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Symmetry analysis of charmonium decays to two-baryon final state
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By virtue of SU(3) flavor symmetry, the effective interaction Hamiltonian is derived in tensor
form. The strong and electromagnetic breaking effects are taken into account in a form of “spurion”
octet, so that the systematical parametrization of all baryon pair final states is realized on basis of the
flavor-singlet principle. As an application, the relative phase between the strong and electromagnetic
amplitudes is studied in the light of this scenario. In analyzing the data taken at J/1 resonance

region in e™

e~ collider, the details of experimental effects, such as energy spread and initial state

radiative correction are taken into consideration in order to obtain the correct results.
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I. INTRODUCTION

Since the upgraded Beijing Electron-Positron Collider
(BEPCII) and spectrometer detector (BESIII) started
data taking in 2008 |1, [2], the largest charm and char-
monium data samples in the world were collected, espe-
cially the data at J/v¢ and ¢’ resonance peaks, which
provide an unprecedented opportunity to acquire useful
information for understanding the interaction dynamics
of charmonium decays. Although the Standard Model
(SM) has been accepted as a universally appreciated the-
ory basis in high energy community, it is still impossible
to calculate the wanted experimental observable from the
first principle of SM for a great many of processes. The
practical evaluations are resorted to the construction of
various models, and the powerful tool adopted in actual
operation is still the symmetry analysis.

In previous studies, many models are constructed [3—
6], the parametrizations of various decay modes are
obtained, such as the pseudoscalar and pseudoscalar
mesons (PP), vector and pseudoscalar mesons (VP),
octet baryon-pair, and so on. In the present monograph,
we focus on the baryon pair final state, and accommodate
an approach to acquire the parametrization of different
baryon pair final states in a systematical and consistent
way.

As an application of the parametrization, the relative
phase between the strong and electromagnetic ampli-
tudes of the charmonium decays can be study by virtue
of this scenario.
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II. ANALYSIS FRAMEWORK

In eTe™ collider experiment, the initial state is obvi-
ously flavorless, then the final state should be flavor sin-
glet as well. For charmonium decay, such as J/1 and ¢’
decay, final states are hardons composed of light quarks,
that is u,d,s quarks. Therefore, the SU(3) group is
employed for symmetry analysis. The key principle is
that the final state must be flavor-SU (3) singlet. That
is among the composition of multiplets, only those con-
taining the singlet are allowed in the effective interaction
Hamiltonian. This point will be expound in the following
sections. Another crucial issue here is the description of
SU(3)-symmetry breaking effects, which induced by ei-
ther the strong interaction or the electromagnetic inter-
action. Following the suggestion of Ref. [4], these kinds
of effects are treated as “spurion” octets. The last but
no least, in order to describe final states of both octet
and decuplet baryons, the tensor form is adopted to de-
note the particle multiplet. Although a matrix form is a
concise and useful choice, it is only suitable for the octet
particles.

A. Parametrization of decuplet-decuplet final state

We start with decuplet-decuplet baryon final state,
and explain in details the notion proposed above. In
SU(3) classification, the decuplet contains the isospin
multiplets I = 0, %, 1, and % corresponding respectively
to the tensor components B333, B33 B3 and BYF, for
1,7,k = 1,2. These are assigned to the lowest excited

baryon states []:

111 _ ++ 112 _ 1 A+ 122 _ 1 AO 222 __ —
BllS B A1 + 3123 B \/1§AO 3223 _ \{§A7 b =4
Bl?>3 — LEO B233 — \/L_E—

B333 = O 3


http://arxiv.org/abs/2111.15045v1
mailto:moxh@ihep.ac.cn

The related anti-baryon is denoted as B;ji, that is B, =

Fuk. It also should be noted that ¥ and = in decuplet
are conventionally denoted as ¥* and =* to indicate the
excited states, but the star in superscript is suppressed
in this subsection without ambiguity. However, when
discussing the decuplet-octet final state, the symbol will
be recovered to avoid confusion.

According to group theory, the product of two decu-
plets can be reduced as follows

10010"=108027¢ 64, (2)

where the singlet 1 is presented. Therefore, in decuplet-
decuplet final state there is a symmetry conserved inter-
action that can be expressed as

Hy = go - Biji, B, (3)

Here Einstein summation convention is adopted, that is
the repeated suffix, once as a subscript and once as a
superscript, implies the summation.

