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In this work, we raise a novel method for searching for the Z0*-Z%" mixing effect in an angular

distribution analysis of the Z, — Z)(Az)¢*v decay, where the mixing effect can be observed by the
appearance of the = resonance. Armed with this angular distribution, the branching fraction and the
forward-backward asymmetry are predicted. We point out that the forward-backward asymmetry, as a

function of the invariant mass square of ) and the E0*-20" mixing angle 6., can be used to distinguish

the two resonances Z() and even provide a possibility to determine the exact mixing angle.
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I. INTRODUCTION

Particle physics describes all the fundamental materials
and interactions in our universe. After 2012, all the
elementary particles predicted by the Standard Model
(SM) had been observed [1,2], which makes the SM a
widely accepted theory for particle physics. However, it has
been widely recognized that the SM is just an effective
theory of a much more fundamental one, where the relevant
energy scale far exceeds the detection capabilities of
current experiments. The physics beyond the SM or the
so-called New Physics (NP), if discovered by these experi-
ments, will provide critical clues for us to construct the
fundamental theory. In the past decade, some signs of NP
have been observed by various experimental groups [3—6].

Heavy flavor physics offers one of the ideal platforms for
searching for NP. Recently, some anomalies in heavy
meson decays such as R [7] and R [8,9] have been
observed, which implies the existence of NP. Besides the
heavy mesons, nowadays the heavy baryon or especially
the charm baryon decays have attracted the attention of the
experiments [10], and a number of charm baryon decay
channels have been measured by many experimental
collaborations, such as Belle [11,12], LHCb [13], and
BESIII [14,15].
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In the last two years, the puzzle about the branch-
ing fraction of the BYT om0ty decays has emerged
from the deviation between the experimental measurements
and theoretical predictions [16-18]. In our previous
research [19], the branching fraction B(E) — E~e"v) from
the SU(3) symmetry prediction had six ¢ standard deviation
from the experimental data [20,21]. Furthermore, not only
the semi- but also the nonleptonic charm baryon decays
have the SU(3) symmetry breaking effect [22]. On the
theoretical side, the 58/ +—E/CO/ + mixing effect is the most
possible reason for explaining this puzzle [19,23-26].
However, on the experimental side, it is difficult to search
for such mixing directly since it always emerges in the
complex baryonic transitions. Therefore, finding a suitable
method to search for the E(C)/ +—E'CO/ +
main task of this work.

In this work, we choose the four-body decay =, —

EV(Az)¢*v as an ideal channel to search for the
=0/+ _=/0/+
=c "=

mixing effect is the

mixing. Here E is a spin-1/2 octet state and =’
is a spin-3/2 decuplet state. In principle, this mixing enables
9% to decay into Z’, so one should observe both the two
resonances = and E' in this decay channel. However, the
E. = E(Ar)¢"v is highly suppressed due to two reasons.
The first reason is that the E. — E’ process is suppressed by
sin 6. with 6, being the mixing angle. The second reason is
that the strong decay width of &' — A is much smaller than
that of E — Ax. Therefore this channel can hardly be
observed by the experiments. Instead of the branching
fraction, we propose the angular distributions of E, —
=0) (Ax)¢ v to search for the 5‘3/ +—E/¢p/ * mixing. Note that
= and =’ have different spins, which will lead to different
angular distributions of the Az states. It is possible for the
experiments to distinguish the two resonances = and Z' by
distinguishing two exactly different angular distributions.

Published by the American Physical Society
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This paper is organized as follows. In Sec. II, we give the
theoretical framework of this work, where the helicity
amplitudes for E. — E()(Az)¢*v decays are adopted to
derive the angular distributions. In Sec. III, we give the
angular distributions analysis of this process and put
forward an observable for searching for the EB/ +-E/CQ/ +
mixing effect. In Sec. IV, the numerical results are
performed using the form factors from Lattice calculation,
light cone sum rules, and the light-front quark model in
order to validate our analysis. In the last section, a brief
summary will be presented. Some calculation details are
collected in the Appendix.

