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Di Guo,' Qin-He Yang,'*" and Ling-Yun Dai®"*’
'School of Physics and Electronics, Hunan University, Changsha 410082, China

*Hunan Provincial Key Laboratory of High-Energy Scale Physics and Applications,
Hunan University, Changsha 410082, China

® (Received 10 April 2024; accepted 10 May 2024; published 4 June 2024)

In this paper, the reaction of electron-positron annihilation into AAJ is investigated. The A}AZ
scattering amplitudes are obtained by solving the Lippmann-Schwinger equation. The contact, annihi-
lation, and two pseudoscalar-exchange potentials are taken into account in the spirit of the chiral effective
field theory. The amplitudes of eTe~ — A A- are constructed by the distorted wave Born approximation
method, with the final state interactions of the ASA. rescattering implemented. By fitting to the
experimental data, the unknown couplings are fixed, and high-quality solutions are obtained. With these

amplitudes, the individual electromagnetic form factors in the timelike region, G’; G;\,, and their ratio,

Gg" / G& are extracted. Both modulus and phases are predicted. These individual electromagnetic form
factors reveal new insights into the properties of the A.. The separated contributions of the Born term,
contact, annihilation, as well as the two pseudoscalar-exchange potentials to the electromagnetic form
factors are isolated. It is found that the Born term dominates the whole energy region. The contact term
plays a crucial role in the enhancement near the threshold, and the annihilation term is essential in

generating the fluctuation of the electromagnetic form factors.

DOI: 10.1103/PhysRevD.109.114005

I. INTRODUCTION

The electromagnetic form factors (EMFFs) of baryons [1]
play a crucial role in studying the internal structure of
hadrons. The electric and magnetic form factors of the
baryons in the spacelike region indicate the charge density
and magnetic moment distributions, respectively, by Fourier
transformation from the momentum space into the coor-
dinate space. In contrast, the physical meaning of the EMFFs
in the timelike region, where the nucleon-antinucleon
interaction is involved [2], is not so clear. There has been
a long running effort trying to study the timelike EMFFs of
the baryons, e.g., Refs. [3-6] and references therein and
thereafter. Among them, Ref. [7] proposed that the timelike
EMFFs should reflect the distributions of the polarized
charges and/or magnetic moment distributions, which is
interesting but needs further study from both the theory and
experimental sides. In the aspects of the experiment, the
processes of electron-positron annihilation into baryon-
antibaryon pairs are rather powerful for studying the
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properties of the EMFFs [8—12]. Over the last decades,
there have been many experimental measurements on
nucleons as well as other baryons following this way.
See, e.g., Refs. [13—18]. These measurements strongly
reduced the uncertainties compared with those of the old
experiments. Especially for almost all the datasets, if they
give measurements around the baryon-antibaryon thresh-
olds, they find that there are strong enhancements very close
to the thresholds. This attracts enthusiastic attention from
the theorists, such as works about ete™ — pp [19-23],
ete” > AA [24-27], ete” —» XX, BE [28-30], and
ete™ = AFA7 [31-33].

In the present analysis, we focus on the EMFFs of the A,
which are somehow similar to that of the nucleons, with a
u/d valence quark replaced by the ¢ quark. The cross section
ofthereaction ee~ — AT A7 [34] was first measured by the
Belle Collaboration in 2008, with large uncertainties. Ten
years later, the BESIII Collaboration performed a measure-
ment on the cross section of this process [13]. Although it
contains only four energy points, they are very close to the
threshold (below 4.60 GeV), showing obvious enhance-
ments around the threshold, too. One of the most likely
mechanisms leading to the enhancement is the final state
interactions (FSIs) [35-37], where the baryon-antibaryon
rescatterings are taken into account. The FSI can be
implemented by a two-step procedure: The Lippmann-
Schwinger (LS) equation is applied to describe the BB
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scattering amplitudes [38,39], where B represents baryon.
Then, one can construct the production amplitudes with BB
final states based on the distorted wave Born approximation
(DWBA) method [19,28,32]. This two-step procedure has
proven to be a successful tool for predicting the amplitudes
and describing the enhancement well in the energy region
around the BB thresholds. Typical works dealing with the
FSI of baryon-antibaryon pairs in such a way can be found in
the processes of et e~ = nAA[27],eTe™ — AN, ZZ, EZ (28],
J/w — ppy.nany,3(x 7 )y, KSKSny [40,41]. Indeed,
there are some other ways to deal with the FSI in a similar
two-step procedure, where only the ways to get the kernel of
the BB scattering are different and so on for constructing the
production amplitudes. See, e.g., [42,43]. Here, we will
apply the two-step procedure to study the process of
ete” = AFAZ, including the FSI with the LS equation
and DWBA method. By fitting to the experimental data, the
amplitudes are fixed. Finally, one can discuss the enhance-
ment around the A7 A threshold and predict the individual
EMFFs of the A..

This paper is organized as follows: In Sec. II we
introduce the calculation of the A A7 — A A7 scattering
amplitude that is solved by the LS equation, and the
production amplitude of the process of ete™ — AFA>
that is obtained by the DWBA method. In Sec. III, we fit
our amplitudes to the experimental datasets and extract the
individual EMFFs of the A.. Both the modulus and the
phases of the EMFFs are predicted, and their properties are
discussed. Finally, a brief summary is given in Sec. IV.

II. FORMALISM

As discussed in the Introduction, we apply the two-step
procedure: first, the hadronic scattering amplitude is solved
by the LS equation, then the production amplitude is
obtained by the DWBA method.

