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Abstract: Measurements of decay asymmetry parameters of charmed baryons, e.g., E., provide more data to test the
W-emission and W-exchange mechanisms controlled by strong and weak interactions. Taking advantage of the spin
polarization in charmed baryon decays, we investigate the possibility to measure weak decay asymmetry parameters

in the e*e™ — =089

.= process. We analyze the transverse polarization spontaneously produced in this process and the

spin transfer in the subsequent Z. decays. The sensitivity to measure the asymmetry parameters is estimated for the

decay &, — Er.
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1 Introduction

Evidence for charmed baryons = and =0 was repor-
ted for the first time by a hyperon beam experiment at
CERN [1] and subsequently confirmed by other experi-
ments [2— 6]. Recently, precise measurements of their
masses are obtained from the hadron collider experi-
ments [7, 8]. Some exclusive decay modes are estab-
lished by experiment, whereas fundamental properties,
such as the spin and parity, are still unconfirmed. Their
quark contents are assigned as usc for Z and dsc for =0
baryons. In the S U(4) quark model, these two states are
referred to as the 20-plet with SU(3) octet. Hence, spin
and parity are assigned the value of {.

The charmed baryon decays are suggested to be a
unique laboratory to study the strong and weak interac-
tions. Compared with the charm meson decays, the W-ex-
change processes are believed to make significant contri-
butions due to the absence of color and helicity suppres-
sions. This argument is confirmed by the recent measure-
ment of the branching fraction of A} — E°K* [9].
However, it is difficult to make reliable calculations on

this process, since it involves nonfactorizable amplitudes.
In contrast, decay rates and asymmetry parameters for
Cabbibo-favored decays, e.g., 22 — Z 2" and E — =07,
were calculated by numerous research groups [10—15].

The measurement of the decay asymmetry parameter
would provide information on the nonfactorizable contri-
butions to the decay. To date, this is measured only for
the 20— =Z-x* decay, namely, az =-0.6+0.4 [16].
However, the theoretical predictions are obtained with
large uncertainty, falling in the range (—0.99,-0.38)
[10-15]. A similar situation happens with the ZF — =07+
decay, and the asymmetry parameter was calculated to be
az =1 [11], whereas other calculations predicted this
parameter in the range (—1,-0.27) [10, 12—15] with same
convention.

In this work, we motivate to analyze the Z0 spin po-
larization and demonstrate how it is transferred to the de-
cayed particles in the process e*e” — E0Z0. Taking ad-
vantage of the enhanced production cross-section near the
mass threshold, a data sample may be taken around
vs=35.0 GeV in e*e™ colliders, such as the Super-Tau
Charm Factory [17]. The formulas are also applicable to

=t+te—

+,— -
the process ete™ —» EX =,
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2 Transverse polarization of =.

We suppose that the charmed baryon pairs are pro-
duced from the unpolarized beam e*e™ collisions, namely
ete” — Z.5.. We assume that the collisions take place
around the energy point /s = 2Mz, and its cross-section
may be enhanced close to the mass threshold of charmed
baryon pair, which is similar to the enhancement of the
ete” — AJA; cross-section, as observed in experiments
[18]. The Z-boson contribution to this process is negli-
gible due to the center-of-mass energy far away from the
Z-boson mass. Hence, the electromagnetic process dom-
inates the cross-section, and it conserves the spin parity.

In the production plane formed by the electron beam
and the outgoing charmed baryon, the charmed baryons
align in the longitudinal direction during the production
of this process. However, the charmed baryon may be po-
larized along the direction normal to the production
plane, as long as the process can acquire a phase angle
difference between the electro- and magnetic-form
factors. This kind of transverse polarization (TP) is ori-
ginated from the tensor polarization of J/y decays in e*e”
collisions, and it has been theoretically studied for a long
time [19—25]. Recently, the transverse polarization of A
baryons has been observed in both continuum process
and J/y decays [26].

