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Helicity amplitude analysis of hyperon nonleptonic decays in J/¢ or (2S) decays
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We present formulae for the joint angular distributions for J/i¢ or (2S) decays into AA, 3030,

=t

E-E2",and Q~Q7, which allows the determination of the antihyperon decay parameters using helicity
amplitude 1nf0rmat10n The prospects of measuring the antihyperon decay parameters in these decays are
discussed. The estimation of the measurement sensitivity shows that J/¢ decays into AAand E-E7 can

be hopefully used to measure the A and £
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I. INTRODUCTION

Hyperon nonleptonic decays have played an important
role in understanding parity violation in particle physics.
Since 1957, when the possibility of parity violation was
proposed with the suggestion to search for it in hyperon
nonleptonic decays [1], much experimental evidence has
been established. The hyperon decay parameters, which
characterize parity violation, have been measured in A, 2.,
E, and Q nonleptonic decays by many experiments with
high sensitivity [2]. However, in antihyperon nonleptonic
decays, the uncertainties of the asymmetry parameters
measured are still large, e.g. a(A — p7w™) = —0.63 +
0.13 [3] and a(Q" — AK+) = 0.017 = 0.077 [4], and
asymmetry parameters of 5~ and 2" have not been
measured.

It has long been known that high precise measurements
of hyperon and antihyperon decay parameters provide a
test of CP symmetry [5]. In spin-% hyperon nonleptonic
decays, the angular distribution of the daughter baryon
takes the form 4% = L(1 + aYP - pa), where P is the
hyperon polarization, p, is the daughter baryon momen-
tum unit vector in its mother’s rest frame, and ay is the
hyperon asymmetry parameter. The observable of CP

asymmetry is defined by Ay ay“"y . Under CP trans-

formation, oy = —ay if CP is conserved Hence any non-
zero value of Ay provides evidence for CP asymmetry.
Experimentally, searches for CP asymmetry in A nonlep-
tonic decays have been previously performed at pp col-
liders by the R608 [6] and PS185 [7] collaborations, and at
a e*e” collider by DM2 Collaboration [3], but the preci-
sion of the measurements are limited by statistics.
Recently, searches for direct CP violation in E decays
have been performed in the HyperCP experiment at
Fermilab. With 117 X 10° £~ and 41 X 10° E events
analyzed, the HyperCP collaboration reported that CP
violation in charged E — A7 decays is consistent with
standard model predictions [8]. For ) decays, HyperCP
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decay parameters.

PACS numbers: 11.80.Cr, 13.20.Gd, 14.20.Jn

collaboration measured the decay parameter in = —
AK™ to be ag=(207=0.51=0.81)Xx10"% [9].
However, the uncertainty of the decay parameter measured
in QY — AK™ is still large, ag = (1.7 =7.7) X 1072,
which was reported by the E756 collaboration [4]. In short,
the CP violation test in hyperon nonleptonic decays needs
more precise measurements of their decay parameters,
especially in antihyperon nonleptonic decays.

J /i and (2S) decays at e* e colliders provide an ideal
laboratory to measure antihyperon decay parameters with
clean signals [3]. Although J/¢ decay into a hyperon
antihyperon pair has only about a 1073 branching fraction,
larger, higher statistics data samples are expected at
CLEOc and the updated BEPCII. Since the hyperon and
antihyperon are produced as a pair, this allows one to
measure antihyperon asymmetry parameters with the
same precision as the hyperon.

In Sec. II, we systematically present helicity amplitude
formulae for hyperon nonleptonic decays in e*e™ — J/i
and ¢(2S) — YY. The formulae are calculated with the
computer algebra system, MATHEMATICA, and the re-
sults are checked by using REDUCE. The codes are avail-
able from the authors. In Sec. III, we present an unbinned
likelihood fit method to measure hyperon decay parame-
ters, along with estimates of the expected measurement
sensitivities. If 10'%J /¢ events can be accumulated with
the updated BESIII/BEPCII detector, it will be possible to
get more accurate antihyperon decay parameters.

II. HELICITY AMPLITUDES

The helicity amplitudes for sequential decays are con-

structed in the helicity frame defined by:

(1) Inete™ — J/i, h(28) — YV, the z-axis of the J /i
or (28) rest frame is along the hyperon outgoing
direction, which changes from event to event. The

* beam is along the direction of the solid angle
(6, ¢).