II. HELICITY AMPLITUDE

The deviation between theoretical prediction and

experimental results can be explained by the EB/ +—E/Lp/ *

mixing [19,24]. The E ”0/ * ”’0/ * mixing is a very natural
assumption since the quantum number such as spin and
parity is same %““ for both E?./ T and ZY7. In previous
studies [19], the mixing effect was introduced quite
naturally by considering the mass division of the strange
quark and up/down quarks.

After the mixing the physical state (E¢ o/+p ) is expressed as
g0/+p :E(C)/+COS€ + = sind,., (1)
N0+

where Z.”" " are the flavor eigenstates. The physical state =
can decay into a decuplet baryon state &' which is forbidden
without the mixing effect. Therefore the processes Z¢ —
='¢"v can be used to search for the mixing effect. However,
as mentioned before it is difficult to measure this process
directly because the =2 — =Z'#*v will be suppressed by the
factor sind,.

To search for the forbidden process 7 — Z'#*v, we will
focus on the cascade decay process Hf - B (Az)t v
Although the resonance Z' may have a tiny contribution
which can be seen as the systemic error, the angular
distribution will provide additional information about the
decay processes.

The kinematics of Z cascade decay are shown in Fig. 1.
In the rest frame of the 1mt1a1 state =7, the = Z() moves along
the z-axis. The angle ¢ is defined as the angle between the
leptonic decay plane and Z) cascade decay plane, while
0(8,) is the angle between the moving direction of £*(A)
and the positive (negative) direction of the z-axis.

Using the Breit-Wigner form for the resonance, we can
divide the amplitude of the cascade decay into several
Lorentz-invariant parts such as

M(EE - EV)(Am)£ty)
= ZZ iM(EE - BV ty)
T2y Sz0

i
x iMEY - Az), (2
p%—m + imgo FE()I ( > Ar) )

with the momentum of resonance p& = p/\ + ph.

A
’ [
"O/“ J = /4‘ /
/ ) / / Z

FIG. 1. The kinematics for the ¢ — Z()(Az)¢*v. In the E
baryon rest frame, the Z) moves along the z-axis. The 6(6,) is
defined as the angle between negative (positive) z-axis and the
moving direction of Z* (A) in the W (E(") rest frame. The ¢ is the
angle between the Z) and W cascade decay planes.

For the B¢ — BV ¢ty process, the relevant effective
Hamiltonian is

G
Heos = a

ZE v (1
ﬁ[ r(

—7s)coy, (1 —ys)¢] + He.. (3)

With the use of this effective Hamiltonian, the decay
amplitude is written as the production of hadronic helicity
amplitude and leptonic helicity amplitude:

l./\/l(’_‘i7 Z\/—Vjcﬁs_yyp(l _]/S)er ( W)

x (B57(1 = ys)c|E)en(sy)

= 27% SO xhE . (4)

The Lorentz-invariant amplitude iM(Z") — Az) can
be described by the Wigner function and is parametrized
as [27]

iM(EV > Ar) = A x D, (¢=.0,). (5

where Jz is the total spin of Z() and szn, and s, are the
=2 9/\) is
the Wigner function [28] and ¢z is the angle of the ) Az
plane and x-z plane. The ¢= is setting as 0 because there are
three degrees of freedom in angle in the cascade decay
process, and the x-z plane and Z() Az plane can coincide in
our work. The coefficient A"} can be determined by the

decay width (") — Ax):

helicities of Z) and A respectively. The Df;,)m(

A \/F(E — Am)8zm/|p,|

Al = \/F(E’ — An)16zm2, /|pal- (6)
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Then the total amplitude is expressed as

M(EE - - Bl (Aﬂ Vv g E Vﬁs
=) Sz0)> Sy
J=0) Sy J=
x HSECA,SE(,) LS; (¢7 Q)DSE(,) JSA ( = QA) )
H./E(,) o lA(/) hSEC

Sge8=0) T 2 2 . r s s

Pz — Mgy T imgol o 5wz

52
=Lgoh ™ ). (7)

The differential decay width is expressed as [29]:

(2ﬂ)4
2m

dr = dIl, x |M(E - EO(An)t) |2,

where dIl, is four-body phase space integration.

