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Interpretation of the “ f;, puzzle” in the standard model and beyond
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The recent measurement on the decay constant of D, shows a discrepancy between theory and
experiment. We study the leptonic and semileptonic decays of D and D, simultaneously within the
standard model by employing a light-front quark model. There is space by tuning phenomenological
parameters which can explain the “f;, puzzle” and do not contradict other experiments on the semi-

leptonic decays. We also investigate the leptonic decays of D and D, with a new physics scenario,
unparticle physics. The unparticle effects induce a constructive interference with the standard model
contribution. The nontrivial phase in unparticle physics could produce direct CP violation which may

distinguish it from other new physics scenarios.
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I. INTRODUCTION

Thanks to the recent experimental improvements from B
factories, BES, CLEO-c, and hadron colliders, charm
physics enters into a ‘“‘golden time” [1]. Many new
charmed resonances are observed, such as Dg; and X, Y,
Z states. They open a new window to study nonperturbative
QCD. The last neutral meson mixing, D°-D° mixing, is
observed at about 1% level. This is a typical flavor-
changing neutral current (FCNC) transition which is loop
suppressed in the standard model (SM). It is expected that
the FCNC process is sensitive to new physics beyond the
SM. On the contrary, the leptonic decays of charm meson,
e.g. D) — lv, are tree dominated. New physics in these
processes, if it exists, should be very small. However,
recent measurements on the leptonic decays of D, show
that their ratios are larger than expectation. In [2], the
authors reviewed the experimental and theoretical status
of the decay constants of D and D. For most approaches to
calculate the decay constant of D, theory predictions are
smaller than the experiment. In particular, there is a 3
standard deviation between the lattice QCD calculation
which claims a precise prediction [3] and the experimental
data. A recent updated QCD sum rules analysis provides an
upper bound which does not reduce the tension between
theory and experiment [4]. The above discrepancy is some-
times called the “fp, puzzle”.

To fully understand the f, puzzle, it requires an accu-
rate knowledge of strong interaction which is difficult to
obtain at present. In this study, we explore the problem
from a phenomenological point of view. Although the
treatment has the disadvantage that theoretical errors are
not well under control, it permits an analytical treatment
and its validity can be tested by many processes. Our
method is a light-front approach [5,6]. This is a relativistic
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quark model and its essential element is hadron’s light-
front wave function. As a successful phenomenological
model, it has been widely applied to calculate many differ-
ent meson decay constants and form factors. Within this
approach, the f,, puzzle problem really exists. In a pre-
vious result [6], the decay constant of D is 230 MeV,
which is quite different from the experimental value of
about 270 MeV. How to explain the puzzle of decay
constant within the light-front approach is our first task.

Another possible mechanism to explain the decay con-
stant puzzle is to introduce new physics effects beyond the
SM. There have been many scenarios proposed, e.g.
charged Higgs and/or leptoquark [7-10]. In order to ex-
plain the experiment, the new physics effects must interfere
constructively with the dominant SM contribution. The
charged Higgs model in [7] is excluded due to its destruc-
tive effect. Here, we suggest a new physics scenario, un-
particle physics [11,12]. The unparticle is a scale-invariant
stuff with no fixed mass. The scale dimension of the
unparticle is in general fractional rather than an integral
number. Many unusual phenomena caused by unparticles
are explored [13,14]. The nontrivial phase in unparticle
theory could induce constructive interference and even a
sizable CP violation. Some unparticle physics effects in
the leptonic decays of B — [v are studied in [15,16]. A
detailed analysis of D) — [v decays in unparticle physics
will be provided in this study.

If there exits new physics in subprocess ¢ — s/v tran-
sitions, it should also occur in semileptonic decays of
charm mesons, such as D — Klv, D, — 7, 7', etc. In
most literature, the semileptonic decays are either less
considered or studied separately. Simultaneously studying
the charm leptonic and semileptonic decays may help to
discriminate different new physics models. At the same
time, to test the validity of the light-front approach, study
of the semileptonic decays is necessary.

The paper is organized as follows: In Sec. II, the leptonic
and semileptonic decays of D and D; mesons in SM are
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given. The decay constants and the form factors are calcu-
lated within the light-front approach. In Sec. III, we give an
analysis of leptonic decays in unparticle physics, concen-
trating on the unparticle effects on branching ratios and
direct CP violation. The last section is devoted to discus-
sions and conclusions.