A. A} A; scattering amplitude

Following our previous work [32], the AFA- can be
produced according to ete” = y* = AFAI = AFAL,
where one-photon transition dominates, and only the 35, =3
D, coupled partial waves of the A7 A system need to be
considered. These partial wave amplitudes can be solved by
the LS equation,

TL”L’(p” p/. E) — VL”L'(p" p/. E) + Z/oo dppz
T 0 (271')3
1

XV (p'spi E) ———————
v (P p )E—2El,+i0+

xTpp(p. P E). (1)

where p’ = |p’| and p” = |p”| are the initial and final

momenta in the center-of-mass frame (c.m.f.) of the A7 A7

system, respectively. E = /s is the energy in the c.m.f.,

and energy of the intermediate state is E, = 4/ P>+ M,Z\E,

with M, the mass of A, baryon. Since only the 38, =3 D,
partial waves are involved, the orbital angular momenta
should be L, L', L" =0, 2.

The potentials for the AF A7 system are constructed in
the spirit of chiral effective field theory (ChEFT). Here, we
apply the SU(3) ChEFT. The relevant chiral effective
Lagrangians are given as [44.,45],

1 _
L :§<Bi<lp —m3)B3) + ge(B3u'ysy,B3)

+ [92(B3u"ysy,Be) + 94(B3u,B¢") +He],  (2)

where Bj, By, and B¢" are the antitriplet, sextets of spin-1/2
and of spin-3/2 fields of the charmed baryons, respectively.
They are assembled in 3 x 3 antisymmetric or symmetric
matrices,

=+
0 A, E]
By =] —A, 0 I
-z =8Y 0
++  Ly+ g+
hIy 7 2] N
1 + 0 1 =0
Bs=| 5Xe Yo pEC |,
LEr LB Q
\/E \/z c c
4+ 1 K+ 1 =+
Z; Vo Z; 3 e
* 1oyt *0 1 =0
B = 7 2 2 A (3)
1 =t 1 E/*O QF
\/z c \/E C C

The covariant derivative is given as D,B =9,B+1I,B +
BI'}, where the chiral operators I, and u, are given as

1

I, == (u'o,u+ uo,ut),

\S)

u, = i(u'0,u —ud,u’),

with u?(x) = U(x). U(x) is given as

U =exp <\/z:q)> ,  with
% + t K"
d = V. - ”702 +% K° . (4)
K~ K - %

Here, one has F, = 0.0922 GeV [46].
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FIG. 1. The Feynman diagram for A A, scattering. The solid

black line is A, and the dashed black line is 7 or K.

The isospin of A is I = 0. Thus, there is no contribution
from one pion exchange, which is widely studied in the
nucleon-antinucleon scatterings. For A}A7 scattering,
there is only one kind of diagram from the one pseudoscalar
exchange (OPE), i.e., the  exchange. At next-to-leading
order (NLO), the contributions of two pseudoscalar
exchanges (TPEs), except for the football diagrams, can
be absorbed into the contact term due to the large mass
difference between A, and the flavor partners such as
X, and E. eg, AM=M; —M, ~167 MeV and
AM' = Mz — M, ~181 MeV. Also, after expansion,
one would find that there is only A.A.KK vertex. At
the end of the day, one only needs to take into account the
football diagrams of the KK exchanges, the contact and
annihilation terms to get the potential up to NLO. The
corresponding Feynman diagrams are shown in Fig. 1.
After the expansion, the detailed interaction Lagrangians of
the charmed baryons coupling with the pseudoscalar(s) that
are necessary to calculate these diagrams are

2 _
LOPE = — \/§g; Azysy NGO
£ = L Aoy, A KO RO — RO
+KToK — K-0*K ™). (5)

It is worth pointing out that there are no unknown couplings
for the football vertex, which can be used as the calibration
to compare the strength of other diagrams. The potential
with OPE and TPE up to NLO is given as

VOETE Gy 3)(@ @) + Ve, (6)

where g is the transfer momentum, g = p’ — p. V,, is from
OPE,

4gg 1
vV, =—-—22_ , 7
“ = 3R 4 e @)
and V. is from TPE, i.e., the football diagrams,
-w*(¢)L(q)
Ve=—=-"~5—2, 8
€ 19222F4 ®)
where one has
w(q) =/ ¢* +4mg,
wig), w(g)+gq
L(g) =90 g )
q 2mg

Transforming the potentials into the LSJ representation,
one has

VOPETPE (7 p) = (0,11]V 5.[0.11)

I 24+ p)V,ey+3V
_27;/ dz[(p P WVeyt3Vep (o)
L 3
2p'pV,
-2

VTP p) = (2. 11V 5 |2.11)
1 2p'pV,
:27:/ dz[—%})l(z)
-1
3Ve—(p?+p)V
+
3
Vo (P p) = (2, 11V, £.10,11)

'D,—3S,
2 [1
=2 5/ dz[-4p'pV P (z)
—1
+2p/2V0qP0(Z> +2p2V0qP2(Z>]’

VOPELTPE (i p) = (0, 11|V, 4 [2.11)

3S1_3D1
2 [1
=2r g/ dZ[—4p/pV0-qP1(Z)
-1
+2p/2V0'qP2(Z) +2p2V¢7qP0(Z)]' (10)

aryo)

In Ref. [44], they obtained g = 0 by comparing with the
one pion emission matrix element. Here, we will follow this
constraint. Indeed, as we have been tested, the g4 will be
very small in the fit, and the results will not be changed
much by adding/removing the 5 exchange contribution.
Hence, we can safely ignore the contribution of OPE in the
present analysis.
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The contact and annihilation potentials for 3, —3 D,
coupled partial waves can be written explicitly as [39]

= Cy, + Cu,(p” + p?)