III. ANGULAR DISTRIBUTION

The differential decay width and other relevant
observables of the four-body decay Z, — EV)(Az)¢*v
depend on the angle ¢, 6,0, as shown in Fig. 1. Now,
expanding the Wigner function and the leptonic helicity
amplitudes in the differential decay width, we arrive at the
deferential decay width in the Appendix. The resonance
=’ can be detected by analyzing the shape of the differen-
tial decay width dI'/dp% as a function of pZ, which
reads as

dr
dp

87
= jp(wﬂl —3Ly3 = 3Ly + Lua), )

(x>

where the function L;; are shown in the Appendix. This
observable will have a peak around the pZ = m2, according
to the Breit-Wigner form of the resonance. The contribution
from each resonance is proportional to the branching
fraction B(E!) - Az). Therefore the process Z/ —
E'¢Tv is very difficult to observe since the branching
fraction B(E' — Ax) is extremely small.

Besides the decay width the forward-backward
asymmetry is another important observable. In this work,
we define the normalized forward-backward asymmetry
AFB as

dr
dAFB fO f d cos HA dpdeOS N
2 1
dpg f d cos Ox dpdeOSGA

B 29L;, = 3Ly5 — 3Ly + L44

4 Zs— S5 (H%“ S“H*“ 2 )
32&5 QIH WP + )

(10)

where
1 «
SR (Hic s e
_ (pE-m2)(pt—mz)—Temzlzmg
T (P2 —m27 + TZm2)(p2— m)? + T4
X (cos 96.h§:j?; + sin Gchs:v ") sin 6, h‘:,_ . (11)
h? S}i and h ;,) is the hadronic matrix element with the

SyaSz

triplet charm baryon and sextet charm baryon as

|
R = EV1sr (1 = rs)clE)es(sy). (12)

It can be found that the forward-backward asymmetry is
proportional to the interference of the amplitudes induced
by the 2 and E' resonances. Therefore, although the
amplitudes induced by Z' are suppressed due to the tiny
decay width of &' — Az, Apg is still enhanced by the
amplitudes induced by Z, which makes it possible to
measure Apg by the experiments. Furthermore, since the
App obtained here is a function of 6., we can deter-
mine this mixing angle as soon as the exact value of
Apgg 1s measured. We will give the 8, dependence of Agg in
Sec. III.

On the other hand, as we discussed in Ref. [27], it is
possible to distinguish the resonances with different spins
by Agg. For the decay process of this work, the dAgg/dp2
will have two zero points, s; ~ m2, s, ~ m2,, which can be
obtained by solving the equation:

F:mEFE/mE/
= mz = ;12, —m2 +O0(T=)%,
1
Sy = E (mé + m%., + \/(WL% - mé,)z — 4F:m:F:/m:/>
Iem=l'smg
=m§,+%+0(rg)2- (14)
mg, — mz
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Note that I'z(j530) = 0.0091 GeV is extremely small,
thus only using the leading term of each solution is pre-
cise enough for the following studies. Now, dAgg/dp%
has two zero points and each one is around the mass
pole of E or E'. This enables us to distinguish the two
resonances and provides the evidence of the E(C)/ +—E(3/ +
mixing.

IV. NUMERICAL ESTIMATION

In this section, we will give a numerical estimation by
calculating the hadronic matrix element h'=  with the

Sy

form factors from Lattice results [17], hght cone sum
|

— #(p=. )[m" 4!

