used in this work.
From top to bottom, we list the ensemble name, the lattice
spacing a, the bare quark mass including the strange quark ay;
and valence charm quark ayu., the spatial and temporal lattice size
L and T, the number of the measurements of the correlation
function for each ensemble N g X N, the pion mass m,, the
J/w mass my,,, the range of the time separation ¢ between the
initial hadron and the electromagnetic current, and the vector
normalization constant Zy. Here, L, T, and ¢ are given in lattice
units.

Ensemble C24P29 C32P30 C48P32
a(fm) 0.10530(18) 0.07746(18) 0.05187(26)
ay, —0.2400 —-0.2050 —0.1700
au, 0.4479 0.2079 0.0581
L3xT 243 x 72 323 x 96 483 x 144
Negg X Ny 450 x 72 377 % 96 306 x 72
m,(MeV) 292.7(1.2) 303.2(1.3) 317.2(0.9)
mj/,/,(MeV) 3098.6(0.3) 3094.9(0.4) 3096.5(0.3)
t 3-18 2-22 8-30

Zy 0.79814(23) 0.83548(12) 0.86855(04)

due to the fact that the annihilation effect of J/y particle is
verified to be much smaller than the 7, meson [19]. The
latter is expected to cause a 1-4 MeV mass shift.

A. Mass spectrum

The ground-state energies of the particle D, and D} are
extracted from the two-point functions which are calcu-
lated by the wall source propagators. It is found in our
study that the uncertainty is reduced by 30%—-60% by
using a wall propagator compared to that using the point
source propagator. For the determination of energy levels
especially with nonzero momenta, we calculated them
directly by the point source propagators. A single-state
correlated fit with the formula Eq. (13) is utilized and the
numerical fitting results of the spectra are summarized
in the Table II and Table III. The effective levels of the
particle D, and D} are both shown in Fig. 1 for all the
ensembles and the horizontal gray bands therein denote
the fitting center values and statistical errors estimated by
the jackknife method. The ground state masses are shown
by the upper panels in Fig. 1 and the energy levels with a
series of momenta are illustrated in the lower panels.

We also check the dispersion relation of D, particle using
the energy levels summarized in Table III. This verification
is crucial since the energy of D, at nonzero momenta,
namely, £y, , directly enters our calculation of the transition
factor in Eq. (8). It is found that the discrete dispersion
relation

TABLE II. Mass spectra mp:,p_and overlap function Zp,,p,
for D} and D, particles, which are extracted from the two-point
function calculated by the wall source propagators. 6m = mp: —
mp, is the hyperfine splitting.

Ensemble C24P29 C32P30 C48P32
mp: (MeV) 2086.5(1.2) 2098.1(1.2) 2117.1(2.5)
mp (MeV) 1998.2(0.5) 1989.4(0.5) 1983.8(0.6)
Zp: 0.1474(9) 0.0858(5) 0.0414(7)
Zp, 0.2175(5) 0.1388(3) 0.0722(2)
TABLE III. Numerical results E b, (p) with p=2mi/L,

|ii|> = 0, 1,2, 3, 4. The coefficient Z;, is defined by the discrete
dispersion relation. All the results are extracted from the two-
point function calculated by the point source propagators.

Ensemble C24P29 C32P30 C48P32
aEp ([P =0)  1.06574)  078113)  0.5214(2)
aEp (|2 =1)  1.0926(5  0.8035(3)  0.5370(3)
aEp (|i? =2)  1.1187(6)  0.8251(5)  0.5523(5)
aBp (|i[? =3)  1.14419)  0.8461(8)  0.5672(9)
akp (|i? =4)  1.1671(14)  0.8656(12)  0.5821(18)
2D 1.0305(89)  1.0230(90)  1.0182(130)

latt
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FIG. 1. For the ensembles of C24P29, C32P30, and C48P32 from left to right, the mass spectra of D and D, particles extracted from

the two-point functions calculated using wall source propagators (top) and the energy levels of D, particle with different momentum
p =2xi/L, |ii|*> =0, 1, 2, 3, 4 extracted from two-point functions calculated using point source propagators (bottom). The horizontal

gray bands denote the fitting ranges.

