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Abstract: We have performed an updated analysis of the angular distribution of the y¥(3686) — pp decay by con-
sidering transverse beam polarization to investigate potential sources of forward-backward asymmetry and azimuth-
al modulation beyond the simple 1+« cos? 6 form. We focus on the interference between the y(3686) resonance and

two-photon exchange continuum process, as well as on the background from initial-state—final-state radiation
(ISR-FSR) interference. A maximum-likelihood fit to the cosé distribution of ¥(3686) — pp yields @ = 1.00+0.03,
which is consistent with previous results. Our model predicts a significant sin(2¢) modulation in the azimuthal

angle, indicating the influence of transverse beam polarization. Based on these findings, two-dimensional angular

analyses can be conducted in the future to fully disentangle the polarization and interference dynamics in charmoni-

um decays to baryon pairs.
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I. INTRODUCTION

Precise measurements of the electromagnetic form
factors of nucleons in the timelike region through pro-
cesses such as e*e” — pp and e*e™ — nii provide crucial
insights into the non-perturbative structure of baryons.
These form factors, encoding the spatial distributions of
electric charge and magnetization, serve as fundamental
probes of Quantum Chromodynamics (QCD) in the con-
finement regime. The data obtained from the BESIII ex-
periment [1-3], with unprecedented precision, enable
stringent tests of theoretical models and help resolve
long-standing puzzles, such as the relative strength of
photon couplings to protons and neutrons and the oscillat-
ory behavior [4-5] observed in the effective form factors.
Such studies bridge the spacelike and timelike domains,
offering deeper insights into nucleon dynamics, the role
of final-state interactions, and the transition between per-
turbative and non-perturbative QCD.

The differential cross-section for the annihilation pro-
cess e*e” — BB, where B denotes a proton (p) or neutron
(n), is expressed as a function of the center-of-mass en-
ergy squared (s) and the polar angle (6) of the baryon:
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where aqrp is the fine-structure constant, 8 =+/1—4m3}/s
is the baryon velocity, mg is the baryon mass, and C is
the Coulomb enhancement factor for the charged final
states (pp) or is unity for the neutral ones (niz). The elec-
tric and magnetic Sachs form factors Gg(s) and Gy(s)
characterize the internal spatial distributions of charge
and magnetization, respectively. Their ratio |Gg/Gy| and
individual moduli can be extracted by fitting the meas-
ured cos6@ distributions. In the timelike region (s> 0),
these form factors are complex, and their behavior near
the threshold provides critical information on final-state
interactions and non-perturbative QCD dynamics

The angular distributions in the J/¢ — pp and ni de-
cays, parameterized as 1+acos’f, serve as sensitive
probes of the underlying baryon structure and production
dynamics [6—8]. These decays proceed via three-gluon
annihilation, offering a gluon-rich environment to test
perturbative QCD and determine the role of gluon spin.
The parameter « reflects the interplay among quark-mass
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effects, relativistic corrections, and baryon wave func-
tions, distinguishing between asymptotic predictions and
non-perturbative models. Measurements of o for both the
pp and na final states can reveal isospin dependencies
and SUQ3) flavor-symmetry breaking, and comparisons
with ¥(3686) decays can be performed to test heavy-
quark spin symmetry and production mechanisms. Such
studies are crucial for constraining quark models, under-
standing baryon formation, and exploring exotic hadron-
ic configurations.

The data obtained by measuring « in the pp and nn
channels in BES, BESIII, and CLEO experiments are
summarized in Table 1. Existing data, primarily obtained
from BES and CLEO experiments, reveal that the meas-
ured «,; for ¥(3686) is approximately 1.03+0.07 [9],
which has been obtained consistently and is larger than
the J/y value of 0.676+0.055 [10], suggesting different
dynamical origins. The first observation of ¥(3686) — nii
by BESIII yielded «,; =0.68+0.16 [9], which was con-
sistent with «@,; measured in J/y decays within one
standard deviation; however, the discrepancy in this value
is greater than lo compared to that obtained from
(3686) decays. The considerable uncertainties preclude
definitive conclusions, thus motivating further precision
studies to understand flavor-symmetry breaking and the
role of quark-mass effects in charmonium decays to bary-
on pairs.

