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Abstract: Anomalies in decays induced by b — ¢~ v;(€ = e,u,7) transitions may imply lepton flavor universality
violations, which raises questions on such phenomena in the D decays induced by ¢ — (s,d)¢* v, transitions. Cur-
rent measurements of the pure leptonic and semi-leptonic D decays agree with the standard model (SM) predictions,
and such agreements can be used to constrain the new physics (NP) contributions. In this work, we extend SM by as-
suming general effective Hamiltonians describing the ¢ — (s,d)¢* v, transitions including the full set of the four-fer-
mion operators. With the latest experimental data, we perform a least x2 fit of the Wilson coefficient corresponding
to each operator. The results indicate that the Wilson coefficients of tensor and scalar operators in the muon sector
are in the order of O(1072) while others are in the order of O(1073). The lepton flavor universality could be violated
by interactions with the scalar operators. We also determine that the pure leptonic decays are significantly sensitive
to scalar operators. The effects of NP on the semi-leptonic decays with electron final state are negligible; however,
for the decays with the muon final state, the effects of scalar and tensor operators will appear in the forward-back-
ward asymmetries and the muon helicity asymmetries of D — Pu*v, decays. The future measurements of these de-

cays in the BESIII and Belle II experiments will facilitate the evaluation of NP effects.
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I. INTRODUCTION

Despite the discovery of the Higgs boson, the stand-
ard model (SM) is generally considered a low-energy ef-
fective theory of a more fundamental one, because SM
cannot elucidate the matter-antimatter asymmetry in the
universe, it is not a dark matter candidate, and it does not
explain its own gauge group structure. Therefore, one of
the most important tasks in the particle physics com-
munity is searching for new physics (NP) beyond SM,
which can be examined by probing for NP signals dir-
ectly at higher energy colliders or determining the dis-
crepancy between SM predictions and the precise data at
high intensity machines indirectly. Regarding the indir-
ect approaches, the flavor-changing neutral-current
(FCNC) processes are generally considered to be an ideal
plate in the determination of NP, because FCNC only oc-
curs by loops in SM, and the corresponding branching
fractions can be enhanced by new particles. However, re-
cently, a few unexpected anomalies have been dis-

covered in the semi-leptonic B decays induced by the
charged currents b — cfv; (£ = e,u,7), relative to the cor-
responding SM predictions at the (2—-3)o level (see e.g.
[1-5]). It exceeds our expectations to find such large devi-
ations from SM in these processes that occur at the tree
level. It should be emphasized that some anomalies might
imply that the lepton flavour universality (LFU) is viol-
ated, which is hints on the existence of NP, because LFU
is not considered in SM. If these measurements can be
further confirmed in future experiments, they would be
regarded as the distinct signals of NP. Therefore, several
NP models involving new particles have been proposed
to elucidate such tensions, such as W’ models [6-8],
leptoquark models [9-12], and models with charged
Higgs [13-16].

Because these anomalies were initially determined in
B decays, it is natural for us to investigate whether the
similar discrepancy can appear in charmed meson decays
induced by charged currents ¢ — (s,d)(*v, ({=e,u,7),
and whether the newly introduced particles in the pro-
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posed models can affect the observables in D meson de-
cays [17-19]. Although significant efforts have been de-
voted to determine the contributions of NP in the charm
sector in the past few years [20-23], a similar anomaly
has not been observed in experiments to date [24]. In the
theoretical calculations, the most important inputs are the
heavy-to-light form factors, which are nonpertubative and
canonly be calculated in some nonpertubative ap-
proaches, such as approaches based on quark models,
QCD sum rules, and lattice QCD (LQCD). In particular,
the predictions from LQCD are more preferred, as LQCD
is based on the first principles. Recently, the SM predic-
tions of the semileptonic decays based on LQCD [25] are
in agreement with the world average experimental meas-
urements [26] with large uncertainties from the CKM
matrix elements. These consistencies can be harnessed to
constrain the parameter spaces of NP [27] or test NP
models. In addition, except for the absolute branching
fractions, most of the other observables such as the differ-
ential widths, forward-backward asymmetries, and longit-
udinal polarizations of the final state vector mesons, as
well as the helicity asymmetries of leptons, have not been
measured until now. In this study, we attempt to fit the
parameters of NP with existing experimental data under a
single operator assumption and further verify whether
these fitted parameters contribute to the above mentioned
observables. The comparisons between our results and fu-
ture experimental data would be helpful in probing the ef-
fects of NP.

To achieve the above purposes, we shall analyze all D
meson decays induced by ¢ — (s,d){*v, in the model-in-
dependence manner, including the leptonic and semi-
leptonic decays. Based on the general framework of the
four-fermion effective theory, we will perform a least y*
fit of the Wilson coefficient for each operator to the latest
experimental data. With these obtained Wilson coeffi-
cients, we will present the predictions of other observ-
ables. For the pure leptonic D decays, we will also study
LFU with existing experimental data.

This paper is organized as follows. In Sec. II, the
framework of this work is presented, including the effect-
ive Hamiltonian, form factors, and helicity amplitudes.
We present the parameters in Sec. III. In Sec. IV, we in-
vestigate the numerical analysis of leptonic decays. The
results and discussions on the semi-leptonic decays of D
mesons are presented in Sec. V, and the predictions of the
physical observables are also provided in this section. Fi-
nally, we conclude this work in Sec. VI.

II. FRAMEWORK
A. Effective Lagrangian

In particular, the energy scale of NP is supposed to be
significantly higher than the electroweak scale; thus, the

operator product expansion (OPE) is often adopted in
separating the long- and short-distance interactions. In
OPE, the heavier degrees of freedom can be integrated
out, resulting in an effective Lagrangian where all high
energy physics effects are absorbed into Wilson coeffi-
cients, and the low energy physics is elucidated by the ef-
fective operators. Accordingly, considering all possible
Lorentz structures and assuming neutrinos to be left-
handed, we express the effective Lagrangian for the de-
cay ¢ — gftv, (with g =d,s and € = e,u,7) as [28,29]

4G
V2
+C§ Ok +CLO% | +hee., (1)

Lo =— V:q[(l +Cy )0, +CrpOyp+Cs 05,

where Gr and V., represent the Fermi constant and CKM
matrix element, respectively. The four-fermion operators
can be defined as

0%, =@y Pro)Fey PrLe), 0% = (@y"Pre)(Fey,PLE),
0%, =(GPLc)(7¢PrO), Oy = (GPrC)(7¢PRE),
Of =(@0*” PLe)(7e0 PLO), 5

where Py = (19°)/2 and C! (i = VL,VR,SL,SR,and T)
denote the corresponding Wilson coefficients at the scale
p=me, with C/=0 in SM. It should be noted that all
Wilson coefficients are assumed to be real (except where
specially noted) for simplicity. In other words, the NP ef-
fects do not involve new sources of CP violation. In gen-
eral, the difference between ngi and Cf’i should be dis-
cussed. However, we paid significant attention to the vi-
olation of lepton flavour universality in this work; there-
fore, we neglected the difference between s and d quarks
to reduce the number of new parameters as possible,
namely C}, = C; .

