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Using the helicity amplitude technique, we derive differential decay widths and angular distributions for
the decay cascade D — K,(1270,1400)¢*v, — (Kzn){ v, (¢ = e, p), in which the electron and muon
mass is explicitly included. Using a set of phenomenological results for D — K form factors, we calculate

partial decay widths and branching fractions for D° - K7¢%v, and D* — K%¢*v,, but find that results
for B(D — K,(1270)e*v,) are about a factor 1.5 larger than recent BESIII measurements. We further
demonstrate that the measurement of up-down asymmetry in D — K e*v, - (Kzz)e'v, and angular
distributions in D — K,#*v, — (Kzz){" v, can help to determine the hadronic amplitude requested in

B - K (- Kzn)y.

DOI: 10.1103/PhysRevD.104.053003

I. INTRODUCTION

Nowadays searching for new physics (NP) beyond the
standard model (SM) is a most primary objective in particle
physics. This can in principle proceed in two distinct
directions. It is likely that new particles emerge directly
in high energy collisions for instance at large hadron collider
(LHC). On the other side, the NP particles can affect various
low-energy observables by modifying the coupling strength
or introducing new interaction forms and thus a high
precision study of these observables is likely to indirectly
access the NP. In the SM, the charged weak interaction has
the V — A chirality and thereby the photon in b — sy is
predominantly left-handed. The contribution with right-
handed polarization is suppressed by the ratio of strange
and bottom quark masses. Therefore the measurement of
photon polarization in b — sy provides a unique probe for
new physics [1-3]. A representative scenario of this type is
the left-right symmetric model [4,5], in which the photon can
acquire a significant right-handed component.

In practice, the chirality of the b — sy can be
probed using the measurements of inclusive B — Xy
decay branching fractions [6-9], the mixing-induced CP
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asymmetries of radiative B® and B? decays [10—13] and the
B — K*ete™ with very low dilepton mass squared [14,15].
Interestingly, the photon helicity in radiative D decays was
also explored [16,17].

In addition to the above methods, it is pointed out that the
photon helicity in b — sy is proportional to an up-down
asymmetry Ayp in B — K (— Kzz)y [18-20] and more
generally the angular distribution in B - K,,,(— Kzrx)y.
Throughout this work we will use K; to denote the axial-
vector meson K,;(1270) and/or K,(1400). However the
measurement of up-down asymmetry in B — Ky [21] was
incapable to reveal the photon helicity due to the require-
ment of the detailed knowledge of K; decay dynamics.
Many interesting theoretical analyses have adopted non-
perturbative approaches to parametrize the K; — Kz
decay amplitude and provided power constraints on the
decay paramters [18-20,22,23]. In a previous work [24] it
is proposed that one can tackle this problem by combining
semileptonic D — K e*v, decays. In particular, a ratio of
up-down asymmetries in D — K(— Kzn)etv,, A,
has been proposed to quantify the hadronic effects in
K| - Kzr decay. More explicitly the photon helicity
can be expressed as a ratio of the two observables
Ay =3/4x Ayp/App [24].

The purpose of this work is multifold. We will first
provide the details in the helicity amplitude approach to
derive the pertinent angular distributions and up-down
asymmetries. Second, we will extend the previous analysis
to the muon mode whose mass can not neglected in D
decays. Using the phenomenological results for D — K;
form factors, we calculate partial decay widths for
D — K,¢%v,, and show that the measurement of up-down

Published by the American Physical Society


https://orcid.org/0000-0001-5209-5097
https://orcid.org/0000-0001-9223-6472
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.104.053003&domain=pdf&date_stamp=2021-09-10
https://doi.org/10.1103/PhysRevD.104.053003
https://doi.org/10.1103/PhysRevD.104.053003
https://doi.org/10.1103/PhysRevD.104.053003
https://doi.org/10.1103/PhysRevD.104.053003
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

LINGZHU BIAN, LIANG SUN, and WEI WANG

PHYS. REV. D 104, 053003 (2021)

asymmetry in D — K (- Kznz)e'v, and the angular
distribution D — K (— Kzz)u*v, can help to determine
the hadronic amplitude requested in B — K (— Kzx)y.

The rest of this paper is organized as follows. In Sec. II,
we will give a detailed derivation of the angular distribu-
tions. In Sec. III, we will use the D — K form factors and
calculate the differential decay widths. A comparison of
predicted branching fractions with experimental data from
BESIII measurements is made, and a MC simulation of
angular distributions with the LHCb geometrical accep-
tance is also presented. The last section contains a brief
summary.

