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Substantial contribution of the tensor current in semileptonic decays is regarded as a clear signal for new
physics. In this work, we propose a model-independent approach to unambiguously test contribution of the
tensor current in semileptonic five-body decays D(‘Y) / 1_3@ — V&, (¢ = e, p,7) with V — 2%z 7=, where
V denotes vector particles. We derive three parameters associated with the angular asymmetry, which are
always equal to one in the Standard Model regardless the data of form factor but will deviate if contribution
of the tensor current does not vanish. The outcomes have potential applications in precisely testing the
Standard Model and searching for new physics. Relevant measurements can be performed using data

collected by BESIII, Belle II, and LHCb.
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The primary focus in particle physics today is the search
for new physics and the semileptonic decays provide a
clean environment, where the hadronic and leptonic cur-
rents can be effectively disentangled. The relevant hadronic
form factors of heavy flavor mesons transitioning to final-
state hadron are measured to test the Standard Model (SM)
by comparing the measured results with predictions by
theoretical models, such as lattice QCD [1-3] and various
QCD-based models [4-8]. Some theoretical studies test
the lepton flavor universality (LFU) in semileptonic
decays of heavy mesons [9-14], particularly the ratios
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studies of three- and four-body semileptonic decays of
heavy flavor mesons have also been conducted [15-19].
However, the discrepancies in form factors obtained from
various models introduce significant uncertainty in the
calculations and the fact that 7z can only be identified via
their pure leptonic decays leads to measurements lacking
the necessary precision, making these searches for new
physics not quantitatively sound.

In the SM, assuming neutrinos to be left-handed, semi-
leptonic decays are described by the V — A current, where
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other types of current vanishes. In this work, we will
propose a model-independent approach to unambiguously
test contribution of the tensor current in semileptonic
five-body decays Dy /B = VE, (¢ = e,u.7) with
V — 2%z x~, where V denotes vector particles. Five-body
decays offer the advantage of introducing additional
degrees of freedom compared to three- and four-body
decays [20-23]. We initially present the angular distribu-
tion using D — V£, as an example for the derivation. The
methodology remains identical for the D, B, B,, and B,
mesons. Subsequently, we introduce three parameters O ; 3
associated with the asymmetry of angular distributions
by incorporating various types of currents, other than the
V — A current. In particular, ®; , ; remain constant at 1 in
the SM, regardless of the shapes of form factors and
without dependence on any specific new physics model.
A diagrammatic representation of how our approach probes
new physics in contrast to tests of LFU in semileptonic
decays of heavy mesons is shown in Fig. 1. Finally, a
summary will be presented.

There are 8 degrees of freedom in a D — VZi,,
V — a2tz decay. We adopt the kinematics shown in
Fig. 2 [20]. The 4-momenta of 7, U, z°, z*, and 7~ are
denoted as g,, q,, p1, P2, and p3, and their masses are
denoted as m,, m,, my, m,, and ms, respectively. For
convenience, we define Q=gq,+q,+ p| + pr + ps,
Y=q,+q, K=pi +p2+ps and Z=p, + p; and
denote the masses of D and V as m, and my, respectively.
The angular distribution will be expressed using the three
masses squared of the £v,/72’z"zx~/ata~ systems,
Y?/K?/Z?, and five angles illustrated in Fig. 2.
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FIG. 1. Diagrammatic representation of how our approach
probes new physics in contrast to tests of LFU in semileptonic
decays of heavy mesons.

