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We report the precise energy scan measurement of the cross section line shape of w/(2S) — K+*K~. The
analysis is based on eTe™ collision data corresponding to an integrated luminosity of 495 pb~! collected
with the BESIII detector at BEPCII. By analyzing the cross section line shape, we extract the relative phase
® between the strong and electromagnetic amplitudes of the y(2S) resonance, a fundamental parameter in
charmonium physics, based on the assumption that the relative phase between the electromagnetic
amplitude of the y/(2S) resonance and the continuum is zero. Two distinct solutions for the branching
fraction B of y(2S) — KK~ are observed: a constructive interference solution with B = (7.49 + 0.41) x
1075 and @ = (110.1 + 6.7)°, and a destructive interference solution with B = (10.94 & 0.48) x 107> and
® = (—106.8 £5.7)°. A significant correlation between @ and B is established, demonstrating that
interference effects must be taken into account in the w(2S) branching fraction measurements. Addi-
tionally, the first results for both the w(2S) strong form factor, which characterizes the strong coupling
between w(2S) and K™ K™, and the energy-dependent electromagnetic form factor of the charged kaon in

this energy region are reported.

DOI: 10.1103/q72k-vdtp

The relative phase @ between the strong and electro-
magnetic (EM) amplitudes of the J°C = 17~ states is a
fundamental parameter in particle physics, serving as a
crucial input for studying quarkonium decays, particularly
in charmonium systems. The Feynman amplitude for vector
charmonium states below the DD threshold decaying into
hadrons consists of two components: a three-gluon medi-
ated strong amplitude A, and a virtual-photon mediated EM
amplitude A,. Studies [1-6] reveal a striking relative phase
@ of £90° between them in J/yw decays, strongly indicat-
ing that the @ could have a universal meaning [1,7] in
different decay modes. On the other hand, the analyses
based on SU(3) flavor symmetry [8] of the measured
branching fractions, most of which were obtained over
30 years ago, reported very different values in different
charmonium decays [3,9—11]. These discrepancies in the
phase measurement are used to address the pz and non-DD
decay puzzles [12-15]. However, Refs. [7,16] discuss that
the @ should not differ significantly among charmonia
because the three-gluon amplitude primarily involves the
charm quark mass scale. The origin of this possible
universal phase and its explanation remain unclear.
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The decays of charmonia into pseudoscalar-
antipseudoscalar meson pairs, PP, are ideal platforms to
test whether the phase is universal through SU(3) symmetry
analysis. Within this model, the charmonium decaying into
atx~ is purely electromagnetic with A, forbidden by
isospin invariance. The K(S)K(Z decay is purely strong in
the limit of SU(3) symmetry, while the K* K~ decay can
proceed through both A, and A, . Furthermore, according to
the 12% rule [17], the amplitude A, of y(2S) - K"K~ is
weaker than that of J/y — KK, thereby enhancing the
visibility of strong-EM interference effects compared to
those in the J/y decay. An SU(3) analysis [18] based
on the branching fractions of the decays w(2S)—
KOKY K*K~,n"z~ measured by BES [19] gave ® =
(—82+£29)° or ® = (121 £27)° The results were sub-
sequently confirmed by two independent analyses [10,20]
using CLEO data, which moreover observed a discrepancy
of (37.07/52)° between w(2S) and J/y. Furthermore, the
BABAR experiment proved that the interference cannot be
ignored, especially for charmonium decays, by verifying
that the interference shifts the measured branching fractions
of +5% for the J/y meson and of +15% for the y(2S5)
meson [21].

Around the y/(2S5), the eTe™ — K"K~ process receives
both photon-mediated continuum amplitude A, and
charmonium-mediated contributions. Measurements of
the ete™ — pu~ cross section around the J/y resonance
show that the amplitudes A, and A, have a relative phase
®, .one compatible with zero [22,23]. By assuming @, .oy is
universal, the parameter @ can be extracted by analyzing
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the line shape of the measured hadronic cross sections
around the resonance.