II. FRAMEWORK AND ANGULAR
DISTRIBUTIONS

In this section we will make use of the helicity amplitude
technique and derive the angular distributions for the
decay cascade D — K ¢"v, - (Kzn){"v,. Here the D
and K, could be charged or neutral. Since a neutral z° is
difficult to reconstruct especially at hadron colliders, it is
more plausible to explore the z7z~. Thus in the following,
we will consider the decay chain D° — K;¢ v, —
(K-zta)¢*v, and DT — KV v, » (K'ztn™) o,
though the results are also applicable to other decay
channels with neutral pions. The kinematics of this decay
cascade is shown in Fig. 1. In the lepton pair £v, rest
frame, 6, is defined by the #*t flight direction and the
opposite of the D meson flight direction. In K rest frame,
7 is defined as the normal direction of the decay plane, and
Ok is the relative angle between 7 and the opposite of the
D meson flight direction.

A few remarks on the kinematics are given in order.

(i) The normal direction is not unambiguous. For
instance, in K decay plane, it is likely to construct
the normal direction with the momentum of z+
and z~, while the LHCb measurement of up-down
asymmetry and angular distributions in B - Ky
makes use of the slow and fast pion momenta
[21], i~ ﬁﬂ,SIOW X ﬁﬂ.fast‘

(ii) Second, since the 7 is a cross product of two
momenta, its direction will not be altered under
parity transformation, but the flight direction of the
D meson will be reversed. So the 6 will be changed
to © — O under parity transformation, implying that
the cos @y is parity odd. The left-handed and right-
handed polarization of K; gives opposite contribu-
tions to the cos @y term.

(iii) Third, weak interaction in W* — £tu, violates
parity conservation. Thus even though cosé, is
parity-even, the left-handed and right-handed con-
tributions to the cos @, term also differ in sign.

(iv) Furthermore the definition of 8 depends on charge
or flavor of K, namely the angle 0y defined in K7y
decay may differ with the one defined in K| system.

FIG. 1. The kinematics for D — K¢ "v, — (Kzz)¢"v,. In the
lepton pair ¢+, rest frame, the angle 6, is defined by the £
flight direction and the opposite of the D meson flight direction.
In the K rest frame the 7 is defined as the normal direction of the
K, decay plane, and 0 is the relative angle between 7 and the
opposite of the D flight direction. Since 7 is made of the cross
product of two momenta, its direction will not be altered under
parity transformation. But since the D flight direction will be
reversed, the @x will be changed to 7 — 0 under parity trans-
formation, implying that the cos 8 is parity odd.

It is important to stick with the same convention on
the kinematics in analyzing B and D decays.
Semileptonic decays of D into K; are induced by
effective electro-weak Hamiltonian:

Gr i
H=—LV.5r"(1 —ys)e x Dy, (1 —y5)¢, (1)

V2

where Gy is Fermi constant, and V. is CKM matrix
element. With the above Hamiltonian, the partial decay
width for semileptonic D decays can be generically
written as

_ (27)* 2
dr = 2y x d®, xszm;|/\/l| . (2)

Here d®, denotes the n-body phase space. The pertinent
decay amplitude M can be decomposed into three indi-
viduals: D — K,W*, K| - Kazx and W* - ¢*uv,. Using
the relation of g, and polarization vector,

Gu ==Y (e, () + 12, (3)

1=0+1 4q

one can disassemble decay amplitudes into a hadronic part
and leptonic part
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Gp
M ==Ly H'L"g, =
V2 I

GF * .€ . e* X €
_%VN[—;H-G(X)XL () + H-e (1) x L-e(1)], (4)

with (1) = g#/+/q*. After this decomposition, both hadronic and leptonic parts are Lorentz invariant and thus can be

calculated in convenient reference frames. Actually the hadronic part could be further resolved into two individuals, namely
D — K{W* and K| — Kzz. Each individuals will be calculated in rest frame of the decaying particle.

