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Polarization in y,; — AA decays
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We perform an analysis on the y,.; polarization in the y’ radiative transition and propose to use it to probe
the mechanism of y.; decay to the baryon-antibaryon pairs in experiment. To start with the unpolarized
ete™ collisions, we follow the polarization transfer to the y.; states, and estimate the degree of y.;
polarization. We show that the AA pair has rich spin configurations, which are beneficial for us to study its
decay asymmetry parameter and measure the helicity amplitudes. The experimental observables to reveal

the y.; and AA spin polarization are presented.
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I. INTRODUCTION

With a huge statistics of y’ sample available at e*e™
collisions, the baryonic decays of y.;(J = 0, 1, 2) states are
extensively studied at experiments with a motivation to test
s decay mechanisms [1-4], and their branching fractions
are measured at a few percentage precision [5]. For the
decays to the octet baryon final states, all measurements
have established the fact that y ., state has larger branching
fraction than other two states. This indicates a significant
deviation from the expectation of helicity selection rule
(HSR) [6], which predicts the vanishing branching fraction
for y . decay to baryon antibaryon pairs if one neglects the
quark mass bounded in the baryons.

The measurements put a great challenge to the theoreti-
cal understanding of y.; property and decay mechanisms.
The earlier investigation on the color singlet contribution
was based on the perturbative QCD (pQCD) theory, and
predicted nonvanishing branching fractions for the y.,
Ye» = AA decays, but the values are too small as compared
with the measured ones [7]. The contribution from the high
order of Fock states has been investigated in the pQCD
framework. It was argued that the contribution from the
color octet component is not suppressed as compared to the
color singlet contribution [8]. Nonetheless, the sum of color
singlet and octet contributions only accounts for partial
branching fraction. For example, it predicted about 3% and
18% amount of measured branching fractions for y,.; and
Y decaying to AA final states [8], respectively. To explain
the HSR evasion in y., decays, the long distance contri-
bution has also been estimated based on the charm hadron
loop [9,10], and other phenomenological model, such as
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the quark creation model and exchange of intermediate
states, were also investigated [11].

In order to test these decay models, we propose to
use the polarization information as a probe to figure out the
x.; decay mechanism. The possible polarization compo-
nents of y.; states can be described with a set of multipole
parameters in their spin density matrix, with the highest
rank equal to 2J, here J is the spin of y.; states. Except
for the y ., state, the y., and y., provide us with both the
even and odd polarization. The degree of polarization
carries the dynamical information of y.; decaying to the
baryon antibaryon pairs. Especially, the subsequent
hyperon weak decay, A — pzx~ (A — px*), naturally serves
as spin polarimetry, which can be used to express the y.;
polarization.

The y.; decays to hyperon antihyperon pair provides a
complementary laboratory to study the hyperon properties.
Compared to the hyperon production from J/y decays,
the branching fraction is suppressed by one order of
magnitude in the y.; decays. But y.; decay offers more
spin configurations so that the hyperon pair has a rich
degree of freedom of polarization. Employing the polari-
zation transfer in y.; decays is beneficial to studies of
hyperon properties, such as the measurement of hyperon
decay asymmetry parameters and test of the spin quantum
correlations in hyperon decays [12,13].

We start with construction of a spin density matrix
for v’ in Sec. II, whose form is well known due to the
fact that the particle y’ couples to the virtual photon.
But we would like to recapitulate it for the sake of self-
contained description. A polarization analysis for the
involved particles is performed in Sec. III. We formulate
the AA polarimetry in Sec. IV, and some polarization
observables are given in Sec. V. The last section is
devoted to some applications, such as the measurements
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TABLE I. Definition of helicity angles and amplitude for each
decay, and 4;(i = 1, ..., 6) denotes the helicity of a given particle
ahead it.

Decays Angles Amplitudes
v = xes()r(A2) Qo = (6. ¢o) AX)/E
Xer = NA3)A(Z4) Q = (01.¢1) Bg’)/14
A= p(ds)a~ Q, = (65, ¢,) F,
A= p(le)nt Q; = (63, ¢3) G,

of AA asymmetry parameters and the helicity amplitudes
for y.; decays.

II. SPIN DENSITY MATRIX

We consider the y.; particles produced from the v’
radiative transition, ' — y.;7, and we restrict ourself to
the case of y’ production from the unpolarized e*e™
collisions. The subsequential decay of y., — AA will
serves as a polarimetry to measure the y.; polarization
due to the weak decay of A — pz~(A - pr'), here
hyperon is characterized with the asymmetry angular
distribution 7(0) o 1 + Pa, cos 0, here 6 is the polar angle
for proton in the A helicity system, and the asymmetry
parameter a, (a3 ) is measured with high precision recently
[14], and P measures the A(A) polarization.

Studies of spin transfer in the charmonium sequential
decays were once performed with the method of covariant
tensor formalism by using the spin folding law [15-18]. It
is also convenient to employ the method of helicity
amplitude to perform the polarization analysis [19,20],
especially for the decays involving photons. In this way, the
decay amplitude for each step decay can be described with
the helicity angles ©;(6;,¢;) and helicity amplitude as
shown in Table I. The helicity angles are defined in the
helicity system, which is shown in Fig. 1:

(i) ete” =y’ — y.;7: The helicity system of z-axis
for this decay is taken along the e¢™ flying direction,
and angles (6, o) are taken as the y.; particle
moving direction in the e*e™ center-of-mass (CM)
system.