The measured branching ratios for ¥(3686) — pp and
W (3686) — nii are consistent within one standard devi-
ation [9], indicating negligible SU(3) flavor-breaking ef-
fects in the final state. Consequently, analyzing the mech-
anism underlying the significant deviation of the angular
distribution parameter o for ¥(3686) — pp from those for
the (3686) — nin and J/y — pp decays [10], within the
quark model framework [6], is challenging. Current ex-
perimental analyses are limited to one-dimensional (1D)
angular distributions and do not account for potential
asymmetry in the data [9]. The accumulation of large
¥(3686) data samples at BESIII highlights the require-
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Fig. 1. Feynman diagrams of one (a,b) and two (c,d) virtual photon processes e*e™

ment of conducting updated and more comprehensive
measurements to clarify the underlying dynamics and to
constrain theoretical models of baryon production in
charmonium decays.

Extending the 1+ acos?@ parameterization of angular
distribution in previous analyses, an improved measure-
ment can be performed by analyzing the two-dimension-
al (2D) angular distribution in polar and azimuthal angles,
incorporating the effects of transverse beam polarization
in e*e” collisions [14]. Several studies have investigated
the asymmetry phenomena in electron—positron annihila-
tion into protons [15—16]. To advance our understanding,
a comprehensive approach incorporating potential physic-
al asymmetries in the polar angular distribution is re-
quired. Accounting for asymmetries arising from interfer-
ence contributions from two-photon processes and back-
grounds originating from initial-state—final-state radi-
ation (ISR-FSR) interference is essential for extracting
precise angular coefficients and for clarifying the under-
lying production dynamics.

. ANALYSIS OF ANGULAR DISTRIBUTION

At the ¥(3686) energy point in electron-positron anni-
hilation experiments such as those conducted at BEPCII,
the final state pp events can be produced through several
processes, as illustrated in Fig. 1: resonant production via
¥(3686), single-photon exchange, and two-photon ex-
change. Among these, the ¥(3686) resonance dominates
with a cross-section of approximately 1700 nb, while the
single-photon process provides a secondary contribution.
The intermediate Z-boson exchange is neglected here due
to its off-shell suppression, which leads to negligible pro-
duction at this energy. Although the two-photon process
appears at the order of /g, and is negligible, its interfer-
ence with the ¢(3686) amplitude could introduce non-
trivial asymmetries in the polar angular distribution. The
asymmetries can be tested experimentally using available
data.

= y"/[¥(3686) or y*y* — pp.
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Table 1. Measurements of branching fractions (8) and angular distribution parameters () for ¥(3686) — pp and y(3686) — nin decays.
The first and second uncertainties are statistical and systematic, respectively.
Source(Year) Process Branching Ratio 8 o parameter Ref.
BES (2004) Iy — pp (2.26£0.01+0.14)x 1073 0.676 +0.036 +0.042 [10]
BES (2012) JIy — pp (2.112+0.004+0.031) x 1073 0.595+0.012+0.015 [11]
BES (2012) JI = ni (2.07£0.01£0.17)x 1073 0.50+0.04+0.21 [11]
BES (2007) w(3686) — pp (3.36+£0.09+0.25)x 10™* 0.85+0.24 +0.04 [12]
CLEO (2005) ¥(3686) — pp (2.87+0.12+0.15) x 10~ a not reported [13]
BESIII (2018) w(3686) — pp (3.05+£0.02+0.12)x 10™* 1.03 +£0.06+0.03 [9]
BESIII (2018) ¥(3686) — nit (3.06£0.06+0.14) x 10~ 0.68+0.12+0.11 [9]

Experimentally, the pp final state is characterized by
two angular observables: the polar angle 6 and the azi-
muthal angle ¢. The contributions from the aforemen-
tioned processes, including their coherent interference,
can be described by a differential angular distribution that
depends on both 6 and ¢. This distribution provides a
sensitive probe to disentangle the resonant, single-photon,
and two-photon components, as well as to test potential
interference effects that may arise from transverse beam
polarization or higher-order QED contributions. Such
analyses enhance the precision of cross-section measure-
ments and enable deeper investigations into the dynam-
ics of baryon pair production near charmonium reson-
ances.

