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Abstract:

We propose to measure the decay asymmetry parameters in the hadronic weak decays of singly charmed

baryons, such as AY — Ant, 207t pKo, 22 ==~ nt and Q0 — Q- nrt. The joint angular formulae for these processes

are presented, and are used to extract the asymmetry parameters in e

Te~ annihilation data. Base on the current

A¢ data set collected at BESIII, we estimate the experimental sensitivities to measure the parameters a,,+ for
A = AT, asg 0 for AF — 2710 and aso,t for AF — 207",
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1 Introduction

As hyperon decays, the hadronic weak decay of singly
charmed baryons, B., is expected to violate parity con-
servation. In the quark model, B, consists of a charm
quark (c) and two other light quarks (u, d and s). The

ground state B, has spin —, and decays via the weak

interaction, dominantly producing final states involving
a particle with strangeness. For example, the two body
decay, A} — Ant, goes via a W-interaction, ¢ — W +s,
where P-parity is not conserved. S- and P-waves are
allowed between the A and 7™ particles. The parity
violation is manifested by the polarization of charmed
baryons, which is characterized by the angular distri-
bution of A in the A rest frame, taking the form of

Table 1.
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dN
dcosf,
metry parameter.

Some decay asymmetry parameters in B, decays, e.g.,
apy for AT — At and ast,o for AT — Eta® have
been measured in the FOCUS [1], CLEO [2-4] and AR-
GUS [5] experiments, as listed in Table 1. Measurements
of apr+ are consistent with each other either in the ete~
annihilation or photoproduction experiments within one
standard deviation. However, their precisions are poor
with relative uncertainties larger than 15%. Average val-
ues of these parameters [6] are ap+ = —0.91£0.15 and
asoq+ =—0.45+0.314+0.06. For =2 — =~ 7" decays, only
one measurement from eTe~ annihilation was performed,
and a=-,+ was measured with relative uncertainty of
41% as listed in Table 1.

x 1+ aprcosfy, where aXC is the decay asym-

Experimental measurements of decay asymmetry parameters o+ for AZ — A", asy,0 for AT = S0

and ag— .+ for 22 — Z~ . The theoretical predictions are also listed.

data sets

experiment Qp ot Qs 0 [ T p—

FOCUSJ[1] YA ~ 80 GeV —0.78+0.1640.19

CLEO [2] ete™ ~T(45) —0.9470-2110-12 —0.4540.3140.06

ARGUS[5] ete™ ~10.4 GeV —0.9640.42

CLEO [3] ete™ ~10.6 GeV -1.1194

CLEO [4] ete™ ~T(45) —0.5640.3970-59

_ —0.70[7], —0.67[8] 0.71[7],0.92[8] —0.38[7], —0.99[8]

theoretical —0.95[9],—0.95[10] 0.78[9],0.43[10] —0.38[9],—0.84[10]
predictions

—0.99[11],—0.99[12]

0.39[11],—0.31[12] —0.79[11],—0.97[12]
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These asymmetry parameters have been predicted by
many model calculations, as shown in Table 1. The cal-
culated decay asymmetry o,,+ ranges from —0.67 to
—0.99, which is consistent with the current world average
—0.9140.15 within 2 standard deviations. The agreement
between theory and experiment implies the V-A struc-
ture of the decay process AT — Amt. The decay asym-
metry az-+ ranges from —0.38 to —0.99, which is com-
patible with the CLEO measurement [4]. However, most
model calculations predict the decay asymmetry as+ .o
to have a positive value, while the measurement from
CLEO [2] gives a negative result of —0.45+0.3140.06.
Additional measurements are important to test the sign
of this parameter.

Furthermore, improved measurements with better
precisions are desirable to constrain the different model
calculations. This is helpful to shed light on the decay
mechanism and to test the CP symmetry in charmed
baryon sector [1]. Based on a data sample with inte-
grated luminosity of 567 pb~! at /s =4.6 GeV accumu-
lated at BESIII recently [13], large statistics of AT events
are available through the process ete~ — AFA_. In this
paper, we present a proposal to study the decay asym-
metry parameters at ete~ experiments in the T-charm
energy region, and estimate the sensitivities of measur-
ing apnt, asort+ and asz-,+ parameters, based on the
current BESIII data set.