B. Form factors

In our calculations, the hadronic transitions are para-
meterized by the heavy-to-light form factors, which are
nonperturbative and universal. For the hadronic matrix
elements of D — P transitions, with P denoting the
pseudoscalar meson, they can be defined as

2 2

(P(p)Igy"clD(p1)) =f+(gD|(p1 + pa)' - me;qu"
)
+fo<q2>%qﬂ, 3)
(P(p)lgelD(p1)) =—2—(P(pa)lay eI D(p1))
me — My
2 2
“IDT p ), @)
me —my
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2fr(q%)

(P(p2)lao*” elD(pv) = iP5 = Piy). 5

®)

where ¢ = (p;—p2)* and the two QCD form factors,
fi(¢®) and fy(g*), encode the strong-interaction dynam-
ics and satisfy f.(0) = fy(0). In addition, m, represents the
running quark mass. Regarding the various form factors
in the D — Ktransitions, we adopt the latest results from
the LQCD [30,31], and each form factor can be ex-
pressed as

2
SR + K=z 1+ Z+Z0)
D—K,/ 2\ _
oK) = i NG!
+
K@) = PR O+ K- (1452, )
+
. FP=K(0)+ Rk (z—zo)(l + 2 ZO) o
q = — b
T 1- P? Kq2
where z is defined as
— 2 _ —
i= Vi+ Iy 0, )

with ¢, and 7y given by

ty = (mp +mg)?, to = (mp +mg)(\mp— mg)*, (10

and zp=2z(¢> =0). For the D — n transition, the scalar,
vector, and tensor form factors are also parameterized as
[30,31]

D—n D—m(, _ i+20
ooy O w(1+52) ;
0 q)= ]_Psqz ’ ( )

'+ 2

o _f;“"(0>+c?ﬂ"<z—m>(1+z )
Ir ) = (13)

1- PLT)_’”q2

The values of all parameters are presented in Tables 1
and 2.

However, for the form factors of Dy — K, D — ",
and D — 1", LQCD results are still unavailable till now,
and we have to employ the results obtained from other
approaches. In this work, we adopted the results from
Ref. [32], based on the light-cone sum rules. To describe
the behavior of the form factors in the entire kinematic-
ally accessible region, we adopted the double-pole para-
metrization:

(14)

where Fi(¢%) can be any of the form factors f;(i = +,0,T).
For n and n’, we considered mixing the light and s-quark
components. The quark components are given as

n\_[ sing,
n )]\ —cosé,

We adopted the value 6 =(39.3+1.0)°from Ref. [33],
and the possible gluonic contribution was neglected. The
explicit values of these form factors are presented in
Table 3.

The hadronic matrix elements of the vector, scalar,

cost, \( qg _ uii+dd
222 w2 o

Z+z — K
FP=m(0) 4+ P=m (z—zo)(l + 0) and tensor currents betw§en D and_V (V=K*, ¢, p and
D=2 = (11) w) can also be parameterized into eight form factors, re-
+ - ’ .
1-Pyg? spectively,
Table 1. Parameters for f, f; in the z-series expansion [30].
Decay 10) C+ Py/GeV~2 <o Ps/GeV 2
Don 0.6117 (354) —1.985 (347) 0.1314 (127) —1.188 (256) 0.0342 (122)
DK 0.7647 (308) —0.066 (333) - —2.084 (283) -
Table 2. Parameters for fr in the z-series expansion [31].
Decay fr(0) cr Pr/GeV~2
Don 0.5063 (786) -1.10 (1.03) 0.1461 (681)
DK 0.6871 (542) —2.86 (1.46) 0.0854 (671)
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Table 3. Form factors of D; —» K, D — n, and D — n, [32].

Decay F(0) ar b
bk T 0BG LIGE 049Gy
B 082108 0308 —0.070%
pog T ORLasBEodngl
B 056%0% 06590 -02230%
- fe 0.61+00 1207992 0.383001
fo 0615008 064300 018555

“2V(4") yvop

(V(p2,eM)Igy"clD(p1)) = p——— E,P1aD2ps (16)

(V(p2,eNgy*ysclD(p1)) = — (mp +my)e™ A1 (%)

Sk

E q
+ ———(p1 + p2)' Aa(qP)
mp +my

s

+2my Sqéqq” (A3(612) - Ao(qz)) )
(17)

(V(p2,&M)lgo*"c|D(p1)) =6“Vp"[82(p1 +p2)oT1(q)

2 2

my—m
+ &40 ——5—(T2(q") — Ti(q*)
q

%

E
+2 qqulpp2a'(T2(q2)

2
q
-Ti(@")+ ——5T3(@)|,
mp —nmy

(18)

where Ay is defined as

1
Ao@") =5, mp +m)A(G")

2
— (mp —my)As(g?) - mevaAa(qZ)]. (19)