To derive the decay rate, one can start with the most
general effective Hamiltonian describing the ¢ — d£7,
decays, assuming neutrinos are left-handed and containing
all possible parity-conserving four-fermion dimension-6
operators [11,12,24-27],

Hgr = %ch[u + gv)er,da(g ) (1 - 75)v(q,)

+ (=1 + ga)Tr,rsdi(g.)r* (1 —ys)v(q,)

+ gsedi(q.)(1 —vs)v(q,)

+ gpcrsdi(q,)(1 —vs)v(q,)

+ gro,, (1 —ys)du(g,)o" (1 —ys)v(q,)], (1)

where Gp is the Fermi constant and V., denotes the
Cabibbo-Kobayashi-Maskawa matrix element. The coef-
ficients gy, ga, 95, gp, and gy represent the modification
from the vector, axial-vector, scalar, pseudoscalar, and
tensor currents to the SM, respectively. It is important
to note that gy 4gp7r are zero in the SM. With the
kinematics shown in Fig. 2, the differential decay rate of
D - V£,V — 2’z* 7z~ in the angular distribution is
derived to be

ry - 1 19111941 Z||K |
2Y2°m3 ) VKAYNZE
x Y | AJ2dQ,dQsd cos 0,dK2dY2dZ2. (2)
Al

Here, dQ,; = dcos6,3;d¢,; represent the differential

solid angles, and A’;,’ is the decay amplitude with lepton
polarization 4; = &£, which is expressed in terms of the
form factors and angles related to the angular distribution,

g 1= . G
Ay = _7§|Z||‘I4H \4 K2|s1n037gv

X (F1a1 —|—F2a2 —|—F3a3 —|—F4a4)

A, = \flzllqdlv |Sln93\[

X (F\py + Fyp, + F3p3), (3)

where g = g(Z%,60;) is effective coupling constant of
V — 7%zt 7=, which can always be expressed as a function
of Z? and 605 [20,28]. The coefficients (a,f) relate to

FIG. 2. Kinematics for D — V£, with V — 2%zt 7z~

[20]. The angle between the 3-momentum of # (z°) and D in the £, (V) rest

frame is denoted as 0, (6,), that of z~ and V in the z" 7~ rest frame is denoted as 6, and the angle between the £0, (" z~) system and

the V (z°) is denoted as ¢, (¢5).
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angular variables, given by [20]
a; = isin@,e %1 (cos g5 + i cos @, sin ¢3),
+ isin@;(cos ¢p3 — i cos O, sin 3,
a, = isin@,e7%%1 (cos g3 + i cos @, sin ¢h3)
— isin@;(cos ¢p3 — i cos O, sin 3),
asy = cos @, e”1 sin 0, sin ¢5,
ay = "1 5in 0, sin ¢5,
B =i(1+ cos@,)e 1 (cos 5 + i cos O, sin 3)
—i(1 = cos@)(cos ¢z — i cos 6, sin ¢h3),
B> = i(1+ cos@,)e'® (cos ¢h3 + i cos O, sin ¢h3)
+ (1 = cos ;) (cos ¢p3 — i cos 6, sin ¢h3),
B = sin 0, sin 0, sin s, (4)

and FU) s are the expressions corresponding to the form
factors, written as

my

m
Flz_\/Tl—zfl_élv Fr= mfz—@,

_my _my ; m;
F3—Tﬁfs+53, F4—7\/i/»2f4, F1—f1+7\/y7251,

/ m; / m;
F2=f2+\/—Y_252, F3=f3+\/—Y—253~ (5)

In the above, we have separated the contribution from the
tensor current into 6,3 and the contribution from other
types of currents into f , ;. They are expressed in terms of
form factors,

fi= —2\/5/31%“@(% + 1)V,
fa= \/Zﬁl(mA +my)(1 = ga)Ay,
f3=2V28(1 - ga)Ap,

Y2

= 4V28m, K |Ag|(1 = gy) + ———
f4 ﬂl A| | 0 ( gA) ml(mc+md)

gr|,

o) = _8\/§ﬁlmA|I?|gTT1,
8, = —4V2py(m5 — m}) g T,

03 = 8\/251 \ YZQTTzs, (6)
with
2
my
ﬂf_ 1_F7
my+my , , 5 ’ 32 mimv =5
Ap=—"—Z(m5 —mi, —Y*)A|,—————|K|*A,,
12 2y 72( A % A, ’_Y2mA+mv| A,
T (o2 4 3m2 — vy a0 Ry
23 2mV A Vv 2 mi—m%, 3]s
(7)

where T , 5 denote the tensor form factors and (V, A ;)
are the other types of form factors of the D — V transition
[12,27]. Note that the contribution from the scalar current is
zero, and as a result, f,34 do not include the gg term,
which is associated with the scalar current.