Bi

2

describes the energies and momenta well and a nice linear
behavior between 4sinh*(Ej, /2) and 4", sin?(p;/2) is
obtained as illustrated in Fig. 2. The numerical values of the
slope are well consistent with one, leading to a well-
satisfying discrete dispersion relation in our simulations.

E
4sinh? =2 — dsinh? 2 4 20, -4 sin? 20 (19)

B.Di - Dy

There is a total of two contributions for the effective
transition factor Vg (g?), one is that the photon is radiated
from the charm quark, and the other is from a strange
quark. This can also be read directly from the Wick
contraction in Eq. (11). In the following, we divide the
effective transition factor into two parts, V.(g?) and
V,(q?). The former denotes the photon has escaped from
the charm quark, and the latter from the strange quark.

1.6 T T T T — . .
o - Specifically, it has
141 o g
' (5 o) oLy 2,
i 0.05 0.1 015 02 025 03 Veff(q ) B § Vs (q ) - 5 Ve (61 ) (20)
QO.B’ a4
g - v Since these two parts come from different Wick con-
507 v ] tractions, each of them can be calculated separately. The
3,0 , ‘ . . . L& copx] lattice results of V.(g?) and V(¢?) as a function of the time
002 004 006008 01 012 014 076 separation ¢ are shown in Fig. 3, together with a series of
sz ' ' ' ' o momenta p = 2z7i/L, |ii|*> = 0, 1, 2, 3, 4. Here we present
0aah @ all the results from the three ensembles, i.e. C24P29,
. o .
o,i : 5 5 owral | C32P30, and C4§P32 from 2top to bott.om, respectively.
O o o oo oo 005 ot o7 008 It shows that Yc(q ) and Vsl(q ) have obvious 7 dependence
43 sin(pi/2) in the small time region, indicating sizable excited-state

FIG. 2. The dispersion relation of D; meson for the ensembles
C24P29, C32P30, and C48P32, respectively.

effects associated with the initial and final hadrons. With
enough time intervals utilized in this work, we could
observe obvious plateaus in a large enough time region.
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FIG. 3. The transition factors V/,(¢*) with different momen-
tum p = 2zni/L, |i|* =0, 1, 2, 3, 4. The horizontal gray bands
denote the fitting results.

Therefore, excited-state effects are well controlled in our
calculations. All results of V,(¢?) and V(g?) are obtained
by a correlated fit of the lattice data to a constant at a
suitable time region, which is denoted bands in the figure.
The fitting values are summarized in Table IV.

TABLE IV. Numerical results of V.(q?), V(¢?), and V(g?)
with p = 27i/L, [i2 =0, 1, 2, 3, 4.

Ensemble C24P29 C32P30 C48P32
V.(i2=0) 0640635  0.7675(78)  0.9898(106)
V(i =1)  0617037)  0.7445(78)  0.9547(106)
V(i =2)  0.594536)  0.7197(79)  0.9192(107)
V(i =3)  0.573838)  0.6945(80)  0.8825(118)
V(A2 =4)  0.5464(43)  0.6655(82)  0.8361(149)
V(i[> =0)  2.8381(123)  2.6166(183)  2.8021(246)
V(A2 =1)  22767(90)  2.1297(142)  2.3074(190)
V(i[> =2)  1.8327(72)  1.7270(115)  1.8928(156)
V(A2 =3)  14789(69)  1.403995)  1.5519(144)
V(A2 =4) 1172469  1.1411(82)  1.2703(154)
V(2 =0)  0.5190(41)  03605(58)  0.2742(79)
Vee(i2=1)  03476(32)  0.2136(50)  0.1327(68)
V(2 =2)  0.2146(28)  0.0959(47)  0.0182(64)
Vee([i2 =3)  0.110428)  0.0050(47)  —0.0711(67)
V(2 =4)  0.026531)  —0.0633(48)  —0.1340(86)

TABLE V. Numerical results of d; with i = 0, 1, 2 are extracted
by the momentum extrapolation in Eq. (9).