Now turn to the question of SU(3)-breaking effects.
Two types of SU(3) breaking are to be considered. First,
the SU(2) isospin symmetry is assumed, that is m, =
mgq; but mg # my, mg and this mass difference between
s and u/d quarks leads to SU(3) breaking. By writing
the quark mass term as

— 1
mq(dd + ) + msss = mogq + —=(ma — ms)qAsq ,

V3

where ¢ = (u,d, s); mg = (2mg + ms)/3 is the average
quark mass; Ag is the 8-th Gell-Mann matrix. Explic-
itly, the matrix S,, is introduced to describe such mass
breaking effect

S, =22 1 , (4)

where g, is effective coupling constance due to the mass
difference effect.

Second, the electromagnetic effect violates SU(3) in-
variance since the photon coupling to quarks is propor-
tional to the electric charge:

2_ 1= 1_ 1_ A8
3 UVt — gd’y#d — 358 = 50 {/\3 + 75} q .
The above expression indicates that the electromagnetic
breaking can be simulated by the matrix S, as follows

Se = 5 -1 ) (5)

where g, is effective coupling constance due to the charge
difference effect.

The above discussion is preformed in SU(3) fundamen-
tal representation. It is well-known that octet hadron,

meson and/or baryon can be expressed by Gell-Mann
matrices as well. By virtue of Egs. ) and (&), it is inspir-
ing to consider the SU(3)-breaking as one kind of octet.
Following the recipe suggested in Ref. [4], these kinds of
SU (3)-breaking effects are called “spurion” octets.

Now the problem is how to express such effects in ten-
sor form. Again in the light of Eqs. (@) and (@), it is
noticed that S,, is actually the I-spin conserved break-
ing while S, U-spin conserved breaking. Or more physi-
cally speaking, S,, is isospin conserved breaking while S,
charge conserved breaking. Therefore, in tensor form, for
I-spin conserved breaking, it is equivalent to contract up
and down indexes along 3 and 3 direction to obtained the
effect interaction H3, while for U-spin conserved break-
ing, to contract up and down indexes along 1 and 1 di-
rection to obtained the effect interaction Hi. Then the
effective interaction Hamiltonian reads

Heps = g0 BijkB7* + gm - H} + g - H{ ,  (6)
where
H} = By, BY" — %(BijkBij’f) , (7)
and
Hj = Bsj, B¥" — %(BijkBijk) : (8)

More explanation is in order here. As indicated in
Eq. @), one octet exists in the reduction of the product of
two decuplets. The important fact is that when we treat
the breaking effect as an octet as well, in the reduction of
the product of two octets, the singlet exists, as indicated
below

808=13G808d10® 10" @27 . (9)

This is the reason that the H3 and H{ term can be al-
lowed in Hepy. Group theory also indicates that in the
reduction of the product of one octet and one 27-tet, or
one octet and one 64-tet, there is no singlet, therefore,
Eq. (@) is the final expression of the effective Hamilto-
nian. The existence of singlet in reduction of multiplet
product is the sole criterion to identify which symmetry
breaking effect can be allowed in the effective Hamilto-
nian.

Taking the components of Eq. () into the effective
Hamiltonian of Eq. (@), acquired is the parametrization
for decuplet-decuplet baryon final state as listed in Ta-
ble

B. Parametrization of octet-octet final state

The SU(3) octet baryons are convenient to expressed
in the matrix notations

20/V2+A/V6 $t p
B= - —¥0/\V2+A/V6 n ,
B =0 —2A /6
(10)



TABLE I: Amplitude parametrization forms for decays of a
resonance into a pair of decuplet baryons, in terms of singlet
A (by definition A = go), as well as charge-breaking term D
(D = ge¢/3) and mass-breaking terms D’ (D’ = g,,/3).