(2) For hyperon decays Y; — BM (B: baryon, M: me-
son), the solid angle of the daughter particle
Q(6;, ¢;) is referred to the hyperon Y; rest frame,
where the z-axis is taken along the outgoing direc-
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tion of the hyperon Y; in its mother particle rest
frame. The helicity frame of antiparticle ¥, has a
similar definition but is described by the solid angle
Q;(6;, ¢,). For example, Fig. 1 shows the definition
of the helicity frame for the sequential decay
ete” = I/, p(2S) = AN — ppmta.

A.ete” — J/ip, p(2S) —» AA — ppmta
We denote, respectively, the helicity amplitudes for
J/y— AN and A(A)— pm~(pm™) with A, ; and
B, (B Aﬁ), where A, A, and A p()_l ») are the helicity values

for A, A, and proton (antiproton). The joint helicity am-
plitude can be expressed by

(MRS phik(g, $)A, ;A

AALAL A AL A

/\/\2

X B, B} B\, B D D% ( )D;gp(nl)pg?;ﬁ((zl)

><Dl-/2- (), (1)

where Dﬁ 2, Q) =D /\ 2,(#:,0,,0), and pi(0, ¢) =

Si—1D; k(Q)Dl (Q) is the density matrix for the J/
produced in e" e~ annihilation. From parity invariance,
one has A_, _,, = A, ), The helicity amplitude for A

decays into pr is related to its asymmetry decay parameter
by

_Bipl* = 1Byl _ |Bifp* = |B_y0l?

A\ = y = = .
[Bijp* + |B_yp0l? |Bijp)* + |B_y0l?
2
If CP invariance in A(A) decays into p7~ (par™) is as-
sumed, then one has @y = —a. By integration over ¢ in
Eq. (1), one obtains the angular distribution
et e
FIG. 1. Definition of the helicity frame for ete = J/p—
AN — pprta.
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d|IM|?
——————x4|A 25in%0
d(cos8)dQ,dQ, A0l
X [1 + apaj(cosd; cos,
+ siné), sinf; cos(p; + ¢;))]
- 2|A1/2y_1/2|2(1 + C0520)
X (apaj cosh; cosf; — 1). 3)
A similar formula can be found in Ref. [3]. This formula
is also apphcable for the sequential decay e"e™ — J/i,
$(28) = 337, or 3737, with S — N7, but the hy-
peron asymmetry parameter is replaced. If the solid angles
) and (), are integrated, then Eq. (3) is reduced to the
well-known angle distribution for J/¢ — BgBg (Bg: octet
baryon), i.e.:
d|M|?
dcosé

« (1 + acos?6), with

4
_ |A1)2—121* = 2|A1 )21 2]

|Ayjo,—121* + 21A1 31017

B.ete” — J/i, $(2S) — 303° — 29AA —
2y w pp

The helicity amplitude for J/¢ — 3%(0)2%(&) is de-
noted by A, ;; amplitudes for 2°(o) — y(r;)A(A) and
A(A) — p(A,)7~ are denoted by B, and C,,. and their
antiparticle counterparts by B; and C i respectively. The
joint amplitude reads
|M|2: Z P(”' 7,02 ”2)(0 ¢)A0'1 (23} 0'2 UzBrI,AIBtI,).z

71,02,01.92,
ALA2 AL A,

X Cy,C; B, 1, B: ;. Ca,Cy D 3,{2:: 2 Q1)
XDy (@)D “f* L@Q)DY? (@)
XD, (@ »Diﬁip(%)D}{?Aﬁ(nzw}gﬁ@2).