A. The leptonic amplitude for W* — £*v,
For simplicity, we introduce the abbreviation,

L(le”lle = Ov :l:l) = L”€”(ﬂ) = avyﬂ(] - 7/5)1}2/”6;4(/1)’
L 2y dy = 1) = LT —

=a,y*(1 - vi, 5
N ( }’S)f\/? (5)

where all spin/helicity indices are explicitly shown. Introducing f; = iy/2(q> — m%) and using /1, = m,/\/q*, one can
obtain the nonvanishing leptonic decay amplitude:

1 1 1
L(/Ie:—z,/,{y:—i,/,{wz—l> :flﬁ’lfsingf, L<ﬂe _E’/IW:O> :_f[\/iﬁ’lfcosgf,
1 1
L

1 1 . N
L<ﬂe:—2,lD:—2,ﬂW:1> :—fﬂ}’l/Sll’lebﬁ, (/1 2,ﬂy:—2’[):f[\/§mf
1 1

1 1
L(ﬂe :i,ﬂy = —E,AW = 1> = _fl(l —COSHLﬂ).

In the massless limit m, — 0, only the last three terms are nonzero due to the helicity conservation.

1
:——’ﬂy
2

1 1
oA =5 —0> = —f,V/2sin6,,

B.D - K,wW*
The D — K, transition matrix element can be parametrized by a set of form factors:

_ 2iA(q?) o
(K1[357"ysc|D) = - e (eKl)y(PD)p(PKl)m
mp — mg,

(7)

_ €k, "4
(Ki|5y*c|D) = =2mg Vo(q*) —

.  fx 4
: qﬂ—<mD—mKl>v1<q2>[eKl— 1 q,,]

*

2 2

€ - q mj, — myg
\% 2 K, o2 A1 /4, 8
Vel {(PD‘*‘PKI) - q] ®)

where ¢ = pl, — p’;(l is the momentum transfer and €**° is the antisymmetric tensor. So the matrix element
¢y, = (Ki1[57*(1 = ys)c|D)e;(Ay) is evaluated as

[2(2 2 2
A ﬂ(mD»mklvq )
€y = (mD _mKl)Vl +

9, 9
s o)
-1 Amp,m, . q%)
co=——=|(my —m2 —qg*)(mp—m V——‘V], 10
0 me]\/? ( D K, )( D Kl) 1 mD_mKl 2 ( )
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Vo. (11)

In the above, A(mp, m . q*) = (mp + mg, — q°)* — 4mpmg .

C. Differential decay width for D — K¢ *v,

In this subsection, we will derive the differential decay width for D — K;#"v,. In the narrow width limit for K, this
decay width gives a normalization for the angular distributions for D — K (— Kzzn)¢tv,.
Combining the three-body phase space

613}71(1 d3Pf+ d3PW
27)*2Ek, (27)*2E,+ (2m)32E,,
d‘q  dpx,  dps dp,
27)* (27)*2Eg, (27)*2E,+ (27)*2E,,

dq’3(P1<1,Pf, PW) = 54(PD — Pk, — Pet — PW) (

=0"(po = Pr —@)22)'5"(a — P = P ¢

1 y/Amp,mk . q?)

~ (2a) 32ms,

(1=m2/q?) x dcos0,dq*, (12)

one can obtain the angular distribution for D — K7 v,

2 2 2
r G|V es|*\/A(mip, mKl g
e 1y

dg*dcosO, 51272°m3, B
+ 2 [(1 4 cos0,)? + mZsin? 0] + 2 [(1 — cos 0,)? + > sin® O] + c72im7 — Re[coci]dm? cos ).  (13)

x (2¢3(sin® 0, + % cos® 0,)

Integrating over cos 6, one can have partial decay widths [25,26]:

dry (D - K\'vp) GHV o P\ [A(m, mk, . %) q?
dq? 5127°ms3,

4
(1= 722 x (5 A2+ i) + 4m;c;)

’I(sz’ mKl )G%‘Vcs|2

- R (1—m2)? % { miA(mp, mg . q*)V§
D

A(mp, my . q*) V2:|
mp — mg,

} (14)

. 1
2+ 2) (=, = ) om = V1 =
1

Cﬂ—‘i(D g K1f+1/f) - G%|VL‘S|2 /"“(sz’m%(l’ qZ)qZ

N 4 N
(1) x 2 (2 4 n2)

dq* B 5127%m3,
\/l(m2D7mK1 )G2|VLS|2
= (1 —m3)*q®
384m3
A (mp — mK])Vl

i (15)

x (M} 4 2)A(mp, mk . q%) F
{ o= ™ ity i )

where L and = in the subscripts denote contribution from longitudinal and transverse polarization.
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D. K, - Kzn Notice that the explicit form of J depends on the convention
of the 7.