II. LEPTONIC AND SEMILEPTONIC DECAYS OF
D AND D; MESONS IN SM
A. D(J;) — I*v decays in SM
In SM, the purely leptonic decay of D) — [v occurs via
annihilation of a quark pair to a charged lepton and a
neutrino through exchange of a virtual W boson. The low-
est order contribution is a tree diagram which is depicted in
Fig. 1 for the decay of D} — I*v,. The effective
Hamiltonian for subprocess ¢ — glv transition at quark
level is

G

H =5 Ved@v-a Py, (1)
where ¢ denotes d for D' and s for D; meson, respec-
tively, and V — A = v, (1 — vs). The weak radiative cor-
rections are so small that they can be safely neglected. The
strong interactions between ¢ quark and antiquark g by
exchange of gluons are incorporated in the definition of the
decay constant as

(2
the

©Olgy,ysclD(p)) = ifpp,.

Here D represents D or Dy to
representation.
The decay width of D — [v is obtained straightfor-

wardly by

simplify

Gzlv., I
FSM(D—>lv)=7F| ol

m%\2
. %MDmlz(l——l). (3)

M3,

Because of helicity suppression for spin-0 particle decay-
ing into two spin-1/2 fermions, the decay rate is propor-
tional to the lepton mass squared m%.

It seems that the leptonic decays of D — [v are theo-
retically simple and clean in SM. The weak interaction is
well determined and the information of strong interaction
is encoded in terms of decay constants of the meson. If the

c 4
W
+
DS
S [+
FIG. 1. The lowest order diagram for the decay of D} — [Ty,
in SM.
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Cabibbo-Kobayashi-Maskawa (CKM) parameters are
known, the decay constants of fp & can be extracted from
the measured decay ratios by using the above equation.
From the recent experimental data Br(D* — u*v,) =
(44+07)x107* and Br(Df — ptr,) =(62=*
0.6) X 1073 [17], we obtain

fp? =221 =17 MeV, ff)xsp =270 = 13 MeV. 4)
where the CKM parameters V., = —0.2257 and V. =
0.9737 are used.

Recently, the HPQCD and UKQCD collaborations im-
proved their techniques of lattice QCD (LQCD). They give
a precise prediction for decay constants of D and D, by [3]

BQCD =207 + 4 MCV, B?CD = 241 = 3 MeV.

(&)

The most impressive thing about the above results is that
the theory error is very small, only 2% or even smaller for
fp,- Comparing Egs. (4) and (5), the experiment is con-
sistent with theory within the errors for f,; while the
experiment data differ from theory prediction by about
30 deviations for fp . Since the s quark in Dy is heavier
than the d quark in D meson, the calculation for fp is
expected to be more reliable than f. The above discrep-
ancy leads to the so-called fp puzzle.

At first, we study whether the discrepancy between
theory and experiment can be reduced within the frame-
work of SM. Our approach is a covariant light-front quark
model (LFQM) [5,6]. This is a relativistic quark model in
which a consistent and fully relativistic treatment of quark
spins and the center-of-mass motion can be carried out.
This model has many advantages. For example, the light-
front wave function is manifestly Lorentz invariant as it is
expressed in terms of the internal momentum fraction
variables which is independent of the total hadron momen-
tum. Some applications of this approach can be found in
[18].

In the LFQM, the decay constant of a pseudoscalar
meson is represented by

J2N. A
fr= Y [dxdh gy k)

3 N

(6)

where N. = 3 is the color number of QCD, A = mx +
my(1 — x), and m,, represent masses of the constitute
quark and antiquark in the meson. The variable x denotes
the light-front momentum fraction and k, denotes the
intrinsic transverse momentum of the quark. ¢p(x, k) is
the hadron light-front wave function. In phenomenology, a
Gaussian-type wave function is widely chosen as

¢(x, k1) =N

kK + k2
@exp(— g ) (7)

dx 28?
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FIG. 2. The decay constants fp, and fp, vs the parameter 8. The dashed line represents the central value and the gray region the error

of the experimental data.

where the normalization constant N = 4([3—”2)3/ 4 and % =
e|ey

e with e = Jm}+E + k2 and M, =
k2 2 kZ 2 . .
\/ L]tm‘ + 57 The parameter B in the wave function
X X

determines the confinement scale and is expected to be of
order Agcp. The quark masses and 3 are the only required
phenomenological parameters which makes LFQM
predictive.