In this section, we formulate the angular distribution
for the resonant and single-photon processes by incorpor-
ating the beam transverse polarization. Subsequently, we
extend the analysis to include the interference with the
two-photon exchange process. Finally, we formulate the
interference terms from ISR and FSR.

A. Beam transverse polarization

At BEPCII, the transverse polarization of electron and
positron beams arises naturally owing to the Sokolov—
Ternov effect [14]—a self-polarization mechanism where
spin-flip synchrotron radiation during circulation in the
storage ring leads to a gradual buildup of polarization
perpendicular to the beam direction. This process results
in a characteristic polarization Pr that increases with
storage time, reaching significant levels away from de-
polarization resonances. The spin density matrix of
beams can be described by [17]

2

1({ 1+P. Pr
pr== _ for e*,
2\ P 1-P,

z

1 1+P, Py
p == fore™,
P, 1-P,

where P. and P, denote the longitudinal polarizations of
the electron and positron, respectively. In the symmetric

BEPCII configuration with transverse polarization only,
P.=P.=0 and P; is non-zero, leading to off-diagonal
elements that modify angular distributions and enable
new observables in baryon decay analyses.

At the BEPCII experiment, the evolution of beam
transverse polarization is intrinsically linked to the stor-
age ring’s geometry and operational conditions. The po-
larization builds up naturally through the Sokolov—Ter-
nov effect, with a characteristic time dependence de-
scribed by P, =|Py| = Py(1 —e*/™), where 7, depends on
the ring radius and beam energy. A simplified numerical
estimate indicates that, after about one hour of beam in-
jection at the ¥(3686) energy, the transverse polarization
can reach approximately 28% [17]. This polarization can
be experimentally measured offline using reference pro-
cesses such as e*e” — pu*u~ and yy production. The avail-
ability of transverse polarization introduces additional ob-
servables in the angular distribution of pp final states, en-
abling a deeper investigation into the underlying produc-
tion mechanisms —particularly the origin of azimuthal
asymmetries that may arise from interference between
resonant and continuum amplitudes.

B. efe” =y /Y(3686) — pp
For the process e*e” — pp via the intermediate states
v* /¥ (3686), its angular distribution can be written as

do
dcosé

— + 1
& Zpﬂa,%p/lb,/l; Dy _aya-ay (¢,60,0)

/1,',/1;

1 1 1
XD T 2,(0,0.00T 3, a0, T ;T,A;,AL.,A,,» (2)

where A,, A, =+1/2 and A,, A4, = +1/2 denote the heli-
city values of the electron and positron, respectively.
A.=£1/2 and A, = £1/2 denote the helicities of the pro-
ton and antiproton. D, represents the Wigner-D func-
tion in terms of the proton helicity angles 6 and ¢, and T
denotes the helicity amplitude. The process conserves the
parity, leading to the symmetry relation 7!, _, , =
T} 4,a.,- Considering that the process e*e™ — y* strictly
obeys the helicity conservation rule, this leads to the heli-
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city selection rule for e¢*/e~, which can be expressed us-
ing the Kronecker delta 6,,_,,. Straightforward algebraic
simplification yields

do
—  x1l+acos’f+ cyP[2 sin®@cos 2¢,
dcosfd¢

where « is the angular distribution parameter for proton
within the region @ €[-1,1]. Here the normalized rela-
tions, |T11/2,71/2,1/2,71/2|2 =(1+a)/2 and |T11/2,71/2,|/2,1/2|2 =
(1-a)/4, are used.

C. Interference with two-photon process

To account for the potentially asymmetric angular
distribution of the proton, we consider the interference
between processes involving ¥(3686) and two-photon
contributions. The proton distribution from (3686) de-
cay yields a symmetric profile, corresponding to the S-
and D-wave components of the proton, whereas the two-
photon process also comprises contributions from partial
waves with L=1,3. Interference between these terms
therefore leads to an asymmetric distribution. In this ana-
lysis only P-wave contribution is considered. The amp-
litudes for processes (a) and (c) in Fig. 1 canbe uni-
formly expressed as

1
ﬂa/c(/luv /lbv Aw /ld) = E Z(zJa/c + 1)

