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1. Introduction

Semileptonic decays of D mesons, which involve the transition of a charmed meson into a
lighter meson, a lepton, and a neutrino, provide opportunities to probe the properties of heavy
quarks in a relatively clean environment. They are connected to the Cabibbo-Kobayashi-Maskawa
(CKM) matrix, which describes the mixing and transitions between different quark flavors. The
semileptonic decay rates depend on the elements of the CKM matrix, particularly |V.4| and V4], as
well as the hadronic matrix elements, which are parameterized as form factors. Precise calculations
of these form factors not only enable a more accurate determination of CKM matrix elements but
also provide a test bed for the Standard Model, potentially highlighting discrepancies that could
indicate new physics.

The hadronic matrix element involved in D — P(= &, K) is conventionally parameterized as

M2 _M2 M2 _M2
(P(P)IVuID(p)) = f2(q°) pu+p;—%qﬂ +fo(q2)%qw (1)

where V), = ¥y, c with x = d, s indicating the daughter light quark and g = p — p’. By using the
partially conserved vector current relation (9,,V,, = (m. — my)S), one has

M3, - M7
(P(PISID(p)) = folg")—2—F, @

X

where m. . is the charm/light quark mass and § = Xc. The meson mass Mp or Mp can be obtained
from meson two-point functions in Euclidean space on the lattice. By calculating the three-point
functions involving the vector/scalar operator and the initial and final state mesons, one can get the
hadronic matrix elements and then the form factors.

Besides f; and fy, we also calculate the form factor fr for the tensor current 7, = X0, ¢,
which is defined by

2fr(q%)

<P(p,)|T,uv|D(p)> = Mp +Mp

[p\pv = PLpul - 3)

This tensor form factor can contribute to flavor-changing neutral current process ¢ — ul*[~ through
loop effects in the Standard Model and to tree-level process D — m(K)Iv in new physics models.

2. Lattice setup

We use the 2+1-flavor configurations from the RBC/UKQCD Collaborations with domain-wall
fermions in the sea [1]. The parameters of the configurations are given in Table 1. All lattices are
of volume L3 x T = 323 x 64. The results reported in this paper are from the ensemble labeled as
f006, which has a pion mass around 360 MeV in the sea. The computation of correlation functions
and data analyses on the other two ensembles are in progress.

We use Overlap fermions for the valence light, strange and charm quarks as we did when
calculating the decay constants of charmed mesons in Ref. [2]. The massless overlap Dirac
operator [3] is defined as

Doy (p) =1+ ys5e(ysDyw(p)), 4
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Table 1: The 2+1-flavor configurations used in this work. The residual mass of the dynamical fermion anie
is in the two-flavor chiral limit from Ref. [1]. Nconf is the number of configurations, and N the number of
point sources used or to be used on each configuration.

a ' (GeV) Label am;®/am® L>XT  Neont X Nee AMges
2.383(9) f004  0.004/0.03 323x64  628x1  0.0006664(76)
006  0.006/0.03 323x64  42x32
£008  0.008/0.03 323x64  49x16

where ¢ is the matrix sign function and Dy, (p) is the usual Wilson fermion operator, except for a
negative mass parameter —p = 1/2x — 4 with «, < k < 0.25 and . corresponding to a massless
Wilson operator. In practice, we set k = 0.2 corresponding to p = 1.5. The massive overlap Dirac
operator is defined as

Dov(p))
m m 2
pto+ (p- 5) ¥s e(ysDw(p)).

D, =

pDoy(p) +m (1 -

&)

To accommodate the SU(3) chiral symmetry, it is convenient to use the chirally regulated field
g =(1- %Dov)zp instead of ¢ in the interpolation operators and the currents. This is equivalent to
leaving the currents unmodified and instead adopting the effective propagator

Doy = ©)

[ i
G=Der = (1= " Detm

% satisfies {ys, D.} = 0 [4].
The bare valence quark masses used in this study are listed in Table 2 in lattice units. The
lightest pion mass is around 220 MeV. Thus, an extrapolation is needed to arrive the physical light

quark mass. For the strange or charm quark the physical point is in the middle of our quark masses.

where D, =

Table 2: Valence quark masses used in this study. The physical mass point of valence charm quark is close
to 0.492 in lattice units.

am;  0.00460, 0.00765, 0.01290 0.02400

my  ~ 220 - 500 MeV

amg 0.037,0.040, 0.043, 0.046, 0.049, 0.052
am. 0.450, 0.492, 0.500, 0.550

To increase statistics we use 32 sources on each of the 42 configurations of ensemble f006.