—i(C + C5 p?) (T, + C PP,
Vap, 5, (P, p) = Ce, p* = iCe p(CYg + C5 pP),
Vs, i, (P p) = Ce, p* = iCE p* (TS + C55 ).
=0,

Vip, (P', p)

Vig, (r'.p)

(11)

where C;, C; and C?, C¢ are low-energy constants (LECs)
of the contact and annihilation potentials, respectively.
They are all real numbers. Notice that at leading order
(LO), only C‘ssl and C‘?Sl need to be included. A regulator
function is necessary to be multiplied on the potentials to
suppress the ultraviolet divergence in the high-energy
region caused by the momenta. Following the previous
work [32], an explicit form for the regulator is given as
follows
P2t p?
o) = (<57) )
where the cutoff A is chosen as 450-650 MeV, with the
interval of 50 MeV.

B. The production amplitude and observables

With the hadronic scattering amplitudes calculated in the

previous section, the y A} A7 form factor can be obtained by
the DWBA method,

FAZ FAZ dpp +
AOETUED Y A A

x—T E 13
E—2E, +i0" ve(p. P E), (13)

where E = \/s =2,/M} + p* is the c.m.f. energy. The

relation between f/L\MZ and the EMFFs, Gﬁf and Gg are
given as follows:

FaN(p) = G (p (p),

o 2MA<

Once the yAF A7 form factors are fixed, the G/A\j and Ggf
can be extracted from Eq. (14). The Born term, i.e., the bare

yAF A7 vertex without A} A7 rescattering, fi\ Aco
parametrized as

A () = M (p >). (14)

, can be

AFAZO A0 My,
o (P) =Gy +

Vs

1
£80%p) = NG (Gﬁpo

reyt). )

In general, the bare EMFFs, GE M, should have momen-
tum dependence and can be complex. However, in
practice, real constants are good enough to fit the
experimental data. See discussions in the next section.
Also, people must obey the condition, G?j’o = Gg"’o. Itis
because the electric and magnetic form factors should be
the same at the threshold, as required by the definition of
the Sachs form factors [47]. With the form factor of the
yA} A7 vertex, one can build the partial wave amplitude of
the reaction ete™ — AFAZ. Tt is

AFAT et e da AFAD -
Fr ™ == e e (16)

- . _
where f5,¢ is the yeTe™ vertex,

et

08_:1+%7

NG
(=)o

Finally, one can get the cross section of ete™ — AFA;
based on the partial wave amplitudes obtained above,

ete” 1

=7

3
ﬂﬂ<)(|FAAEE|2+|FAAe€|2

o(s) =
—|—|FAA ee|2+|F/\/\ eE|2)

4na?BC 2M5
_ 77,'(l3ﬂ (S) |G/A>L 2 4 Ac |G/g( 2
S S

, (18)

where one has f =k, _/k,, with k, (k,) the momenta
in cm.f. of the AfAZ (ete”) system. The S-wave
Sommerfeld-Gamow factor is C(y) =y/(1 —e™) with y=
maM _/ky, . The fine-structure constant is a=1/137.036.
According to Eq. (18), the effective form factor can also
be extracted, which is defined as

OptemSAFAZ

) (142

|Get| = (19)

As will be discussed in the next section, the effective
EMFFs help to study the contributions from different
kinds of potentials.
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III. FIT RESULTS AND DISCUSSION
A. Fit results

With amplitudes discussed above, one can perform LO
and NLO fits on data from the BESIII Collaboration,
including the cross section of ete™ — AFA7 and the
modulus of the individual EMFFs as well as their ratios.
For the LO analysis, only three parameters need to be fixed,

that is, C,, ~§‘Sl, and the bare EMFFs G’ (= G5°). In

principle, the bare EMFFs can be complex numbers that are
free to be fixed by the fit. Also, they can have momentum
dependence. However, in practice, one can set them as a
real constant, with little loss of the quality of the solution.
Moreover, it is found that the bare EMFFs will be very
close to one by fitting the data. Hence, we fixed them as

G&‘”O = Gg"’o = 1. For the NLO fit, there are six param-
eters that need to be determined. Other than the two
parameters used in the LO fit, one should also include
Cs,, Cé‘sl, C,,, and C¢ for the contact and annihilation

potentials. Besides, we consider a series of cutoffs,
A = 450, 500, 550, 600, 650 MeV in the regulator to test
the dependence on cutoff. See Eq. (12). High-quality
solutions are obtained, and the fit values of the parameters
are listed in Table I. The fit is performed within
MINUIT [48]. As can be found, the ;(2 /d.o.f. of NLO,
except for that with A = 450 MeV, is even smaller than
0.6, indicating how well the solutions fit the data. Among
them, the one with cutoff A = 500 MeV has the smallest
x*/d.o.f. Also, as will be discussed in the next paragraphs,
it describes the data best, so we choose it as the optimal
solution.