Ja/c

Jaje* Jaje
XDy 2=, (@,0,00T305 5 ae (3)

where J,,. represents the spin of the intermediate state.
For the ¥(3686) process, we take J, = 1. In the case of the
two-photon process, three spin configurations are pos-
sible: J. =0,1,2. The helicity selection rule forbids simul-
taneous coupling of one and two photons of J. =0 sys-
tem to the e*e” beams, which cancels the interference
contribution. For the J.=1 configuration, C-parity con-
servation results in only one non-zero helicity amplitude,
Tij2-1212-172, yielding a symmetric distribution of order
@{ep» Which can be neglected. Thus, we only consider the
interference term of the case J. =2 with resonance, at
level of agy, order. Then we have the interference contri-
bution 4 o ZA,.P}m,l;p}b,,l;)Re(ﬂaﬂf-), and

AA, o< DY (0, H,O)Dzz i 1-1,($:6,0)

1 2%
XT o teta L apag deae )

Using the parity-conserved relations, 72, _, , =
T3 ..., the following reduced formula is obtained:

dr,

m oc cos @ {A -[cos® 0+ P2 cos(2¢) sin® 0] — B- sin’ 9} ,
i l+a 5
with A=8V2VI+acos T+,8 H%,_%’%’_%,
)
B=8V3la—1] [~1+ P} cos(2¢)]
3
Xcos(*(d—l)) H: .., 6)
2 371003

where f is the phase angle difference between
T\ i and Ty 1y i, and a is the angular dis-
tribution parameter of the proton. Here, we treat H> as a
real number, based on the following consideration:
photon coupling with charged particles occurs via (ie)’
and both the photon and proton are zero-width particles,
leading to a real amplitude. A previously reported numer-
ical investigation [18] shows that the form factor for
photon—proton coupling has a negligible imaginary part,
which justifies the use of a real-amplitude approximation.

If ¢ is integrated out, then we obtain a reduced distri-
bution [15, 18]:

d7,. :
o« Bcos8+ (A — B)cos® 0, with
dcosf
— I+a )
A:S\/z 1+acos T+ﬂ H%’_%’%’_%,
3
B=8\/§\/|af—1|cos(§(a—1)>Hi7%,%,% (7

The asymmetry distribution is plotted in Fig. 2 for the
parameter choice =1, =0 and is displayed in arbit-
rary units.

D. ISR-FSR interference

The corrections from ISR and FSR have been extens-
ively studied in quantum electrodynamics. Calculations

Interference distribution (a =1, 8 =0)

7.5

5.0

dI,c/dcos 6 (arb. units)

-1.00 -0.75 —-0.50 -0.25 0.00 0.25 0.50 0.75 1.00
cos6

Fig. 2.  (color online) Asymmetric proton angular distribu-
tion resulting from the interference between resonance and
two-photon processes.
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show that the photon radiation from charged particles is
concentrated near the direction of the particle's motion,
decreases rapidly as the angle increases, and the radi-
ation probability is inversely proportional to the square of
the charged particle's mass. The higher the energy of the
radiated photon, the lower the probability of its emission.

In ISR, mostly soft photons are produced along the
beam direction. By contrast, in FSR, the photons radiated
by protons and antiprotons are mainly emitted along their
respective directions of motion. Because their energies
are mostly below the sensitivity threshold of photon de-
tectors, they may not be detected. Such undetected FSR
processes have the same final observed state as that of the
signal channel and thus form an important type of back-
ground. The tree level of ISR-FSR diagram is shown in
Fig. 3.

Although the probability of FSR from protons (anti-
protons) is considerably smaller than that of ISR, the in-
terference between them can lead to an asymmetric angu-
lar distribution. This asymmetry is observed because, in
ISR, the pp system has a parity of 1~ and is in a state rep-
resented by the superposition of S- and D-wave states,
whereas in FSR, the pp system is in a P-wave state. The
interference between states of different parity can pro-
duce an asymmetric angular distribution. This asymmet-
ric profile has been found for the process reported in a
previous study [16].

To investigate the contribution of the ISR—FSR inter-
ference to the asymmetry, we compute the interference
term between diagrams (a) and (b) in Fig. 3, which can be
written as I, o 2Re(p*p” MyM;3). Here p* and p~ de-
note the spin density matrices of the positron and elec-
tron, respectively, while M; and M, represent the amp-
litudes corresponding to diagrams (a) and (b) in Fig. 3.