(ii) y.;, — AA: The azimuthal angle ¢, is the angle
between the y.; decay plane and y.; production
plane. If the AA momenta are boosted to the y,, rest
frame, they are still located in the y.; decay plane,
and then we take 6, as the angle between the A
momentum in the y.; rest frame and the y.;
momentum.

(iii) A — pn~: The azimuthal angle ¢, is the angle
between the A production and decay planes. The
polar angle 6, is taken as the angle between the
proton momentum in the A rest frame and the A
momentum in the y,.; rest frame.

Xy rest frame

A rest frame A rest frame

FIG. 1. Definition of helicity system and helicity angles for
each decay in the sequential decay yw' — y.57, xes — AA —
pprtn.

(iv) A = pat: The azimuthal angle ¢ is the angle
between the A production and decay planes. The
polar angle 65 is taken as the angle between the
antiproton momentum in the A rest frame and the A
momentum in the y,.; rest frame.

The spin density matrix (SDM) encodes complete polari-
zation information of a particle. Let us consider construction
of a SDM for the final particles of a given decay, e.g.,
A(Jm) = B(p,A,) + C(—p, A.). The dynamical informa-
tion is characterized by the decay matrix elements,

M, ;. = (PAp. —PA|T |Tm), (1)

where J is the spin of parent particle with magnetic quantum
number m, and 4,,, 1. denote helicities of two final particles,
and the decay matrix M is defined with the transition
operator 7 between the final and initial states. The SDM
of final states is defined in the helicity space |4,) ® |4.) as
pr = |ApAc)(ApAc|. Tt relates to the SDM of initial particle, p;,
by the decay matrix as [21]

pyr=MpM". (2)

Here py/; is normalized to the unpolarized decay rate, and the
decay matrix is expressed with the helicity amplitude

M =N,;D,;, _, (¢.0.0)H, ;. (3)

where N, is a normalization factor, H, , =

47r\/%<Jm/1h/1L.|T |Jm) is helicity amplitude with mass w

for the parent particle A, and D ;(¢,6,0) is the Wigner
D-function with helcity angles 8 and ¢ for final state B or C.
Here we take the convention of two arguments, since
rotation of helicity system only needs two successive
rotations for the initial particle to overlap with that for the
final state particles. Some symmetry constraints, such as the
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parity conservation and identical particle symmetry, will be
imposed on the independent helicity amplitude in the
following analysis.

A. y/' particle

We consider the y’ particle produced from the unpolar-
ized e e~ collisions, so the SDM for e™e™ pair is reduced
to an unity matrix, and the quantization axis is chosen as the
z-axis of eTe™ CM system, so the helicity angles for y’ are
fixed to Q@ = (0, 0). The e e~ pair couples to the y' particle
via a virtual photon, which conserves the eTe™ helicities.
This requires the helicity A_(4,) for e~ (e") satisfying
A=A, —A_ = %1, and contribution from helicity ampli-
tude with 4 = 0 is negligible. The element of ' SDM is
written as

1
P (') =5 > D!,(0,0,0)D}, ,(0,0.0)

m==£1
1
= 5 diag{1.0.1}. (4)

It is interesting to note here that the SDM deviates from the
unit matrix, which implies some degrees of polarization for
y’ particles produced from the unpolarized et e~ collisions.

In experiments for massive spin-1 particles, it is some-
times convenient to use the spin operator with the 3 x 3
traceless matrix S;(i = x,y,z) in Cartesian system to

define the vector polarization P = (§> and the tensor
polarization

1 /3 4
T = 5 \/;(<Sisj +8;8;) - §5ij), (5)

where (...) denotes taking average in the y’ spin space.
Using the w' SDM as given by Eq. (4), one has

P,=P,=P,=0, T,,=T,, = —ﬁg, and T, = %.

This suggests that the ' produced in e™e™ collisions be

only the tensor polarized, with polarization degree

T = /T3 +T? + T% = 1/2. Of the most interesting is

that this polarization can be transferred to the ' (or J/y)

daughter particles, as having been observed, the A(A)
transverse polarization in the y — AA decay [14].

B. x.; states

Spin density matrix of y,.; states describing their pro-
duction from the v/'(m) — y.;(4,)y(4,) decay can be
calculated in a straightforward way using Eq. (2), which
is written as

Paya,(Xer) & Z P WDy 51, (0. 00, 0)

m,m’ Ay
() 4 ()=
X Drln’,/l/] —X (¢0’ 6. O)AMJZAM A’ (6)

with J/ =0, 1 and 2 for three y,; states, respectively. Here

the helicity amplitude Aﬁ{’)l2 contains the dynamical infor-

mation for the transition ' — y.;v. It was argued that the
electric dipole dominates this transition, and it was con-
firmed by the BESIII measurement [22]. Hence, the helicity

amplitudes Af&z are chosen to satisfy the E1 transition

relations [23], such as

This charmonium transition conserves the parity, and helicity

amplitudes satisfy the relations A(_le i, =(-1 ) Aﬁ{,)iz' Sowe

have A(()Ozl = A(()()l) for the y . final state, and A(_ll)’_1 = —Ag%i,

ApLy = =Ag] for zo. and A% = AZ), A8 = AP},
Aff)_l = Aéi) for y., final state.