Final state Amplitude form

ATTA™T A+4+2D-D’
ATA™ A+D—-D
AR’ A —-D
AAT A-D-D
)RS A+D
05 A
b oal A-D
=0=° A 4D
=-=F A-D+D
oo A—D+2D'
and
$°/V2+ A6 Dl ="
B = T EH2+EVE
P n —2A//6

(11)
The corresponding tensor notations are respectively Bji-
—i

and B, where the superscript denotes the row index of
matrix and the subscript the column index. According
to reduction of Eq. (@), the singlet exists which leads to
a symmetry conserved interaction, that is

Ho=go-B,B! . (12)

As far as breaking terms are concerned, the octet-octet
final states are more complex than those of decuplet-
decuplet ones. By virtue of Eq. ([@) it is noted that there
are two types of octet: an antisymmetric, or f-type, and
a symmetric, or d-type, defined respectively by

i _ T} B i
([BB]f)j = BkB;'C - BjBk ) (13)
and
— i —=1 -k i 2 i B™ n
([BBla); = BB} + B; B}, — gaj -(B,B™ ). (14)

Correspondingly, the each breaking term for octet now
contains two parts. In addition, no singlet exists in the
reduction of the product of one octet and one decuplet,
or one octet and one 27-tet, therefore, the final effective
interaction Hamiltonian reads

Hepr = g0 BjB] _
+9m - ([BB]y)3 + g7, - ((BBla)3 (15)

+ge - ([BB]p)i + 9. - ([BBla)i

Then writing Hepr in particle form, acquired is the
parametrization for the octet-octet baryon final state as
listed in Table [

TABLE II: Amplitude parametrization forms for decays of a
resonance into a pair of octet baryons, in terms of singlet A, as
well as symmetric and antisymmetric charge-breaking (D, F')
and mass-breaking terms (D', F’). Here A = go, D = g./3,
F=—g., D' =—g,,/3, and F' = g.,, such a choice is due to
the consistency with the previous study in Ref. [6].

Final state Amplitude form

D A+D+F—-D' + F’
nn A—2D—-D' + F’
oty A+ D+ F+2D'
»o5? A+ D+2D

-5t A+D—F+2D
=0E° A—2D-D — F
=—=*+ A+D—-F-D —F
AA A—D—-2D'

YOR +T°A V3D

TABLE III: Amplitude parametrization forms for decays of a
resonance into a pair of octet baryons, in terms of the charge-
breaking term D (D = g./2+/3) and the mass-breaking term
D' (D' = gn/V3).

Final state Amplitude form

DTS e —2D + D’
S0 +D - D
Sy -D
E+0=0 2D+ D
= TET - D
A p 2D

Zon 2D

A —V3D

C. Parametrization of octet-decuplet final state

According to the reduction
8®10"=8d 100 27® 35, (16)

no singlet exits, so there is no symmetry conserved term
in the effective interaction Hamiltonian. All terms come
from the breaking effects. The octet in Eq. (I8) is con-
structed as follows

. . ;

O = €™ Bim; B, (17)
where € is totally antisymmetric tensor. Since no sin-
glet exists in the reduction of product of a octet with a
decuplet, or a 27-tet, or a 35-tet, the sole singlet comes

form the product of two octets, and the final effective
interaction Hamiltonian reads

Herp = gmO3 + 9071 . (18)

The parametrization for octet-decuplet baryon final state
is presented in Table [[I1l



IIT. EXPERIMENTAL MEASUREMENT

Studying the relative phase between the electromag-
netic (EM) and strong decay amplitudes, in addition to
the magnitudes of them, provides us a new viewpoint to
explore the quarkonium decay dynamics. Studies have
been carried out for many J/v and ¢’ two-body mesonic
decay modes with various spin-parities: 1707 [8, |9],
0-0~ |5, 10, 11], and 171~ [5], and baryon antibaryon
pairs [12]. These analyses reveal that there exists a rel-
ative orthogonal phase between the EM and strong de-
cay amplitudes [3,18-13]. The parametrization of baryon
pair final state greatly facilitates the further study of this
phase, and provides a better knowledge of understanding
of the quarkonium decay dynamics.

In the following study, the analysis is performed for the
data taken at J/v resonance region in ete™ collider, the
important experimental effects such as the initial radia-
tive correction (ISR) and the effect due to energy spread
of accelerator have been taken into account carefully.