(@851 = rel=) = x alpasa) 1+

_ p
— i, (pz. S=) [(GN/” +

The form factors of E. - E are evaluated in Lattice
QCD [29]. The form factors of E. — E are evalu-
ated by light cone sum rules in Ref. [30]. The form factors
of E. — &' are derived by the SU(3) relations [32] with
form factors of Q. — Q process which is evaluated in
Ref. [31] with the light-front quark model. Note that
although this literature only calculated the form factors
for Q. — Q, using SU(3) relations we can transform them

into those for E, — E by simply multiplying a factor

\/2/—3 on them.

In our analysis, we do not distinguish the processes
270 - 20~ (An)etvand B2 — BO(Ax)et . Therefore,
it is suitable to give the numerical analysis for the =0
2= (Ax)etv process as an example. In the first step, the
B(E - = et
the information of B (EE/) — Ar) and the mixing angle can

be evaluated as . = —0.164x compared to the Belle data
B(E! - EeTv,) = (1.31 £ 0.04 £ 0.03 £ 0.38)% [20].

v,) can be estimated as it does not require

io*q,

(Elsy*(1 —ys)c|E,) = X(ﬁ(pE’SE) [fl)’” + o

oMY H
4y

. ic"q
—u(pa,sE)[g’ly” +— S+

=
(=

— = - _ p
@51 = 1)l = (s | (Fur + 22

rules [30], and the light-front quark model [31]. The
hadronic matrix element is defined as
h?‘;w = <E(/)

wiSz

eu(sw),  (15)

where the initial state |=7) is physical state, which is the
mixing state of the triplet and sextet charm baryon state in
Eq. (1). Then the matrix element can be expressed as

(Elsy*(1 —y5)c|E) = cos 0, ([5y* (1 —ys)c|Z,)
1 5in 0, (Z[57(1 — rs)cl=L)
(E[57*(1 = ys)c|EL) = sin@ (F'[5y*(1 —ys)c|EL).  (16)

These hadronic matrix elements can be expressed by form
factors such as

[s7#(1 = ys)c|E)

"~ p]utps, 5z

=,

c

q
gz+

93} rsu(pz, S_€)>,

"q
e yf/2+ /}”(PE(,,SEC)

"
. }ysu(pa_,sa))

4

P=
Pz F3) - +9”’”F4} rsu(ps, ., sz,)

;4
~G, + Pz
ms

p
G)p“C
m

=
e

+gﬂﬂc4]u<paf,sgc>). (17)

=
—c

|
We also noted that the mixing angle is evaluated as 0, =
4+0.1377 in Ref. [24]. The B(E! —» EVe*y,) with 0, =
+0.137x are given as

B(E! - Eetv,) =3.5x 1074,

B(E! - Eetv,) = 12.3%, 0. =0.137x,

B(E! - Eetv,) =3.5x 1074,

B(E! - Betv,) = 0.5%, 0. =-0.137z.  (18)
In our calculation, the branching fraction B(ZE' — An)

is determined by SU(3) flavor symmetry prediction
B(E' — Ar) =5.02 x 10713 [33] since it has not been
detected in experiments yet. For the decay width, the
numerical results can be derived by integrating out the

2,¢* and angle 0,¢,60, with the 6, = —0.164z and
0. = £0.137x in Table L.
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TABLE 1. Numerical results of the decay width, branching
ratio, and forward-backward asymmetry, where the Z~ or Z'~ in
['(Z~) and B(E")") represent the possible resonance in the
cascade decay process E0 — Z)~(Azx)etw.

Observables 0.=0.137z 6.=-0.137Tr 0.= —0.164n
I'(E7) (GeV) 2476 x 10713 2,198 x 107'* 1.678 x 10~
T(E7) (GeV) 4975 x 1072 4975 x 1072 4.975 x 10728
[(EY7) (GeV) 2476 x 10783 2198 x 10714 1.678 x 10714
B(ED-)(%) 5.68 0.504 0.385
Apg(GeV?) 0.0647 —0.0557 —0.0466

When the mixing angle 6. becomes zero, the branch-

—

ing fraction of the process will become B(:fo -
E~(An)etv) =2.4%. It is consistent with the previous
work [29]. We also present the differential decay width
dl'/dp% as a function of pZ with different .. in Fig. 2. In
this figure, one can find that the contribution of the =’
resonances is tiny. Since the initial state Z is the mixing
state of the triplet and sextet charmed baryon, our result will
also depend on the mixing angle. Therefore we also present
the 6. dependence in Fig. 2.