In addition, the measured cross sections for eTe™ —
K"K~ around the y(2S5) also allow the extraction of the EM
energy-dependent charged kaon form factor and the constant
strong one. The adjective “strong” emphasizes the role of
the coupling constant between the y(2S) resonance and the
K™K~ final state. The most general parameterization of the
transition matrix Mpy, [24] of the process y* — K"K~
with charged kaon being a pseudoscalar meson, contains
only one EM form factor, F(s), i.e.,

Mgy = eF(s)(pft — pL),

where e is the positron electric charge, p, ) is the four

momentum of K*(-) and s = (p, + p_)? is the squared
four momentum of the virtual photon. Analogously, the
transition matrix of the process y(2S) — 3g > K*K™ is

My =efg(pt —pt).

where f is the strong form factor, and it is defined only at
the y(2S) mass: s = (p, + p_)* = mi(m.
The amplitudes of

the processes ete” — y* —

KTK™, ete” -y ->y2S)>y* > K'K~, efe —
vy = yw(2S) - 3g > K"K~ are given by
—i
Acont = eJ;?FK<S)(pi - P’i),
—i _i(igy 28 )2(S/M2) —i
A, = ely———2 F(s)(p = p).

s s—M?>+iMT s +
_i—i(ig’;/(zs))(s/Mz)

A, =el;— 5
s §s—M"+iMT’

k(P = ph),

where J}, is the leptonic current of the common eTe initial
state, —i/s is the photon propagator, i 95/(2 5) is the coupling
constant of virtual photon and y(2S) charmonium, and
—i(s/M?)/(s — M? + iMT) is the Breit-Wigner propagator
of the charmonium y(2S) with mass M and width I". The
term (s/M?) ensures the vanishing of the contribution at
s = 0 and equals 1 at the y/(2S) mass. In the A, amplitude,
the (ig],,s)° term is due to an ig) ., for the first
conversion y* — y(2S) and another for the subsequent
reconversion y(2S) — y*. This coupling constant has the
dimension of energy squared and is proportional to the
square root of the electronic width I, of the decay
w(2S) > eTe™, and it is

9;,(2s) =\ 3F(e)eM3/a’

where a = 1/137 is the fine structure constant. The total
amplitude is defined as

—i
A:Acom+Ay +Ag:e‘,;e47FK(s)(p/i_p/i)
x {1+ (1+ fxk >(9;<2S>)2(S/M2)/MT
Fi(s5) s s—M?+iMT

where the second photon propagator of A, has been fixed at
the y/(2S) mass. The value of @ is expressed as

® = arg (fx/Fx(M?)). @)

In this Letter, we report the first scan measurement of the
cross section line shape of y(2S) - KTK~ using ete”
collision data collected at nine center-of-mass (c.m.)
energies from 3.58 GeV to 3.71 GeV corresponding to a
total integrated luminosity of 495 pb~!. By analyzing the
cross section line shape independently from SU(3), the
first and direct results of the phase between strong and
EM amplitudes and the corresponding branching frac-
tions in different interference scenarios are extracted for
w(2S) > KTK~, as well as the EM and the strong form
factors of the charged kaon. The integrated luminosities of
each dataset are measured with diphoton events to avoid
interference between the resonance and continuum pro-
duction, following Ref. [25].

The BESIII detector is described in detail in Ref. [26].
Signal and background MC samples are generated using
ConExc [27] with vector-scalar-scalar modeling the angular
distributions to match theoretical predictions; BabaYaga
(version 3.5) [28] for Bhabha, u"u~, and ztz~ back-
grounds; and LUARLW [29] for inclusive hadronic events.
All simulations incorporate full Geant4 detector modeling
via BOSS [26,30] for efficiency and background studies.

Candidate events are required to have two charged
particles, which are detected in the multilayer drift chamber
(MDC) and within a @ polar angle range of | cos 8| < 0.93,
where 0 is defined with respect to the z axis, the symmetry
axis of the MDC. For charged tracks, the distance of the
closest approach to the interaction point (IP) must be less
than 10 cm along the symmetry axis of the MDC and less
than 1 cm in the transverse plane. Particle identification
(PID) is applied where the specific ionization energy loss
dE/dx, measured by the MDC, and the flight time,
measured using the time of flight (TOF), form likelihoods
L for K or z hypothesis. Both tracks are required to be
identified as kaons with L(K) > L(x).

To suppress Bhabha events, the requirement £/p < 0.8¢
is imposed for the charged tracks, representing the ratio
between the energy deposited in the EM calorimeter and
the momentum measured in the MDC. Cosmic rays are
rejected by requiring AT = |Tg+ — Tg-| < 3 ns, where
Tg+ and Tg- are the measured flight time from the
interaction point to the TOF detector for the two tracks.
To reduce backgrounds from events with additional tracks,
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FIG. 1. (a) Distribution of M g g- of the accepted candidates at

/s = 3.6865 GeV. (b) Distribution of cosine of the polar angle 0
of K™ in the signal region for all energy points. The dots with
error bars represent the data. The red dashed curve and histogram
are the signal MC sample, and the brown dotted line and filled
histogram are the background events of ete™ — uTu~, respec-
tively. The region between the arrows denotes the signal region.

the residual momentum AP = |P., — Pg+ — Pg-| is
required to be less than 0.07 GeV/c.