2 Charmed baryon decay asymmetry

In the process of ete™ — y* — BB, the charmed
baryon B, pairs are produced from the electromagnetic
process. Hence, they are unpolarized, if we ignore the
Z-boson contribution, since the Z mass is far from the
T-charm energy region. A direct measurement on the
AT polarization was performed at Y(4S5)/(55) energy
points [3], and the results were consistent with the ex-
pectation of AT unpolarized production. Based on the
unpolarized charmed baryons in ete™ annihilation exper-
iment, we will present formulae to measure the A} decay
asymmetry parameters in two-body hadronic decays, i.e.
A} — At X0t pKo. In addition, we will extend the
discussions to other singly charmed baryon decays, such
as 2. —E7 7" and Q2 — Q7.

2.1 Af—Ant and X7t

Parity violations in the weak decays of charmed
baryons, such as AT — Azt and X°7tt, give rise to the
polarization of the produced hyperons in the final states.
For the unpolarized A}, the decay asymmetry parame-
ters, az+ and aso.+, cannot be observed in the hyperon
angular distributions, but they would be related to the
hyperon polarizations. This implies that one needs to in-
vestigate the hyperon decays to probe the hyperon polar-

ization, and then study the AT asymmetry parameters.
Experimentally, these hyperon states are reconstructed
with the decays A — pmt~, and X° — yA,A — pt—. We
choose the nonleptonic decay A — pmt~ as the polariza-
tion analyzer.

The amplitude in the weak decay A — pmt~ is conven-
tionally constructed with S- and P-waves, and related
2Re(S*- P)
[S]P+| P>
Instead, we construct the amplitude under the helicity
basis. The angular distribution for the decays of A into
prt~ is defined by

to the A asymmetry parameter as a_ =

Z Py D 1\%/1 ((bp, ,0)

=+1/2

1y
><‘l)l\z/I/AlD (¢P79p

P’¢p

70)|HAp|27 (1)

where p is the spin density matrix for A, and (6,, ¢,)
is the solid angle of the proton in the A helicity system,
M();) is the helicity of A(p), and H,, is the helicity
amplitude, which is related to the asymmetry parameter
by |Hi /2> =(1+a_)/2 and |H_,,|* = (1—a_)/2, where
«_ is the decay asymmetry parameter for A — pm~. Af-
ter integrating over the azimuthal angle ¢,, Eq. (1) is

reduced to
) - (2)

f(0,)=TrpR,
with R — 1+a_cosb, 0
0 1—o_cosb,

The spin density matrix, p, measures the A polariza-
tion, and it is determined from the A production process.
For the decay A} — A", the elements of the p matrix
are defined by

Prixe =

3" Di(6a,00,0)DE), (64,04,0)Ax, 43,

A=+1/2

(3)
where the sum over the A} helicity value, A = +1/2,
takes the same probability due to unpolarization of A7,
(0, 04) is the solid angle with reference to the A he-
licity system, and A, is the helicity amplitude of this
decay, which is related to the asymmetry parameter by
|[A 1P =(1+anm)/2 and [A_1[* = (1 —apq+) /2. After
integrating over ¢, in Eq. (3), one has

14+ apnr 0
p= At : (4)
O 1—OLA7-(+

Then the joint angular distribution for ete™ — ATAZ,
AF — At A —pr~ is calculated to be [3]

dN
dcosf,

X 14+ pq+a_ costy,, (5)
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where a_ is the decay asymmetry parameter for A —
prT.
It is natural to apply the above formulae to other

1 +
singly charmed baryon decays like (A, Z¢, Q) (5 ) —

+ +

Y (% )P( ),Y -8B (; )P(O), where P denotes
a pseudoscalar particle, and Y is a hyperon particle,
decaying to a baryon (B) and a pseudoscalar particle.
The decay asymmetry parameters, ay.+a_ in Eq. (5),
are replaced with those in the A., Z., Q. and sub-
sequent hyperon decays. For example, for the decay
AT — ¥tn% ¥t — pn®, its angular distribution has a
similar form to [2]

dN
dcosf,

X 14 Qg0 pro COSH,, (6)

where a0 is the decay asymmetry parameter for 3+ —

pr°.