One can see that the y.; SDM is independent of ¢,
angle [see Eq. (6)], which follows from the fact that the y’
SDM restricts the y’ spin projection to two values, i.e.,
m = m' = x1. Thus if one observes the y., azimuthal
angular distribution, it should be flat over full 2z space. An
important result following from this feature is that all
elements of y.; SDM are real numbers.

If the polarization of y,; states is not measured, sum-
mation of its helicities is equal to taking trace over the
p(xcr), and thus gives the y,.; angular distribution. With all
above relations for helicity amplitudes, the angular dis-
tribution parameter, a, can be determined in detecting the
%oy angular distribution in the ' rest frame, e.g.,

dN
JcosO; 1+ acos? 6y, (8)
with
1 for y .o,
A6~ 2141 ]
OEENOE of et
a =1 |Apil” +2[A1 ] )

2 2 2
AZI2 = 2/AT) P + 1T
2 2 2
AZI2 +21A0) 12 + (AT

Xe2-

If the E1 transition relations [see Eq. (7)] are used, one
has a =1,-1/3, and 1/13 for y., ., and y., states,
respectively.

C. AA pairs
To describe the combined system of AA produced
from y,.; decays, the joint spin density matrix, M can
be constructed from the individual SDM as p* ® p[‘. It can
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be expressed with a 4 x 4 matrix, and its elements can be
calculated as

pﬁ%%% & Zpﬂl,ﬂl ()(cj)D,{l*,,{}_,u (451, 01, 0)
' FAvY

() pW)+
x Dﬁ’l,zg—ag (¢1.61, 0>B/13,/14B,1g,/1;’ (10)

where p(y.;)(J =0,1,2) is the y.; SDM, and B;{,)/h the

helicity amplitudes. The y.; decays conserve the parity, so

we have the relation B(—J/1)3~—/14 = (-1)’ Bg?ﬁ{

A simple case is the y,, — AA decay, for which the
SDM of .o is reduced to p,, i (xe0) = 8;,061,0, and this

leads to B(f)+ =B (& is short for £1/2), and other

element, BE%?,)M will vanish if A3 # 44. Thus we get the joint
SDM for the AA system as p)} na,

the factor 1/2 comes from the normalization requirement.

__1
= 25/13145/1/3%, where

III. POLARIZATION ANALYSIS

A. x; states

With the obtained SDM for y,; states, the polarization is
characterized by the real multipole parameter, r},, which is
determined by

rir = Trlp( ) Qlil. (11)

where Q% is a set of Hermitian basis matrices as given in
Ref. [24]. The L-rank index ranges from 1 to 2/, and M is
taken as successive integers within the interval [—L, L].
Then the degree of polarization is given by

(12)

On the other hand, the spin density matrix can be
rewritten generally in terms of the real parameter rf, for
a spin-J particle, e.g.,

0 2 L
o) =570 (142030 3 il 3

L=1 M=-L

where / denotes unity matrix with dimension 2J + 1, and
rg corresponds to the unpolarized decay rate with r8 = Trp.
Namely we take the convention to normalize the spin
density matrix to r{.

For y. and y. states produced from the y' —
e7(A1)7(4,) decay, the rank of their SDM should not be
larger than the rank of ' SDM, which is known as the rank
condition [25] which follows from Eq. (2). The ' SDM has
rank 2, so some elements of y.; SDM will be vanishing,
ie., p; = 0,if[4; = 4}[ > J with J = 1 and 2 for ., and

X2 states, respectively. We concern only with the y.; SDM
and the photon helicity 4, is summed out with 4, = £1.
Thus the helicity of final states is required within the ranges
|41 — 4] <1 and |2} — 4,| < 1. Either 2, =1 or —1 will
lead to the A; and 4] taking the values with the require-
ment |4, —4;| < J.

The independent elements of p; y (x.s) can be largely
reduced if we take consideration of the general properties
for the SDM. For example, the SDM is Hermitian matrix,
and all elements of y,.; SDM are real numbers as we argued
in the previous section, so we have p; 2 =Py Another
important property follows from the symmetry relations of
spherical tensor for the parity conserving decays, and it
imposes a strong constraint on the SDM as

P, (Xer) = (—1)'1‘_%0—1,.—1'1()&1)- (14)

For the spin-zero of y, particle, its SDM is reduced to
the unpolarized decay rate r8, i.e., it is isotropic from the v’
transition.

For y., state, the elements p; | =p_;; =0 due to
the requirement of rank condition in the decay. One has to
choose 5 independent elements to form the real number
of Hermitian matrix. The parity conservation requires
that P11 = P-1-1> P1,0 = —Po,1- Thus the Xecl SDM can
be expressed with three independent elements or param-
eters as

r2
1(1+73) * 0
2 P
plra)=ry| & Ya-2d) =% | (19)
0 -% s+

with

0 _ 2 2
ro = (3 —cos*6y)ag ;.
2 _ 2 2
roty = —2ag, cos” 0,

3a2
ot == %L sin(26,). (16)

where ay; is the modulus of helicity amplitude Ay ;.