As an example, Fig. 1(a) shows the distribution of K™K~
invariant mass, Mg+g-, at the c.m. energy +/s =
3.6865 GeV. The dominant background is from the process
eTe” - putu~ that is described by MC simulation. The
other backgrounds from two-body (pp and n"z~) or
multibody hadronic decays are negligible from MC sim-
ulation estimation. The signal region is defined as the
interval of 0.12 GeV around /s, which contains more than
99% of signal events. For events selected in the signal
region of all datasets, the angular distribution of K in the
c.m. frame is compared with the signal MC sample, as
shown in Fig. 1(b). The consistency is noticeable.

An unbinned maximum likelihood fit is performed on
the M g+ - distribution to extract signal yield, as shown in
Fig. 1(a) as an example. Two simulated shapes are used to
describe the signal candidates and the background events
from putpu~. Each of them is convolved with a Gaussian
function to account for the discrepancies in mass and
resolution between data and MC. The observed cross
section is determined as

80—
—+— Data
60 —— Fit
Continuum

-+ Positive resonance
— — Negative resonance
Positive interference

Gobs (pb)
5

20 - Negative interference
0 R
1 L L 1 L L 1 L
3.60 3.65 3.70
s (GeV)

FIG. 2. The ete™ —» K"K~ cross section data (black points)
are shown with statistical and systematic uncertainties. The blue
line is the fit result, with the dotted line indicating the continuum.
The dashed and dot-dashed lines represent resonance and
interference contributions, respectively.

Jobs — NObS/(é‘ﬁ),

where N° is the number of signal events from the fit, £ is
the integrated luminosity and e is the detection efficiency
after iterations following the procedure implemented in
Ref. [23]. The obtained cross sections at all energy points
are shown in Fig. 2, and the values are listed in Table I.

The systematic uncertainties of the cross section mea-
surements include correlated sources, related to the event
selections, MC simulation, and the luminosity measure-
ment, as well as uncorrelated sources, which mainly arise
from the fit to the Mg:x- spectrum. In the line-shape
analysis, the minimization is performed using a parame-
terized y*> method where common systematic uncertainties
are incorporated as the associated uncertainty of the scaling
factor, while uncorrelated uncertainties are directly
included in the y? calculation [23].

The systematic uncertainty of tracking is estimated to be
1.0% per track with the control sample eTe™ — KTK~7°.
The PID systematic uncertainty is determined by studying

TABLE 1. The integrated luminosity (L), observed signal yield (N), efficiency €, vacuum polarization factor (1/]1 —TI|?),
observed cross section ¢° and absolute values of the charged kaon EM form factor |Fg| at all energy points are shown. The
uncertainties of N, and £ are statistical. The first uncertainties of cross sections are statistical, the second the systematic, and the third

in the bracket are total uncorrelated systematic.