In the K rest frame, one can set the normal direction as
the z-axis and the momenta of (K,z",z~) lies in the x-y
plane. Since J is a linear combination of the momenta of

H - €3, (2) ~ (Knn|Ky) x (K{|(V = A),[D)ey(4).  (16)  two pions, J, =0 and

The hadronic part in the decay cascade D - K,/ v, —
(Kzm)¢ v, contains:

J, = (Jo. . ]y, 0). (18)
where (Kzz|K|) is parameterized as
To simplify the calculation, we choose K; moving along

(KazlK,) = (20)5* (px. — px — po = po) X ex. -] (0. @) direction, and thus e, - J is evaluated as
1 s s 1 :

(17) €k, (0) - J = sinOg(J, cos ¢ + J, sin¢), (19)

|
eg,(1)-J = —\% [cos p(J, cos O + in) + sinqb(]y cosOx —iJ,)], (20)
ex,(=1)-J = \/LE [cos p(J, cos O — iJ ) + sinp(J, cos O + iJ,)]. (21)

E. Angular distributions in D —» K,€*v, » (Kax)€*v,

With the above individuals, one can obtain the total decay amplitude:

1 1
+L</1f: —5,/’{”:—5,//{“}: 1) X€K1(1) JXC+
1 1
+L{ A ==5 = =520 =0) x e, (0) - I x
1 1
—L<Af:—§,/1y:—§,j.w:t> X€K1(O)'JXC't, (22)
1 1
M(l,{f:§> =L ﬁe_i’ll/:__7ﬂ‘w__l> X€K1(_1) Jxc
1 1
+ L ﬂgzi,iy:_isiwzl X(:‘K](l) Jxcey
1 1
+L<ﬂf:§,/1,/:—§,/1wzo>X€K1(0) JXCO
1 1
~L{de =54 =—5.dw=1) xex(0)- T xc (23)
Using two abbreviations:
WP =P+ R Il (7% T)] = =i(JJ5 = J,J5). (24)

and integrating over ¢, we obtain:
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3 1 2 1 |2
= g [ (=) =)
3

=3 (dy + d[cos? Ok cos® O] + d, cos 0, + db cos? Ok cos O,

+ d; cos O + d} cos O cos® O, + dy cos Ok cos 0, + ds cos? O + di cos® 0,), (25)

where a factor ﬁ is introduced to be consistent with the three-body decay width. In the above equation, the angular
coefficients are calculated as

dy = (1+m2)(le_? + |ei[*) + 4lcol* + 4mFc |,
dy = (1 —m3)(4col* + |c_* + |4 ).
dy = =2[|c_|* = e |* + 4Re[coc; ],
dy = =2[Jc_]* — |, |* — 4Re[coci|m7),
Iml7i - (7 x J)] X
dy = 2T[(1 + m3) (| > = e )],
Im[ii - (7 x J*)] X
dy = ZT[(I — i) (ley|* = le-|?)]
Iml7i - (J x J*
d4 - 4 [ |§|2 )] (|C_|2 + |C+|2>9
ds = =[(1+ ) (=|c_|* = e |*) + 4lcol* + 4| c,[*].
dy = —[(1 = mZ)(4|col* = [c_|* = e [*)]. (26)

Apparently the following combination can be used to extract the hadron amplitude Hyg,

Cdy+dy Imli- (Jx J)]
K]_dz‘f'd/z_ J|?

(27)

Including the phase-space, we arrive at the angular distribution for D - K,¢*v, - Kznttv, as:

ar GVl [l )

2 2 2 2
ddcos0,dcosty, Sim —z)* x < (dy + d)[cos® O cos” O] + d, cos 0, + dy cos® Oy cos b,

8
+ d; cos O + d} cos O cos? 0, + dyy cos O cos O, + ds cos? Ok + d cos® 0,). (28)

The ratio of differential up-down asymmetries [24] is evaluated as:

cos O > 0] —%[COS@K < 0]

4 [cos 0, > 0] —%[cosef < 0]

_ 3ds + d,

" 3d, +d,

—H, 2+ mg)(Je-* = les?)
'2[(Je-? = fe[?) + 2Re[cocing]

(29)

If the massless limit 72, — 0, the above ratio is reduced to the hadronic amplitude H,, but apparently this reduction is
contaminated by the lepton mass.
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F. Angular distributions in B — Ky

In this subsection, we will derive the angular distribution
in B— K|(— Kzn)y. The effective Hamiltonian for
b — sy has the general form:

4G
Hesr = _TZF Vi Vis(C7. 071 4 C7pO3),
emy, _ 1+y 5
O g = Tﬂ‘;s% 5 S pFH, (30)

where C;; 7z are the corresponding Wilson coefficients
for Oy, . Due to the chirality structure of W in SM, the
photon in b — sy is predominantly left-handed, while the
right-handed polarization is suppressed by approximately
mg/my,.