The degree of y.; polarization is solely determined by
the real parameters r3 and r}, which are independent of the
amplitude a, ; as shown in the above equations. According
to Eq. (12), one has

B |x|Vx* + 3

dl 3_x2 )

with  x = cos 6. (17)
The integration over the full space yields an estimation
of y.; polarization to be about 76%. In Cartesian system,
the polarization of spin-1 particle is classified into the
linear and tensor polarization. The linear polarization is
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determined by the multipole parameters with rank-1 indices,
which are vanishing in the y.; SDM. This results in the
vanishing of linear polarization. Thus the y,.; polarization is
fully coming from the tensor polarization. Due to the
radiative photon in the v’ — y.,y transition is tensor polar-
ized, which induces some net degree of y.; polarization.

The same analysis can be performed to the y., SDM.
Elements with [1; — 4}| > 2 are vanishing, following from
the rank condition of the decay, i.e., p, 1 =p, 2 =p; 2=
pP-12=pP-22=pP-21=0. One needs 12 independent
elements to express the Hermitian matrix with all real
elements. Further consideration of the parity conservation,
one has relations such as p,, =p_o 2, P11 =pP-1-1s
P21 = —P-1-2, P20 = Po-2> and py g = —po ;. Thus the
number of independent elements is reduced to 7, and the
X SDM is written as,

P2 P P2 0 0
P21 P11t P10 Pi1-1 0

P(xe2) = | P20 P10 Poo —Pro P (18)

0 pict P0o P —Pu
L 0 0 P20  —P21 P
with
1
p22 = gr8(2\/7_0r% + \/ﬁrg + 7),
PRV R B el RV )
V35 V35 ’
1
Pt ="3570 (\/_Oro—|—4\/_4r0 7),
R \/gr 2
Pro = %, Pl = \/grg(\/gr% -2r),

1
pOO:§r8(—2v70r(2)+6v14r3+7) (19)
Here the real multipole parameters, rk,, are calculated to be

1
ry= 12(12 1[cos(26y) + 27,

1 /5
rr = 3\ /ﬁailp cos(26,) + 3],
5 /5 .
rr = —5\ /Ea%’l sin(6y) cos(6y),

5 . a3 |[3cos(260y) + 1]
ror = 2502 8in (0o), rry =—= i ,
5
et = 2, sin(0) cost),

(20)

where a,; is the modulus of the helicity amplitude A, ;.

One can see that the y ., is even polarization, since the y .,
SDM involves only the even rank of real multipole
parameters. Thus the linear polarization is vanishing, and
the polarization is fully coming from the tensor polarization
with rank equal to 2 and 4. The degree of y ., polarization is
entirely determined by the parameters r3, and r}, with
M =0, 1, 2. According to Eq. (12), one has

V2x* 4+ 67xF +23 .
d2 = with
\/z(x2 +13)

x=cosf. (21)

The integration over the full space yields an estimation of
X polarization to be 70%, in which the y’ transverse
polarization is responsible for most parts in the polarization
transfer.

B. AA pair
For the spin-1/2 particle of A or A, the SDM can be
expressed with a 2 x 2 matrix, therefore, we need a 4 x 4
matrix to express the SDM for the A and A system, which
can be decomposed as a direct product of two Pauli
matrices for the A and A spin representation as

[1+ZC111 ]

where 1 denotes a unit matrix with dimension 4 x 4,
i,j = 0 denotes the summation with lower bound i, j =
0 but excluding (i,j) =(0,0). Here taking j=1, 2
and 3 corresponds to the Pauli matrices oy, 6, and o,
and if i, j =0, oy is an unit matrix with dimension
2 x 2. Hence, Cy, corresponds to the unpolarized decay
rate for y.; = AA with Cyy = Trp™*. With the obtained
pM matrix, the C;; parameters are calculated with
CooCi;=Trlo; @ c;- p™].

For the decay y., — AA, we have C;; =§,;;. This
indicates that the A and A have the same component of
helicity correlations, and their helicities are parallel to the A
flying direction in the y,, rest frame.

For the decay y.; — AA, the unpolarized decay rate is
calculated to be

(22)

0
Coo = 35 {67,437 sin(61) cos(6)) cos(¢h)
2 2
+3rcos(20,) + 3 + 4]
- 2bfl[4\/§r% sin(6,) cos(0,) cos(¢;)
22
-2]},

where b, ;, is the modulus of helicity amplitude B, ,,.
The degree of A linear polarization is related to the C;;

parameters as P, = Cjo, P, = Cy and the longitudinal

+ 3r3cos(20,) + 13 (23)
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polarization P, = C;y = 0, since the y.; decays conserve
the parity, which is produced from the unpolarized y’
particle. The transverse polarization is calculated to be

PA_ _ph riroby ibyisin(A;) cos(6;) sin(¢hy)
o V6Co ’
Obl 1bygsi ( )
Pr =P} = ke e V/3r2 cos (26,) cos
) 3V2Co [V3ricos (20,) cos(¢h)
—3r3sin(6,) cos(6,)], (24)

where A; is the phase angle difference between the
amplitudes B_; ), /, and Bj, /. Other parameters C;;
with i, j # 0 measure the spin correlation between A and A,
e.g., Py, = Cjp, which is calculated to be

rlrob, : sin(6,) sin(¢)

Py =Py = 25
y=-P, N (25)
Other correlation parameters C;; are given in the
Appendix A.