In this study, the constitute quark masses are chosen as
in [6]: my; = 0.26 GeV and m,. = 1.40 GeV. So the decay
constant depends only on parameter 8. Figure 2 plots the
decay constants of [, and f,_that vary with 8. We can see
that the decay constant increases as S increases, and the
relation is nearly a linear function. The slopes d f/d 8 for D
and D, are the same to a good accuracy. It is noted that we
observe this linear relation for the first time although the
reason for the relation is unknown. By tuning the parameter
B, it is easy to make theory be consistent with experiment.
The B is within a reasonable parameter region and its
variation is small, less than 10%. For example, Bp
0.59 = 0.03 GeV. In fact, as we will show for the semi-
leptonic decays, the recent accurate data provide better
predictions and determinations of parameters than before.

Here, we present two different results for decay con-
stants and branching ratios for semileptonic decays in
Table I and II. Model I refers to choosing parameters as
in [6]. The decay constants are chosen as f, = 200 MeV
and fp = 230 MeV. The corresponding parameters are
fixed to Bp = 0.448 GeV, Bp = 0.492 GeV. Obviously,

TABLE I. The decay constants of D and D in the light-front
quark model (in units of MeV).

Model I Model II Exp.
fp MeV) 200 221 221 = 17
fp, MeV) 230 270 270 £ 13

the decay constants in this model are smaller than experi-
mental data. In model II, we make the decay constants fit
the experiment. In order to fulfill this, the parameters
change to B = 0.499 GeV, Bp = 0.592 GeV. The ex-
perimental data are taken from the Particle Data Group
[17]. The ratio of D — 7w is predicted to be 1.2 X 1073 in
model II, which is close to the present experimental upper
limit. This process should be observed soon. For the decays
to electrons, the ratios are predicted to be of order 10~7 or
10~8 which makes them difficult to observe.

B. Semileptonic decays of D — K®[» and
D — ¢p(n, 1) in SM

The semileptonic decays are more complicated in strong
dynamics than leptonic processes because more hadrons
are participating. They play an important role in testing
consistency of the LFQM approach and new physics sce-
narios. After determining parameters 8 from the leptonic
decays, we are able to give predictions for semileptonic
decays. In general, the variations of 8 change the charm
meson wave function and modify the hadron transitions.
The chosen processes have the same subprocess ¢ — slv
transition as the leptonic decays Dy — [v since we are
interested in the fp puzzle. Thus, the processes to be
considered include D — K™y and D, — ¢(n, n') de-
cays. They are classified into two categories: D — Plv

TABLE II. The branching ratios for the leptonic decays of D
and Dy in the light-front quark model.

Decay mode Model I Model 1T Exp.

D;— uv 45%X107% 62x1073  (6.2+0.6) X 1073
D, — Tv 44X1072 6.0X1072 (6.6 *=0.6) X 1072
D, — ev LI1X1077 1.5%x1077 <1.3Xx107*
D — uv 3.6 X107% 44X 107* (44=0.7)x107*
D— v 9.6 X107* 1.2x1073 <2.1X1073
D—ev 85107 1.0x1078 <24 Xx107°
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and D — VIv depending on whether the final meson is
pseudoscalar or vector.

For semileptonic decay of D meson to a pseudoscalar,
i.e. D(P) — P(P')lv, the differential partial width is given
by [19]

dar
—Z(D_)
dq

_GHV.P

3
p
Pl FDP 2)|2
n =SS e, )

where ¢ = P — P’ is the momentum transfer and ¢ is the
invariant mass of the lepton-neutrino pair; p is the final
meson momentum in the D rest frame with

—|P| = \/(M,Z) — (M = PP M} — (M +Vg?)?)
g 2M,, :

€)

where M denotes the final meson mass. Neglecting the
light lepton mass, the differential partial width is governed
by one form factor F,(g?). The D — P transition form
factors are defined by

(P(P)[5y ,cID(P))

= R P+ P, - wqﬂ]
+ w Fo(@?)q- (10)
Then, the total width is
I'(D — Plv) = ](M"_M)z e (11)
0 dq*

For D(P)— V(P')I* v decays where V represents a
vector meson, the differential partial width is given by

dr GHlVesl* pg?