For the forward-backward asymmetry, we can estimate
its value by integrating out the pZ in Eq. (10) and obtain its
value with different 6, in Table 1. Since Agg is sensitive to
the mixing angle ., we can study the 6. dependence of
Agg. The distribution of Apg(6,.) is shown in Fig. 3. One
can easily find that Agg is zero when the mixing angle
vanishes 6. = 0 and increases with the growing of . in
6. > 0 region. However, Arg gives a very interesting curve
in the 8. < O region. For the 8. > 0 case, App is determined
by the offset between values in the p2 € [m%, m%| and
p% > mZ regions. But for the 6, < 0 case, since the sin(6,.)
is negative, there is a third zero point s3 appearing in the
figure (c, d) of Fig. 3. This zero point can be determined by
the equation as

s(zc S5 20(Ame” ve)

P

(c;

P2

(@

FIG. 2. Branching fraction as functions of the mixing angle (a)
and pZ with 6, =0.137z (b), 6. = —0.137z (c), and 0, =
—0.1647 (d).

(Ame’ ve)
g
O nme've)ip.
s o o
8 8§ 3

5
S
&
dApp(Z->= e've)lp="
s 8
2 2
s &

Ar(Ze->Z0(Am)etve)ip:
TN

g 8

8 <
Aro(Ze->Z0(Am)e"V )p.
Y

g 8 8

8 ® 8

20 25 30 35 4.0 20 25 3.0 35 4.0
© @
FIG. 3. Forward-backward asymmetry as functions of the

mixing angle (a) and pé with 6. = 0.137x (a), 8, = —0.137x
(b), and @, = 0.164x (c).

cos Hchixsf + sin Hchfﬁ; =0. (19)

SwiSz

When pZ > s3, the value of Apg is negative and therefore
the total value of Apg is negative. This analysis can be
confirmed in p% dependence Agg with 6. = +0.1377 and
0. = —0.164x which is shown in Fig. 3. Therefore the 6,
can be determined by measuring Agg in the 8, > 0 region,
and in the 6. < 0 region the 6. can also be determined by
considering both Agg and the branching ratio in the
experiments. Though the mixing angle can not be deter-
mined by only one observable like Agg in the 8. <0
region, the measurement of Arg will be strong evidence of
the existence of the mixing angle. The distribution of
dAgg/dpZ shows two zero points which are around the
mass poles of E and &' respectively, which is a strong signal

of the BV &+ mixing effect and can be measured by
future experiments.

V. SUMMARY

The angular distribution of 2 — E()(Az)/*v is ana-

lyzed in this work by introducing the E(C)/ +—E/CO/ *
effect. Due to the 5‘3/ +—E'CO/ + mixing effect, the physical

state =7 can decay into AzfTv by the resonance Z'.

Therefore the four-body cascade decay process ZF —

2" (Az)¢*v becomes a good platform for searching the
=0/+_=/0/+

mixing

mixing effect in the experiment.