Using the helicity amplitude technique one can similarly
calculate the angular distributions for B — K,(— Kzn)y,
and the results are easier in two aspects. First, there is no
leptonic part in the decay cascade. Second, the B — Ky
decay amplitudes only contain two polarizations. Without
including higher order QCD corrections, the two polari-
zation contributions are proportionally to C;; 7z. Then
differential decay rate for B — K;(— Kzz)y can be
expressed as [18,19,23]:

dry, _|APITP
dcos Ok 4

X [1 + cos?O
Im[ii - (J x J*)]
+24, COSHKT . (31
Here the Oy is the same angle as in Fig. 1. The non-

perturbative amplitude A characterizes the B — Ky. The
photon polarization 4, is defined as

1= ‘A(B - K1R7k)|2 - |A(B - KlL}’L)|2 (32)
" |A(B = Kigyr)* + |AB = Ky [*

with 4, ~ —1 for b — sy but 4, ~ +1 for b — 5y in SM.

III. NUMERICAL RESULTS AND DISCUSSIONS

A. K| mixing and D — K, form factors

If the quark model is employed, two kinds of axial-
vector states with a strange quark can be constructed,
depending on the spin of the quark and anti-quark pair. If
their total spin is 1, the resulting axial-vector state is
denoted as 3P, also called K . When the total spin is 0, the
axial-vector state is usually denoted as 'P; or K,z. Since
strange quark is heavier than up/down quark, K (1270) and
K (1400) are not purely K, (*P,) and K5 ('P,) states, and
instead they will mix:

|K1(1270)> = |K1A> SiH@K + |K13> COS@K, (33)

|K1(1400)> :|K1A>COS®K— |K13> Sin@K. (34)

Generally, the mixing angle @ can be determined by the
experimental data, such as 7~ — K7jv,, whose decay rate is
given by

m3 m2 2 2m2
(7 - Kjv,) = ]6;G%|Vm‘2f’% (1 —m§> (1 + m2A>

T T

(35)
The measured branching fractions [27] are given as

B(r~ — K,(1270)w,) = (47 £ 1.1) x 1073, (36)

B(r~ — K,(1400)r,) = (1.7 £2.6) x 1073, (37)
through which one can extract the decay constants of K:

[k, (1270)| = (169537) MeV;
|f &, (1200)| = (1251]5,) MeV. (38)

One can combine the decay constants for K, Kz
evaluated for instance in QCD sum rules [28] to determine
the mixing angle O [25]:

—143° < O < —120°, or
—-49° < O < =27°, or
37° <@g < 60° or
131° < Of < 153°. (39)

The mixing angle can be further constrained with the
data on, such as B — K,y decays, and it is found that
except the third scenario, the other three scenarios are not
favored by K| masses or B — K,y decay widths [29]. With
the available constraints, Ref. [30] suggested the use of
Ok = 50.8°, while O = 33° is suggested in Ref. [31].
In the following we will use @ = 45° as the central result
[which is also favored by BESIII measurements of
B(D - K,e*v,)], but the dependence on O in a wider
range 30° < O < 60° will be presented. However it
should be noticed that this range is obtained in conjunction
with the form factors calculated in the covariant light-front
quark model (LFQM) [30-33]. The D — K, form factors
have also been calculated in QCD sum rules [34-36], but
results differ significantly. The corresponding mixing angle
is obtained differently: @5 = —(34 + 13)°, which we shall
adopt for consistence in the following comparison.

The results for D — K form factors from Refs. [30,33,34]
are collected in Table I. In these results, the ¢>-distribution
of form factors is parametrized as:
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TABLEIL. The D — K, form factors calculated in the covariant LFQM [30,33] and QCD sum rules [34]. The coefficients a and b are
parameters in Eq. (40) and (41). The physical K, states (K;(1270) and K,(1420)) are mixtures of the K, (JP€ = 17F) and Kz
JPC =1+).