For diagram (a) the amplitude reads

1
M] ~ D/ll;_/lﬂ/[p_,lp(¢70’0)D,2;,/1+7,1y(¢| ’9130)

8

XHy 1,0, Ga, s ®)
where A,, A_, 4, and A; are the helicities of the positron,
electron, proton, and antiproton, respectively. The factor
G,,., 1is the helicity amplitude for the subprocess
e* — ye*, described by the helicity angles (¢;,60;). The
quantity Hy . 4,4, denotes the helicity amplitude for the
coupling of the e*e™ pair to the pp system.

For diagram (b), the amplitude is

1
Mo~Dj 4 22, (@.0.00D  , (62,6:,0)

XHp a0, Faga,

)

where F,,,, 1is the helicity amplitude for the radiation
p — yp with helicity angles (¢,,6,), and Hy i, de-
scribes the ete™ — pp vertex.

Considering both ISR and the two FSR possibilities
for the cases in which the photon is emitted from either
the proton or the antiproton, the interference contribution
to the cross-section can be expressed as

Tisrrsr 2 Re[p* 0™ My (M + M (62,621 — [63.63D) |
(10)

where the replacement [6,,¢,] — [65,¢3] indicates that the
FSR photon is emitted from the antiproton, with corres-
ponding helicity angles 65,¢;. Events in which the ISR or
FSR photon escapes detection (because it is soft or collin-
ear) lead to the same visible final state as the that of the
signal channel e*e™ — pp. Therefore, such configura-
tions constitute an irreducible background. In the present
study, these contributions are treated by integrating over
the unobserved photon angles.

If the angles for the ISR (FSR) photons are integrated
out, then the angular distribution is obtained as

dorisr-Fsr
dcosf8d¢

oc4(6+6cos(26’)— V2sin@
6

2 . ) .
+6P; cos(2¢) 51n9< V2sin <§> + 251n9>
+c050<4+3ﬁsin@))a—2(4\/§cose+ \/5005(29)
+2sin6(12+ V2P cos(2¢)sin6) ) V1 -a?

0 0
2 . 3

+2<24+ 8cosH+8 \/EP, cos <§> cos(2¢) sin <§>
—6V2sing+ V2sin(20) +5 V2 -202), (11)

where P, and a are the beam transverse polarization and
angular distribution parameter of the proton, respectively.
If ¢ is integrated out, then

Fig. 3. Tree level of Feynman diagrams for ISR (a), FSR, (b) processes e*e™

— Y(3686) - pp.
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ISR-FSR interference distribution (a = 1)

120

100

do B
Fop (arb. units)

40

20

-1.00 -0.75 -0.50 -0.25 0.00 025 050 075 1.00
cos6

Fig. 4. (color online) Asymmetric proton angular distribu-

tion resulting from the interference between ISR and FSR pro-
cesses.

dorisr-rsr

4<6+6cos(20) — V2sin@+4cos@
dcosé

+3 ﬁsinGcosG)a
—2(4V2cosf+ V2cos(26) +24sin6) VI—a?
+2(24+8cosf— 6 V2sin@+ V2sin(26)
+5 \/5\/1——012>.
(12)

In Fig. 4, the asymmetry distribution is plotted for the
a = 1 parameter choice and is displayed in arbitrary units.

III. UPDATE ANALYSIS OF e*e™ — pp

A. Updating the fit to the measured proton cos6
distribution

The angular distributions for ¥(3686) — pp and ni
were previously measured by the BESIII collaboration [9]
using 1.07 x 103 (3686) events. In this previous analysis,
the angular distribution was described by 1+ acos*6, and
the possibility of a forward—backward asymmetry was ex-
plored by introducing an odd cosf contribution into the
angular distribution, parametrized as 1+8cos6+ acos®é.
Although the anomalous term was zero, S,; = 0.04 £0.05,
and B,; = 0.01 £0.02, its physical origin remained unspe-
cified, and the treatment should be understood beyond the
empirical asymmetry. Moreover, this analysis did not ac-
count for the background from ISR—FSR interference. To
properly account for the two-photon interference asym-
metry and incorporate the ISR-FSR interference back-
ground, we performed a renewed fit to the angular distri-
bution incorporating the asymmetry sources.