For the form factors of D — V, there are several stud-
ies in literature based on different approaches, such as
QCD sum rules [34], light-cone sum rules (LCSR)
[32,35,36], quark models [37-43], covariant light-front
quark models [44,45], and LQCD [46,47]. The results of
D — K*,p from LQCD had been released in as early as
1995 [46]; however, the predicted branching fraction of
D* — K**uv, is significantly larger than the upper limits
of experimental result [48]. The recent undated results
from LQCD remain absent to date. In 2013, the HPQCD
collaboration calculated the complete set of axial and
vector form factors of D} — ¢ [47]; however, the ratios at

the maximum recoil of A,(0)/A;(0) and V(0)/A;(0) are
smaller than the experimental data [38]. The form factors
DY —» K* and D — w have not been explored in LQCD
till now. Although most results [44] of the covariant
light-front quark model agree well with the experimental
data [26] with certain uncertainties, the predicted branch-
ing fraction of D — K*u*v, is also significantly larger
than the experimental data, which reduces its prediction
power. Regarding other results based on quark models, a
comprehensive study involving all D — V processes of
all possible currents does not exist, to the best of our
knowledge. For consistency, we adopted the results with
the LCSR calculation of Ref. [32], which is based on the
framework of the heavy quark effective field theory. Al-
though this work dates back to 2006, a few recent determ-
inations exist [35,36]. In our calculations, the double-pole
parametrization expressed in Eq. (14) was also selected to
interpolate the calculated values of the form factors, and
here, F' was any of the form factors A;, As, A3, and V.
The values of the parameters are presented in Table 4. In
the heavy quark effective theory, the tensor form factors
of D — V are related to the vector and scalar form factors
Ay, Ay, As, and V, and their relationships are given as

2

my—my+q* V(g®) mp+m
Ty = T2 V) mormy oy (0
2mD mp +my 2’/nD
2 mp—y)(mp+m
T2(q)) =— 2[( = yZD Y A1q)
mp —my,
mp(y* —m3)
+ —VV(CIZ)], (21
mp +my
mp+m mp—m
T3(q%) = - ———A1(gD) + ———[Aa(g") — A3(gP)]
ZmD 2mD

2 2 _ 2
my, +3ms, —q
L —v(g),

2mD(mD + mv)
(22)

where the energy y of the final vector meson is given by

2 2_ 2
_mp+my—q

y (23)

2m D

C. Helicity amplitudes

In SM, the transitions ¢ — s¢*v, can be viewed as
subsequent processes ¢ — sW** and W** — {*y,. It is
well known that the off-shell W** has four helicities, in-
cluding Ay =+1,0 (J=1) and Ay =0 (J=0), and only
the W** boson has a timelike polarization, with J = 1,0,
thus denoting the two angular momenta in the rest frame
of the W* boson. To distinguish the two Ay = 0 states, we
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Table 4. Form factor of D(D,) — V transitions obtained in
the LCSR [32].
F a b
AD=KT 057140020 0.65700 0.66.3}
ADKT 03457003 186093 —0.91755
AD=K' (72370065 132404 128703
o=k 079150 1047037 2213537
AP=KT0.589+0040 0.56;002 —0.12166
ADCE 0315700 015537 024,553
ADK 06757008 0487911 —0.14%013
VD5 =K 0771904 1.087502 013703
AP0 05697008 084003 0162501
ADTT 0304538 0247348 125,152
AP 75700 0.607002 0.60*03;
yDs—9 0.778+0057 137,99 0.52155¢
AP 05994003 0.447006 05859
A 0372 L6451 0.56305%
AP 071970058 1.05%43 L7702
D 0.801+0.04 0.787920 261203
AD-w 0.556+0033 0.457005 0.547019
ADe 0.333+0:026 1677045 0447035
AD-w 065740053 1074017 L7750
yD-w 0.742+0041 079792 25258

set Ay =0 for J=1 and Ay =t for J=0. In the D meson
rest frame, we set the z-axis to be along the moving direc-
tion of W**, and its polarization vectors are expressed as

1
é'(+) =§(0, 1,%i,0),

1

EH(O) =- _(513’ Oa quo)’

lq2
qll

¢ =-—= (24)

V7

where ¢* is the four-momentum of the W**. The polariz-
ation vectors of the virtual W** satisfy the orthogonality
and completeness relationship:

E*H(m)gﬂ(n) = 8mn> Zm,n E*'u(m)ev(n)gmn =g", (25)

where g, is diag (+,—,—,—) for m,n =1t,+,0.

In the calculations, the total matrix element can be
factorized into leptonic and hadronic parts, both of which
are not the Lorentz invariant. Both parts become Lorentz
invariant after contracting with the polarization vector of

W**, which allows us to select the coordinate system ar-
bitrarily. Thereby, the hadron side can be analyzed in the
initial state D meson rest frame, and the lepton side will
be analyzed in the virtual W** rest frame. We then calcu-
late the helicity amplitudes of the D — PW** transition as

HYY () = €,(w)P(p2)|gy"cID(p1)). (26)
H™ (%) = (P(p2)IgelD(p1)), 27)
H o @) = ()€ (G XP(p2)lgo* el D(p1)). (28)

Similarly, the helicity amplitudes of the D — VW**
transition are given as

HYAHVAR(G2) — e (X V(pa, 89137 (1 £9°)clDio (p)s

HPSPR @) =(V(pa,e)ay* (1 £9°)elDisy (p1))s
H) 1 o (@) =€,(w)e (y)(V(p2,e)

X |go*” (1 =y>)c| D) (p1)).
(29)

For an arbitrary decay D — F{*v, (F =P, V), owing
to the conservation of helicity, —ep + Ay~ = 0 is satisfied,
er being the polarization of the final state F. Therefore,
only five helicity amplitudes contribute to D — P{*v, de-
cays, which are given as

HPY = S+ VO 0- HFPY = JoM. M- HPS — JoM. M-
0 - = t I — - =
Va? Ve e = Mg
HPT_ fT VO, 0- HPT _ fT VO, 0-
R A
+ +
(30)

Because the vector meson is polarized, the helicity
amplitudes that contribute to the D — V{*v, decay are
presented as

V0.0V
HY =H}" = -HIE, =AM, - ==,

Y, _V
HY, =HY = —H R = A+ YO
.

_AMIMM-q*)-A20.0-
2mp M, \/C?