A. Born section

For ete™ colliding experiments, there is the inevitable
continuum amplitude

+

eTe” — 4" — hadrons

which may produce the same final state as the resonance

decays do. The total Born cross section is therefore
reads [14-16]
4o 9
05(5) = o fagy(5) + ay(5) + ac(s) P Pls) ,  (19)

which consists of three kinds of amplitudes correspond to
(a) the strong interaction (asy(s)) presumably through
three-gluon annihilation, (b) the electromagnetic inter-
action (a~(s)) through the annihilation of ¢ pair into a
virtual photon, and (c) the electromagnetic interaction
(ac(s)) due to one-photon continuum process. The phase
space factor P is expressed as

_ 2
P=v(3-10%)/2, v= \/1_M . (20)
s

where mp; and mp, are the masses of the baryon and
anti-baryon in the final states, and v velocity of baryon in
the center-mass-system. For the octet-baryon-pair decay,
the amplitudes have the forms:
Y
— 21
- (21)

ac(s) =

_ 3YTee/(a/5)
() = SR .

3XTee/(av/s)

a3g(9) = T rE (23)

where +/s is the center of mass energy, « is the QED
fine structure constant; M and I'; are the mass and the
total width of J/t; Te. is the partial width to eTe™.
X and Y are the functions of the amplitude parameters
A,D,F, D', and F' listed in Table [, viz.

Y =Y(D,F), (24)

X =X(A, D', F')e' . (25)

The special form of X or Y depends on the decay mode,
as examples, for pp decay mode, X = A — D' + F’ and
Y = D+ F while for === decay mode, X = A— D' — F’
and Y = D — F, according to the parametrization forms
in Table[[Il In principle, the parameters listed in Table [[]
could be complex arguments, each with a magnitude to-
gether with a phase, so there are totally ten parameters
which are too many for nine octet-baryon decay modes.
To make the following analysis practical, and referring to
the analyses of measonic decays, it is assumed that there
is not relative phases among the strong-originated am-
plitudes A, D', F’, and electromagnet amplitudes D, F;
the sole phase (denoted by ¢ in Eq. (23] ) is between the
strong and electromagnet interactions, that is between X
and Y, as indicated in Egs. (28] and (24]), where A, D,
F, D', and F' are treated actually as real numbers.

B. Observed section

In ete™ collision, the Born order cross section is mod-
ified by the initial state radiation in the way [17]

Tm

Ore(s) = / dzF(z, s) |fﬁogz(28((11:;)))|2, (26)

0

where z,, = 1 —§'/s. F(z,s) is the radiative function
been calculated to an accuracy of 0.1% [17-19], and TI(s)
is the vacuum polarization factor. In the upper limit of
the integration, v/s’ is the experimentally required mini-
mum invariant mass of the final particles. In the following
analysis, x,, = 0.2 is used which corresponds to invariant
mass cut of 3.3 GeV.

By convention, I'., has the QED vacuum polarization
in its definition [20, 21]. Here it is natural to extend this
convention to the partial widths of other pure electro-
magnetic decays, that is

ry =20 () |Fr) (27)
where
e = ToT100P) 2

with vacuum polarization effect included.



The eTe™ collider has a finite energy resolution which
is much wider than the intrinsic width of narrow reso-
nances such as the ¢’ and J/v. Such an energy resolution
is usually a Gaussian distribution:

1 _w-whH?
2

= ——-e 2A y
V2TA

where W = /s and A, a function of the energy, is the
standard deviation of the Gaussian distribution. The ex-
perimentally observed cross section is the radiative cor-
rected cross section folded with the energy resolution
function

G(W, W)

oobs(W) = /dW’aT_C_(W’)G(W’,W) . (28)
0

Actually as pointed out in Ref. [15], the radiative cor-
rection and the energy spread of the collider are two im-
portant factors, both of which reduce the height of the
resonance and shift the position of the maximum cross
section. Although the ISR is the same for all eTe™ ex-
periments, the energy spread is quite different for dif-
ferent accelerators. Such a subtle effect must be taken
into account in data analysis. In the following analysis
all data were assumed to be taken at the energy point
which yields the maximum inclusive hadron cross sec-
tions in stead of the nominal resonance mass [15, 22].
Some experimental details are summarized in Table [V]
and they are crucial for the data fitting preformed below.