The fit results to the cross sections are shown in Fig. 2. In
the fitting, only the experimental datasets from the BESIII
Collaboration [13,49] are taken into account, while those of
the Belle Collaboration [34] are only plotted for the reader’s
convenience due to their large uncertainties. The top graph
gives results at LO (purple dashed line) and NLO (black
solid line) with cutoff A = 500 MeV. Their uncertainties
are shown as sky blue and pink bands for LO and NLO,
respectively. They are estimated from a Bayesian method

TABLE I. The LECs of our solutions. Notice that we fix some
of the parameters, G/At,"_‘g =1 and g5 =0.
LO NLO

A 500 450 500 550 600 650
@sl (GeV~2) 0.006 0.017 -0.013 —-0.031 —0.038 —0.027
Csg, (GeV™) 0.215 0.177 0.1615 0.143 0.137
C,, (GeV™) 0.080 —0.087  0.008  0.045 0.064
C‘;‘Sl (GevV~1)—-0.140 —0.012 —0.100 —0.180 —0.200 —0.178
Cfsl (GeV™?) 0.030 0.651 0.879 0.876 0.856
C¢, (GeV~3) -9.999 —1.601 -0.458 -0.170 —0.019
y?/d.o.f. 2.072 1.108 0.364 0428 0.493 0.538

0.6

Belle
H BESIII 2018
® BESIII 2023
0.4
—_
< -=- 10
N—
o)

4.60 4.65

0.0

4.65 4.70

Vs (GeV)

4.60

FIG. 2. Comparison between our results and the cross sections
from the experiment of the process, e e~ — A A7 . The datasets
are taken from Belle [34] and BESIII [13,49] Collaborations. The
LO and NLO results with cutoff A = 500 MeV are shown at the
top, and that of NLO results with cutoffs A = 450, 500, 550, 600,
650 MeV are shown at the bottom.

following Refs. [39,50]. For example, the uncertainty
AXNLO(p) of the NLO observable XNO(p) is estimated by

AXNO(p) = max (Q°|X"(p)]. Q|X™C(p) — XNO(p))).
(20)

with the nondimensional parameter Q defined as

M
Q = max <£7_ﬂ>’
Ap Ay

where A, is the breakdown scale, and we can set
A, =900 MeV in the present analysis. The observable
X(p) can be either the cross section or the individual
EMFFs. Though this uncertainty estimation does not
provide a statistical interpretation, it gives a more reliable
estimation than relying on cutoff variations and is success-
ful in the phenomenology study within ChEFT [39,41]. As
can be found, both solutions describe the data well below
4.63 GeV (p = 362 MeV). Nevertheless, the NLO one is
still consistent with the data in the higher energy region, but
the LO one is not. This is compatible with the characteristic
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0.6

Belle
BESIII 2018
BESIII 2023

0.0

4.65
Vs (GeV)

FIG. 3. Separated contributions to the cross section of
ete™ — AFAZ. The black solid, red dash-dot-dotted, purple
dashed, blue dash-dotted, and green dotted lines are for the total,
Born term, contact, annihilation, and TPE contributions, respec-
tively. The data is from Belle [34] and BESIII [13,49] Collab-
orations. The cutoff is chosen as A = 500 MeV.

of the ChEFT, where the NLO amplitudes work better than
the LO ones and can extend the working energy region.

The bottom graph gives results at NLO with different
cutoffs, A = 450, 500, 550, 600, 650 MeV, shown as green
dotted, black solid, brown dashed, purple dash-dotted, and
magenta dash-dot-dotted lines. As can be found, the cross
section has a strong enhancement that is very close to the
threshold and then keeps flat up to 4.65 GeV. Then, it
decreases gradually in the energy region from 4.65—
475 GeV. This confirms the threshold enhancement
discovered in the cross sections of many processes of
electron-positron annihilation into baryon-antibaryon pairs,
e.g., ete” = NN [7,19], ete™ — AA [24,25]. Among the
fits with different cutoffs, the solution with A = 500 MeV
describes the data best from an overall point of view. The
one with A =450 MeV is not so consistent with the first
data point, while the other ones with cutoffs A = 550, 600,
650 MeV are worse in the high-energy data points shown as
the red circles. Hence, we take A = 500 MeV as the
optimal solution. Nevertheless, one can still find that all
curves with different cutoffs almost overlap with each
other, with only slight differences, implying the reliability
of our model.

To study the contributions to the cross sections from each
kind of potential, we list the separated contributions from
the Born term, contact, annihilation, and TPE potentials.
See Fig. 3. As can be seen, the Born term, as shown by the
red dash-dot-dotted line, dominates in the whole energy
region. However, the Born term is far away from the total
contribution. Thus, complicated interferences between it
and all other components, the contact, annihilation, and
TPE potentials are necessary. Besides, the TPE contribution
is larger than the contact and annihilation ones in the

Belle
m  BESII 2018
1.0 ® BESII 2023

=
N~

0.2 ~—o

- L0

— NLO

4.60 4.65 4.70 4.75 ’ 4.60 4.65 4.70 4.75
Vs (GeV) Vs (GeV)

FIG. 4. Comparison of the effective EMFFs of the A, between
ours and the experimental data. The datasets are taken from the
Belle [34] and BESIII [13,49] Collaborations. The LO and NLO
results are shown in the left column, and the NLO separated
contributions from the total, Born term, contact, annihilation, and
TPE potentials are shown in the right column. The cutoff is fixed
as A =500 MeV.

low-energy region, and the contact terms contribute more
in the high-energy region. This is compatible with the
property of ChEFT, where the contact term contributes
significantly in the short-distance region, and the pseudo-
scalar exchanges contribute much in the long-range region.
Also, as will be discussed in the following subsection, the
contact potentials will make significant contributions in the
energy region that is very close to the threshold.

According to Eq. (19), one can calculate the effective
EMFFs of the A, from the cross section of the reaction
ete”™ = AFA;. The comparison between our results and
the experimental data is shown in Fig. 4. As can be seen in
the left graph, our results fit the data well. This is not a
surprise, as the effective EMFFs are related to the cross
section. See Eq. (19). It is found that the effective EMFF
decreases rapidly with an increase in energy, and then it
decreases slowly. There are even some tiny fluctuations
in the high-energy region that are suppressed by momen-
tum. This kind of behavior is very similar to that of the
nucleon [7]. Moreover, now the contribution of the contact
term is more apparent due to the fact that the effective
EMFFs are obtained by dividing out the momentum factor
kx, from the cross section, as shown in Eq. (19). Indeed, the
contact potential leads to an enhancement near the thresh-
old. See the purple dashed line in Fig. 4. As has been tested,
if we remove the contact term, the cross section cannot be
fitted well, especially in the low-energy region.