There are seven nonzero asymmetries present in five-
body decays. In the absence of the tensor current, con-
tributions arise from only four form factors. One can
always find three constant degrees of freedom. However,
in the presence of the tensor current, the introduction of
three additional tensor form factors results in these degrees
of freedom not remaining constant. This offers an approach
to identify new physics contributions by utilizing asym-
metries in angular distributions, independent on numerical
values and shapes of the form factors.

The seven nonzero asymmetries, which can be exper-
imentally measured, are given as

T, —/ d¢3/ d¢1/ dcos@z/ dcos§,dd;
s, s D, D,

1672
= Tﬂ (8F2 + 8F% + 2F2 + 3F}

+ 16F? + 16F} + 2F%),

Tzz/ d¢3/ d(/)l/ dcost/ dcos§,dd;
S5 S, D, D,

X 87[2(_F/1F/3 + F2F4),

T3 :/ d¢3/ d¢1/ dCOSHz/ dCOSgld(DS
S3 53 D, D,

128
T4—/ d¢3/ d¢1/ dcos@z/ dcos8,dd;
s, S, D, D,
1672

— T (F\F, + F,Fy),

773
TS :/ d¢3/ d¢1/ dcosez/ dCOSgldq)s
SZ Sl D] D]
1 2

6
& —= (8F|F', + F5F,),

3
T6 —/ d¢3/ d¢1/ dcosaz/ dcosalchs
S3 S, D, D,

32
“Tﬂ(F2F3—F/2F/3)’

T7 :/ d¢3/ d¢1/ dCOSHz/ dCOSgldq)s
Y M D, D,

64r

_ — — [7/2
where fD.@ =%+ o fsm) =[5+ 7 fsw =f -
4 37/2 2 _ dr"
”/zifﬂ 2 x f3ﬂ/2, and dds :—dﬂld%dci)s(izdyz' The

expression of fDl(Z) is analogous to the regular

L071301-3



YU, XIE, ZHANG, KE, ZHOU, and CHEN

PHYS. REV. D 112, L071301 (2025)

Dy /2 D, /2
0 0
) /)\ . / 3 0
S1 /2 S, /2
) [
AR AR
T 0 w py 0
Ny )
3m/2 3m/2
S3 /2 Sy /2
(4 [
14 V.“ (\ 0 14 V.‘ (\ 0
A "o S
3m/2 3m/2

FIG. 3. Integration ranges and directions of angles. The solid
lines indicate positive sign and dashed lines negative sign.

forward-backward asymmetry, and similar integration tech-
niques have previously been used to extract angular
coefficients in four-body decays [29,30]. A diagram for
the integration ranges and directions of angles is depicted
in Fig. 3.

In the most general case, these seven asymmetries are
independent. This independence arises from the seven
|

A =

35+ \/=3203 + 7275 + 913

3T - /=323 + 7205 + 973,

The fact that the tension current vanishes (6; 3 = 0) in the
SM results in that ©, , 3 are always equal to 1 for any Y2,
but with effects from new physics which encompasses the
nonzero elements of the tensor current, they may signifi-
cantly deviate from one for certain Y. The ©,,3 as a
function of Y? are exhibited in Fig. 4. For clarity, we derive
the first-order approximation of ©, ;3 assuming that J; 5 3
are small quantities,

2% (5, 53>
@ z1+ _+_ )
! 1+7 (fz f3

f(l—f3)<51 2f1 | & 8fifatfafa 5_3)
SR R VO R Yoy r R
N t(1-1%)
®3’”H(z+zz)(8f%+8f%+f§)+3z2f3
P 5 5
x [§16f%+fzwl +fsz2}, (10)
with

independent form-factor-related parameters f;,34 and
01,3. Consequently, we introduce three parameters that

vvvv

tinguish the contribution from the tensor current,
o 2 Y2 - ml2 Tﬁ
3 Y 2 + mlz T7 ’