For the y., — AA decay, the unpolarized decay rate is
calculated to be

2
Coo = 17 [aoo + Z(azi”% + a4ir?):| ; (26)

with parameters agy, @, a4; (i=0, 1, 2) given in
Appendix A.

The unpolarized ' decay conserves the parity, so the
particles A and A are not polarized longitudinally. But they
could be transversely polarized, with degree of polarization
being related the C;, or C,, parameters as

P =P} =Cy, (27)
7? —PA Cyp. (28)

The full formulas for P2 and P4} are given in Appendix A.
While quantities to measure the polarization correlation are
given by

Pij = Cij,
with i, j=ux, y, z, and C;; parameters are given in
Appendix A.

IV. AA POLARIMETRY

Detection of AA — (pz~)(px*) decay is particular
interesting. In contradiction to the strong decays or radi-
ative transitions, the weak decays of AA can be used as the
polarimetry, which is able to analyze both even and odd
polarization in the angular distributions. The joint angular

distribution for the decay AA — ppa*z~ can be written in

terms of the AA SDM, pA/_\, determined in a given process.
Then we have

1/2% l 2
92793 Zp,” ,m/D,h/,g ) / (QZ)

A

]/2*(93) (93)|F/1;| |G, |7

. (29)

where the summation is taken over all involved helicities
i and A} (i=3, 4, 5, 6), and A(A) helicity amplitude,
F,.(G,,) can be related to the decay asymmetry param-
eters as

|F1p* = |F_y0)?
12 12
|F1p*+|F_y o)

G =16 )
a['\— ) 5-
|G a|* +1G_1 2]

apN = (30)

The angular distribution can be written in a compact
matrix form as

1(Q,,Q3) = p™ - (MY @ MM, (31)

where the A and A decay matrices are

M — 1 { 1 4+aycosb, e?a,sinb, ] (32)
" 2| ea,sinhy, 1—apcos6, |

VA — 1 {1 +azcosf; eiazsinbs ] (33)
" 2| eazsind; 1—azcosf; ]

After some algebra, we have

1 _
1(€,,9Q3) = 1 (Coo + Thap + Tax + Trapaz), (34)

where C, is the unpolarized decay rate for y.; — AA,
and T, and T, measure the transverse polarization for A
and A, respectively. T, measures the AA spin correlations.
They are

T =sinb, sin ¢, C»y + sin, cos p, C1g +cos 6, C5,
T, =sin@ssin¢h3C, + sindz cos 3 Cy; +cosO3Co3,
T, = sinf,[sin 63 (sin ¢, sin 3 Cy, + cosh, cos 3 Cy;
+ singh, cosp3Cyy + cosgh, singh3C5)
+cosB5(singh, Cys +cosh,C3)]
+c0s0,[sin0;(sin¢g3 C35 +cosh3C31 ) +c0s603Cs3),
(35)

where C;; measures the AA polarization or their spin
correlations as given in the previous section.
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A simple case is for the y,, — AA decay, in which the
C;; parameter of AA SDM is reduced to Kronecker delta
function. Thus the angular distribution is reduced to

1 . .
1(Q,,€3) = 1 {1 + [sin 0, sin O3 cos(¢h, — ¢h3)

+ cos 0, cos Os]araz }- (36)

For y.1, ¥c» — AA decays, the longitudinal polarization
for particles A and A is vanishing, i.e., Cy3 = C3y = 0,
other C;; parameters are given in Appendix A. Then
calculation of the joint angular distribution 7(€,,€3) is
straightforward.

V. POLARIZATION OBSERVABLE

In experiments, the degree of polarization for a given
particle cannot be always accessible in the modern detector,
except for the dedicated polarization measurement.
Analyzing polarization of a particle is dependent on the
study of its decaying to two or three-body final states. In
this situation, the analysis of the angular distribution serves
as the polarimetry. Generally speaking, the strong, weak, or
radiative decay can be used for this purpose in experiment.

Both y. and y., particles are of tensor polarization
produced from the y’ radiative transition, which is char-
acterized by the real multipole parameters r%,. The helicity
angles in the y., — AA can be selected to form a
polarization observable to represent its multipole parame-
ters. In experiment, a simple way is to look at the first
moments of Wigner D-function if one has sufficient data
statistics. Let W(6,, ¢, ) be the unpolarization decay rate for
Xes = AA, the first moments of observable O(6;,¢,) is
defined by

oy _ S W(01.41)0(01. ¢1)d cos 0,d¢h,
o= S W(6,,¢1)dcos0,dg, . (37

For y.; — AA decay, its tensor polarization associated
with r} and r] is revealed with observables

3b-2
5

(Re(D§y(61.91))) = 5 (38)

3b -1
5v2

(Re(D1(61.¢1))) = . (39)
with b = b? ,/(bl2 ,+ b,zl).
' e

For y. — AA decay, the six real parameters, r3,,
rj{,,(M =0,1,2), are related to the moments as

(Re(D3(61. ) =~ =27
(Re(D}(00.0) ==
(Re(D3 (01, 1)) = = 5z(1 + b)73

(Re(Dio(01. 1)) = —#(2 —5b)rt,

(Re(D! (01 41)) = #(z—sza)ra&

Re(Di(01. 1) = 220 - 30y (40)