The transverse polarization of the charmed baryon
makes the subsequent weak decay to become a spin po-
larimeter, such that its decay asymmetry parameter can be
measured by analyzing the angular distributions of decay
products. The spin density matrix can be formulated as:

p= = %(P;Iwﬁi ), M
where POE‘ is an unpolarized cross-section, Ij is a 2 x 2 unit
matrix, and P= is a polarization vector. The spin density
matrix is normalized as Ps" = Tr{p™], which means that
the degree of polarization is defined as 501_5 =Tr[p% 0]/
Tr[p=] (i = x,v,z), associated with the Pauli matrices o;.

Calculating the spin density matrix is straightforward.
In the production plane, the orientation of the charmed
baryon is denoted by a polar angle 0 spanning between
the positron beam and the outgoing direction of the
charmed baryon, as shown in Fig. 1. With helicity amp-
litudes defined in Table 1, the elements of the Z0 spin
density matrix are calculated to be

pi,zg = Z D1, (9,6, O)Dimgral (¢,6,0)
X A/Lh/hAj(’,,/L ’ (2)
where D}m 1(#.,6,0) is a Wigner-D function; the sum runs

over the virtual photon of spin z-projection, m = +1. To be
more specific, one has

CM frame =0 rest frame

=0 rest frame = rest frame

e

f

=~ rest frame A rest frame 3

Table 1. Definition of decays, helicity angles, and amplitudes, where
A; indicates the helicity values for the corresponding hadron.

decay angles amplitude
ete” > E0A0)EAA) 6.,9) Aoy

2 E () ©1.61) By,
2T > A3~ (92’¢2) G/IS

A - p(A)r (63,¢3) F,
=, =, 1 2

P =p | ==(l+acos"0),

EE 7 2

= Z . 1, . .
pE =07 = —giV1-a%sine)sin(Ag). ()

|A|,/2,4,/2|2_2|A|/2.|/2|2
|Al/2,—|/2|2+2|A|/2_|/2|2
meter of the charmed baryon, A, is the phase angle differ-

where @ = is the angular distribution para-

ence between the two independent helicity amplitudes
Ai2.12 and Ajjp_12. Here, the spin of £ is not observed
in the calculation. Then, the degree of =) polarization is
calculated to be

PE =P =0,
P = V1 —a?sin(26) sin (Ag) . @)
) 2(1 + acos? 6)

The results indicate that in the production x-z plane,
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the polarization of the charmed baryon vanishes, whereas
the TP component normal to the production plane
emerges, provided that the factor V1 —a?sin(Ag) has non-
zero value.

3 = spin density matrix

We further consider the single tag decay = —
E-(A)n* and E? decays to anything, such that high effi-
ciency is achived. Its helicity amplitude is denoted by B,,,
and the orientation of =- is described by the helicity
angles (6,,¢1). Here, 6, is defined as the angle between
the == momentum in Z? rest frame and the Z° mo-
mentum in the e*e™ center-of-mass (CMS) system, and ¢,
is the angle between the =~ production plane and its de-
cay plane, as shown in Fig. 1.

The =0 weak decay gives rise to the longitudinal po-
larization of Z- by an amount of SD}: az, along the =~ fly-
ing direction. Hence, this decay can be used to measure
the E, polarization degree if the decay asymmetry para-
meter az, is determined. Since the decay violates parity,
any difference between the two helicity amplitudes B.;,,
characterizes the decay asymmetry distribution. Thus, the
decay asymmetry parameter is defined by az, = <|B+] nlP-
|B,1/2|2)/(|B+1/2|2+|B,1/2|2). This definition is consistent
with the Lee-Yang parameter defined with the S- and P-
wave [27].

Using the obtained spin density matrix p™, the =-
spin density matrix is calculated by

E‘ Zp,{o 3;AZ(¢I’GI’O)D/1§6J§
Ao,

><(¢1,91,0)34sz5, ®)

where Djm ﬂz(¢1,91,0) is the Wigner-D function.
The further simpliﬁcation yields

PTiP%: =—<P~ +az P} sindy singy),
= o 1 ,1
11 = 11 = _e —CX._
Pt =P-Ls 4

PV: (cos Oy sing +icosdy), 6)

where A; is the phase angle difference between the two
helicity amplitudes Bj/; and B_;,,, and the &, spin polar-
ization components are taken as

- [
[

=1+acos?0,

)= _% 1 —a?sin(26)sinAg.