F [33] F(0) a b F F(0) a b
ADKia 0.98 0.92 0.17 Vé’KlA 0.34 1.44 0.15
V?KIA 2.02 -0.01 0.03 V?K‘A 0.03 —-0.18 0.10
APKip 0.10 1.03 0.48 V(L)’KIB 0.44 0.80 0.27
DK 1.53 0.39 0.05 VDK -0.09 -0.16 0.51
F [30] F(0) a b F F(0) a b
APRuw 0500 001 089700001 O 12300300 Vot 028 5000%% 0.843007001 039700 008
v Le0TRe e —0-22300070 % 007000 VaR 0.015g00 000 —0.833015500s 02420057000
APKs 0105000 0 09850170 037000 Vot 04800100 0.9470015001 0227000500
veRe o LSSINGeR  031GEN%  0.043G5Gn  vrtr —0a3IgNTOR  OSTSETN 032105300
F [34] F(0) a b F F(0) a b
APKia 0.07 0.21 -2.14 V(I)JKM 0.11 0.44 0.61
VIDKM 0.37 0.20 -0.13 VZDKIA —-0.03 -0.70 1.81
ADPKig —-0.53 0.46 0.38 VODKIB —-0.42 —-2.33 9.24
V?Km -0.29 1.17 1.72 V12)1<|B 0.31 -0.49 -0.21
20 20
D-K1(1270)e* v, D-K(1270)u*v,,
T T
2 3
O] O
2 £ of
o o
5% 5% s
0.:)5 04.10 04.15 0..20 0..25 0.'30 0.;’»5 0 0.:)5 O..10 04.15 0..20 O..25 0.:’:0 0..35
(@) ¢°[GeV?] (b) ¢ [GeV?]
D->K4(1400)e* v, of D->K1(1400)u*v,,
L L
[0)) [0))
Y 2
E E

800 0,05 0.10 015 020
(c) ¢ [GeV?] (d) ¢ [GeV?]

FIG. 2. Differential decay widths for D — K,;(1270)¢*v, (in units of 10715 GeV~!) and D — K,(1400)¢*v, (in units of
107" GeV~!) based on the form factors from Ref. [33]. The dotted and dashed lines correspond to the longitudinal and transverse
polarizations, while the solid line gives the total differential decay widths. The shadowed region arises from the uncertainties in the
mixing angle Og.
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0= D->K4(1270)e* Ve tof DK (1270)u*v,,
&
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S Ty
N
e =
o g
= 4}
s /¢‘ = iy R
© 2 e - ¥
- \)
-
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FIG. 3. Differential decay widths for D — K,;(1270)¢*v, (in units of 10715 GeV~!) and D — K,(1400)¢*v, (in units of
10~ GeV~!) based on the form factors from Ref. [30]. The dotted and dashed lines correspond to the longitudinal and transverse
polarizations, while the solid line gives the total differential decay widths. The shadowed region arises from the uncertainties in the

mixing angle 6.
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FIG. 4. Differential decay widths for D — K,(1270)¢*v, (in units of 1071 GeV~!) and D — K,(1400)¢*v, (in units of
10~15 GeV~!), based on the form factors from QCD sum rules [34]. The dotted and dashed lines correspond to the longitudinal
and transverse polarizations, while the solid line gives the total differential decay widths. The shadowed region arises from the

uncertainties in the mixing angle f.
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F(0)
F(q?) = : 40
(q ) l—aqz/m%)+b(q2/m%))2 ( )
but a different parametrization is used for V? ~Kie p
Refs. [30,33]:
F(0)
Fig?) = ( (@)

(1—¢*/mp)(1 — aq*/m}, + b(q*/mp)?)

The physical form factors are obtained through:

FP=Ki(1270) — FD~Kus §in @ + FP~Kis cos O,  (42)

FP=Ki(1400) — FD=Kin cos @ — FP~Kis gin@y.  (43)

B. Decay widths and branching fractions

To calculate decay widths, we will use the following
inputs from Particle Data Group [27]:

TABLE II.  Results for integrated branching ratios for the D — K;(1270)¢"v, and D — K,(1400)¢" v, decays
(in units of 1073). The experimental results are taken from BESIII measurements [37,38]. For each decay channel,
three sets of theoretical predictions are given, which correspond to the form factors from Ref. [33], Ref. [30], and
Ref. [34], respectively. Uncertainties from the mixing angle # are also taken into account.
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FIG. 5. Dependence of branching ratios B(D® — K7#%v,) (in units of 1073) on the mixing angle ® in the range 30° < O < 60°
based on the form factors from LFQM in Ref. [33] (the two upper lines), and Ref. [30] (the two lower curves). Dotted and dashed curves

correspond to the electron and muon mode, respectively.