V _ VAL _ VAR _ /Q+Q—
H =Hy"=-H " =—-Ao P

V _ VAL _ _yyVAR _
Hy =Hyy" =-Hyy" =
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where M. =mp+mp and Q. = M2 —g?, respectively. In

HS =HSPL__HSPR_A0 VO 0- .
o T T m, the above equations, mp represents the mass of the final
;o . VOO T, + M. M_T, state meson. Owing to the absence of the complicated
Hy =Hj,,=Hy, = N ’ QCD, the leptonic amplitudes can be calculated directly,
and the explicit results can be found in [49].
Y T\ —M.M_T
H! E_Hfl,t,—l = HZI,O,—I - Ye-h 2 : X
o 3\/2_ 2) 0.0 D. Observables
=M M_(mp+3mp—q)Ta+0Q,0-T3 , : . . .
H] EH{_LO = H({ 0= Al DZMJ/I o * , With the hadronic helicity and leptonic amplitudes,

31 we then write down the two-fold differential angular de-
cay distribution of D — P¢*v, decay as

22
dZF(D — Pl*vy) _ G%:lchlz VO, 0- 1— ﬂ [quP " \/;m[AP +m2AP} (32)
dg?dcos6, 256m3m;) 9’ : B

with

A} =ICsp+ Csrl |H™ P +Re|(Cs+ Csp) Cy |[H™ (H; +HY™\)cosbp +4|CrPIHY; + HI”\[* cos” 6,

+]1+Cyr + CyrlIHE 1 sin® 6, (33)

Af =2{Re|(Cs1+ Csp) (1 + Cy + Cyr) |HP HY = 2Re| Cr (1+ Cyp + Cyp)* |HY (HYT + HIT )
—2{Re[(CsL.+Csr) (1+Cyp+Cyr)’ |[HPS HYY = 2Re|Cr (1+ Cyp+ Cyr)* [HT Y (HYT +H{T ) cost, (34)

AL = 4CrPIHT + HYT, P sin® 0 + |1+ Cyp + Cyrl*(H{ | cos® 0, — 2Hg ¥ HEY cos 6+ H! ), (35)

with 6, being the angle between the charged lepton and the opposite direction of the final meson motion in the virtual
W** rest frame.

For D — V{*v, decay, we also have the similar result

2
LD - VEv) _ GElVelP VOO (MY [ 50y, 5 v oy y
dg?dcost,  5127%m3 e a4 gy +mpas |, (36)
D

with
AY =11+ Cyr P|(1+cos 8 |HY, P + 2sin 0| Hy > + (1 = cos 0, HY 1| + ICvaP[ (1 = cos 0| HY, [* + 2 sin® 6| H) |
+(1+cost)*|H 1P|+ 16/Cr [ sin® 0| H",  + |H{  + cos 0, 2IHy |* = |H] %) | +2ICs . — CsPIHS
+16Re|(Cs1 — Csp)C | cos O HS H} —4Re|CyChp [ sin® Ol HY P + (1 + cos? 0 HY, HY | (37)

AY =Re|(1+CyL— Cvr)(Cs—Csp)"|(HH — Hy H' cos ;) - 4Re[C1Cyg || (cosd, - DH] HY, - HY HY
+(cost + )H' | HY +cos 6, Hy Hy' | +4Re|Cr(1 +Cy.)*|[(cos 0 + DHT HY, - Hy Hy
+(costly = 1)H| HY +cos6,Hy Hy |, (38)
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AY =16|CT|2[(1 +cosfp)?|HT | |? +2sin® 6,/ HL|? + (1 - cos 9g)2|H1T|2] +(1+Cy)* + ICVR|2)[(1 —cos?0)(HY,? + |H1V|2)]

+11+Cyp = Cyrl| cos® 9| Hy > +|H, | = 2cos O, H) H) | - 4Re| (1 + Cy)Cyg | sin 6, HY HY,

After integrating out cos8, in Egs. (32) and (36), we
obtain the differential decay rate dI'(D— F(v,)/dg”.
Then, the total branching fraction can be given as

M? +
- dI'(D — F¢
B(D — Fl*vy) = TDf dfw

, 40
m; dq2 ( )

with 7 being the lifetime of the D meson.
In addition to the branching fractions, the forward-
backward asymmetry in the lepton-side is defined as

Arp(q?) =

! d’r d’r
dcos@;z—— dcosegz—

0 dg*dcos6, J_; dg*dcos6,
: .
dcosé,

d’r d’r
—t dcostp———
0 dg*dcost, J_; dg?dcos6,
(41)

Similar to B — D*(¥, [50], the ¢*>-dependent longitud-
inal polarization of the vector meson can be defined as

dl'(ey = 0)/dg?

PL(q") = —F TP (42)
and the helicity asymmetry of lepton is given as
dl'(1,=1/2) 3 dl'(1,=-1/2)
PL(gh) = dr(/l(:qzz 1/2) . dr(/ledjz_l/z) , 43)
dq? dq?

where A, denotes the lepton helicity in the rest frame of
the leptonic system.

III. PARAMETERS

When determining the effects of NP in D decays, we
should pay critical attention to the values of the CKM
matrix elements |V, and |V,|. In general, these two
CKM matrix elements could be extracted from leptonic
or semileptonic D decays, assuming that SM is correct,
similar to the discussions in [25]. In the current work, it is
paradoxical to adopt CKM matrix elements extracted
from the above experiments when investigating these de-
cays in the presence of NP contributions. To avoid such a
contradiction, we adopt the values as presented in [48] as

(39)

[Veal = 0.2242 £ 0.0005, |V, = 0.9736 £0.0001, (44)

which are obtained by using the unitary property of CKM
matrix elements and combining the measurements of B
decays and neutral B-meson mixing. The strategy was
comprehensively presented in Ref. [48]. Similarly, the
decay constants fp are usually determined within the
pure leptonic decays of D mesons. To prevent the similar
paradox, we directly adopt the results from the LQCD
[51], which are given as

for = (209.0+2.4) MeV, fp = (248.0+1.6) MeV. (45)

Other parameters, such as the Fermi constant and life-
times of D mesons, are obtained from the PDG [26]

IV. LEPTONIC DECAYS

Besides the semi-leptonic decays, the effective Lag-
rangian also controls the pure leptonic decay D — ¢*v,
(€ = e,u,7), and the branching fraction is given by

G2 m2 2
BD* — *vp) =tp=LVeg > fompm?| 1 - —
8 m%)

2
mp

1+¢t, -ctp+ ——2
ve ~Cvr
me(me +my)

X

2

X(Chr—C5p| (1+65,). (46)

Because the tensor operator O is antisymmetric to
the u and v indices, it cannot contribute to Eq. (46).
8¢, ~(0-3)% represents electromagnetic corrections,

Table S.
in the SM and comparison with the currently available experi-

Branching ratios of leptonic Df decays calculated

mental values.