The A transverse polarization can be represented with
the following moments:

(sin@, cos ¢p,) = (g—APQ, (41)
(sin 6, sin ) = “?A P (42)

Similar relations can be obtained for the A transverse
polarization with the replacement of (65, ¢,) — (05, ¢§3).
The spin correlation between A and A can be related to the
moments as follows

(cos 0, cos03) = % P... (43)

(sin 6, sin 65 cos ¢, cos ¢h3) = % Prxs (44)
(sin B, sin 05 sin b, sin ) = “AT“A P (45)
(sin 0, sin O3 sin ¢, cos ¢3) = 0{/\,# Py (46)
(sin 6, sin 65 cos ¢, sin ¢h3) = aAgﬂ Py (47)
(sin @, cos O3 sin ¢h,) = 0’/\9& Py, (48)
(sin @, cos O3 cos ) = AN P... (49)

9

VI. APPLICATION

A. Measurement of aya;

The y' — yy.; decays are an ideal laboratory to study the
s properties. These radiative transitions have a relatively
large branching fractions, about 9.5-9.7%. Especially at
e" e colliders, the y; states are produced with a very clean
background compared with other experiments, e.g., at the
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FIG. 2. Distribution of cos(0(#;, 7i,)), where 7| (71, ) is the unit
momentum of proton (antiproton) defined in the A(A) rest frame.
In MC simulation, we set ay = —az = 0.75 [5].

hadron colliders. If there will be 3.2 billion v’ events
accumulated at BESIII [26], one will have about 300 million
events for each y,; state.

Efforts for the precision measurements of the A and A
decay parameters are motivated by the search for evidence
of CP violation in the baryon sector. Recently, the most
precise measurement on «, and a; came from the J/y
decays to AA with a total uncertainty of about 1.6%. It gave
a surprising result that deviates significantly from the PDG
value [5] with a significance larger than 5¢. Measurement
of these parameters in the y,; decays to AA will provide an
independent test to confirm the new results.

Decay of y., — AA provides a simple and intuitive way
to measure the product of a,a; parameters. Since the
degrees of polarization are fully correlated in the AA pair in
the x, y, z-directions, i.e., Py, = P,, = P, = 1, the joint
angular distribution for proton and antiproton is dependent
on the aa; product as given in Eq. (36). In this situation,
only the product of the parameter, ayaj, can be measured.
If we assume the CP symmetry in the AA decays to the
final state p pax ™z, then we can get the A decay parameter
as a, = |az|. In experiments, one can observe the distri-
bution of O = sin#, sin6b; cos(¢hy — ¢3) + cos 0, cos b3,
which should distribute as a line with slope equal to
axa; according Eq. (36). Actually, the observable O is
equal to the cosine angle, cos(6(#, ii,)), spanned by the
unit momenta of proton (71;) and antiproton (71,), which
are defined in the A and A rest frames, respectively. A
Monte-Carlo (MC) simulation shows the cos(6(7;, 1,))
distribution as displayed in Fig. 2, and a linear fit to
this distribution will yield the slope equal to —a,z\, with

a sensitivity %‘ x \/IN where N is the statistics of the MC

events.

In contrast to the y,., decay, the y.; particle is tensor
polarized and this leads to the A and A being transversely
polarized in the ., — AA decay. This is essential in the
measurements of the decay asymmetry parameters for A
and A simultaneously. From Eq. (34), one can see that the

—~ -5000 |-
g 5
5 6000 |-
o r
(&) L

-7000 [~

-8000

F e =
E L 1 L L L L 1 L L L L 1 L L L L
-1.0 -0.5 0.0 0.5 1.0
cosf),
800 - £ % (b)

600 F
. F
= 40
@ 200
o E
2
S 200
8 O E
T A00E
»-600

800 - P4

-1000 & P R B B

-1.0 0.5 0.0 0.5 1.0
cosf,
FIG. 3. Moments for showing y.; tensor polarizations.

(a) cos(26,), (b) sin(20,) cos(¢; ). Here, the dots with error bars
are MC events, and the curves are the expected tensor polar-
izations.

analyzing power of extraction of the o, (a3) parameter is
dependent on the factor T (T;), which are related to the
A(A) transverse polarization, as given by Eq. (24).
Observation of y.; transverse polarization in experiment
is equivalent to displaying the first moments distribution
of (cos(20,)) for r} and (sin(26;)cos(¢,)) for ri. We
perform a MC simulation of y.; decay. Without loss of
generality, we naively set the helicity amplitude of y.
decay as by 12 = bijp 1 = 1. The two moments for
illustration of the y.; tensor polarization are shown in
Fig. 3. One can see that the MC events (dots with error bars)
are well distributed according the y,.; tensor polarization
(curve) as given by Eq. (16).

To reveal the A(A) transverse polarization, one can use
the helicity angles 0, and ¢, to form the moments as given
by Eq. (38). It follows from Eq. (24) that the nonvanishing
transverse polarization left is PPy in the overall 2z-azimuthal
space, which lies along the normal to the y. — AA
decay plane. This is the consequence of the parity con-
servation in the decay. The moments of (sin @, sin ¢,) and
(sin 65 sin ¢h3) are shown in Fig. 4; they show significantly
the A and A transverse polarization of P, component.