7(D%) = (0.4101 £ 0.0015) x 10~'2 s,
7(D*) = (1.040 £ 0.007) x 10712 s,
mK1<1270) =1.253 GeV,

Mg, (1400) = 1.403 GeV, Vs = 0.973. (44)
Differential decay widths dI'/dg®> (in units of
1071 Gev~!) for D - K(1270)¢*v, and D —

K,(1400)¢"v, are shown in Fig. 2, Fig. 3, and Fig. 4,
respectively. The dotted and dashed lines correspond to the
longitudinal and transverse polarizations, while the solid
line gives the total differential decay widths. The shadowed
region arises from the uncertainties in the mixing angle 6.

Results for integrated branching ratios for the
D — K (1270)¢*v, and D — K,(1400)¢"v, decays
(in units of 1073) are given in Tab. II. The experimental
results are taken from BESIII measurements [37,38]. For
each decay channel, three sets of theoretical predictions are
given, corresponding to the form factors from Ref. [30,33]
and Ref. [34], respectively. A few remarks are given as
in order.

0.9
DO K7(1270)v,
0.8F
o 0.7F ________..-... -
S Sl
~ Pt e
@ o6 o
. . ‘-¢ﬂ" — —_— =
_,"" —
o' —
—
0.5f -
-
-
L~
' \ \ \ \
-45 -40 -35 -30 -25
(a) Ok

B(107%)

®

(i)

(iii)

0.08

Through this table, one can see that the theoretical
results show dramatic dependence on the form
factors.

Results obtained with the light-front quark model
form factors are larger than the data by BESIII
experiment, while using the QCD sum rule results,
the branching fractions are more consistent with
the data.

It should be noted again that to accommodate the other
datasuchas B — Ky, the mixing angle f is obtained
in correlation with the form factors. In Refs. [30,33]
this angle is preferred as 0 ~ 45°, while for Ref. [34],
the preferred region is —47° < @ < —21°. Thus to
estimate the uncertainties from the mixing angle, we
have used the consistent value for 85 with the form
factors. We have also checked that if one uses the
form factors from Ref. [34] and 30° < 6 < 60°, the
resulting branching fraction for D° — K~(1270)e +
v, is about (0.217013) x 1073, which is much smaller
than the data. From this table, we can see that the
uncertainties are less significant compared to the ones
from form factors.

0.07f
0.06f*.

0.05F

0.04

0.03f

0.02F

0.01F

DP-K7(1400)/*v,

-35 -30

(b) ©k

FIG. 6. Dependence of branching ratios B(D° — K 7¢"vz) (in units of 107%) on the mixing angle ® in the range —47° < @ < —21°
based on the form factors from QCD sum rules [34]. Dotted and dashed curves correspond to the electron and muon mode, respectively.
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FIG.7. Results for up-down asymmetry A7, (in unit of Hy,) in
D — K|(— Kan)¢“v,. The solid curve corresponds to the
electron final state, in which the lepton mass is negligible and
the result is very close to unity. The results shadowed in red
(upper) and blue (lower) correspond to the muon mode with form
factors from light-front quark model in Ref. [30,33], respectively,
while the green band (middle) is obtained using the QCD sum
rules in Ref. [34], respectively. The nonzero mass of y provides
sizable corrections as shown in Eq. (29).

Figure 5 and Fig. 6 show the dependence of branching
fractions B(D® — K7¢*v,) (in units of 107%) on the
mixing angle ®. Dotted and dashed curves correspond
to the electron and muon mode, respectively.

C. Angular distributions

Results for up-down asymmetry A7, (in unit of Hg ) in
D — K,f*v, are shown in Fig. 7. The solid curve
corresponds to the electron final state, in which the lepton
mass is negligible and the result is very close to unity. The
results shadowed in red (upper) and blue (lower) corre-
spond to the muon mode with form factors from light-front
quark model in Ref. [30,33], respectively, while the green
band (middle) is obtained using the QCD sum rules in
Ref. [34], respectively. From this figure, one can see that
the nonzero mass of muon can give considerable correc-
tions also shown in Eq. (29). The results on the asymmetry
are also dependent on the dynamical form factors, which
can be tested in experiment.