B. Individual EMFFs

With the amplitudes obtained in the last section, we can
extract the individual EMFFs, G5¢ and G°. See Eq. (14).
The results are shown in Fig. 5. In the left column, the
graphs are for results at LO and NLO, with cutoff
A =500 MeV. In the right column, they are results at
NLO with different cutoffs, A =450, 500, 550, 600,
650 MeV. The modulus of the electric and magnetic form

factors, as well as their ratio (Gg“, Gﬁ Gg‘ / Gﬁ”) are
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1.0 1.0]
0.8] 0.8]
<w0.6] 0.6
0.4 0.4]
021 . o 0.2]
— NLO
0.0+— . . — 0.0+ . . .
460 4.65 4.70 4.75 460 4.65 4.70 4.75
1.0 1.0]
0.8] 0.8]
<=0.64 0.61
0.4 0.4]
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0.01— : . — 0.0— . . .
460 4.65 4.70 4.75 460 465 4.70 4.75
1.6 1.6

W BESINI 2018

04050 465 470 475 460 465 470 475
Vs (GeV) Vs (GeV)
FIG. 5. Our results of the modulus of the individual EMFFs of

the A, |G|, | G2 | and their ratio, |G /G’ |. The data are from
the BESIII Collaboration [13,49]. The LO and NLO results are
shown in the left column, with cutoff A = 500 MeV. The NLO
results with different cutoffs are shown in the right column.

shown in the top, middle, and bottom rows of Fig. 5 in order.
The |Ga| and |Gy¢| at LO are almost the same. See

discussions on the ratio (|G2‘ / Gﬁ ) below. The NLO results
are pretty consistent with the BESIII data, while the LO
results are much worse. This is compatible with the
prediction ability of the ChEFT at different orders. For
the LO results, the fit of electric and magnetic form factors is
better than that of the ratio (|G/b§" / ij ), where the solution is
not far away from the first four data points of the electric and
magnetic form factors, but only close to one data point of the
ratio. This indicates that the experimental measurement of
the ratio is quite crucial for refining theoretical analysis.
The individual EMFFs decrease rapidly in the increase of
energy in the region close to the threshold, and then they
decrease much slower in the high-energy region, where
even some fluctuations can be found. Specifically, there is a

and |G’y | at NLO.

Compared with |G|, |G4¢ | decreases more rapidly not far
away from the threshold. This is reflected by the fact that

|G§“ / GAA,,“ increases from 1 to 1.3 in the energy region from
threshold to 4.61 GeV. Then both of them decrease slower

difference between the variation of |G2
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FIG. 6. Our predictions of the phases of individual EMFFs of
the A, arg(Gg"), arg(Gﬁ"), and arg(G /Gf,,"). The LO and
NLO results are shown in the left column, with cutoff
A =500 MeV. The NLO results with different cutoffs are shown
in the right column.

in the high-energy region, but |Gg| has more fluctuations
than |G|, leading to the fluctuations of |G /G|, too.

For the results of the ratio |G/E\ / Gﬁ” , as can be seen in
the bottom two graphs, the NLO result is consistent with
the BESIII data and has oscillation behavior. The LO result
is almost flat. This is because only the 3S; wave of the
contact and annihilation potentials is left at LO. As a result,
the Born term dominates in the D-wave production

amplitude, f}*"". See Eq. (13). Correspondingly, f3*

would be small as Gg“'o = G%“'O. Finally, one roughly has

Gg" / Gﬁ" ~./s/2M, =~1 in the assumption of small
momentum.

The NLO results with cutoffs A = 450, 500, 550, 600,
650 MeV are shown in the graphs in the right column of
Fig. 5. The curves almost overlap with each other except for
those of the tails in the high-energy region. This is not
strange, as the tails are close to the edge of the working
energy region of our model. From an overall point of view,
our solutions fit the data rather well, indicating again that
our results are not sensitive to the effect of cutoffs,
confirming the stability of our model.
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FIG. 7. Separated contributions to the individual EMFFs of the
A.. The data are taken from the BESIII [13,49] Collaboration.
The cutoff is chosen as A = 500 MeV.

Besides, we also predict the phases of the individual
EMFFs, as shown in Fig. 6. As is known, there can be an
overall phase that has no effects on the physical observ-

ables. Also, one has G/b}“ = Gﬁ" at threshold. Therefore, we
set all the phases to be zero at the threshold. There are

similarities and differences between the phases of Gg” and

GQ,,‘ For instance, both of them decrease as energy
increases. Also, both of them fluctuate. However, the
former has more fluctuations than the latter. This is

reflected by the relative phase of Gg“ / Gﬁf, too. The
NLO results with cutoffs A = 450, 500, 550, 600,
650 MeV are shown in the right column. This time, the
difference between different cutoffs looks more apparent
than that of the modulus. This urges more measurements
from the experiment side to determine the individ-
ual EMFFs.