Ensemble C24P29 C32P30 C48P32
dy 0.512(4) 0.353(6) 0.264(8)
d; 3.177(30) 2.682(34) 2.638(58)
d, 4.419(103) 3.693(88) 3.746(242)

Combining the transition factors V.(¢?) and V(g?),
the effective transition factor Vx(g®) can be calculated
immediately, the numerical values of which are summa-
rized in Tab. IV. The on-shell factor V.4(0) is then
extracted by a momentum extrapolation in g> — 0 with
the five momentum modes taken into account. The numeri-
cal results of the coefficients d, d;, and d, are summarized
in Table V. In this work, it is found that the polynomial
formula in Eq. (9) can describe the lattice data very well, as
shown in Fig. 4. It is seen that due to similar masses of the
initial and final particles, i.e., D} and D, the on-shell
transition factor is very close to that with zero momentum.
Therefore, the statistical error of the on-shell transition
factor is almost dominated by the error of the off-shell
transition factor with zero momentum.

The lattice results for the on-shell effective transition
factor at different lattice spacings are shown in Fig. 5,
together with an extrapolation that is linear in a®. This
linear behavior is expected since the ensembles used in the
work have adopted the tadpole-improved tree-level
Symanzik gauge action and the tadpole-improved tree-
level Clover fermion action. It is also seen that the fitting
curves describe the lattice data well. After the continuous
extrapolation, we obtain
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FIG. 4. The momentum extrapolation for transition factors
Ve (q?) with different momentum p = 2z7i/L, 1> =0, 1, 2,
3, 4. The black squares denote the on-shell transition factor
Vit (0).
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FIG. 5. The lattice results of V(0) as a function of the lattice

spacing. The errors of lattice spacing have been included in the
continuous limit, which are presented by the horizontal error bars.
The symbols of the blue cross and black triangle indicate the
results given by HPQCD and this work, respectively.

Vi (0) = 0.178(9) (21)

Compared to the previous lattice calculation given by
HPQCD [4], the charm quark in our simulation still
contains a relatively large discretization error. However,
with several improvements in our calculation, for example,
the scalar function methodology, the especially finer
lattice spacings, and many time separation utilized, we
finally obtain V4 (0) with a significantly improved pre-
cision, where the statistical error is more than 4 times
smaller than before. Using the physical transition factor
V(0) = 0.178(9) as input, and considering the physical
masses of Dy and Dy, i.e., mp: = 2112.2(4) MeV, mp, =
1968.35(7) MeV [20], the decay width of the radiative
decay D; — yD, appears to be

I(D: — yD,) = 0.0549(54) keV (22)

where the error only comes from the statistical error of the
transition form factor V. 4(0). For the first time, the
accuracy of lattice calculation has reached percent level.
It is seen our current result is also consistent with previous
lattice calculations except that the statistical error is only a
fifth of the previous ones.

There are of course systematic errors that have not been
seriously considered in this work. These include the effects
from the neglected disconnected diagrams, the quenching
of the charm quark, nonphysical light quark masses and
finite volume effects. These effects could be studied in
future systematic lattice studies using, e.g., the gauge
ensembles with physical pion mass, with charm sea quarks,
and with more lattice spacings and volumes. In particular,
the method proposed in this work has the potential to
address the challenging contribution from the disconnected
diagrams in the future.

With the input of the branching fraction Br(Di —
D,y) = 93.5(7)%, it immediately obtains the total decay
width I'§* = 0.0587(54) keV. Recently, the BESIII has
reported the first experimental study of the purely leptonic
decay Dy — e*v,, and gives the branching fraction of
this decay as (2.1755 =+ 0.24) x 107 [5]. Combining
this branching fraction with our lattice calculation on the
total decay width, we obtain fp. |V | = (190.5f215"7'm[:|:
12.64,) MeV, where the stat. is only the statistical error
from the experiment, and syst. results from the experi-
mental systematic uncertainty and lattice statistical error. If
take the previous lattice QCD prediction of the total decay
width 0.070(28) keV as input, it leads to a systematic error
42.7y for the quantity fp:|V . At present, the updated
systematic uncertainty is mainly from the uncertainties in
the measured Br(Dy* — ¢*1,)(9.5%) and the LQCD
updated T'5#(9.2%).