For the case of A production from AF(A\) —
Y0(A)m, % — A(A3)y(As), where (\;) represents the
helicity value for the corresponding particle. The ele-
ments of the spin density matrix are defined by

Prs. Ay = Z DAA ¢20 Oso, 0)

A==£1/2

o (950, 050,0)

1 1,
X D,\Qz,,\sfxll((bm@mO)Dfé,y,r,\él (#a,04,0)

X AAQA:’ZBAS»M;B;;’,A‘U (7)

where (fs0,¢s0) is the X0 solid angles in the A} helic-
ity system, whose z-axis is taken along the direction of
3% flight, and A, is the helicity amplitude of the decay
AT — X071t which is related to the asymmetry parame-
ter by |A+% |2 = (1+a20n+)/2 and |A7% |2 = (1—04207T+)/2.
(Or,¢4) is the A solid angles in the X° helicity system,
following the convention that the z-axis is taken along
the direction of A flight, and B, , is the helicity ampli-
tude of the decay X° — A~. The parity conservation in
this radiative decay implies that By, =B 1 ;. After
integrating over angles ¢ and ¢,, one has

1—a,+ cosf 0
p= pe T )
0 1+o¢AC+cos0A

Therefore, the joint angular distribution for the sequen-
tial decay eTe™ — ATAZ AT - X0tT 3% - Ay, A - pr~
reads [2]

dN

m o 1—aso+a_cosl, cost,. (9)

2.2 H—Emt, ET A

For the case of A production from Z0(\) —
E (M)t ET — A(A3)7, the elements of the spin den-
sity matrix are defined by

Py = 3 Dil 0>D§y (p=—,0=-,0)
A=+1/2

1 1,
X D)?2,>\3 (¢A79A70)D,\2/2,,\é (¢a,04,0)
XAAQAi’QBA;g :/3, (10)

where (0z—,¢=-) is the £~ solid angles in the =2 helic-
ity system, whose z-axis is taken along the direction of
=~ flight, and A, is the helicity amplitude of the decay
=2 — =~ which is related to the asymmetry parame-
ter by |[A,1]* = (I+az-7+)/2and [A_1 | = (1-az-+)/2.
(0, ¢4) is the A solid angles in the E~ helicity system,
where the z-axis is taken along the direction of A flight,
and B, is the helicity amplitude of the decay == — Am~,
which is related to the =~ asymmetry parameter by
|B+%|2 = (14 az—»+)/2 and |A,%|2 = (1—az—x+)/2.
Then one has

p:

(14 g ) (14 az— + cosbn) 0
0 (1—app- )(1—0g—ps cosOn) )

(11)

The joint angular distribution for the sequential decay

etem - 020 20 L =-qrt E- — Am~, A — pr~ reads [2]
dN . g
— &1+ az-traps. COS
dcosfxdcosb, = erta :

+ a_agz—+ coslpcosl,
+ a_pq- cosb,. (12)

2.3 Q- 7, O —AK~

1t 3+
Let us consider the decay Q2 (5 ) — Q- (2 ) et
3t 1+
5 ) — A (5 )K(O) The element of spin

density matrix for the A is defined by

and Q~ (

1 1,
Praxy= Y Dis(6a-,00-,0)D:5, (0 ,00-,0)
PEVEVA
3 EW
X D3, x;(92,04,0) D3, (¢4,04,0)
x Ax, A%, Bra By (13)
where (0g-,¢pq-) is the Q7 solid angles in the 2 helic-

ity system, whose z-axis is taken along the direction of
Q~ flight, and A, is the helicity amplitude of the decay
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Q% — Q~nt™, which is related to the asymmetry parame-
ter by [A,1]? = (IHaq-+)/2and [A_1 [* = (I—ag-+)/2.
(0, 04) is the A solid angles in the Q™ helicity system un-
der the same convention in Eq. (10) and B,, is the helic-
ity amplitude of the decay 0~ — AK™, which is related to
the Q7 asymmetry parameter by [B, 1 |* = (1+ask-)/2
and [A_4|* = (1 —aax-)/2. The joint angular distri-
bution for the sequential decay ete™ — Q202 Q0 —
Q 7t Q" — AK~,A — prt reads [2]

dN

dcosf_dcos, o (9cos? O —5)(a_ cosby+azk-)