We also give the separated contributions to the modulus

of the individual EMFFs, Gg” and |G/A},‘ from the Born

term, contact, annihilation, and TPE potentials, as shown in
Fig. 7. The one for the electric form factor is at the top, and
the magnetic one is at the bottom. Both graphs are similar
to that of the effective EMFFE. That is, the Born term
dominates the contributions, and the TPE potential has a
significant contribution but cannot supply the enhancement
around the threshold. Instead, the contact potential should

be rather crucial in the enhancement for both Gg" and Gf,;‘
around the threshold, and the contribution from the

annihilation potential cannot be ignored for G/E\" around
the threshold either. Moreover, there are more fluctuations

in the va than in the G/;ti} which are mainly caused by the
annihilation part, and the contributions from the contract
potential cannot be ignored. The former affects the whole
energy region, and the latter affects the low-energy region.
The Born term and TPE are smooth and contribute less to
the fluctuation of the individual EMFFs.

IV. SUMMARY

In this paper, we studied the timelike individual EMFFs
of the A, from the process, ete~™ — A A.. The final state
interactions of A A7 rescatterings are taken into account.
The hadronic scattering amplitude is solved by the LS
equation with the input potentials derived within SU(3)
ChEFT. With it, the electron-positron annihilation ampli-
tude is constructed according to the DWBA method. The
cross section, modulus of the individual EMFFs, and their
ratio up to 4.75 GeV are well described, and high-quality
solutions are obtained. Our amplitudes capture the signifi-
cant enhancement of cross section near the A7 A thresh-
old. It reveals that the contact potential is crucial in the
enhancement around the threshold. Predictions are made

for the individual EMFFs, Gg" and G/,C;' of the A, as well as
their ratio Gg"/ ij, including both modulus and phases.
Interestingly, we find that the G/gf contains more fluctua-

tions than GAA,, which are caused mainly by the annihilation
potential in the whole energy region, and also by contact
potential in the low-energy region. The EMFFs will further
study both experimental and theoretical works in the future.

ACKNOWLEDGMENTS

This work is supported by the National Natural Science
Foundation of China (NSFC) with Grants No. 12322502,
No. 12335002, No. 11805059, No. 11675051, Joint
Large Scale Scientific Facility Funds of the NSFC and
Chinese Academy of Sciences (CAS) under Contract
No. U1932110, and Fundamental Research Funds for
the Central Universities.

114005-8



STUDY OF THE TIMELIKE ELECTROMAGNETIC FORM ...

PHYS. REV. D 109, 114005 (2024)

[1] J.D. Bjorken, Applications of the chiral U(6) ® U(6)
algebra of current densities, Phys. Rev. 148, 1467 (1966).

[2] 1. S. Shapiro, The physics of nucleon-anti-nucleon systems,
Phys. Rep. 35, 129 (1978).

[3] C.F. Perdrisat, V. Punjabi, and M. Vanderhaeghen, Nucleon
electromagnetic form factors, Prog. Part. Nucl. Phys. 59,
694 (2007).

[4] O.D. Dalkarov, P. A. Khakhulin, and A. Yu. Voronin, On
the electromagnetic form factors of hadrons in the time-like
region near threshold, Nucl. Phys. A833, 104 (2010).

[5] Achim Denig and Giovanni Salme, Nucleon electromag-
netic form factors in the timelike region, Prog. Part. Nucl.
Phys. 68, 113 (2013).

[6] S. Pacetti, R. Baldini Ferroli, and E. Tomasi-Gustafsson,
Proton electromagnetic form factors: Basic notions, present
achievements and future perspectives, Phys. Rep. 550-551,
1 (2015).

[7] Qin-He Yang, Di Guo, Ling-Yun Dai, Johann Haidenbauer,
Xian-Wei Kang, and Ulf-G. Meiiner, New insights into the
oscillations of the nucleon electromagnetic form factors,
Sci. Bull. 68, 2729 (2023).

[8] B. Delcourt et al., Study of the reaction e™ e~ — pp in the
total energy range 1925-MeV-2180-MeV, Phys. Lett. 86B,
395 (1979).

[9] A. Antonelli et al., The first measurement of the neutron
electromagnetic form-factors in the timelike region, Nucl.
Phys. B517, 3 (1998).

[10] Lei Xia, Christoph Rosner, Y.D. Wang, Xiaorong Zhou,
Frank E. Maas, Rinaldo Baldini Ferroli, Haiming Hu, and
Guangshun Huang, Proton electromagnetic form factors in
the time-like region through the scan technique, Symmetry
14, 231 (2022).

[11] J.P. Lees er al., Study of ete™ — pp via initial-state
radiation at BABAR, Phys. Rev. D 87, 092005 (2013).

[12] M. N. Achasov et al., Study of the process e e~ — nii at the
VEPP-2000 e*e™ collider with the SND detector, Phys.
Rev. D 90, 112007 (2014).

[13] Medina Ablikim et al., Precision measurement of the
ete™ — AFA7 cross section near threshold, Phys. Rev.
Lett. 120, 132001 (2018).

[14] V.P. Druzhinin and S. 1. Serednyakov, Measurement of the
ete™ — nii cross section with the SND detector at the
VEPP-2000 collider, EPJ Web Conf. 212, 07007 (2019).

[15] Medina Ablikim et al., Measurement of proton electro-
magnetic form factors in the time-like region using initial
state radiation at BESIII, Phys. Lett. B 817, 136328
(2021).

[16] Medina Ablikim et al., Oscillating features in the electro-
magnetic structure of the neutron, Nat. Phys. 17, 1200
(2021).

[17] M. Ablikim ez al., Measurement of the ete™ — AA cross
section from threshold to 3.00 GeV using events with initial-
state radiation, Phys. Rev. D 107, 072005 (2023).

[18] M. Ablikim et al., Determination of the Xt timelike
electromagnetic form factors, Phys. Rev. Lett. 132,
081904 (2024).