A m>\22Y, +37
O = —|[142L) 2227 ~"4
2 T3 |:< +Y2> 187T3T6

0,

Y
2727, +37,)]|°
1T, A 3 m}+1?
imlz + Y2 (ZTQ - 3T4)2
9z m? T
24272 T
LA (f m’f ; 6
6 ml + Y 2T2 + 3T4
L omj 4 Y?m} 4 2Y7 27, 4 37, ©)
54z Y? Y? Y ’

6

where

if Y2V0A1 + 4mAmV %AOAIZ < 0.

2
if Y2VoA; +4mamy 5EAgA 1, > 0.

_ M
=75
g:Sf?fer8f1f§+f§f3f4—f%f3f4(1 +27)
(fT = f2)(8f1f2 = f3f4) ’
_ 2411 fofi = Bfif2 + 213 f4)8f1 + 815~ f3)
8f1f2—1f3fs
8f1-8f2-f3-3f1
1+ 7
- :24f1f2ﬁ_(8f1f2+2f3f4)(8f%+8f%_f§)
8f1f2 = f3fa
8f1-8f2—/f3-3f1
1+17

+

El

+ + 1612, (11)

In the above, it is evident that ®,3 =1 when 6, ,3 = 0.

In summary, the angular distributions of five-body
semileptonic decays have three additional degrees of free-
dom compared to three- and four-body semileptonic
decays, resulting in unique angular asymmetries. Based
on these asymmetries, we have introduced three parameters
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FIG. 4. Distributions of ®, ®,, and ©5 as a function of ¥ 2 for
(a D™ - wuv,, (b) B~ = wuv,, and (¢) B~ — wrb, with
@ — %77 7~. The dark blue, teal, and dark red lines represent
0, ©,, and B;, respectively. The numerical values of the form
factors related to the SM are taken from Refs. [31,32]. To
simplify the discussion of new physics contributions, we fix

81/f1=06:/f>=63/f3 = 0.0L

0, 53, which are always equal to one in the SM for any Y.
These parameters are sensitive for the search of new
physics, without dependence on the data of form factors
and any particular new physics model. According to
Egs. (6), (7), and (10), ®;,3; may deviate from 1 when

tension current is present, and the magnitude of deviation
increases with larger 1 = \;”—Yl—z As a result, experimentally
studying five-body semileptonic decays involving heavier
leptons, such as B . — Vi0,/Vub, and D) — Vub,,
could yield larger significance. Furthermore, many
V — 2’7" 7~ candidates via strong decay can be used,
for example, D™ — wub,, D5 = ¢uv,, B~ = ouv,(10,),
and so on.

In general, five-body decays provide much richer infor-
mation through their angular distributions. This feature
significantly enhances the ability to separate SM contribu-
tions from new physics effects. For instance, in D — 7€y,
the limited angular information makes it difficult to
disentangle SM effects from potential new physics. In
D — pt, (p — nr), there are three angle-dependent para-
meters (out of a total of 5) [33], while in D — wfD,
(w — 72" 77), the number of angle-dependent parameters
increases to five (out of a total of 8). The larger number of
angular degrees of freedom in the latter case provides a
clear advantage. A similar situation also arises for B
mesons. In addition, by first determining the presence or
absence of a tensor current in the hadron sector, we can
isolate its contribution. This allows us to attribute any
anomalies in the angular distribution unambiguously to
right-handed or tensor currents in the lepton sector,
providing a clear path to investigate neutrino-related new
physics.

In this work, we have proposed a novel and model-
independent approach to search for new physics, and the
three parameters O , 3 introduced can be measured with
the datasets collected by BESIII [34], Belle II, and LHCb.
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