= o,.?n]
1l |
)
o
5

B

~

The =~ angular distribution is given by the trace of its
spin density matrix, namely

W5(9,91,¢1) o 1 +a’COS29+ V1 —a/zagc
X sinfcosfsin @ sin ¢y sin Ag. @)

The above distribution can be understood from the role of
=0 spin polarimeter, i.e.

Wz(0,61,41) = Py [1+P5az sin@)sin(d)],  (8)

where P?“ is unpolarized cross-section.

The spin transfer in the 0 decay is twofold. The =-
transverse polarization entirely originates from the =0
transverse component, and the decayed =~ acquires some
longitudinal polarization partly from the Z0 transverse po-
larization, and partly from the weak decay. The elements

of its polarization vector are calculated to be

I

- 1 -

P = 5 41 —aéP}‘,' (sinAjcos¢; —cosAjcosb singy),
- 1 -

Pf, = 5 1 —aéP}‘,' (sinAj cos6; sing +cosAj cos@y),
= l = . =

Pz = E(QE‘ Py —sinf, Py“” singq).

)
4 Joint angular distribution

To optimally use the information available in the ex-
periment, we formulate the joint angular distributions for
the full decay chain, namely, ete” — 2050 50 — =7+,
E” — An~,A — pr, and E? decaying into anything. The
first two decay chains have been encoded in the =~ spin
density matrix, and thus allow us to construct the com-
plete decay amplitude beginning with the =- decay. Heli-
city amplitudes for =- and A decays are given in Table 1,
and their decay asymmetry parameters are denoted by az
and a,, respectively, defined by a= = (G2 = |1G_1,2*)/
IG12P +1G_10P?,  and  aa = (IF 12l —1F-12))/IF1 2>+
|F_12|*. Helicity angles, (62,¢,) for 2~ — An~ and (65, ¢3)
for A — pn~, are illustrated in Fig. 1. Subsequently, the
joint angular distribution for the full decay chain is calcu-
lated by

(W(9791992703’¢],¢27¢3)0C Z pfb/{;(0701’¢])

A=+

XD}, (2,602,0)D3 ) ($2,65,0)

XD; ). (¢3,65,0)D;, , (¢3,63,0)
XG4 GylFa . (10)

After the ¢5 angle is integrated out, the simplified expres-
sion in terms of decay asymmetry parameters is given by

W(6,61,05,03,¢1,¢2) < Wx(1 +apazcosbs)
+ (ap cosbs + ag)(Pf sinf; cos ¢,
- P}E, sinf, sing, + PZE cosby). (1)

If we do not observe the angular distributions for the

013002-3



Chinese Physics C Vol. 44, No. 1 (2020) 013002

last step decay, we integrate out the angle 65. Then, we
have a reduced distribution in terms of the = spin polariz-
ation as

WA(6,01,05,61,42) « Wz +azPZ cosb,

+ = sin 0, (P cos ¢y — P5 sing). (12)

5 Spin observable

The transverse polarization of charmed baryon is
spontaneously generated from the e*e” annihilation,
which is characterized by Eq. (4). The charmed baryon
carries a reverse polarization degree in the detector of the
east and west region, and it has a net-zero degree of po-
larization in the full coverage of detector. To display its
distribution relative to cos# in the data analysis, a general
way is to fill the distribution of (sin#;sin¢,) relative to
cos®, which makes it independent of the measurement of
the angular distribution parameter «@. Here, the average is
defined by

(sinf; sin¢gh1) = %f‘Wg(G,Hl,q}l)sinel singd(cos8;)d¢;
1 =
= EP;‘ as,,
(13)

with a normalization factor

N= f W=(0.61,¢1)d(cos 6y)der.