In experiments, extraction of the AA decay asymmetry
parameters in the y.; decay can make use of the global
experimental information by using the maximum like-
lihood method to fit the joint angular distribution to the
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FIG. 4. Moments sin 0, sin ¢, for showing A transverse polar-
izations P, (a), and sin 65 sin ¢)3 for A transverse polarization (b),
where the dots with error bars are MC events, and the curves are
the expected P, distribution.

pprtn final states. The existence of the A(A) transverse
polarization allows to access the a, and a5 simultaneously.
This method continues to hold for the y., decay.

B. Measurement of helicity amplitudes

The helicity amplitudes are accessible by examining the
helicity angular distribution of A or A particle in the y.,
decays. But this method works only for y,.; and y ., decays,
since y,.o 1s a spin-0 particle, and its decay yields a flat
angular distribution. For y.; — AA decay, the A angular

distribution reads

dN
JeosO, x 1+ a; cos? 0, (50)
with  the angular distribution parameter «a; =

3r2(b2_—202 )
2(l+r%)b2+++(2—r(2))b
helicity value —|—%(— %) The tensor polarization r3 is well
known for the E1 transition v’ — yy,.;, thus the parameter
a; is solely determined by the ratio of b, /b, _. In the
viewpoint of perturbative QCD theory, the helicity b, , is
suppressed due to the helicity conservation of strong
decays. To show the dependence of angular distribution
on the ratio b, ,/b,_, we perform a MC simulation by

—, where the sign +(—) is short for the

26000 =
25000 S @
E Y * g
24000 4, - A i
23000 f; + "."‘# i b arte +:+3FM' ol +
2 22000 EF Hrreatl e T T Te et DT
Z E B T R Y +
Yoro00F  +° A g +
E Y F
* 20000 *s
19000 - * *
e -
18000 & +
E_ | - 1
-1.0 -0.5 0.0 0.5 1.0
cosb,
L gt e b
26000 [ i ¥, ®
L ‘iw*_& e % 5
- it Lot e e,
o 24000 - *f:+-* e,
s b ’
- -t -,
< 22000 - i -
w Rl o
N R 3 *‘-;- -
20000 - ,* % b
[+ - - ‘.-0-
e
18000 e o oo Y
-1.0 -0.5 0.0 0.5 1.0
cosb,
FIG.5. Angular distributions of A particle in the y.; (a) and y .,

(b) decays. In plots, the dots with full circle, square, and triangle
markers represent the MC simulations with setting of ratio
b,,/b,_ 100, 0.7 and 1, respectively.

setting the amplitude ratio as 0, 0.7, and 1. As shown in

Fig. 5, the angular distribution is sensitive to this ratio.
For y., — AA decay, it receives contribution of rank-4

tensor polarization besides the rj component. So the

angular distribution shows up the cos* @, term. It reads

dN
dcos 6,

« 1+ a, cos? 0, + fcos* 0, (51)

with @, = C,/Cy and f = C4/C,, where

Co=224(1 +x) +16V70r2(1+2x) +24v/14(3xrd = 2) 2,
C, = V703 (=48 —96x) 4240V 14r4(2 - 3x),

Cy =280V 14r3(3x=2), (52)
with x = b2 /b3 _. The tensor polarization r} and r is
well determined in the E1 transition, and then both of a,
and f parameters are determined with the single parameter
x. To check the dependence of these two parameters on the
helicity ratio, we perform a MC simulation with a naive
setting «/x =0, 0.7, and 1. From the pattern of angular
distribution as shown in Fig. 5, one can see that either
setting /s = 0.7 or 1, it yields almost the same pattern. The
parameters a, and f are insensitive to the helicity ratio in
Yoo = AA decay.
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VII. SUMMARY AND CONCLUSION

We perform an analysis of y,; polarization in the v’
radiative transition and propose to use it to probe the
mechanism of y.; decays to the baryon-antibaryon pairs in
experiment. We have shown an interesting phenomenon
that unpolarized e*e~ collisions can yield the tensor
polarized y' resonance, and further transfer the polarization
to y.; states. The analysis shows that the y.; states are
even-tensor polarized. The degrees of polarization are
determined to be about 76% and 70% for y., and y.,,
respectively. In the decays y., — AA, the baryons are
transversely polarized along the direction normal to the y.;
decay plane, and they also get the correlated polarizations,
which are essential to make the a, and aj parameters
accessible simultaneously. The experimental observables to
reveal the y.; and AA polarization are presented.

We performed a MC simulation to show that this
polarization can be used to measure the AA decay asym-
metry parameters aja;. In the y., decay, this parameter
product can be measured as the slope of the linear distri-
bution of observable O = sin,sinbs cos(p — p3) +
cos @, cos 63, with the precision comparable to that mea-
sured in the J/y — AA with the same statistics. Using the

|

0
Coo = °{b

tensor polarization in the y.; and y., decays, the asymmetry
parameters for the individual A and A particles can be
measured by performing a maximum likelihood fit to the
joint angular distribution of the data events. A simple way to
measure the helicity amplitude ratio for the y.; and y., —
AA decays is also demonstrated with a MC simulation.