Decay SM Experiment
BD* - etv,)  (9.17+0.22)x 1070 <8.8x107° [26]
BDY - utv)  (3.89+0.09)x10*  (3.74+£0.17)x107*  [26]
BMD* > 1ty)  (1.04£0.03)x1073  (1.20£027)x 1073 [54]
B(DF —etve)  (1.24+0.02)x1077 <83x%107° [26]
B(D} —»p*vy)  (5.28+0.08)x1073  (5.50+0.23)x 1073 [26]
BDF - 1v:)  (5.14+0.08)x 1072 (5.48+0.23)x1072  [26]
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which are obtained from the long distance soft photon
corrections and the universal short distance electroweak
corrections [52]. Because the comprehensive study on
electromagnetic effects is out of the scope of this study,
we reference [52,53] for the detailed analysis regarding
the B — {v,y process and comparison with the D — Cvpy
case. It should be emphasized that the pure leptonic de-
cays of D mesons should be helicity suppressed, which is

1.5
1.0
0.5
i
N
i 0.0
E
-0.5
-1.0
-1.5
-25 -20 -15 -10 -05 0.0 0.5
Re[ClL-Clr]

Fig. 1.

(color online) Allowed regions of the effective couplings C7,, - C7,. (left panel) and Cg, -

reflected by the proportionality of the branching frac-
tions to m?. Consequently, the branching fractions of de-
cay modes involving the electron are too small to be
measured to date.

In Table 5, we present the numerical results of SM
and the corresponding experimental results, which are
same as the results in [48]. In our calculations, the major
uncertainties are from the decay constants of D mesons,

0.5

0.0

Im[C&r-C81]

-0.5 0.0
Re[CSr-C1]

C%, (right panel) extracted from the

branching fractions of the decay modes B(D* — t*v;) (green) and B(D! — t*v;) (blue), respectively.
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+
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o
2
0
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Fig. 2.
resent the experimental data.
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(color online) Dependence of B(D* — t*v;) and B(Dy — 7*v;) on Cj, —C7,, and C, - C%, , respectively. The green bands rep-
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and the electromagnetic corrections have not been in-
cluded here. From this table, it seems that the center the-
oretical values of B(D* — t*v;) and B(D! — t*v;) are
slightly smaller than experimental results, which implies
that there is room for NP to survive. If NP influences the
transition ¢ — gt*v,;, we can constrain the Wilson coeffi-
cients with the experimental data. Assuming the Wilson
coefficients are complex temporarily, we present the per-
missible parameter spaces of |CY,, —C7.| and |Cg, —C, |
in Fig. 1, where the major constraint can be determined
from the decay D} — 7v*v;. In Fig. 2, we assume that the
Wilson coefficients are real and demonstrate the depend-
encies of B(D* — t*v;) and B(D; — t*v;) on |C],, — C.l
and |C5,—C%, |, respectively. Furthermore, the current
experimental results are also demonstrated in these two
plots. From B(Df — t%v;)=(5.48+0.23)x 1072, we ob-
tain 1+Cy, —Cpl=1.03£0.02, whereas
[1+CY, —Cypl =1.07£0.12 is obtained from
B(D* — 1¥v;) =(1.20+£0.27)x 1073, These possible al-
lowed ranges can be used to constrain the model in which
the new particles can contribute the operators Oy, or

Im[C{-C{R]

-20 -15 -10 -05 0.0 0.5
Re[C{~Clrl

Fig. 3.

Ovyg, such as the leptoquark models, R-parity violation
supersymmetry models, and models with W’ or Wg. In
addition, we obtain C{,-C{, =-1.19+0.02 or
0.02 +£0.01, which are beneficial in constraining the mod-
els with charged scalars, such as Two-Higgs doublet
models, the left-right models, and some scalar-like
leptoquark models. For decay modes with final states
u*v,, the theoretical prediction of B(DY — u*v,) is
slightly smaller than the center value of experimental data
while the situation is reversed for decay D" — u*v,.
Therefore, as illustrated in Fig. 3, there are still allowed
parameter regions left for both |C}, -C},l and
IC5r — C%, | ata 1o~ confidence level.

To test the lepton flavor universality, the ratio of two
leptonic decays can be defined as [48]:
o _ B0

& 8Dy,

e fTVgl) 47
— f;wz)‘ “47)

This observable is theoretically clean, as both uncertain-

0.04
'/
0.02
3 y
[&] ]
¥ 0.00 |
0
S5 )
E
-0.02
‘\.\_
-0.04
-0.08 -006 -0.04 -002 000 002

Re[Ckr-CE]

(color online) Allowed regions of the effective couplings C}, —CY, (left panel) and C§, - C{, (right panel) extracted from the

branching fractions of the decay modes B8(D* — u*v,) (green) and B(D} — utv,) (blue), respectively.

0.5
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-2.5
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-2.0 -15 -1.0 -0.5 0.0 0.5
Ci-Cln

Fig. 4.
ratio (R;)D , respectively. The red dots indicate the SM predictions.
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/
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(color online) The allowed regions in the (CY,, — C})-(CT, - Cip) (left) and (C, - C5)-(CE, - C3 ) (right) planes based on the
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ties from the decay constants and the CKM matrix ele-
ments have been cancelled out by each other. Within the
available experimental data, the constraints on each coef-
ficient have been comprehensively discussed in Ref. [48].
Taking the (R;)D as an example, we present the allowed
parameter regions in Fig. 4. It can be determined that the

Table 6.

Branching fractions for semileptonic D(D,) decays
calculated in the SM using LQCD [30,31] and LCSR [32], and
decay constants of D(D;) come from LQCD [55], including
the comparison with the current experimental results presen-
ted in Ref. [26].