We have introduced an observable, forward-backward
asymmetry Agg, which can be used to search for mixing
effect and measuring the mixing angle 6.. Compared
with the differential decay width, the advantage of Apg
is that it can reflect both the Z and E’ contributions,
and has a good monotonous dependency on the mixing
angle 4..
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In our numerical estimation, we achieved the value of
decay width and branching fraction with 6. = £0.137z
and 6, = —0.164x in Table I. We find that the contribution
of the Z’ resonance is ~107'2%. We also estimate the value
of integrated Apg in Table I and study the 6. and p
dependence of Apg. We believe our research will provide
useful guidance for searching for =2 =0/t m0
in future experiments.

mixing effect
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APPENDIX: ANGULAR DISTRIBUTION FORMULA AND ITS COEFFICIENT FUNCTIONS

dar
= P(Ly; + L1080, + Li3c0820) + (Ly; + Loy cosOy) cos2¢p

d cos 0d cos 0, dpd pLdq*

where g* = ’é — phand m, = <.
q P= P= ¢ \/q—

the coefficients L;;

+ (L3; + L3y cosOp + L3 cos26, ) cos 0

+ (Lgy + Lyp c082¢p + Lz cos O + Ly cos 20, + Lyscos 20, cos2¢) cos 20

+ (Ls; sin@p + Ls, sin26,) sin @ cos ¢p + (Lg; sin @y + Ly, sin 26, ) sin 20 cos ¢
+ (Lyy sin@p + Lo, sin 26, ) sin@sin ¢ + (Lg; sin @, + Lg, sin 20, ) sin 260 sin ¢
+ (Lo + Loy c0828,) sin2¢p + (Lo + Lyg cos 20, ) sin2¢p cos 26),

G2V (1= ) Az, /PR )i

)AL/ P2 mp.my)
2 (2n)6512m Pz

P= (A1)

2

(my,my, m3) = (my + my)? —m3)((m; — my)* — m3). The expressions of

in Eq. (A1) are given as

2 3 1 3 3 1
Liy == (2 1) (2 (318, > + 161 > + 10/H] > + 5|Hf LR+ 8|Hi_l|2)
22 22 22 22 2 2

3¢% 3
Liy = = (3 = 1) (=2 + 12| > + (2 +3) (|1 - |H%;|2)) + ((s5,.52) = (=s5,.=s2)).
22 2
V3q* N
Ly = 4q (M7 —1)*R, (H;%Hg_%) + ((s2,, 52) = (=55,, —5=)), Ly ==Ly,
2 3
Loy = =T (2 = 1) (31H} 2 = SIH] > = 8|H] ) = ((53,.52) = (=52, =s2)).
Ly = 8¢2(i2 = 1) (Re(HL 1Y) ) = ((s2.052) = (=52, =s2)).
22 22
3q% . 3 3
Ly == (0 = 1) (|H} P + 1H] ) = ((s5,.55) > (=s2,.=s2).
22 22
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2
q ;. 3 3 1 3
Ly = g(mﬁ —1)2 (3|H2.%|2 — 10|Hf%|2 — 16|H;%|2 + 5|H: _%|2 + 8|H: _%|2) + (2.0 55) = (=5
q2 ~2 2 3 35
Ly = Z(mf -1) (\@Re (HE% %)) + ((sg.55) = (==
3 Ly 3
Ly = —2g (i — 1)2(2726 (H;l ;l) ~R, (Hi B
272 22 773
36]2 ~ 3 3 3
Las = =g (22 = 12 (JH}3 2+ 20 P = [H ) + (o2

N\—mwg:
S——" S

o i

B _SE)>’

L,
Lg = qz‘/i(ﬁié - ])2 (_\/gRe (HEQHEL 1_1 1_ . SE
22 22 2 2 2 2
3 . 301,
Lgy = ‘12 5(’”% - 1)2736 (H;%H;%) + ((SECaSE) - (_SEC’ —Sw)),
Ly = P22t 12 (1, (8 B + 1, (H H V3T, (H: 1 Cse) > }
71 =4 (m ) m{H1 111 +1y TR + m\ A1 =+ (<s~ J:) ( Sz, s~>)7

2 JE (2 2 S Tel 1

Ly, =gq \/g(mf -1)°Z, (H%,%H%%) + ((sz.,55) = (=s5,.—55)). Loy = _2—\/51482’ Loy = —Lo;

Loy = Loy, Ly = Lo;.
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