The fitting is performed using the maximum likeli-

hood (ML) method. The likelihood function £ is defined
as

Ot

A @eponor).  (3)

Lp)= H P (yz

where y; is the observed number of events at 6;;
do*

dcosf
the parameter p; and o and o are the lower and upper
uncertainties in the measurement, respectively. The prob-
ability density function P is constructed using a Gaussian
function.

The fitting procedure yields the optimal parameter es-
timates by minimizing the negative log-likelihood:

———(6;;) is the theoretical prediction evaluated with

tot

n do—
L ==Y P (31 T @0t ). ()
pr dcosf

Because only a 1D distribution in cos# is available in
the previously reported analxstis [9], the theoretical angu-

lar distribution function is defined by integrating

dcosé
out ¢:
do'y d7,. do ISR—FSR)
+ , 15
dcos0 Ne(® )<dc050 dcosé “l dcosé (13)

where N is a normalization factor, () represents the effi-
ciency correction curve adopted from the experimental
analysis [9], and ¢ is a fit parameter scaling the contribu-
tion from ISR—FSR.

The measured angular parameter a is 1.03+0.06+
0.03 [9] with the 1+acos’6 parameterization. Sub-
sequently, we perform a new ML fit to this reported an-
gular distribution to test the validity of our proposed

formalism. In the ML fitting process, we treat H;_%,%’
and H;_%’%’% as real parameters and float H;_%,%’_%
Hi_%,%y%, N, ¢, a, and f. The results are shown in Fig. 5,
and the fitted values of the main parameters are summar-
ized in Table 2.

Our fitted angular parameter for the proton, a=
1.00+0.03, is consistent with the previously reported
value of @ =1.03+0.06+0.03 within one standard devi-
ation. With the fitted parameters, we plot the ¢ distribu-
tion as shown in Fig. 6. A distinct feature is the deviation
of the ¥(3686) production distribution from the phase-
space distribution; it exhibits a sin(2¢) modulation,
whereas the phase space is flat. The interference contribu-
tions from the resonance and two-photon process are rel-
atively small but non-trivial. By contrast, the ISR-FSR
interference background is negligible. To reveal the trans-
verse polarization and the interference behavior between

I—
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1000 ¥
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§ . * Data _
= 500 Total 0=1.00.£.0.03
| — OPE-TPE interference i
_— ISR-FSR interference [5=0.50 +0.18 |
i ¢,=0.003 £ 0.013 ]
0.5 0 0.5
cosd,
(a)

Fig. 5.

40

—— OPE-TPE interference g

[ —— ISR-F$R interference

Events
=}

—0.5 0 0.5
cosd,

(b)

(color online) Plot of cos6, distribution. The contribution of the interference with two-photon exchange process is shown by a

azure line. The contribution of ISR and fFSR interference is shown by a light blue line. The total PDF is shown by a red line. (b) Distri-

butions of the interference terms.

300
& [ 0=1.00 ]
b
s 200 5 P=0.22 ]
= | — Total $=0.50 ]
z F—— OPE-TPE interference ¢,=0.001 E
100 |=—ISR-FSR interference Hg, 11 _;=0‘058
[ Hj ;,1=0.00 1
- 7772 E
0
-2 0 2
(DP
(a)
Fig. 6.

H12/2,—1 2.1/2.172 = 0.0. (b) Distributions of the interference terms.

Table 2. Parameter results of the proton angular distribu-
tion fit.
Parameter Value
o 1.00+0.03
B 0.50+0.18
H|2/2,-|/24,|/2,-|/2 0.058 +0.072
H|2/2,-1/2,|/24,|/2 0.00+0.01

the resonance and two-photon processes, a 2D analysis of
the polar and azimuthal angles of the nucleon should be
performed. We anticipate the realization of this approach
in future data analysis.