Current

Mode

SM

Experiment

c— setv,

D% > K~ ety,
Dt — foeﬂze
DY — K*ety,
Dt — E*Oeﬂlt,
D} — petv,
D! - netv,

+ ’ +
DY —»n'ev,

(3.49+0.23)x 1072
(8.92+0.59)x 1072
(1.92+0.17)x 1072
(4.98 +0.45)x 1072
(2.46+0.42)x 1072
(1.55+0.33)x 1072
(591+1.26)x 1073

(3.542+0.0035) x 1072

(8.73+0.10)x 1072
(2.15+0.16)x 1072
(5.40+0.10)x 1072
(2.39+0.16)x 1072
(2.29+0.19)x 1072
(74+1.4)x1073

DY — K~ u*v,

40
DY = K u*vy,

(3.40+0.22)x 1072
(8.69+0.57)x 1072

(3.41+0.04)x 1072
(8.76 £0.19)x 1072

DY > K ptv, (1.81£0.16)x 1072 (1.89+0.24)x 1072
c—su*vy Dt i"(’,ﬁyﬂ (4.71£042)x 1072 (5.27+0.15)x 1072
DY = ¢utv,  (2.33+£040)x1072 (1.90£0.50)x 1072

DY —»nqutvy  (1.52+031)x 1072 (2.4+0.5)x 1072

DY — 'ty

(5.64+1.10)x 1073

(11.0£5.0)x 1073

c—dety,

DY = nmety,
Dt - nlty,
D% = petv,
D+ — plety,
D* - WOetv,
Dt — netv,
DY > n'etv,
D — K%*y,

Dt — K¢ty

(2.63+0.32)x 1073
(3.41£0.41)x 1073
(1.74+0.25)x 1073
(2.25+0.32)x 1073
(1.91+0.27)x 1073
(0.76 £0.16) x 1073
(1.12+£0.24)x 1074
(3.93+0.82)x 1073
(2.33+£0.34)x 1073

(2.91+0.04)x 1073
(3.72+0.17)x 1073
(1.77+0.16) x 1073
(2.18*317yx 1073
(1.69+0.11)x 1073
(1.11+0.07)x 1073
(2.0+0.4)x 1074
(3.9+0.9)x1073
(1.8+0.4)x1073

SM predictions agree well with the current data and the
allowed regions for NP are relatively limited.

V. SEMILEPTONIC DECAYS

A. SM results

Due to the large mass of the 7 lepton, the semilepton-
ic D decays involving 7 lepton are kinematically forbid-
den. All decays can be divided into four categories ac-
cording to the different currents: ¢ — se*v., ¢ — su*v,,
c—de*v,, and ¢ —du*v,. In Table 6, we present the
branching fractions of all semileptonic D decays in SM,
where the only uncertainties arise from the form factors.
The current experimental results [26] are also provided
for comparison.

From this table, it can be observed that all theoretical
predictions agree with the current experimental results at
the 1o confidence level. Considering this table closely,
we observe that for the D — P¢*v,, the differences
between the theoretical predictions and the experimental
data are very small, except the channels with n and . As
mentioned above,  and 1’ are mixing states of n;, ns,
and a possible gluonic content. The mixing angles have
not been determined yet, which creates significant theor-
etical uncertainties. Although some studies [56,57] indic-
ated that the effects of mixing p° — ¢ — w may be import-
ant, for simplicity, we will not discuss these contribu-
tions. The branching fraction of the decay, D — K°u*v,,,
has not been measured till now, and the order of mag-
nitude is close to the corner in the BESIII experiment. For

c—du

+

Vu

DY n v,
D+ — nOuty,
D0 - p~utv,
Dt — pO#+Vy
Dt - oOutv,
DY -ty
DY > 'ty
Df — Koutv,

Dt — Kty

(2.60+£0.31)x1073
(3.37+0.40)x 1073
(1.65+0.23)x 1073
(2.14+0.30)x 1073
(1.82+0.26)x 1073
(0.75+0.15)x 1073
(1.06£0.20)x 1074
(3.85+0.76) x 1073
(2.23+0.32)x 1073

(2.67+0.12)x 1073
(3.50+0.15)x 1073

24+0.4)x1073

Table 7. Fitted values of the Wilson coefficients for differ-
ent cases.
Case Wilson Coefficient Fitted Results ,\/%{r /d.o.f

cy, (43+9.6)x 1073 10.1/21
Clp (2.7+9.8)x 1073 10.2/21

Case-I cé, 0.3+0.6)x 1073 10.0/21
Cip (-0.3+0.6)x 1073 10.0/21
s (=31.0+£30.0)x 1073 6.3/19
oL (9.9+16.2)x 1073 44/11
Chr (2.6+16.9)x1073 4.8/11
s 0.4+0.6)x 1073 48/11
Csr (-0.4+0.6)x 1073 4.8/11

Case.ll Cr (-43+42)x 107 45/11
cy, (1.4=11.9)x 1073 5.5/9
Chr (2.7+12.0)x1073 5.4/9
cs, (70.290.0) x 1073 3.1/9
Cir (=70.2+90.0)x 1073 3.1/9
ch (-28.2+25.3)x 1073 1.7/7
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the D — V{*y, decays, the predicted branching fractions
of D°— K*e'v,, D°— K*pu*v,, D°—>pe‘y., and
D* — p%*v, in SM agree well with experimental data,
even 20*5 center Values._I;(I)owever, for the decays,
D* - K e*v, and D* - K u*v,, the SM results are
slightly smaller than the data with more significant theor-
etical uncertainties. In contrast, the pie*%iicted branching
fractions of D} — ¢u*v, and D} — K e*v, are larger
than the experimental data, although there are larger un-
certainties on both theoretical and experimental sides. We
also note that for the form factors of D — K* transition,
there are large differences between results calculated
within different approaches, which triggers significant
theoretical uncertainties. F_o*{) example, for the decays
D*—> K e*v, and D* - K u*v,,the branching frac-
tions based on LQCD [46] are larger than those based on
LCSR [32] by 25%. Because many form factors of
D — V of LQCD are presently absent, we adopt the res-
ults of LCSR to maintain consistency. Based on this, the
reliable calculations of D — V are needed, especially
from LQCD, to match the more precise experimental data.

B. Constraints on new physics
As already mentioned, all decays are induced by

0.04r

dB/dq?
o
o
N

0.0 05 1.0 1.5

1.5

DO-K*e*ve
Di-getve

0.0 02 04 06 0.8
¢ (GeV?)
Fig. 5.

c— sV, c = sutv,, c > de*v,, and ¢ — dutv, currents.
To study the contributions of new physics, we discuss
two cases. For Case-I, we maintain the LFU and assume
that the Wilson coefficients of new physics operators are
the same for the muon and electron. However, for Case-
II, we assume that NP violates LFU and contributes dif-
ferently to the electron and muon sectors. Differences
between ¢ — dt*v, and ¢ — s¢*v, were not further dis-
cussed.