)

From consideration of parity invariance in J/¢ — 3030
and 20— yA, one _has the re_lations A g—0, = Agioys
B_,_, =B, and B_,_, = B, ,, respectively. One ob-
tains the angular distribution by integrating the azimuthal
angles ¢, ¢, and ¢;:

d|M|?
d cosfdQ,dQ),d cos,d cosh,
% | By 1 21?1By 1 j2|H{4sin? 0] cos; cosB,(cosd; cosh,
+ cos(¢; + ¢y)sinb; sind))apyay + 1IA; )
— (c0s260 + 3)(cosf, cosh, cosh, cosbr,aya; — 1)

X Ay -1 0% (6)
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Integrating over the polar angles 6, and 6, the a,«a i
terms vanish. One has

2
dcosﬁddclg:l@lzdcoséz “|B1,12PP1B11 2P (1A -2
+ 2|Aq1 21211 + acos),

(7)

where a = Mzl 2Aippl 4 expected, the above

A1 <122 +21A1 01 0
equation shows that d| M|?/d cos6 has the expected form
for J/iy — BgBg angular distributions (see Eq. (4)).
C.ete = J/,p(2S) = E E" - w'm AA —
27" )pp
The helicity amplitude for J/¢ — E~ ()2 (£) is de-
noted by A,z amplitudes for B (£) — A(A)7~ and
A(A) — p(A,)7™ are denoted by B, and C, , and their
antiparticle counterparts by B; and C i respectively. The
joint amplitude is
|j\/l|2 = Z p(fl—f_lvfz—gz)(a ¢)A§l,gl

£1.60.61.6,
A1 A2 AL A,
ApAp

X C')\[,Cv:< B)\' Eﬂi C,LCT\,

A§ EzBf\lBAz

D2 Q)DL ()

&y
X D% QD% (@)D ;{ﬂ* (Q)D}? ()
1/2x 12 /A
>< DXI’)‘/’) (QZ)DX2’A17 (Qz)' (8)

Assuming parity invariance in J /¢ — =~ E", one has the
relation A_; s = Az ¢,- The helicity amplitudes of =1
decays can be related to their asymmetry parameters by

des — [Bijpl* = |B_yp0l?
= |Byj2l> + |B_y0l?
ind ae. — [Bijp)* = |B_y0l?

|1§1/2|2 + |Bfl/2|2.

One obtains the angular distribution by integrating over all
azimuthal angles:

d|M|?
d cosfd cosd cosf,d cosf,d cosh,
« (cos20 + 3){0050_2a;\a§

— cosf), cosf, az(cosha; + az)

+ cosbra[az(cosbragas + 1)

— cosf; cosf(cosbraz + az)] + 1HA 510l
+ 4sin?6{cosb a5 oz

+ cosf; cosf, axz(cosbra; + az)

+ cosbra s [cosb, cosfy(cosfra; + az)

+ az(coshazaz + D]+ 1HA 51007 )
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This formula is applicable to the sequential decay ete” —
J/y, p(28) = EOE° — AA7O 70 — pprta w0 al.
Integrating over the solid angles 6, and 6,, the joint
angular distribution becomes

dIM|?
d cosfd cosbd cosb,

% 4|Ay j,1/2/*sin?0(cosb, cosf,

X agaz +1) = A5 1 pl?
X (3 + c0s26)(cosb, cosf,
X agag — 1). (10)

The above equation reduces to the angular distribution
Eq. (4) when the solid angles of the daughter particles are
integrated over.

D.ete” — #(25) » Q Q" — K K"AA —
KK wtw pp

Though )~ has played a celebrated role in particle
physics, the prediction of its %—spin has not yet been clearly
verified. If we assume that () is spin-32, parity violation
allows the final states in {7 — AK™ to contain a mixture
of P and D waves. Therefore, )~ asymmetry parameters
can be defined similarly to those in A nonleptonic decays.
The helicity amplitude for #(25) — Q™ (0)Q " (@) is de-
noted by A, ;; amplitudes for Q™ (w) — A(A)K~ and
A(A) — p(A,)7™ are denoted by B, and C, , and their
antiparticle counterparts by B; and C i» respectively. The
joint amplitude reads

|-,]Vl|2 = p(w1 @1, @2~ wZ)(e d))Awlwl wy, sz IB;k\z

©1,02,01,92,
A1A2. A1 Ay,
AP

X C,,Cy By, Bt €\, Cy DY QD22 ()
X DY (@)D (D)% (@D (@)
% D}{?jﬁ(ﬂz)Diﬁﬁ(m' (11)

Assuming parity invariance in %(25) — Q~ Q" one has
the relation A_,, —,,, = A, o,. In the decay of an unpolar-
ized ()~ hyperon, the daughter A is produced with a
longitudinal polarization [10], which leads to an asymme-
try in A — par~. The angular distribution of the proton is