Vs (MeV) L (pb™") Nobs € (%) (1/]1 =T o*® (pb) | Fi|(x100)
3581.5+0.1 84.604 + 0.082 337.0+£19.2 50.6 £ 0.1 1.0355 7.87 +0.45 4+ 0.41(0.15) 7.28 £0.14
3670.2 £ 0.1 83.582 4+ 0.084 273.4+17.3 49.4 4+ 0.1 1.0335 6.62 +0.42 4+ 0.43(0.29) 6.93+0.13
3680.1 £ 0.1 83.060 £+ 0.083 307.1 £ 184 49.6 + 0.1 1.0333 7.45 +0.45 4+ 0.37(0.09) 6.90 +0.13
3682.8 £0.1 28.175 £ 0.049 167.0 £ 13.5 524 +0.1 1.0333 11.51 £0.92 £+ 0.59(0.18) 6.89 £0.13
3684.2 £0.1 27.840 +0.048 451.7 £21.7 55.6 £0.1 1.0333 29.19 + 1.40 £ 1.50(0.49) 6.88 £0.13
3685.3 £0.1 25.342 +0.046 827.6 +£29.2 56.4 +0.1 1.0332 57.89 4+ 2.04 4 2.95(0.87) 6.88 £0.13
3686.5 £ 0.1 24.481 4+ 0.045 852.7+29.5 56.6 +0.1 1.0332 61.58 +2.13 4+ 3.07(0.67) 6.87 +0.13
3691.4 +£0.1 68.647 +0.076 400.3 +£20.6 51.7+0.1 1.0331 11.28 +0.58 4+ 0.57(0.14) 6.85+0.13
3709.8 + 0.1 69.326 + 0.077 248.7 £ 16.5 49.1 0.1 1.0326 7.30 £+ 0.48 4 0.40(0.18) 6.79 +0.13
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the K+ and K~ efficiencies separately using the control
sample, where the PID condition is not used on the track
under study and the muon counter is used to enhance purity.
The difference in efficiency between data and MC simu-
lation, ~2.0% per track, is assigned as the systematic
uncertainty. The uncertainty in the requirement of the
residual momentum is estimated by fitting the distribution,
and the difference in efficiency between data and MC
simulation, 1.0%, is taken as the systematic uncertainty.
The uncertainty in the AT selection is estimated in a similar
way and is found to be negligible. The uncertainty related
to the E/p requirement is estimated by varying the
corresponding selection criteria, and a common value of
1.3% is given from a fit on the largest difference in cross
section at each energy point. The uncertainty due to the MC
generator is assigned as the difference in obtained cross
sections between ConExc and the line-shape fit program
[31], which is 1.0%.

The uncertainty in the integrated luminosity is 1.0% [25].
To study the uncertainties resulting from the signal and
background shapes, the fixed resolution of the Gaussian
function is varied within lo. Besides, the MC shapes
for efe” > K"K~ and ete™ — utu~ are alternatively
described by two Crystal Ball functions. The fit range is
varied by £0.1 GeV/c? to estimate its uncertainty. The
total systematic uncertainty is determined by adding all
these sources in quadrature, as listed in Table 1.

The description of the dressed cross section is obtained
from the total amplitude of Eq. (1) as

a%v6>=ﬁ%<§>

x |1+ (1+Ce®)—

24702 1

3s |1 =Ty(s)[
s 3% /a |?
Ms—M?*+iMT

(3)

where T',, =T9,/[1 —Tly(s)| is the measured electronic
width of y(2S) and cited from particle data group (PDG) as
well as the values of M, I' [32]. The vacuum polarization
factor 1/|1 —Iy(s)|> is calculated with the program
developed in Ref. [33]. The parameter C = [A/|/|A,| is

proportional to |fx/Fx(M?)| at the y(2S) mass [Eq. (1)],
while B = \/1 — 4m% /s is the kaon velocity. In particular,

TABLE II.

the kaon EM form factor [34] is described by the power-law
function,

[Fr(s)l = 2F/s, (4)

with a constant parameter F predicted by the perturbative-
QCD counting rule [35,36], and consistent with previous
BESIII measurement [37]. From Eq. (1), the modulus of the
w(2S) strong form factor is proportional to the EM form
factor through the parameter C/M?, i.e.,

3r,.

C VF(M2)| = ClF (%) TS

1l = o275
To describe the data, the initial-state-radiation (ISR) and
beam energy spread effect are included by convolving the
radiation function F™SR(x, s) and a Gaussian function GS of
zero mean and width op,

aobs_/) GS(\/E—\/?)d\/?A FISR(X’S)GO[s(l—xﬂdX,

where x = 1 — 5’/s and X ; is the upper limit of x, set at 0.11
and consistent with data. The function F'R(x, 5) describing
ISR is defined in Eq. (28) of Ref. [38]. The beam energy
spread parameter o is determined as (1.40 £+ 0.08) MeV
from the fit. To improve the regression speed, instead of
making a twofold integration, the formula proposed in
Ref. [31] [Eq. (22)] is used. The parameters C, F, and ® are
set free in the fit, and their best values are listed in Table II.
Figure 2 shows the measured cross sections and the fit
results of different solutions with individual components
[39]. For the parameter C, both solutions are consistent with
the previous results under the SU(3) flavor symmetry
hypothesis with improved precision.