X Qg et €080 + (3cos® O +1)
X (1+a_ayk- cosb,). (14)

If the angle f,- is integrated out, and we look for the
angular distribution of the proton, one has

dN
dcosf,

X 14 a_ap,- cosb,. (15)

2.4 ete  — v = Aj]&; with A; — f)KO

We consider another situation, where the strangness
in the final state goes to the meson K°, e.g., A} — pK°.
In this process, the proton is produced to be polarized
from the A} weak decay, but its polarization cannot
be analyzed directly, due to having no subsequent de-
cays. In this case, the decay asymmetry parameters
could be measured by the correlation of A} and A spins
in the process ete™ — v* — AYAZ with A} — pK° and
A — pKO. The joint angular distribution is similar
to that of process efe~ — J/P — AA — (pr~)(pmt)
[14]:

dN
dcosf dcost#,d¢,dcos 0, dgi_)l

o< 4| A1 /2,1 /2| sin® O[1 + apo apio (cos 0y cosb,
+sin 6, sinf; cos(¢y +¢1))]

—2|A; /515> (1+4cos® 0) (apro apio cosfy cos By — 1),
(16)

where A2 11,2 is the helicity amplitude of v* — AFAZ,
0 is the polar angle for AT in the ete™ center-of-mass
system, and 6, (6,) and ¢, (¢,) are the solid angle of p(p)
in the AS(A;) helicity system. a,go (apxo) is the decay
asymmetry parameter for AT — pK°(AZ — pK©).

2.5 Statistical sensitivity

With the measured asymmetry parameters of
hyperon decays, we can extract the parameters
Qpnt, Qsoq+ for AT decays, az-,+ for Z2 decays, and

parameter product a,goapko by fitting the formulae of
joint angular distributions to data. For a given data set
with IV events observed, a likelihood function is defined
by

ﬁsz(ei,a>, (17)

where f is a normalized function of angular distribution
with helicity angle 8; and parameter «. The maximum
likelihood method is used to estimate the parameter, and
its statistical sensitivity is defined by relative statistical
uncertainty as

() = ——, (18)

|

where V() denotes the variance of the parameter a.
The variance can be determined by

RV 1 df(cosb;,a) ’ _
v (a)_N/f(COSOi,a) [ Do 1 Hdcos@z,
(19)

where N denotes the observed signal yield.

The parameters, ap-+ and as+,0, are estimated with
Eq. (5). With the input of the accurate results of a._ [6],
their sensitivities are obtained from Eq. (18):

2.13 3.27

\/N g 5(041\7'[*) g

1.81 <o )< 13.53
— <0(astn0) < ——.
VN : VN
Here we fix the parameters at ap+ = —0.9140.15 [6],
and as+.0 = —0.45+0.32 [6]. The parameter aso.+ is
estimated with Eq. (9), and its sensitivity is calculated
by Eq. (18)

3

=

(20)

4.30 15.01
—= <(azont) < —=, 21
\/N ( b)) +) \/N ( )

where the low sensitivity is estimated with the low limit
of aso+ = —1, and the high sensitivity is estimated
with a theoretical prediction —0.31 [12]. The parame-

ter az— -+ is estimated with Eq. (12), and its sensitivity
is calculated by Eq. (18)

~ 5.38
VN’
Here all hyperon decay parameters are fixed at PDG val-
ues [6], i.e., az+,— = —0.56, apr,— =—0.458.
The parameter ag-,+ is estimated with Eq. (14),
and its sensitivity is calculated to be

214.90
VN

d(az—nt) (22)

S(ie- et ) = (23)
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if we take ag— -+ = 0.17 from a theoretical calculation
[16], and a_ = 0.642, ayx_ = 0.018 from the PDG
[6].