[11]

2
AME o | 4 agay cosdy. (12)
dcosf

Hence, helicity amplitudes of ) decays can be related to
their asymmetry parameters by
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S |Bial* = |B_ipnl?
0- =
|Byjal*> + |B_y0l?
B> — |B_ i »]?
and ag. _|Bipl? = 1By

|1§1/2|2 + |E—1/2|2'

After integrating over all azimuthal angles and over the
polar angles 6, and 6, one obtains

d|M|? _ |Ay)p—1l* +

|A1)2321°
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d|M|?
dcosfdcosf,dcosh,

«(1+ayagcosh)(1+azagy

X COS¢§2)[4(|AI/2,1/2|2 + |A3/2,3/2|2)
X sin?6 + (1A} 2321 + A1 o, -1 o )?
+ |A3/2’1/2|2)(3 + COS20)]. (13)

It can be seen that the above equation can be reduced to the
angular distribution for the J/4, #(25) — ByyBiy (Byo:
decuplet baryon) if the angles 6, and 6, are integrated
over:

+ 14301 21% = 2014121 21* + 14323217

« (1 + acos?f) with

d cosf |A10,—10* +

ITII. EXPERIMENTAL PROSPECTS

A. Experimental method

For polarized hyperon decays, their decay parameters
can be measured by observing the angular distributions of
the daughter baryons. This method was previously used by
HyperCP, R608, and PS185 collaborations. However, the
hyperon Y(Y) produced in J/4, (2S) — YY is unpolar-
ized. In this case, the hyperon decay parameter is a hidden
parameter, which cannot be determined solely by the mea-
surement of the angular distribution of the decay particle in
the hyperon rest system. Because of the constraints of
helicity conservation in J/if — YY, the helicities of the
hyperon and antihyperon are correlated. The correlation
between their decay particles can be used to measure decay
parameters. For example, the DM2 collaboration measured
aya;inJ/p— AA by measuring the momentum corre-
lation between the proton and antiproton [3], which takes
the form ajaj;d-b, where G and b are the unit-
momentum vector for p and p in the A and A rest frames,
respectively. In this work, we present an unbinned maxi-
mum likelihood method to fit the data sample to measure
the hyperon decay parameters using helicity amplitude
information.

If the probability to produce event i, characterized by the
measurements p;, is Prob(p;), then the joint probability
density for observing the N events in the data sample with
detection efficiency e(p;) is

|A1/2,3/2|2

. (14)
+ 1Az /012 + 20141 )21 21> + |A3/2321)

_r N IM@p)IPe(p)
£ =TTPeoved =Tl ey

where M (p;) is the amplitude of event i. As in partial wave
analysis, to determine the parameters in question, one has
to minimize the function defined by

- _ |-7V1(Pi)|2
S =t =3 Bt

} (16)

where we neglect the term Ine(p;) because it is indepen-
dent of the hyperon decay parameters.

B. Sensitivity

The sensitivity of the measurement of parameter « is
defined by

5(a) = —Vvaw (17)

where V(a) is the variance of parameter «. With the joint
angular distribution, the evaluation of sensitivity is
straightforward by using the maximum likelihood method
as shown in [12].

For the measurement of ajaj; in J/ (,b — AA—
w7 pp and azaz in J/y— E =N
2(7* 7~ )pp, one has

—ata AN —

d(ayay) =

1 9(d —2)%(d + )JP —4 2(1 + a)

with d =

Are7 \|N{48d?itanh ! (/2

29) + (d + 2)[(d — 9)d + 2Vd* — 4}

l—a’

where N is the number of observed events; « is the angular distribution parameter as defined in Eq. (4).
The decay J/¢ — 3°3° can also be used to measure a, i- The sensitivity can be estimated by
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1 36(d — 2)*(d + 1)Vd* — 4

2(1 + a)

5(CYACY]\) =

ayay N7T2{48d2itanh’1(\/%) +(d+2)[(d—9)d + 2N — 4}

where « is the angular distribution parameter for J/i —
3030 and N is the number of observed events.
In ¢(25) = Q~Q7F, the sensitivity of @jag can be

estimated by
1 I3
Slazagp) = = 20
(azag) ajag N (20)

where N is the observed events. If the CP asymmetry
observable is defined by

AQ _ Ap\NOQ — XRAGH (21)
ayag +azagy’

then the sensitivity of the measurement is given by

1 /3
= 22
(L INT0) 2N ( )