The branching fraction of the decay y/(2S)
calculated by

- K K~

B = fy(F/M*P|1 +Ce® T T

To account for parameter correlations, the branching
fraction B and its uncertainty are determined via multi-
variate Gaussian sampling, using correlation coefficients
from the nominal fit. The central value of 3 is derived from

Nominal results of the parameters from the fit of the cross section line shape. The results are compared with the previous

ones based on BES [18] and CLEO data [10,20]. The “Seth et al.” refers to an independent analysis using CLEO data {recalculating the
@ result with Eq. (2) in Ref. [10]}, but not affiliated with the CLEO Collaboration.

This Letter

Parameter Positive Negative BES CLEO Seth et al.
D (°) 110.1 £ 6.7 -106.8 +5.7 (89 + 35)° (93 +20)° (66.6 £ 11.5)°
c 3.18+0.16 377+0.15 2677 2835

F (GeV?) 0.467 £ 0.009 0.467 £+ 0.009 e e

B (107%) 7.49 £0.41 10.94 +0.49 6.1+2.1 6.3+0.7 7.48 £ 0.45
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FIG. 3. Contours in the B(y(2S) - K*K~) versus the relative
phase @ plane.

its distribution (Table II). The systematic uncertainties from
the fixed parameters M, I', and I',, are evaluated by £1o¢
variations, while the X s-related uncertainty is estimated by
varying its value. The largest difference for each parameter
is added quadratically in the final result.

A scan in the B versus @ plane is performed, and the
result is shown in Fig. 3. The fit results reveal two equally
likely solutions with distinct branching fractions, whose
confidence intervals do not overlap. Two physical scenarios
obtained for the first time have been resolved into non-
overlapping interpretations by experimental data. There is a
strong correlation between B and @, indeed, the branching
fraction changes drastically as the phase varies.

Using the definitions of Eq. (4) and the F parameter
value in Table II, the modulus of the charged kaon EM form
factor at the w(2S) mass is

|F(M?)| = 2F /M? = 0.0687 + 0.0013.

Meanwhile, the strong form factor is calculated using
Eq. (5) with the parameters from Table II and the PDG
values for M and T',,, yielding moduli |fx|, and |f|_ for
the positive and negative solutions,

Ifxl, = (3.53£0.15) x 1073,
|fxl- = (4.18 £0.13) x 1073,

The EM form factors of charged kaons are computed at
all nine energy points based on the perturbative-QCD
power-law behavior defined in Eq. (4). As shown in
Fig. 4, our results agree with the previous BESIII meas-
urement [37] and are consistent with BABAR result [40]
within 36. We perform a combined fit to both the BESIII
data using the ansatz |Fg| o a,(y/s)/s" with n free, where
a,(+/s) o 1/1In(s/A?) is the strong coupling constant with
the QCD scale A =300 MeV [36]. The fitted parameter
n =0.965+ 0.024 for BESII agrees with theoretical
predictions [35,36] but differs significantly from that of

0.20 ———————————

—+— BABAR

—— BESIII(2019)

—4— BESIII(2025)

[ fit on BESIII
fit on BABAR

IF |

0.05

. 3.0 . 3.5 4.0
/s (GeV)

FIG. 4. Comparison of our measured form factors (blue points
with error bars) with the previous results from BESIII [37] (black
triangles with error bars) and BABAR [40] (hole squares with
error bars).

BABAR, n = 1.356 £0.047, highlighting the need for
additional high-energy measurements.

In summary, we present the first fine scan measurement
of the cross section line shape of y(2S5) — K*K~, with
higher precision than BABAR ISR [21] and single reso-
nance [10] data. Based on these, the relative phase between
strong and EM amplitudes, the branching fraction of
w(2S) > K*K~, the EM, and the strong form factors
of the charged kaon are measured. The relative phase
between strong and EM amplitudes is determined with
two distinct solutions: @, = (110.1 £6.7)° and ®_ =
(—106.8 £ 5.7)°, corresponding to the branching fractions
of B, = (7.49 £ 0.41) x 1075 and B_ = (10.94 4 0.48)x
107>, respectively. The observed correlation reveals the
necessity of considering the interference effects between
EM and strong amplitudes in the vicinity of the w(2S)
resonance. The precision of the measured @ as well as the
ratio C are improved significantly compared to the previous
results. Furthermore, the modulus of the y(2S) strong form
factor of the charged kaon is also measured for the first
time. Our measurements of the charged kaon EM form
factor agree with the previous BESIII result but show
systematically higher central values compared to the
BABAR results, suggesting the need for more precision
measurements at higher energy points. These results shed
light on long-standing ambiguities in phase extraction and
provide crucial inputs for understanding charmonium
decay dynamics.
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