For each measurement a point source quark propagator for each flavor is computed to construct the
two-point functions for the D and K mesons. Then the light quark propagator is used to construct
a sequential source for calculating a sequential propagator for the charm quark. The three-point
function is constructed from the sequential propagator and the strange quark propagator.

The initial D meson is set to be at rest. The 3-momentum at the current can be changed freely
and the 3-momentum of the daughter meson is fixed by momentum conservation.
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That is to say, we calculate the following two-point function

Ck/p(t, p) = ) {010k p (%, x0) O 1,5, 50) 0)ye P59, (7)

>

X

where ¢ = xo — s¢ is the time displacement in lattice units between the source point s and sink point
x, and three-point function

C3(7,Ty) = ) {010k (%,0)J (5, Y0) O} (5, 50)0)e P (579 ¢ 710 =5, ®)

Xy

where 7 = yo — 5o and Ty = xo — so. The interpolation operators are Og = lyss and Op = lysc.
The current J is V,, = Xy, c or § = Xc.

The separation 7 in the time direction between the initial hadron and the final hadron is taken
to be the maximal value on our lattice: Ty = T/2 = 32. Ty is varied to check if it is big enough so
that the ground states dominate in the three-point functions.

Thanks to the good chiral property of overlap fermions we can use Eq. (2) to determine the
form factor f without renormalization constants since Z;Z,, = 1. The local vector current on the
lattice needs a finite renormalization constant Zy due to discretization effects. For our lattice setup
this constant was calculated in Ref. [5] as well as the renormalization constant for the tensor current.
The numbers are

Zy = Za = 1.0789(10), ZV5(2 Gev) = 1.157(11). )

3. Data analyses and preliminary results

A ratio of three and two-point functions is constructed as

C3(T9 TS)
Ck(Ty —7)Cp(7) ,

R(7,Ty) = (10)
for the vector or the scalar current. In the large time separation limit (r — oo, (Ty — 7) — ©0),
the ground state contribution dominates in both two- and three-point functions such that the above
ratio R(t,Ts) approaches a plateau independent of 7 and 7;. We plot R(7,7) in the left panel
of Fig. 1 as a function of 7 for the scalar current with 75 = 16,24 or 32 at valence quark masses
am; = 0.02400, am, = 0.03700 and am,. = 0.450. Here both the D and K mesons are at rest.
Only one source is used on each configuration for this check. As we can see, T; = 16 is too small
for the ground states to saturate the correlation functions. While for the two cases Ty = 24 and 32,
R(7,Ty) reaches a common plateau around 7 ~ T, /2. The right panel of Fig. 1 shows that a much
better plateau is obtained as we increase the number of sources from 1 (green) to 32 (red). In the
following calculation we always set Ty = 32, which is the maximal value available on our lattice.
We perform simultaneous fits to two- and three-point functions. The fitting functions are

CK/D(t,ﬁ) — AK/D (e—EK/Dt + e—EK/D(64—t)) , (11)

Cs(1) = As (e—EDte—EK(?aZ—t) ie—ED(64—t)e—EK(t—32))‘ (12)
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Figure 1: Left: The ratio R(7, Ty) in Eq. (10) as a function of 7 for the scalar current with 75 = 16, 24 or 32
at valence quark masses am; = 0.024, am; = 0.037 and am. = 0.450. Right: A better plateau is obtained
as the number of sources increases from 1 (green) to 32 (red) for 75 = 32.

Both the two- and three-point functions are (anti-)symmetric around ¢t = 7/2 = 32. Thus, we fold
the data as we fit in a range satisfying ¢ < 32. The fitting range is chosen by requiring y?/dof < 1.2
and the steadiness of the fitted parameters.

We use four values for the 3-momentum of the daughter K meson (in lattice units):

-/

27"{(0,0,0),(0,0,1),(0,1,1),(1,1,1)}. (13)

For each momentum case, the data with symmetric momentum modes related by rotation are
averaged to increase statistics. The dispersion relation for the K meson is checked in Fig. 2. Here

E —— fit, Ziar=0.9892(98)
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Figure 2: The Dispersion relation for K meson at valence quark masses am; = 0.024 and amg = 0.037.

we use the discrete dispersion relation to fit the energies of the K meson:

—>/2
2 P

2

Mg

> (14)

) Ex ) )
sinh? == = sinh® +2Z2 - |sin
2 Lat

A nice linear behavior is observed in Fig. 2 and the effective speed of light from the fit is consistent
with one: Zj , = 0.9892(98).
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A comparison of three-point correlators and the fitted function from the simultaneous fit is

plotted in Fig. 3. Here the fitting range is r € [19,23] and the momentum for the K meson is

i fit, x2/dof=0.43
correlation function data |

10—10 .