C. Prospects

5AQ =

J/ — AA is an ideal place to measure the A decay
parameter. Compared with J/i — 3050 — yyAA, this
decay is very clean and easily reconstructed with high
efficiency by selecting four charged tracks, and the A/A
decay length can be used to control the background. If the
A decay parameter - = a(A — p7~) is fixed at the
world average value, o_ = 0.642 = 0.013 [2], then the
A decay parameter « & can be determined by a fit to the
data with the joint angular distribution as shown in Eq. (3).

TABLE 1. The AA reconstruction in J/¢ — AA and the mea-
surements of A asymmetry parameters in the product of a,@,.
In the table, a_(ay) and ay(@,) are the decay parameters for
A(A) decays into p7~ (pmrt) and na® (i), respectively.

No. AA reconstruction Measurement
I AN— pm, /_!—>1_77T+ a_ay
1T A—>p7T_,_A—>fz7TO a_ay
1 A—ni® A— pat Qg
TABLE II. Evaluation of sensitivity, where the efficiency

quotes the BESII experimental information [13], and the mea-
sured a(A — p7™) quotes —0.63 * 0.13 [3].

Channel  Efficiency Parameter Sensitivity |8(a)|
J/yp—YY € a measured 10'°J /4 sample
AA ~20%  a(A— pmt)  20% ~3 %1073
30590 ~6%  a(A—pmt)  20% ~2%
== ~1.4% a(E" = Amt) — ~1%

with d=———, (19)
l -«

[

Table I lists measurements of « 5 parameters in terms of the
AA reconstruction in different modes. For example,
mode I measures a, = a(A — pm"); mode II measures
ay = a(A — i7°); then mode Il measures ay = a(A —
n7Y). With the 10'° J /¢ events collected, the sensitivity of
a, is expected to be about 3 X 1073 in J/ — AA and
about 2% in J /¢y — 3050 — yyAA, as shown in Table II,
which has higher precision than the current measured
value, (A — pzrt) = —0.63 = 0.13 [3].

The asymmetry parameter a3 — pm°) can be mea-
sured in J/ — 337 — ppa®a°, but the parameter
(3" — amt) is difficult to measure in J /¢y — 337 —
niimwt @, since two missing nucleons make the event
reconstruction impossible. The sensitivity of the measure-
ment of a(i_ — pm®) can be estimated with Eq. (18).
However, experimental information on J/¢ — S*37 are
not available at the present time.

The asymmetry parameter a(E" — A7) can be mea-
sured in J/p—E Bt > ata AN — 2t 7)pp.
Experimentally, this channel is easily reconstructed by
selecting six charged tracks with very low backgrounds.
The parameter a(E" — Aw') can be extracted from
Eq. (10). The sensitivity of the a(E* — A7*) measure-
ment can be estimated by Eq. (18), and is about 1% if 10'°
J /i events are collected, as shown in Table II.

The asymmetry parameter ap oy, as well as its antipar-
ticle counterpart a;ag, can be extracted from the joint
angular distribution (Eq. (13)) in #(2S5) — Q- Q" —
K K*AA— K"K 77 pp. The value of ag =
0.0175 = 0.0024 [2] is quite small, so the A, measurement
needs a larger data sample. Unfortunately, this measure-
ment is limited by the (2S) statistics. To date, no signal
events are observed in (25) — Q- Q7 [14].

IV. SUMMARY

The formulae of the joint angular distributions for J/
or #(2S) decays into AA, 3°3°, B2, and Q" Q7 are
presented. The prospects of measurement on antihyperon
asymmetry parameters at a e*e~ collider are discussed.
The estimation of the measurement sensitivity shows that
J/i decays into AA and E~E" can be hopefully used to
measure the A and Z* decay parameters. With a large data
sample, e.g. 10'° J/i decays, the sensitivities of a(A —
pr) and a(E" — A7+) measurements are about 3 X
1073 and 1%, respectively. The sensitivity to look for CP
asymmetry in the )~ decays is limited by the #(2S)
statistics.
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