—(D—Viy) =L =2 Hi(g»)? (12
dqz( V)= e 7 iz;ﬁol (g (12)
where p is the vector meson momentum in the D rest
frame; the helicity amplitudes H,(g?) are given by the

combinations of form factors

Mpp

H.(¢>) = M, + M)A (¢%) ¥+ —2L
,(61) ( D v) 1(61)+MD+MV

V(g3

Holq?) = [(M%) — M — P Mp + My)A, ()

1
MG

2M2
P Az(qz)]-

—2 7D
My + My

(13)

The D — V form factors are defined by
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(V(P', €)I5y ,cID(P))
1

My M, €

(V(P', )I5y . ysc|D(P))

= i{(MD + My)e,A(q?)

e-(P+P)
TP+ P AP
P+ A

O ) - At

,lLVaBe*V(P/ + P)aqﬂv(qz);

(14)

_2MV

where €, is the polarization vector of the vector meson V
and it satisfies € - P’ = 0.

For P — P and P — V transition form factors, the de-
tailed formulas in the covariant light-front approach are
given in [5,6]. We will not display their explicit forms here
for simplicity. Besides some parameters mentioned in the
previous subsection, other necessary parameters are: m, =
0.37 GeV, Bx = 0.3864 GeV, B = 0.2727 GeV, and
B4 = 0.3070 GeV. They are all taken from [6].

For 1 and 7’ mesons, the case is complicated by their
mixing, i.e., the flavor eigenstates are not the physical
states. Following [20], the -1’ mixing is given by

n\ _ [cos¢p —sind\(n,
7' sing  cos¢p J\n, /)
where ¢ is the mixing angle, 1, = “’?jzd‘?

(15)

, and n; = s5.
From the Feynman diagram, we know that only s5 con-
tributes to the final meson n(%’) in D, — n(n’). We need
to know 5 and Bi] , in order to calculate the relevant form

factors. In the light-front quark model, the parameter 3 is
extracted from the decay constant. The decay constants are
taken to be f5 = —113 MeV and f;, = 141 MeV [21].

The mixing angle is chosen as an averaged value: ¢ =
39.3° [20]. From these above parameters, we obtain 33 =
0.4059 GeV and B;, = 0.4256 GeV.

In the covariant light-front approach, the formulas of
form factors are derived in the frame ¢+ = 0 with ¢> =
—qzl = 0, only values of the form factors in the spacelike
momentum region can be obtained. The advantage of this
choice is that the so-called Z-graph contribution arising
from the nonvalence quarks vanishes. In order to obtain the
physical form factors, an analytical extension from the
spacelike region to the timelike region is required. The
form factors in the spacelike region can be parametrized in
a three-parameter form as

F(0)
L= a(i) + b

F(g*) = (16)

where F represents the form factors Fy, A, A,, and V; F(0)
represents form factor at g> = 0. The parameters F(0) and
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a, b are fixed by performing a three-parameter fit to the
form factors in the spacelike region which can be calcu-
lated. We then use these parameters to determine the
physical form factors in the timelike region. The parame-
ters of a, b, and F(0) are fitted from the form factors at
momentum region —15 GeV? = ¢ = 0.

The fitted values of F(0) and a, b for different form
factors Fj, Ay, A,, and V are given in Table III. Because A
and A; do not appear in Egs. (12) and (13), we will not
include them in Table III. Our results in model I are
consistent with those in [6]. The form factors for Fy, Aj,
A, in model I and model II are nearly equal. There is only a
5-10% difference for form factors V(g?) in models I and II.

Now, we give predictions for branching ratios of semi-
leptonic decays of D and D,. The results are displayed in
Table I'V. The experimental data about D decays are taken
from a most recent measurement from the CLEO
Collaboration [22]. About the numerical results, some
comments are given below:

(1) The predictions in model II are in general smaller
than those in model I. For most processes, the results
in model II are closer to the experimental data. In
other words, the semileptonic decays prefer larger
decay constants of D and Dg, which is indicated by
leptonic processes.

(2) For D} — n(n')e*v,, Df — ¢peTv,, and D° —
K*~e* v, decays, the theory is in good agreement
with the experiment.