Considering all existing data, including those of
leptonic and semileptonic decays, we can constrain the
Wilson coefficients of each new physics operator under a
single operator scenario. In the calculation, we perform
the least y? fit of the Wilson coefficients at the 100 C.L.
of the experiment and theory. In our methodology of the
least y? fit, the y?, as a function of the Wilson coeffi-
cient C%, is defined as [58]

data [O;L](Cg;) _ 02?]2

2
K(Cx) =) =X
m=1 Ton TG

; (48)

where Of(C%) represents the theoretical predictions for
different branching fractions, and O}," represents the cor-
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N
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(color online) The ¢?-dependence of the branching fractions dB/dg?, forward-backward asymmetries of the leptonic side

Arp(¢?), and longitudinal polarization components of the vector mesons in SM.
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responding experimental measurements, which are all
presented in Tables 5 and 6. oo» and o> represent the
theoretical and experimental errors, respectively. In addi-
tion, because of the significant theoretical uncertainties in
the form factors of D — 7", we will not adopt the
D — n"¢tv, data in the fitting.

In Table 7, we present the fitted Wilson coefficients
for two different cases with a single operator. For the op-
erators Oy, and Oyy, the related Wilson coefficients Cy;,
and Cyg, respectively, are in the order of O(1073) in both
cases. The results of Case-II indicate the violation of LFU
for the operator Oy ; however, such small effects are bur-
ied in the theoretical and experimental uncertainties. For
the operators Og; and Ogg in Case-I, their Wilson coeffi-

0
D°»K p*v,

dB/dq?

0.0 05 1.0 15
9° (GeV?)

dB/dq? (107%)

cients are also in the order of O(1073), and the effects of
this phenomenon cannot be determined in the current ex-
periments. In fact, the most stringent constraints origin-
ate from the pure leptonic decays. Therefore, in Case-
I1,C5, and C%, are in the order of O(107%) and have relat-
ively small uncertainties. However, for the decays
D — e*v,, only the upper limits are available, the fitted
C¢, and C¢ are in the order of O(107*), with very signi-
ficant uncertainties. Regarding the Wilson coefficients of
the tensor operators that are only constrained by the semi-
leptonic D decays, C% can be in the order of O(1072).
From these results, all new Wilson coefficients are less
than 8%, which poses stringent constraints on new phys-
ics models, W’ models [6,7], leptoquark models [9-11],

0.025
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0.015
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0.005

0.000
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q* (GeV?)
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Fig. 6.

0.6 0.8

9 (GeV?)

(color online) The ¢?-dependence of the differential branching fractions dB/dg> of D® — K~u*v,, D° — K* p*v,, D° - n p*v,,

D — p~utv,, DY — Kou*v,, DY — K*%u*y, and D} — ¢u*v, with fitted values for decays. The solid (black) lines depict the predictions
of SM, whereas the dotted (blue), dashed (red), and dot-dashed (purple) lines denote NP predictions corresponding to the best-fit

Wilson coefficients of Os;., Osg, and Or, respectively.
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and models with charged Higgs [13-15]. Moreover, we
note that LFU might be violated by the operators, Of,
and O, which can be investigated further in other ob-
servables. We acknowledge that our analyses depend on
the D—V form factors, and that more precise form

factors in future will help us to improve our results.

C. Predictions

First, we study the pure leptonic D decays with the
electron final state. As expressed in Eq. (46), the branch-
ing fractions are very sensitive to the 0%, and O%, oper-
ators because their contributions are related to 1/m,. With
the contributions from interactions with the 05, or 0%,

0.0 0.5 1.0 1.5 20 25 3.0

& (GeV?)
03
Di»K'utv,
0.2
£ o1
0.0
_o1Ls . . . .
0.0 0.5 1.0 15 2.0

operator, the branching fractions of these pure leptonic D
decays are predicted to be

B(D* - e*v,) = (1.6750)x 1078, (49)

B(D} - e*v,) = (247370 x 107, (50)

where the uncertainties solely originate from the fitted
Wilson coefficients. Compared to the SM results in
Table 5, the current branching fractions are approxim-
ately twice as large as the SM predictions with relatively
significant uncertainties. According to Eq. (47), the ra-

0.0 0.2 0.4 0.6 0.8

q (GeV?)
D-»pptv,
_o.10F P H Vu
-0.15F
@ -0.20f
< A
-0.25F
-0.30F
-0.35¢
0.0
q° (GeV?)
03
DK vy

0.0 05 1.0 15 2.0
9 (GeV?)

0.0 0.2

Fig. 7.

06 0.8

q* (GeV?)

color online) Predicted ¢*>-dependence of the forward-backward asymmetries of D® — K~ u*v,, D° — K* utv,, D° — n~pu*v,,
p Y u u u

D — p~utv,, DY — Koutv,, DY — K*%u*y, and D} — ¢u*v, with fitted values for decays. The solid (black) lines depict the predictions
of SM, whereas the dotted (blue), dashed (red), and dot-dashed (purple) lines denote NP predictions corresponding to the best-fit

Wilson coefficients of Os;., Osg, and Or, respectively.
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tios can be calculated as

| BD* —etv, -
B = Bibr e~ OO 6D
yzi X
. BDf—>ety,
(RZ)D\, _ By =evv.) = (44557 x107%; (52)

- B(D: - /J+V/4)Ex
which are larger than the SM predictions:

(R;)D* ~ (RZ)D: = 23 X 10_5- (53)

However, the orders of these magnitudes are too small to
be measured now. We hope that future high intensity ex-
periments can evaluate the above results.

Secondly, we study the effects of NP in semileptonic
D decays. From Table 7, it is observed that for the de-
cays with electron final state, the Wilson coefficients,
CyLvr and C¢ Lsg» are too small in both cases to affect
the branching fractions and other observables, such as the
differential widths, forward-backward asymmetries, lon-
gitudinal polarizations of the final state vector mesons,
and helicity asymmetries of electrons. Regarding C%., its
influence is substantially similar to the decays with the
muon final state that will be discussed later. On the ex-
perimental perspective, all the absolute branching frac-
tions have been measured, and the results obtained agree
well with the SM predictions with uncertainties, as
presented in Table 6. However, the ¢*>-dependencies of

0.0 0.2 0.4 0.6 0.8
7 (GeV?)

1.0
0.9 R
0.8
0.7
0.6
0.5
0.4

0.3
0.0 0.2 04 0.6 0.8 1.0 1.2

¢’ (GeV?)