[19] J. Haidenbauer, X.W. Kang, and U.G. Meifiner, The
electromagnetic form factors of the proton in the timelike
region, Nucl. Phys. A929, 102 (2014).

[20] Andrea Bianconi and Egle Tomasi-Gustafsson, Periodic
interference structures in the timelike proton form factor,
Phys. Rev. Lett. 114, 232301 (2015).

[21] Jian-Ping Dai, Xu Cao, and Horst Lenske, Data driven
isospin analysis of timelike octet baryons electromagnetic
form factors and charmonium decay into baryon-anti-
baryon, Phys. Lett. B 846, 138192 (2023).

[22] Ri-Qing Qian, Zhan-Wei Liu, Xu Cao, and Xiang Liu, Toy
model to understand the oscillatory behavior in timelike
nucleon form factors, Phys. Rev. D 107, L091502 (2023).

[23] Francesco Rosini, Simone Pacetti, Olga Shekhovtsova, and
Egle Tomasi-Gustafsson, Microscopic parametrization of
the near threshold oscillations of the nucleon time-like
effective electromagnetic form factors, arXiv:2403.02916.

[24] J. Haidenbauer and U.G. Meifiner, The electromagnetic
form factors of the A in the timelike region, Phys. Lett. B
761, 456 (2016).

[25] Xu Cao, Jian-Ping Dai, and Ya-Ping Xie, Vector mesons and
electromagnetic form factor of the A hyperon, Phys. Rev. D
98, 094006 (2018).

[26] Li-Ye Xiao, Xin-Zhen Weng, Xian-Hui Zhong, and Shi-Lin
Zhu, A possible explanation of the threshold enhancement
in the process eTe™ — AA, Chin. Phys. C 43, 113105
(2019).

[27] Johann Haidenbauer and Ulf-G. Meifiner, AA final-state
interaction in the reactions e* e~ — ¢AA and ete™ — yAA,
Eur. Phys. J. A 59, 136 (2023).

[28] Johann Haidenbauer, Ulf-G. Meifiner, and Ling-Yun Dai,
Hyperon electromagnetic form factors in the timelike
region, Phys. Rev. D 103, 014028 (2021).

[29] Bing Yan, Cheng Chen, and Ju-Jun Xie, X and E electro-
magnetic form factors in the extended vector meson
dominance model, Phys. Rev. D 107, 076008 (2023).

[30] Zi-Yue Bai, Qin-Song Zhou, and Xiang Liu, Higher
strangeonium decays into light flavor baryon pairs like
AA, 2%, and EZ, Phys. Rev. D 108, 094036 (2023).

[31] Cheng Chen, Bing Yan, and Ju-Jun Xie, Cross sections and
the electromagnetic form factors within the extended vector
meson dominance model, Chin. Phys. Lett. 41, 021302
(2024).

[32] Ling-Yun Dai, Johann Haidenbauer, and Ulf G. Meifner,
Re-examining the X(4630) resonance in the reaction
ete” — ATAZ, Phys. Rev. D 96, 116001 (2017).

[33] Xiang-Kun Dong, Feng-Kun Guo, and Bing-Song Zou, A
survey of heavy-antiheavy hadronic molecules, Prog. Phys.
41, 65 (2021).

[34] G. Pakhlova et al., Observation of a near-threshold enhance-
ment in the eTe™ — A A7 cross section using initial-state
radiation, Phys. Rev. Lett. 101, 172001 (2008).

[35] Ling-Yun Dai and Michael R. Pennington, Comprehensive
amplitude analysis of yy — ztz~,2%2° and KK below
1.5 GeV, Phys. Rev. D 90, 036004 (2014).

114005-9


https://doi.org/10.1103/PhysRev.148.1467
https://doi.org/10.1016/0370-1573(78)90190-4
https://doi.org/10.1016/j.ppnp.2007.05.001
https://doi.org/10.1016/j.ppnp.2007.05.001
https://doi.org/10.1016/j.nuclphysa.2009.11.015
https://doi.org/10.1016/j.ppnp.2012.09.005
https://doi.org/10.1016/j.ppnp.2012.09.005
https://doi.org/10.1016/j.physrep.2014.09.005
https://doi.org/10.1016/j.physrep.2014.09.005
https://doi.org/10.1016/j.scib.2023.09.036
https://doi.org/10.1016/0370-2693(79)90864-5
https://doi.org/10.1016/0370-2693(79)90864-5
https://doi.org/10.1016/S0550-3213(98)00083-2
https://doi.org/10.1016/S0550-3213(98)00083-2
https://doi.org/10.3390/sym14020231
https://doi.org/10.3390/sym14020231
https://doi.org/10.1103/PhysRevD.87.092005
https://doi.org/10.1103/PhysRevD.90.112007
https://doi.org/10.1103/PhysRevD.90.112007
https://doi.org/10.1103/PhysRevLett.120.132001
https://doi.org/10.1103/PhysRevLett.120.132001
https://doi.org/10.1051/epjconf/201921207007
https://doi.org/10.1016/j.physletb.2021.136328
https://doi.org/10.1016/j.physletb.2021.136328
https://doi.org/10.1038/s41567-021-01345-6
https://doi.org/10.1038/s41567-021-01345-6
https://doi.org/10.1103/PhysRevD.107.072005
https://doi.org/10.1103/PhysRevLett.132.081904
https://doi.org/10.1103/PhysRevLett.132.081904
https://doi.org/10.1016/j.nuclphysa.2014.06.007
https://doi.org/10.1103/PhysRevLett.114.232301
https://doi.org/10.1016/j.physletb.2023.138192
https://doi.org/10.1103/PhysRevD.107.L091502
https://arXiv.org/abs/2403.02916
https://doi.org/10.1016/j.physletb.2016.08.067
https://doi.org/10.1016/j.physletb.2016.08.067
https://doi.org/10.1103/PhysRevD.98.094006
https://doi.org/10.1103/PhysRevD.98.094006
https://doi.org/10.1088/1674-1137/43/11/113105
https://doi.org/10.1088/1674-1137/43/11/113105
https://doi.org/10.1140/epja/s10050-023-01017-4
https://doi.org/10.1103/PhysRevD.103.014028
https://doi.org/10.1103/PhysRevD.107.076008
https://doi.org/10.1103/PhysRevD.108.094036
https://doi.org/10.1088/0256-307X/41/2/021302
https://doi.org/10.1088/0256-307X/41/2/021302
https://doi.org/10.1103/PhysRevD.96.116001
https://doi.org/10.13725/j.cnki.pip.2021.02.001
https://doi.org/10.13725/j.cnki.pip.2021.02.001
https://doi.org/10.1103/PhysRevLett.101.172001
https://doi.org/10.1103/PhysRevD.90.036004