(3) It is difficult to understand the decay D' —
K*%e* v, where the theory prediction is larger than
the experiment. Under the isospin symmetry,
Br(D*—K¥ety,) _ 7p

+ .
BlD =K e v) Ty 2.54. But the experiment re-

Br(D*—K"e*v,) _ Tp+
Br(D’—K* "¢ v,) )

between the theory and experiment may be related

sult is = 1.54. The discrepancy

TABLE III. The form factors of D and D, in the light-front
quark model.
Model 1 Model 11

F F(0) a b F(0) a b
FPK 079 118 027 078 115 024
ADK’ 065 055 003 064 049 002
ADK’ 057 107 033 057 105 027
VDK 095 135 049 090 128 040
e 072 127 037 070 1.18 028
APK 056 067 009 053 055 004
ADK 049 1.14 050 050 1.08 035
VDK 089 149 076 081 134 051
FPm 050 117 034 048 111 025
Fo 062 114 03I 060 108 023
AD? 065 0.60 005 062 049 002
AD:? 057 104 037 058 099 026
VD:é 1.03 135 057 094 122 039
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TABLE IV. The branching ratios of semileptonic decays of D
and Dy in the light-front quark model (in units of %).

Decay mode Model I Model II Exp.

D’ — K ety, 3.90 3.81 3.58 £0.06 [17]
DY — K* " etv, 257 2.38 2.38 = 0.16 [17]
Dt — Ko%"y, 9.96 9.74 8.6 £0.5[17]

Dt — K¥ety, 650 6.02 3.66 £ 0.21 [17]

Df — netw, 2.42 225 248 +0.29 +0.13 [22]

D - nlety, 095 091  0.91 =+ 0.33 + 0.05 [22]
Df — de' v, 2.95 258 229+ 0.37+0.11 [22]

to the old puzzle about lifetime difference between
D" and D°.

(4) Our results favor a large n-n' mixing angle ¢ =
39°. This may be due to our neglecting the glue
component in n’.

III. LEPTONIC AND SEMILEPTONIC DECAYS OF
D AND D; MESONS IN UNPARTICLE PHYSICS

A. Leptonic decays in unparticle physics

As discussed in the introduction, new physics effects
must interfere constructively with the SM contribution and
enhance the rate of leptonic decay. Unparticle physics can
provide such interference due to the nontrivial phase ef-
fects. The scale dimension dq; of the unparticle is in
general fractional rather than an integral number. The frac-
tional dimension induces a phase factor e “u™ in the
propagator of the unparticle field.

The scale invariant unparticle fields emerge below an
energy scale Aq; which is at the order of TeV. The un-
particle has some peculiar characteristics that make it
different from the ordinary particle. The interactions be-
tween the unparticle and the SM particles are described in
the framework of low energy effective theory. For our
purpose, the coupling of a scalar unparticle to two SM
fermions (quarks or leptons) is given by an effective inter-
action as

Cos -
LU= ﬁf"yﬂ(l — y5)fo*0q + He, (17)
u

where O, denotes the scalar unparticle fields. The Cy f are
dimensionless coefficients and they depend on different
flavors in general. There are two reasons that we do not
consider the vector unparticle. (1) The transverse vector
unparticle does not contribute to the leptonic decay of a
pseudoscalar meson [15]. (2) Even if there is a nontrans-
verse vector contribution, another constraint will suppress
it significantly. For the vector unparticle, it is pointed out
that conformal symmetry puts a lower bound on its scale
dimension dq; = 3 [23]. If we take this constraint seri-
ously, the vector unparticle effects in most processes will
be very small and are negligible.
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In this study, we are only interested in the effects of the
virtual unparticle, thus it only appears as a propagator with
momentum P and scale dimension dq;. The propagator for
the scalar unparticle field in the timelike momentum region
with P2 = 0 is given by [12,13]

/ d*xe X (0|T 04y (x) 04, (0)]0)

Ay, 1
"Dsin(dym) (P2 + ie)> du

e—idfuﬂy

(18)

where

1672 T(dy +1/2)
U @m)*u D(dy — DI2dy)’

Ay (19)
The function sin(dq;7r) in the denominator implies that the
scale dimension d¢; cannot be integral for d¢; > 1 in order
to avoid singularity [for d7; = 1 the singularity is canceled
by I'(dy — 1) term in Ay, ]. The phase factor e u™
provides a CP conserving phase which produces peculiar
interference effects in high energy scattering processes, CP
violation in B and D decays, etc. There may be scale
symmetry violation after the spontaneous breaking due to
the coupling of the unparticle to the Higgs [24]. The
estimate of the violation is difficult, so we neglect it in
this study.