Although the analysis is performed based on the decays
Zes = AA, all formalisms are applicable to the case in
which the y,.; decays to the octet baryon antibaryon pairs,
e.g., Yoy = Pb> 22 and EX
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APPENDIX: REAL MULTIPOLE PARAMETERS
C; OF AA PAIRS IN THE g4, ., > AA DECAY

For the decay y,., — AA, the nonvanishing C; j param-
eters are calculated to be

[4\/§r% sin(6,) cos(6,) cos(¢hy) + 3r3 cos (26,) + r3 + 4]

— 252 ,[4V/3r} sin(6),) cos(6;) cos(¢h) + 3rcos (20) + r3 — 2]},
22

0
T )
CooCi1 = - {bf_%[\/ﬁr% sin (26,) cos(¢)

+ bi[4\/§r% sin(6;) cos(6;) cos

(¢1) +3r3cos (20,) + 13

— 3rsin?(6,)]

-2]}

r rob, : sin(0;) sin(¢ )

CooCip = —CpoCy1 = 3

ngl b

11C
- 2 22
CooCi3 = CpoC31 =

0s(A)[v/3r7 cos (26,) cos(¢,)

bl

—3r3sin(6,) cos(6,)]

CooCa = {b [\/§r% sin (26, ) cos(¢,)

3v2 ’

—3rgsin®(0,)]

- b%z,%[4\/§r% sin(6;) cos(0,) cos(¢; ) + 3r cos (20,) + rj — 2]},

0
rlrobl

lbl | cos(Al)cos(Gl) sin(¢;)

COOC23 = _COOC32 =

CooCs3 = — 5, {b

+ 2b2, [4v/372 sin(60;) cos(6, ) cos(¢py) + 373 cos (20;) + 2

1=

i)

V6

(4\/§r% sin(6,) cos(6,) cos(¢hy) + 3r3 cos (20,) + r3 + 4),

’

-2}, (A1)

where b, ;. is the modulus of the amplitude B, ,, for y. — AA, and A, is the phase angle difference between the

amplitudes B_;/; 1/, and By 5.
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For y., = AA, the unpolarized decay rate, C, is given by Eq. (26) with nonzero a; j parameters as

1
a0 =7 (b%z__l +b1)).

ayy = ———
20 470" 2 %%

1 /3
ap=-3 %(bi_] + 2b§%)sm2(61)cos (2¢1)
be_l — 3[7121
=—-—>22_22(20cos (26;) + 35cos (40,) +9
W2 — 31912l
-2 =2 (2sin (260,) + 7 sin (46,)) cos
ay) 16755 (2sin (26;) (461)) cos(¢1)
2b? | —3b?,
ay = —Wsm (61)(7 cos (20;) + 5) cos (2¢,). (A2)
bl lb }"
P = 8\/—C s1n(A2) sin(¢p; ) {4sin(0;) cos(¢; ) [vV3r3(7cos (20,) +5) —4r3] +cos(0,)[V6ri(Tcos (20,) 4+ 1) — 813},
00
(A3)
bl _1[?1 ll‘ sin
Pr = (42) {V/5cos(¢h)[V6r(cos (20,) + 7 cos (40,)) — 872 cos (20;)]

40f 7Coo
—2V/55in (260,) cos (2¢; ) [V3ra(1 = T cos (20,)) + 2r3] 4+ V/3sin (260,)[4V/5r2 = 5r(Tcos (20,) + 1)]}.  (A4)

To get a compact expression, we integrate out the angle ¢;, and then the nonvanishing C;; parameters read
ar)
%~ 1120
+ V14b2,(3r4(20 cos(20;) + 35 cos(46,) + 9) — 16V/5r3 (3 cos(26,) + 1)) + 224b2,},
22

11
22

1 /3
CooCopr = —CooCop = 20 \/7”17

{- Zb [4\/7_0r(2)3 0s(20;) + 1) +20V14r3 cos(26,) + 35V 147 cos(40,) + 9V 14r) — 112]

_ib

1_1
272

r9sin(A,) sin(26,)[574(7 cos(260,) + 1) — 4v/572].

11

272

CooCy = 17;’;)0{\/_[b121(3r3(20 cos(26,) + 35cos(46,) +9) — 16V/5r2(3cos(26,) + 1))
- Sb%,_%sm (0,)(5r4(7 cos(20,) + 5) — 6V/5r2)] + 224b%2.%},

1 /3 .
CooC13 = —CpoCs1 = 3 \/77rbéy_%b%%r8 cos(A,) sin(260,)[4V/5r2 — 5r8(7 cos(20;) + 1)],

CooCar = 1120{\/—[b%‘(]6fr0(3 cos(20;) + 1) — 3r3(20 cos(26,) + 35 cos(46,) +9))
— 8b}_ysin*(6))(5r(7 cos(26)) +5) - 6V/5r2)] — 2242},
2°2
CooCys = 1’;’200 {26 _[4V70r3(3 cos(20)) + 1) + 20VT4rg cos(20,) + 35V Tarf cos(46;) + 9v/14r§ — 112),
+V14 4b7,[3r§(20 cos(20,) + 35 cos(46,) +9) — 16V/5r2(3cos(26,) + 1)] + 224, b}, (A5)

where b, is the modulus of the amplitude B, ,, for y, — AA, and A, is the phase angle difference between the
amplitude B—l/2,1/2 and Bl/2,1/2'
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