A Monte-Carlo (MC) simulation is performed to gen-
erate events using Eq. (7), with a naive choice of para-
meters az = —0.1, « =0.3. Thus, we fill a histogram of
cos® with a weight of sinf; sing;/N as shown in Fig. 2,
here N is the number of generated events. With a suffi-
cient size of MC sample, one can see that the filled distri-
bution of (siné; sin¢g) relative to cosd can be described

02

_+_

20

(sin6 1sin<|)1)

T
1

o b L s by by b b L b 1
-08 -06 04 -0.2 0 02 04 06 038 1

AR RRRRE RRARE LR

cosf
Fig. 2. (sin6; sing;) distribution versus cos@. Dots with error
bars are filled with 1.0 million MC events, and the curve
depicts a comparison with the charmed baryon transverse
polarization P)Ef‘.

with the Pf,‘ distribution, as given by Eq. (4).
6 Sensitivity of = measurement

To measure the decay asymmetry parameter az,, we
make use of the decay chain to the greatest degree pos-
sible. The precise measurement benefits from the full de-
cay chain of polarization information, which is expressed
in terms of hyperon = and A weak decays. We assume
that the az, parameter is extracted from fitting the nor-
malized angular distribution w (6,01,60,,05,41,¢,), defined
by W(6,01,0, 03,¢1,42)/ [+ [W(---)dcosdcosbdcosb,
dcos6sdg dg,, to data event by event with a likelihood
function

N
L=][W©.61,0,,05,61.¢2,05), (14)
i=1

where N is the number of observed events. The statistical
sensitivity associated to the parameter estimation with the
maximum likelihood method is determined by the relat-
ive uncertainty

VViaz)
laz|

where V(ez,) denotes the variance of the parameter az,
which can be determined by

Slaz) = (15)

V_](a:)sz~ ! [a@(ei,@,aa)r
- (W(Oi’ ¢ia as, ) aa’E(

xﬂdcose,-ﬂdqs,. (16)
i j

To obtain the dependence of sensitivity on the signal
yields &, we estimate the value of §(az ) by taking the
parameters [28] as az = —0.392 £0.008, @5 = 0.750+0.010,
whereas no measurement is available for the Z, angular
distribution parameter, we naively assume « =0.6. The
parameter @z, sensitivity is calculated as follows:

0.251*5:002 1.943+0.008
—— <d(ag) < ———, a7
YN VN

where the uncertainties due to the az and a, uncertain-
ties, and the lower and upper bonds are determined by
taking the @z = —0.1 and 0.9, respectively. Here, uncer-
tainties are due to the az and a, uncertainties.

Regarding other az values, we plot the sensitivity
versus the =, statistics, as shown in Fig. 3, where the ex-
perimental effects, such as the backgrounds and the de-
tection angular acceptance, are not taken into considera-
tion. If we take @z, = 0.6+ 0.4 for the E% — Z-n* decay,
the signal 50000 events yields sensitivity of this paramet-
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Fig. 3. (color online) The az, sensitivity relative to signal

yields N in terms of different value az,. Curves from top to
bottom correspond to ez, values of -0.1, -0.5, and -0.9, re-
spectively.

er reaching the precision of 0.1 ~ 0.9%. The az, measure-
ment can be performed in the super KEKB, or in the fu-
ture Super Tau Charm Facility, which was proposed by
Chinese and Russian physicists, with the center-of-mass

energy from 2 to 5 GeV.
7 Summary

We formulate the polarization in the process
ete” — EYZY motivated by the study of weak asymmetry
decay parameters for the =, — En decay. As in other con-
tinuum process, the transverse polarization may be spon-
taneously generated accompanied by the baryon pair pro-
duction from e*e” annihilations. We formulate the decay
asymmetry parameter for the weak decay E, — Ex, and
we show how the transverse polarization is transferred
from the charmed baryon to the decayed = hyperon. Tak-
ing advantage of the full decay chain, we formulate the
joint angular distributions for the decay chain = — Ax
and A — pn~. A Monte-Carlo simulation is performed to
show how to display the transverse polarization effects.
The sensitivity to measure the @z_asymmetry parameters
is estimated with the full decay chain formula.
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