The parameter product a,gocasko is estimated with
Eq. (16), and according to Eq. (18), the statistical sen-
sitivity reads

1
d(aproapko) & [
b p

9(d—2)2(d+1)Vd® —4

>< )
N{48d2itanh’l( 20) 4 (d+2)[(d—9)d+2] d2—4}
(24)

2(1
where d = (1;5), and [ is the angular distri-

bution parameter for AT in the efe™ rest frame,

which takes the form AN o 1+ Bcos? with 8 =
dcos6

|A1ja,—1/212 = 2| A1 2,0

[Avjo, 122 +2[ A1z 2]

a theoretical prediction [15], and assume = —0.3, we

have

If we take |apgoapko| =1 from

8.54
~
To be more straightforward for scaling, we estimate
these statistical sensitivities based on a sample of inte-

(25)

5(O[pf<0 QpKO ) =

Table 2.
energy point 1/s.

grated luminosity £ = 1 fb™', and the number of ob-
served events is calculated with

N = LoBe,

where o, B and € denote the cross section, combined
branching fraction and detection efficiency, respectively.
The results, in Table 2, indicate that one needs a huge
data sample to improve the sensitivities for measuring
Qz -t , Qg—n+ aNd QRO QKO-

If we assume that the AT, Z° and Q° decays conserve
the C'P transformation, the charged conjugate events can
be combined to measure the asymmetry parameters, so
that the sensitivities in Table 2 are improved by a factor
of 1/1/2. Based on the 567 pb~! data sample taken at 4.6
GeV collected at BESIII, an analysis [13] has shown that

there are 707427 signal events for A7 (A7) — Artt(Amt),
and 309 +24 events for A7 (A7) — Stn°(X~7°), and a
precision of (8.0-12.3)% for apn+, and (10.3~77.0)% for
as+r0 will be achieved. This data sample will provide a
first measurement of the asymmetry parameter, aso,+,
with a precision of (18.8-65.6)% determined from ob-
served 522427 events of A} (A7) — X0t (X077) [13]. To
resolve the sign issue in the decay AT — 3T 7°, the statis-
tical uncertainty of ag+,0 is required to be at least less
than the systematic uncertainty of 13% [2], and a data
sample is required with a integrated luminosity large
than 0.5 fb~!. To study the decays of heavier charmed
baryons 2% and Q° at BESIII, one needs to collect data
going beyond 4.6 GeV.

Estimation of statistical sensitivities d(a)) with a sample of integrated luminosity of 1 fb™!, taken at the

decay AT — At Af 5 otno AT - 20nt =20 2t Q00 Q- AFAS — pKOpKO
parameter QA+ Qi+ 70 Q50 1+ Qm— ot o — o+ QRO OGKO
Vs 4.6 GeV 4.6 GeV 4.6 GeV 10.5 GeV 10.6 GeV 4.6 GeV
B 1.88 pb [13] 2.80 pb[13] 1.92 pb [13] 0.77 pb[17] 11.3 fb[18] 0.05 pb[13]
€ 42.2%[13] 23.8%[13] 29.9%[13] 10.8%][17] 15%[18] 31.2%[13]
N 793 666 574 83 2 16
5(a) (7.6-11.6)% (7.0-52.)% (17.9-62.0)% 59% 152.0% 213.5%

3 Summary

To summarize, we have presented several approaches
to measure the decay asymmetry parameters in the two-
body hadronic weak decay of singly charmed baryons,
such as Af — Ant, Yot Y07t pK®, =0 — =-mt and
Q% — Q~m™. With the reasonable assumption that the
charmed baryons produced from ete™ annihilations are
unpolarized, one can probe the asymmetry parameter
by measuring the polarization of the subsequent hyper-
ons via the decay A — pm~. We present formulae of
joint angular distributions for these processes, which will

| be used to fit to data to extract the asymmetry param-

eters. The sensitivities of the proposed measurements
are estimated. Based on the 567 pb~! data collected
at BESIII, a rough precision of 10% for a,.+ should
be achieved, and the sensitivity for measuring aso,+ for
AT — X071tT| is estimated to be (19-66)%. A huge data
sample is crucial to improve the precision of these param-
eters in the future and even to study the C'P violation
of the decay asymmetries of charmed baryons and their
anti-baryons.

We are grateful to Prof. Cheng Hai-Yang for helpful
communications to check the formula.
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