107

correlation funciton

10—12 .

16 18 24 26

Figure 3: The scalar current data, obtained with quark masses am; = 0.024, am, = 0.037, and am. = 0.450,
are compared with the fitting results.

p’=Q2n/L)(0,0,0).

From the simultaneous fits one can get the form factors f, and fy from the fitting parameters
Ak/p, Az and Eg/p at three/four g? values. We get consistent f from the three-point functions
of the vector current and the scalar density after taking Zy into account. The dependence of the
form factors on charm or strange quark mass is shown in Fig. 4, where the errors are from Jackknife
analyses. On the left panel, we fix the light and strange quark masses to am; = 0.024, am = 0.046

1'4 T T T K3 am. =0.500 1'47 " T T @
1.2} : 1.2} :
— 1 r ® am.=
g ooHo g
& 1.0f ’ £ 1.0 e
E n A O+ HA * E : * oo
= o w4 = [ e
S 0.8}, $ S 0.87 .
0.6} 0.6} ]
00 05 1.0 15 20 0.5 1.0 1.5
q? [GeV?] g2 [GeV?]

Figure 4: Dependence of form factors f; (red) and fy (blue) on charm (left panel) and strange (right panel)
quark masses.

and change the charm quark mass. While on the right panel, we fix the light and charm quark
masses to am; = 0.024 and am. = 0.492. Similarly one obtains the form factor fr.

To obtain the shape of form factors in the whole physical range of ¢ at physical valence quark
masses, a modified z-expansion is used to fit our lattice results of the form factors at all quark
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masses. The mapping between ¢ and z is

(g t)—” e (ST (15)

where 7, = (Mp + Mk)? and 1, can be chosen to minimize the maximum value of |z| in the whole

range of g2. For our D — K process it is convenient to set #o = 0 so that z = 0 corresponds to
g* = 0. The z-expansion functions are

n

1 .

2, — Dt
Fo@mesmyym) = —— 2/m2* Z;a,z)lz, (16)

2. -
fol@*smemysmp) = — 2/m Zb D7, (17)
s()

1 S :

fT(qz;mC7mS7ml) = lﬁZa?Diz’, (18)
= q*/mp,
where

D;=1+cp (m (mphys) ) +cin (m%h - (mf,llys)z) +¢i3 (m_]/,p - mfj)l}yl;) (19)

taking into account the valence quark mass dependence. Form factors f, and f; are fitted together
with the condition £, (0) = fy(0) at ¢g> = 0, which requires ag = bg. The meson masses 11, My,
(fictitious), m ;, and the pole mass mp: at our unphysical quark masses are taken from our previous
work done on the same gauge ensembles for meson decay constants [2]. The pole mass m D, is
obtained by fitting newly calculated two-point functions on the ensemble f006. The physical mass
point in isospin-symmetric QCD is determined by [6—8]

m™ Z 13498 MeV, ™ = 689.89 MeV, mg"/ﬁ =3.0969 GeV. (20)

We tried n = 0, 1, 2 and 3 for the truncation in the z-expansion. The fittings were also repeated
as we fix the pole masses to their PDG values [6]. The center values and uncertainties of the form
factors at g = 0 stabilize once n > 1. We choose n = 1 to give our preliminary results.

Finally, the form factors fy, fi, and fr, evaluated at the physical valence quark masses, are
shown as functions of ¢ in Fig. 5. For clarity in this figure we only plot part of the data points
with amg = 0.046 and am. = 0.492. At ¢> = 0 we obtain £,(0) = fo(0) = 0.760(39) and
fr(0) = 0.733(50), where the errors are statistical only. Note our sea quark mass is not at the
physical point yet.

4. Summary

We calculate the form factors for the semileptonic decay D — K with overlap valence quark
on 2+1-flavor domain-wall fermion configurations. Preliminary results are presented in this paper
at one lattice spacing with an unphysical pion mass ~ 360 MeV in the sea. At physical valence
quark masses we find £, (0) = f5(0) = 0.760(39) and fr(0) = 0.733(50), where the errors come
from statistics and the z-expansion fitting. Data generation and analyses at other light sea quark
masses are underway so that we can extrapolate the results to the physical sea quark mass point in
the future.
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Figure 5: Left: The form factors fy and f; with amg = 0.046 and am. = 0.492 are compared with the
z-expansion fitting results with n = 1. The blue curve represents the fitting result for fy, while the red
curve corresponds to the fitting result for f;. Right: The form factor fr, calculated with amy = 0.046 and
am, = 0.492, is compared with the z-expansion fitting results with n = 1. In both graphs the statistical and
fitting error is indicated by a band.
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