B. Sensitivity of P, measurement

To evaluate the sensitivity of P, measurement, we
generate approximately 0.17 million toy Monte Carlo
(MC) events using the amplitude model for the
¥(3686) — pp decay at each P, value of P,= 0.1, 0.2, 0.4,
0.6, 0.8. The other parameters are fixed as a=1.00,

6 T
[— OPE-TPE interference |
| — ISR-FSR interference i
o 4
£ _\\/_\_/ /
o}
= L _
- L _
<
2
0 -2 0 2
q)P
(b)

(color online) Plot of expected ¢, distribution at @=1.00, P,=0.22, 8=0.50, c¢; =0.003, H12/2,—1/2,1/2,—1/2:0'058’ and

B=050, ¢, =0003, Hi,_,i_1,=0058, and
H}j 1112 =00. To examine the sensitivity to the
number of events, multiple samples are prepared by
sampling randomly from the 0.17 million toy MC events.
Additionally, approximately 0.38 million phase-space
MC events are generated for calculating the normaliza-
tion factor in the likelihood function.
The 2D differential cross-section is defined as

do™ do dr,

_ + dosr-rsr (16)
dcosfdy dcosfde dcosfdy

“dcos 6dp’

The likelihood function for i-th event is defined as

Li(cosb, dla, P,.B, ci JH?
L
_ do**/dcosb;dy;

O—tot

=
=

: (17

where the normalization factor o' is calculated using the
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Fig. 7. (color online) P, significance as a function of the
number of toy sample events and the input P, value.
MC method as o = —— 3 97" is th
method as 07 = — - 37 (Nmc 1s the
Nyce i dcos6;dy; (Nyc

number of phase-space MC events). Instead, we minim-
ize the object function for the Ny events

Nat

~InL=-) "L, (18)

using the TMinuit package [19]. The statistical signific-
ance of the measured P, signal is estimated by compar-
ing the differences in the log-likelihood values (A(—1InL))
with and without the P, parameter. The resulting signific-
ance for the P, parameter is estimated using V|A(-InL)|,
and then, it is plotted as a function of the number of
events for different P, values.

As shown in Fig. 7, a significance of 50 can be
achieved with only approximately 0.1 million events
when P, > 0.2. Given that BESIII has accumulated 2712.4
million ¥(3686) events, approximately 0.5 million
¥(3686) — pp events can be selected. This sample allows
precise measurement of the transverse beam polarization
at BEPCII, which is theoretically expected to reach ~0.28
[17] after 1 h of beam energy injection.

IV. SUMMARY AND OUTLOOK

This paper presents an updated analysis of the angu-
lar distribution in the ¥(3686) — pp decay. This analysis,
explicitly incorporating the effects of transverse beam po-

larization and revealing potential physical sources of
asymmetry, extends beyond the traditional 1+acos®6
parameterization. The analysis is focused on two key con-
tributions: the interference between the resonant y/(3686)
amplitude and the two-photon exchange continuum, and
the background from ISR-FSR interference. An ML fit to
the 1D cosf distribution yields an angular parameter
« = 1.00+0.03, which is consistent with the previous BE-
SIII measurement. The fitted contributions from the two-
photon interference and the ISR-FSR background are
found to be consistent with zero within uncertainties,
while their inclusion is essential for a complete descrip-
tion of the angular distribution. We have also estimated
the statistical significance of P, measurement using the
generated toy MC events. A significance of 50 can be
achieved with approximately 0.1 million events when
P, >0.2. Notably, incorporating transverse polarization
results in the prediction of a distinct sin(2¢) modulation
in the azimuthal distribution; this feature clearly deviates
from the expected flat phase-space.

Our study highlights the limitations of 1D angular
analyses and underscores the importance of a full 2D
(cosf,¢) approach to disentangle the associated complex
dynamics. The observed sin(2¢) modulation, directly
linked to transverse beam polarization, serves as a new
observable sensitive to the interference between the res-
onant and non-resonant amplitudes. Future analyses with
higher statistics should implement such a 2D angular fit
to allow for a more precise and simultaneous extraction
of the polar asymmetry parameter o and ¢-modulation
coefficients as well as to enable a direct constraint on the
transverse polarization degree P, from the baryon decay
data itself. Such an analysis would enable cross-assess-
ment with other calibration processes such as
ete” > utu.

With the continued accumulation of (3686) data at
BESIII and the potential for dedicated runs with en-
hanced beam polarization, sensitive measurements can be
performed in the future to precisely determine the heli-
city amplitudes governing the two-photon process. The
corresponding results will offer deeper insights into the
interplay between QCD-driven resonance decays and
QED continuum processes in the timelike region. This
comprehensive angular analysis provides critical insights
for comprehensively understanding charmonium decays
to baryon—antibaryon pairs.
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