Events / (0.2)

1 1 1
gl -0.5 0 0.5 1

cos O

FIG. 8.

Integrating over the g2, we obtain the angular distribu-
tions of D — K (— Kzn)¢*v, dataset as

dr

2 2
—————— = a; + a,|cos” O cos” O, + az cos O,
dcos 0,d cos O [ ‘| 3
+ ay cos? Oy cos O, + as cos Oy
+ ag cos g cos? O, + a; cos Oy cos O,

(45)

+ ag cos® O + ag cos? 6,

(1 —m§/42)2 xd;.

31 GRVEG\Ja(mp.my, .q°)
/q 51220m),

(40)

As an illustration, we use a standalone fast simulation
software RapidSim [39] with the LHCb geometrical accep-
tance to generate MC samples. The D° — K (1270) v,
decays are described by EVTGEN [40], and the K, (1270)~
meson is allowed to decay into all intermediate processes
that result in a K~z z~ final state. The BFs of K(1270)~
meson subdecays measured by Belle [41] are used as inputs in
the simulation. Based on 2 fb~! datarecorded at 8 TeV, LHCb
observed close to 2000 D** =D D= K-atputu
signal candidates in the p/@ mass region [42]. As B(D° —
K,(1270)~ (= K~z*z")u*v,) is expected to be about
two orders of magnitude higher than the known B(D° —
K=zt [uu],,) [27], it is reasonable to estimate that
O(10°) D** - Dz, D° - K(1270)~ v, signal candi-
dates can be collected based on 9 fb~! Runs 1-2 data
from LHCb. Therefore, to have a rough estimation on the
LHCb sensitivity, we have generated about 1.0 x 10° D** —
Dzt D% - K,(1270)~ (= K~z*z")u"v, events without
considering any detector resolution effects.

A comparison of fitting these MC samples using the
formula (45) and the one from previous work [24] is given
in Fig. 8. Through these figures, one can see that our
simulated angular distributions can not be well described

12000 E
10000 f
8000 E
6000 h

4000
2000 Model with m, # 0: Hy, = (9.351.14)%

Model with m; = 0: H, = (7.98+0.91)%

Events/(0.2)

1 1 1 3
th 1 -0.5 0 0.5 1

cos 9,

Fit to 1.0 x 10° MC events with 3 components using two models: m; = 0 (Red) and m; # 0 (Blue)
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by the angular distribution in the previous work [24]. With
the inclusion of the muon mass, the agreement between
theoretical description and angular distributions of MC
events is greatly improved, and the fitted H g is compatible
with the input of 9.2% based on the SM expectation [24].
The statistical uncertainty for Hy, is 1.1%.

IV. SUMMARY

Weak decays of heavy quarks have played an important
role in testing standard model and probing new physics
beyond. Recent studies of flavor-changing neutral current
process has revealed some hints for potential NP effects
(see for instance Ref. [43]), but a conclusive result is far
from well-established, and requests more dedicated theo-
retical and experimental studies in future [44]. At the same
time, the photon helicity in » — sy might render very
competitive potentials for new physics.

Compared to the previous WYZ method [24] in which a
ratio of up-down asymmetries in D — K,(— Kzx)e*v,,
A} p. has been proposed to quantify the hadronic effects in
K| - Krzr decay, we have in this work systematically
derived differential decay widths and angular distributions
for the decay cascade D — K,(1270,1400)¢" v, —
(Knm)¢tve(¢ = e,u). In the derivation, the mass of
electron/muon is explicitly included. Using the D — K;
form factors from light-front quark model and QCD sum
rule, we have calculated partial decay widths and branching
fractions for D° — K7¢"v, and D™ — K{¢*v,, but

pointed out that these theoretical results for B(D —
Ketv,) show dramatic dependence on the form factors.

With the angular coefficients, we have demonstrated
that the measurement of up-down asymmetry in D —
Kietv, - (Kzrn)eTv, and the angular distribution in
D — K ,¢Yv, - (Krr)¢"v, can help to pin down had-
ronic uncertainties in B — K| (— Kzx)y. Based on Monte-
Carlo simulation, we have found that after including
the muon mass, the angular distributions can be well
described by the theoretical framework. Performing an
angular analysis using Eq. (45) on a sample of 10° D° —
K,(1270)~ (= K~z*z~)u*v, decays corresponding to the
signal statistics assumed for LHCb in Runs 1-2 leads to a
statistical uncertainty of ~1.1% on H,.
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