The Feynman diagram of unparticle contribution is ob-
tained by replacing the W boson to unparticle field.
Figure 3 depicts the lowest order diagram for the decay
of D} — [T v, in unparticle physics. The amplitude for
quark level transition of ¢ — glv is

Aw ~ C, PEPY

A’U — _
"2sin(dym) A2 (PR

“idumgy (1= ys)

X cvy, (1 — vs)l, (20)

where P2 = M3, in D — [v decays and C, = C,,,C,,. In
the SM, the W boson can be integrated out and the inter-
action of four fermions becomes a local interaction at low
energy. Because an unparticle is different from a heavy
particle with a fixed mass, the unparticle propagation is a
nonlocal interaction. But P? is a constant, and we can still
consider the ¢ — ¢/v transition as an effective interaction.

S [+

FIG. 3. The lowest order diagram for the decay of Dy — [T v,
in unparticle physics. The double dashed lines represent the
unparticle.
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Considering Eq. (6), the P*P? term in Eq. (20) can be
replaced by P?g*” (note that they are not equal) in the final
result. The ¢ — glv transition is rewritten by

A C, (M3
3_[;uff= dy q(D

dy .
4w T4 (7D —dum(geY, (D
2sin(dym) M A%l) TGy aPhy-a

— reibu g™, 1)
where r and ¢, are
Ad C 1\42 dy \/5
r=_——""—" U —Z(—2D> s ¢U:duﬂ.
2sin(dym) MjH\A7,) GpVe,
(22)

Equation (21) shows a clear physical meaning: the unpar-
ticle effects are equivalent to multiplying a constant factor
with a CP-conserving phase to the SM contribution.

Combining the SM and unparticle contributions, we
obtain the decay rate of D — [v decays as

I'(D — lv) = ™D — [)|1 + re”¢u|2, (23)

Our result is principally consistent with the formulation for
B decays in [15,19].

In [15,19], the authors point out a novel CP asymmetry
in the leptonic decays caused by the CP-even phase of the
unparticle. The phase ¢, mimics the strong interaction
phase caused by final state interactions. This phenomenon
distinguishes the unparticle model from other new physics
scenarios. If there is CP asymmetry in D — [v decays
observed in experiment, it would be a clear signal of
unparticle physics. Unlike the B* decay where the CKM
parameter V,;, contains a CP violating weak phase, the V.,
and V., in D decays have no weak phase in SM. In order to
produce CP asymmetry which requires both CP-even and
CP-odd phase differences, we make an assumption that the
coupling coefficient C.,C;, is complex and contains a
CP-odd phase ¢,, even if its origin is unknown, and then
CeyCrp— chCZ,,e_WW. After this assumption, the direct
CP asymmetry in Dy — [v decay is

I'Dy -1 p) —T(D}f — 1"v)
I'D; — 1 p)+T(D}f = ITv)

_ 2rsin¢q; sing,,
1 + 7> 4+ 2rcos¢pq cose,,

ACP(DS - ZV)

(24)

The CP violation is caused by the interference between SM
and unparticle contributions.

Now, we discuss the numerical results. We fix the scale
parameter Aq; = 1 TeV. The coupling coefficients have
been defined to be C; = C,,C,;, and C; = C,,C,,. The SM
parameters are taken from model I: f;, = 200 MeV, f, =
230 MeV. We do not use model II since new physics is not
necessary in it. At first, we give the results for Dy — uv,
where a new physics effect is expected to be most
important. Figure 4 plots the dependence of branching
ratio on the scale dimension dq; at different values of
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FIG. 4. The branching ratio of Dy — v, vs the scale dimen-
sion dq;. The C, are taken to be three values: 1, 10, 41.

C, = 1,10, 41. We give the results in the range 1 < d¢ <
1.6. In order to explain the experiment, the C, needs to be
larger than 10. For the CP asymmetry, we consider a
maximal case, i.e. the CP-odd phase ¢, = 7/2.
Figure 5 plots the dependence of direct CP asymmetry
on the scale dimension dq; also at values of C; = 1, 10, 41.
It is seen that the maximal Ap can reach 35%. Considering
the experimental constraint for branching ratio, Acp
reaches 10% for C; = 10 and 30% for C, = 44. Thus,
the order 10% CP asymmetry is possible in unparticle
physics. Our predictions for direct CP violation seems
large. This is because we adopt a maximal case for the
CP-odd phase. This phase is unknown and other choices
will decrease the predictions. A recent measurement from
CLEO Collaboration shows no CP violation, Acp =
(4.8 = 6.1)% [25]. But it does not exclude the unparticle
scenario because the experimental errors are large and we
consider the maximal CP violation in theory. In fact, even
a 1% CP violation is a support for unparticle theory.
Similar results for D — v, decay are given in Figs. 6
and 7.