Fig. 8.

the differential branching fractions, forward-backward
asymmetries, and longitudinal polarizations of final vec-
tor mesons have not yet been completely measured to
date. In Fig. 5, we consider the decays D° — K~ e*v,,
D° - K*~e*v,, DI — pe*v,, D’ —»ne*v,, D°—p-etv,,
D — K%*v, and D! — K**v, as examples, and plot
the ¢”-dependencies of the above mentioned observables.
Because the mass of the electron is negligible, the elec-
tron helicity asymmetries are approximately —1, such that
any significant deviation from -1 would be a signal of
NP. We expect these predictions to be well tested in BE-
SIII, Belle II, and other future high luminosity experi-
ments.

Finally, we investigate the NP effects in the
semileptonic D decays with muon final state. Again, it is
observed from Table 7 that the Wilson coefficients C§ LR
and C. are in the order of 1072. Although such Wilson
coefficients are not sufficient to significantly alter the
branching fractions, they may affect other observables.
To verify their effects, we consider the decays
D’ - Kutv,, DK uv,, Df-¢utv, D°—
nutv,, D° - p utv,, DY - K%y, and DY — K*%utv,
as examples, and investigate their contributions to the g>-
dependencies of the differential widths, forward-back-
ward asymmetries, longitudinal polarizations of final vec-
tor mesons, and helicity asymmetries of the muon; the
obtained results are presented in Figs. 6, 7, 8§, and
9, respectively. From these figures, it can be observed
that for the decays D — V{*v,, the Wilson coefficient of
the tensor operator affects these observables without al-

1.0f-
0.9}
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04
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(color online) Predicted g?-dependence of the longitudinal polarization of the final vector mesons of D°— K*~u*v,,

D¥ — ¢u*vy, D° - p~utv, and DF — K*%u*y, with fitted values for decays. The solid (black) lines denote the predictions of SM, while
the dotted (blue), dashed (red) and dotdashed (purple) lines represent NP predictions corresponding to the best-fit Wilson coefficients

of Os1., Osg, and Or, respectively.
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(color online) Predicted ¢*-dependence of the lepton helicity asymmetries of D® — K~p*v,, D° — K*"u*v,, D° = utv,,

D - p~ptv,, D} - Kutv,, D} - K*%uty, and Df — ¢utv, with fitted values for decays. The solid (black) lines denote the predictions
of SM, while the dotted (blue), dashed (red) and dotdashed (purple) lines represent NP predictions corresponding to the best-fit Wilson

coefficients of Os,, Osr, and Or, respectively.

tering their shapes, and the Wilson coefficients of other
operators barely affect these observables. Therefore, if
significant deviations were measured in the future, inter-
actions with tensor operator would be preferable.
Regarding the D — P{*v, decays, the differential
widths are also not sensitive to the fitted Wilson coeffi-
cients of NP operators. In contrast, the forward-back-
ward asymmetries Arp(g®) and muon helicity asymmet-
ries PL.(¢%) are very sensitive to the fitted Wilson coeffi-
cients, especially to those of the scalar and tensor operat-
ors, as illustrated in Figs. 7 and 9. We consider the decay
D° - K~u*v, induced by ¢ — su*v, as an example for il-
lustration. For the forward-backward asymmetry Arp(q?),
it is always positive in SM. In the decay distribution ex-

pressed in Eq. (32), A} is dominant in the low ¢* region.
Because A% is not related to the NP operators, their con-
tributions are not significant. However, in the large ¢> re-
gion, AY becomes significant. Because AY depends on
|Csz +Csgl> and |Cr|?, the large deviation from the SM
prediction in the large ¢* region is logical. Furthermore,
it is determined that with the fitted C’; > the forward-
backward asymmetries of decays D°— K utv,,
D’ - nu*v,, and Df — K"y, cross the zero points,
when ¢% = 1.57 GeV?, 1.71 GeV?, and 1.76 GeV?, respect-
ively. This unique behavior can be used to probe the
right-handed scalar current. Similarly, for the
D° - Kutv,, D° - nutv,, and DY — K%utv, decays,
when ¢2 > 0.5 GeV?, the contributions of scalar operators
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become significant and can influence the helicity asym-
metries of the muon P/, as illustrated in Fig. 9. In addi-
tion, both Arp and pr of D — P¢v decays are proportion-
al to the dynamic factor v/Q,Q_, which implies that these
two asymmetries are equal to zero when ¢ = (mp —mp)?,
as illustrated in Figs. 7 and 9. However, the proportion
does not hold in the corresponding observables of
D — V¢v decays. Consequently, this behavior disappears
in the panels of D — V{v decays. Because all the above
observables have not been measured, we suggest that our
experimental colleagues measure these parameters, to de-
termine the possible contributions of NP.

VI. SUMMARY

Recent B — D¢~ ¥, anomalies imply that NP may
appear in the charged current b — ¢{~¥,; hence, it is nat-
ural to raise questions about such phenomena in the D de-
cays induced by ¢ — (s,d){*v, transitions. However, cur-
rent experimental measurements on the charm meson de-
cay observables are consistent with the SM predictions.
Such consistency enables us to constrain the parameter
spaces of NP and to further test NP models. In this work,
we extended the SM by assuming general effective Lag-
rangian describing the ¢ — (s,d){*v, transitions, which
consists of the full set of the four-fermion operators. With

the latest experimental data, we performed the least y? fit
of the Wilson coefficient corresponding to each operator
in two different cases. We determined that the Wilson
coefficients of scalar and tensor operators can be in the
order of O(107%), whereas those of the vector operators
are in the order of O(1073). With the fitted Wilson coeffi-
cients, we calculated the differential branching fractions,
forward-backward asymmetries, longitudinal polariza-
tions of the final state vector mesons, and lepton helicity
asymmetries of leptons. The pure leptonic decays that are
very sensitive to the interactions with scalar operators can
be adopted to constrain the scalar Wilson coefficients and
test models with charged Higgs. For the semileptonic de-
cays with the electron final state, the effects of NP are
negligible, and any deviation from SM predictions would
create significant challenges for the SM and its exten-
sions. Regarding the semileptonic decays with the muon
final state, the interactions with scalar or tensor operators
influence the forward-backward asymmetries and muon
helicity asymmetries of D — Pu*v,.Future measure-
ments on the studied observables in the BESIII and Belle
IT experiments will help us investigate the effects of NP.
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