DI GUO, QIN-HE YANG, and LING-YUN DAI

PHYS. REV. D 109, 114005 (2024)

[36] Ling-Yun Dai and Michael R. Pennington, Pion polar-
izabilities from yy — zz analysis, Phys. Rev. D 94,
116021 (2016).

[37] De-Liang Yao, Ling-Yun Dai, Han-Qing Zheng, and Zhi-
Yong Zhou, A review on partial-wave dynamics with chiral
effective field theory and dispersion relation, Rep. Prog.
Phys. 84, 076201 (2021).

[38] Xian-Wei Kang, Johann Haidenbauer, and Ulf-G. Meifner,
Antinucleon-nucleon interaction in chiral effective field
theory, J. High Energy Phys. 02 (2014) 113.

[39] Ling-Yun Dai, Johann Haidenbauer, and UIf-G. Meifner,
Antinucleon-nucleon interaction at next-to-next-to-next-to-
leading order in chiral effective field theory, J. High Energy
Phys. 07 (2017) 078.

[40] Ling-Yun Dai, Johann Haidenbauer, and Ulf-G. Meifner,
J/w = yn'z"x~ and the structure observed around the pp
threshold, Phys. Rev. D 98, 014005 (2018).

[41] Qin-He Yang, Di Guo, and Ling-Yun Dai, Structure around
pp threshold in J/y radiative decays, Phys. Rev. D 107,
034030 (2023).

[42] A.L Milstein and S. G. Salnikov, NN production in e*e”
annihilation near the threshold revisited, Phys. Rev. D 106,
074012 (2022).

[43] S. G. Salnikov and A. I. Milstein, Meson production in J/y
decays and J/w — NNy process, Nucl. Phys. B1002,
116539 (2024).

[44] Tung-Mow Yan, Hai-Yang Cheng, Chi-Yee Cheung, Guey-
Lin Lin, Y. C. Lin, and Hoi-Lai Yu, Heavy quark symmetry
and chiral dynamics, Phys. Rev. D 46, 1148 (1992); 55,
5851(E) (1997).

[45] Yuan-He Zou, Hao Liu, Yan-Rui Liu, and Shao-Zhou Jiang,
Chiral Lagrangians for singly heavy baryons to O(p*)
order, Phys. Rev. D 108, 014027 (2023).

[46] R.L. Workman et al., Review of particle physics, Prog.
Theor. Exp. Phys. 2022, 083C01 (2022).

[47] R. G. Sachs, High-energy behavior of nucleon electromag-
netic form factors, Phys. Rev. 126, 2256 (1962).

[48] F. James and M. Roos, MINUIT: A system for function
minimization and analysis of the parameter errors and
correlations, Comput. Phys. Commun. 10, 343 (1975).

[49] Medina Ablikim et al., Measurement of the energy-dependent
electromagnetic form factors of a charmed baryon, Phys. Rev.
Lett. 131, 191901 (2023).

[50] E. Epelbaum, H. Krebs, and Ulf.-G. Meifiner, Improved
chiral nucleon-nucleon potential up to next-to-next-to-next-
to-leading order, Eur. Phys. J. A 51, 53 (2015).

114005-10


https://doi.org/10.1103/PhysRevD.94.116021
https://doi.org/10.1103/PhysRevD.94.116021
https://doi.org/10.1088/1361-6633/abfa6f
https://doi.org/10.1088/1361-6633/abfa6f
https://doi.org/10.1007/JHEP02(2014)113
https://doi.org/10.1007/JHEP07(2017)078
https://doi.org/10.1007/JHEP07(2017)078
https://doi.org/10.1103/PhysRevD.98.014005
https://doi.org/10.1103/PhysRevD.107.034030
https://doi.org/10.1103/PhysRevD.107.034030
https://doi.org/10.1103/PhysRevD.106.074012
https://doi.org/10.1103/PhysRevD.106.074012
https://doi.org/10.1016/j.nuclphysb.2024.116539
https://doi.org/10.1016/j.nuclphysb.2024.116539
https://doi.org/10.1103/PhysRevD.46.1148
https://doi.org/10.1103/PhysRevD.55.5851
https://doi.org/10.1103/PhysRevD.55.5851
https://doi.org/10.1103/PhysRevD.108.014027
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1093/ptep/ptac097
https://doi.org/10.1103/PhysRev.126.2256
https://doi.org/10.1016/0010-4655(75)90039-9
https://doi.org/10.1103/PhysRevLett.131.191901
https://doi.org/10.1103/PhysRevLett.131.191901
https://doi.org/10.1140/epja/i2015-15053-8