C. Phase from the fit

Chi-square method is employed to fit the experiment
data. The estimator is the defined as

2 [Ni — ni(17))?
= —_— 29
where N with the corresponding error (6N) denotes the
experimentally measured number of events while n the
theoretically calculated number of events :

n=4L" Ops €, (30)

where L is integrated luminosity, e efficiency, and the
observed cross section is calculated according to for-
mula (28]), which contains the parameters to be fit, such
as A, D, F, D', F', and the phase ¢. All these parame-
ters are denoted by the parameter vector 7 in Eq. (29)).
There are lots of measurements for the octet-baryon-
pair decay at J/¢ region. However, many of mea-
surements have been performed almost 30 or 40 years
ago [23]-|30]. The recent experiment results are mainly
from BESII [31433] and BESIII [34-38] collaborations.
Besides the data from them, the data from MARKII [26]
and DMII [27, 28] are adopted, since the numbers of

events from these two experiment group are consider-
able large and the more information of distinctive decay
modes are also provided. All data used in this analysis
are summarized in Table [Vl

Since there is lack of the details information about each
detectors, it is difficult to deal with all data consistently
and accurately. To alleviate the possible inconsistence
among the data from different experiment group, four
relative (relative to the quantity of BESII) normalized
factors of luminosity are introduced with the belief that
the relative relations of measurements of each experiment
group is more reliable than the corresponding absolute
values.

A remark for BESIIT data samples is in order here.
There are two sets of J/v¢ data samples due to BESIII,
which were taken separately in 2009 and 2012. The de-
termination of the total numbers of two data samples and
relevant details are contained in Refs. [39] and [40]. Two
relative normalized factors of luminosity (fpessa for the
data in Refs. |[34-36] and fpes3p for the data in Refs. BE-
SIII [31,138]) are introduced for BESIII samples.

The fitted parameters are listed as follows:

¢ = —89.20° +£0.91°, or +90.71°£0.93° ;
A = 1.68340.005 ,
D' = —0.097 £0.001 ,

F' = 0.183+0.003 ,
D = 0.099 £0.003 ,

F = 0.09440.033 ;
fmk2 = 0.9304£0.024
fam2 = 0.774+0.020 ,
fressa = 0.91440.004
fressp = 1.18440.007 .

(31)

Here four factors fik2, fam2, foessas and fressp are
used to normalize the total integral luminosity for ex-
periments at AMRKII, DMII, and BESIII (two sets of
samples), respectively. The fit values indicate that the
inconsistencies of these experiments from that of BESII
vary from 10% to 30%.

The phase determined from J/¢» — BB decays is fairly
consist with the analysis for ¢/ — KJK? [41], where ¢
is determine to be (—82° 4 29°) or (4+121° + 27°). Here
the solution —89.29° is more favorable for the universal
assumption proposed in Ref. [42]. The results of Eq. (31))
show that for J/v — BB decay the SU(3)-symmetric
amplitude (A4) dominates while others is weak at least at
one order of magnitude.

It is also noticed that the results obtained here are
consistent with those in Ref. |35], in which the “reduced
branching ratio” method |5, 43] was applied, and the ¢ is
determined to be (+76 + 11)°. Notice with the “reduced
branching method” the continuum contribution is simply
subtracted from the resonance’s, then the interference
between them has not been considered properly. Also
this method can only provide relative strengths of the
different amplitudes.

With the EM amplitudes determined from the fit, one
can calculate the continuum production cross sections of



TABLE IV: Breakdown of experiment conditions correspond to different detectors and accelerators. The data with star (x) is
the equivalent luminosity calculated by relation £ = Niot/0maz-

C.M. Energy Data Taking Maximum Total Integral
Detector Accelerator Spread Position” section event luminosity
(MeV) (GeV) (nb) (x10°) (pb™!)
BESIII, BECPII 1.112 3.097 2830 225.3 79.6
BESIII, 3.097 2830 1301.6 394.7
BES IT BEPC 0.85 3.09700 3631.8 57.7 15.89x%
MARK II SPEAR 2.40 3.09711 1429.3 1.32 0.924x
DM II DCI 1.98 3.09711 1702.0 8.6 5.053%
FENICE ADONE 1.24 3.09704 2595.5 0.15 0.059:

% The data taking position is the energy which yield the maximum inclusive hadronic cross section.