C.D; - Dse*e~

For the Dalitz decay of Dj, a virtual photon is internally
converted to a leptonic pair [T/~ Since the u mass is larger
than the mass splitting of D} and D, the only possible
decay mode is the eTe™ pair. Taking into account the
transition factor V(g®) already obtained in the calcu-
lation of D} — D,y, the ratio R,, defined in Eq. (18) is
calculated straightforwardly. The results of the ratio
for all ensembles are shown in Fig. 6 and the numerical
values are presented in Table VI. A linear behavior in a?
can well describe the lattice data as expected. Finally, we
have

R _ I'(Di —» Dgete™)
“ I(D; - Dyy)

=0.624(3)%  (23)
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FIG. 6. The lattice results of R,, as a function of the lattice

spacing. The black triangle denotes the result in the continuous
limit a®> — 0.

which is consistent with the PDG value 0.67(16)%. The
errors of the subtracting transition factors V«(g?) and
Vei:(0) almost completely cancel, eventually leading to a
per mill level calculation.

As far as we know, three main decay channels of D} are
listed by PDG, and they are D} — D,y, D} — D", and
D} — D,ete™. Their respective branching fractions are
determined from only two relative ratios, ie., R,, =
D,x°)/T(D: — Dyy). By assuming the sum of the three
branching fractions is equal to 1, one has Br(D} — D,y) =
1/(1 =+ Ree + RD_JL’)’ BI'(D: - Dsﬂo) = RDA.IIO/(I =+ Ree+
Rp ;). and Br(Djy = Dse*e™) =R, /(1 + R,, + Rp ;). It
is seen that the quantity R,, is directly measurable.
Therefore, such a physical quantity especially with ultra-
high precision serves as an excellent ground for testing the
standard model. More accurate experimental measurements
on R,, are welcome in the future.

IV. CONCLUSION

In this work, we present a lattice QCD calculation
on the radiative decay of D} particle. The transition process
D} — D,y and Dalitz decay Di — D,eTe™ are studied
respectively. Using the 2 + 1 Wilson Clover gauge ensem-
bles under three different lattice spacings, we finally obtain
['(D; —» D,y) = 0.0549(54) keV, with an statistical error
significantly reduced compared to previous lattice calcu-
lation. The Dalitz decay of Dj is also studied for the first
time, and the ratio is obtained as R,, = 0.624(3)%, with a
precision better than one percent.

To reach a percent level calculation, further improve-
ments in several aspects are adopted. First, we utilize a

TABLE VI. Numerical value of R,, from three gauge ensem-
bles, together with the physical result in a continuous limit.
Ensemble C24P29 C32P30 C48P32 Cont.Limit
R,, x 103 5.66(2) 5.93(2) 6.10(3) 6.24(3)

scalar function method to calculate the effective transition
factor of D; — D,y, where the zero transfer momentum
can be projected directly without any ambiguity. As the
mass splitting of D¥ and D is relatively small, the on-shell
transition factor is very close to that with zero momentum.
Therefore, the precision of the on-shell transition factor is
almost dominated by the off-shell factor with zero momen-
tum after a momentum extrapolation. Second, a large
number of time separations ¢ have been utilized in our
calculation, the excited-state contamination caused by the
initial and final states are therefore removed and the
transition factor is obtained by a correlated fit to a constant
at large . Third, we have used three ensembles with
different lattice spacings to perform a continuous limit,
especially including a very fine spacing with only 0.052 fm.
Taking into account of the above-mentioned improvements,
we managed to obtain a result for the decay width in
Eq. (22) with an statistical error of about 9.8%.

A precise determination of D} total decay width plays a
vital role in extracting the CKM matrix element V.
Combining with a recent experimental measurement on
D" > e'u,, the quantity fp: |V, is estimated and found
to be (190'5:?15:715131 + 12.64,) MeV. The systematic error
here is significantly reduced compared to 42.7 which
is extracted using the previous lattice result F‘g%al =

0.070(28) keV as input. A further improvement on the
measurement of D} purely leptonic decay, both statistically
and systematically, is expected for the next generation of
the supercollider, such as Super Tau Charm Facility [21].
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