35
20 41
1

1
1 1.1 12 13 14 15 16
du

FIG. 5. The direct CP asymmetry of Dy — uv, vs the scale
dimension dq;. The C; are taken to be: 1, 10, 41.

PHYSICAL REVIEW D 80, 015022 (2009)

550
5
<
S
R N N N Exp _
m
4
0.1
i 11 12 13 14 15 16

FIG. 6. The branching ratio of D — uv, vs the scale dimen-
sion d;. The C; are taken to be four values: 0.1, 1, 2.5, 10.

0.1

-10¢F
-15¢
20F
25¢
-30F
35t

2.5

Acp*l()z

1 1.1 1.2 1.3 14 1.5 1.6
du

FIG. 7. The direct CP asymmetry of D — uwv, vs the scale
dimension dq;. The C; are taken to be: 0.1, 1, 2.5, 10.

The experiments provide stringent constraints on the
unparticle parameters. Without loss of generality, scale
dimension is chosen to be d¢; = 1.1. Then the observed
branching ratios of D (D) — v can be used to constrain
the coupling coefficients C; and C;. Table V lists the
constraints on the C; and C,; from D (D) — [v decays.

B. Semileptonic decays in unparticle physics

For the semileptonic decays, the quark level transition of
¢ — qlv is nearly the same as that in the leptonic decay
except the momentum of the unparticle is not equal to that
of D meson. The unparticle momentum is equal to the

TABLE V. The constraints on the C, and C, from D (D) — lv
decays with d¢; = 1.1.

D, — uv D, — Tv D, — ev
C, 41 46

D— uv D— Ty D — ev
Cy 25

015022-7
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lepton pair momentum ¢, and the amplitude of the sub-
process is

Ay, C, q*q"

AU =~
2sin(dym) AZv (¢7)*u

e_idqu‘)/p,(l - 75)

X cvy, (1 — ys)l (25)
By using the equation of motion, 7y, (1 — y5)lg” = 0 in
the zero lepton mass limit. Thus, a conclusion is obtained:
the scalar unparticle contribution is helicity suppressed and
vanishes for semileptonically decaying to the light lepton
(e, w). In the leptonic decay case, because the leading SM
contribution suffers the helicity suppression, the unparticle
effects, although suppressed, play an important role.
While, for the semileptonic decay, the leading SM contri-
bution is not suppressed. So the unpaticle effects are neg-
ligible due to helicity suppression and the weak coupling
with SM particles. The vector unparticle may contribute to
the semileptonic decays, but it does not enhance the ratio of
the leptonic decay and cannot solve the ff, puzzle.

IV. DISCUSSIONS AND CONCLUSIONS

We have studied the leptonic and semileptonic decays of
D and D, within SM utilizing a light-front quark model.
We find that it is not difficult to solve the f) puzzle by
adjusting parameters reasonably. The predictions for semi-
leptonic decays are consistent with experiment. Although
the numerical results depend on the model and the theory
uncertainties are not under control, the conclusion may be

PHYSICAL REVIEW D 80, 015022 (2009)

general and model independent. There is a sufficient space
due to strong interaction uncertainties which can explain
the discrepancy between theory and experiment. This con-
clusion is different from claims from lattice QCD and QCD
sum rules.

We also study the leptonic decays in unparticle physics.
The unparticle induces constructive interference effects
which can enhance the theory to be consistent with the
experiment. Production of CP asymmetry at percent level
is possible. This would be a clear signal for unparticle
physics. We hope the future experiment can test its validity.

The discrepancy between the theory and experiment
becomes smaller if we use the most recent measurement
from the CLEO Collaboration with fp = 259.5 * 6.6 =
3.1 MeV [25]. The solution of the f, puzzle requires
more accurate measurements on the leptonic and semi-
leptonic decays of charm mesons. The future BESIII will
provide precise determination of D decay constant with
errors to 1% [26].

In conclusion, there is space in SM to interpret the fp,
puzzle without contradictions with the other experiments.
The observation of CP violation at percent level may be an
ideal test of the unparticle scenario.
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