TABLE V: Experimental data of J/i decays to octet baryon pair final states. The first uncertainties are statistical, and the
second are systematic.

Mode Nebs Efficiency Branching Ratio Detector
(peak) (%) (x10~%)
P 63316 + 281 48.53 £0.31 22601+ 1.4 BESIT [31]
1420 + 46 49.74+ 1.6 21.6£0.7£1.5 MARKII [26]
314651 + 561 66.16 & 0.17 21.12 4 0.04 +0.31 BESIII [34]
nm 35891 + 211 7.69 £ 0.06 20.7+£0.1+1.7 BESIII [34]
AA 8887 + 132 7.55 +0.11 20.3+0.3+1.5 BESII [32]
365+ 19 17.6 +0.9 15.8+ 0.8+ 1.9 MARKII [26]
1847 + 67 15.6 & 0.57 13.8 4 0.5 £ 2.0 DMII [27]
440675 + 670 17.30 +0.03 19.43 +0.03 £ 0.33 BESIII [37]
205’ 1779 + 54 2.31 £0.07 13.34+04+1.1 BESII [32]
90 £ 10 4.34+0.4 15.8+1.6+2.5 MARKII [26]
884 &+ 30 9.70 £ 0.37 10.6 0.4 £ 2.3 DMII [27]
111026 + 335 7.28 +0.03 11.64 £ 0.04 £ 0.23 BESIII [37]
e 399 =+ 26 0.45 £ 0.03 15.0 4+ 1.0 £2.2 BESII [33]
==’ 206 =+ 20 0.29 £ 0.03 1204+1.2+2.1 BESII [33]
134846 =+ 437 8.83 £ 0.07 11.65 £ 0.04 & 0.43 BESIII [38]
== 194+ 14 12.94+0.9 11.44+ 0.8 £2.0 MARKII [26]
132+ 11 2.20 £ 0.19 7.04+0.6+1.2 DMII [28]
42810.7 + 231.0 18.40 £ 0.04 10.40 £ 0.06 £ 0.74 BESIII [36]
SOR + 5°A 542 + 32 8.02 +0.65 0.283 4+ 0.023 BESIII [35]

all the final states listed in Table [Vl As a byproduct, we
predict

+

olete™ — pp) = 3.45 + 1.19 pb,

o(ete™ — nm) = 3.60 £ 0.22 pb,

olete” — XTX ) =3.03 £ 1.05 pb,

o(ete™ — NO) = 0.79 4 0.05 pb, (32)
o(ete~ — E9Z%) = 2.75 £ 0.16 ph,

olete™ — AA) = 0.84 £ 0.05 pb,

olete™ — 0K + T°A) = 4.88 4 0.50 ph,

at a center of mass energy corresponding to the J/¢
mass; while the cross sections of o(ete™ — Z*§+) and

olete” — E’§+) are about thousand times smaller.
These can be tested with the data samples at the BE-
SIIT experiment.

IV. SUMMARY

Based on the flavor-singlet principle, assuming the fla-
vor symmetry breaking effect as a “spurion” SU(3) octet,
the effective interaction Hamiltonian is obtained in ten-
sor form for all kinds of baryon pair final states decay-
ing from a charmonium resonance. It is the first time
to acquire such a scheme to systematically parameterize
various kinds of baryon pair final states in the light of
a single and simple principle. Furthermore, the philoso-
phy of symmetry analysis can be easily extended to the
meson pair final state. The corresponding study is in
the progress. In a word, such a scheme greatly facilitates
the further systematical study of charmonium decays at
BESIII experiments, and provides a better knowledge of
understanding of the quarkonium decay dynamics.

As a concrete example, by virtue of the parametriza-



tion scenario given in this monograph, the data taken at
J/1 resonance region in eTe~ collider are analyzed to
measure the relative phase between the strong and elec-
tromagnetic amplitudes. In the analysis the details of
experimental effects including the energy spread and the
initial state radiative correction are taken into considera-
tion. The existence of a nearly orthogonal relative phase
is confirmed at high accuracy based on the data fitting
results of J/1 decays into baryon pair final states.

Since the parametrization forms for all kinds of baryon

pair final states are available, more experimental data are
being collected and classified for the further analysis.
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