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Motivation

the electromagnetic form factors of hadrons provide
fundamental information on their structure and internal dynamics
(cf. review by A. Denig, G. Salmè, Prog. Part. Nucl. Phys. 68 (2013) 113)

space-like (e−B → e−B) and time-like (e+e− → B̄B) regions
are connected via crossing symmetry and analyticity
⇒ use/exploit dispersion relations (H.-W. Hammer, U.-G. Meißner, ...)

e+e− → B̄B near threshold

unexpected features of cross sections near threshold (R. Baldini, S. Pacetti, ...)

near- (sub-) threshold resonances (?)
information/constraint on the B̄B interaction

p̄p interaction near threshold: extensively studied and fairly well-known
p̄p scattering experiments at LEAR facility at CERN
partial-wave analysis (D. Zhou, R.G.E. Timmermans)

YY interaction where Y = Λ, Σ, Ξ

direct experiments are not feasible
indirect information from final-state interaction in p̄p → ΛΛ, etc.
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Electromagnetic form factors of the nucleons

Electromagnetic Form Factors of the Nucleon
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• The Form factors (FFs) characterize the internal structure and dynamics of the nucleon.
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• Scattering amplitude in Born approximation:

• The electromagnetic vertex of nucleon:

Γµ = γ
µFN

1 (q2) +
iσµν qν

2M
FN

2 (q2)
F N

1 (q2): Dirac FF.

F N
2 (q2): Pauli FF.

• Combination of Pauli and Dirac FFs leads to the so called Sachs FFs:

GE = F1(q2) + (q2/4M2)F2(q2) GM = F1(q2) + F2(q2)

How experimentally the Form Factors are determined?

Electromagnetic current (q = p′ − p)

Jµ = 〈N(p′)|jµ|N(p)〉 = eū(p′)
[
γµF1(q2) + iσµνqν

2MN
F2(q2)

]
u(p)

F1 and F2 are the Dirac and Pauli form factors

real in the space-like region (q2 ≤ 0), complex in the time-like region

• Sachs form factors • Normalization

GE = F1 + q2

4M2
N

F2 F1(0) = QN GE (0) = QN

GM = F1 + F2 F2(0) = κN GM (0) = µN

(figure taken from Samer Ahmed, Cyprus 2019)
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Electromagnetic form factors of the proton
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XXII Baldin ISHEPP, September 19th , 2014 Proton form factors in space-like and time-like regions

e−p → e−p e+e− ↔ p̄p
space-like time-like

(figure taken from Simone Pacetti, Dubna 2014)
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Basic formulae: e+e− → p̄p (B̄B)

σe+e−→ p̄p =
4πα2β

3s
Cp(s)

[
|GM (s)|2 +

2M2
p

s
|GE (s)|2

]

|Geff(s)| =

√√√√√ σe+e−→ p̄p(s)

4πα2β
3s Cp(s)

[
1 +

2M2
p

s

]
√

s = Mp̄p = q2, β = kp/ke ≈ 2 kp/
√

s

Sommerfeld-Gamov factor: Cp(s) = y/(1− exp(−y)); y = πα
√

s/(2 kp) (for p̄p, etc.)

dσ
dΩ

=
α2β

4s
Cp(s) |GM (s)|2

[
(1 + cos2θ) +

4M2
p

s

∣∣∣∣GE (s)

GM (s)

∣∣∣∣2 sin2θ

]

Py =
2Mp sin 2θ√

sD
ImG∗E GM = −2Mp sin 2θ√

sD
|GE (s)| |GM (s)| sin Φ; Φ = arg(

GE

GM
)

Cxx , Cyy , Czz , Cxz , Czy ... involve other combinations of GE (s), GM (s)

D = sin2
θ

4M2
p

s
|GE (s)|2 + (1 + cos2

θ)|GM (s)|2

• Py , Cxx , etc. ... difficult to measure for p̄p
easier for ΛΛ, etc. (self-analyzing weak decay of hyperons)
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experimental situation: e+e− → p̄p
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TABLE V: The values of the different efficiency corrections
δi for pp̄ invariant mass 1.9, 3.0, and 4.5 GeV/c2.

effect δi(1.9),% δi(3),% δi(4.5),%

χ2
p < 30 −0.5± 0.1 −0.9± 0.1 −1.5± 0.2
χ2
K > 30 0.0 ± 0.4 0.0± 0.4 0.0± 0.4

track overlap 0.0 ± 1.5 – –
nuclear interaction 0.8 ± 0.4 1.1± 0.4 1.0± 0.4
track reconstruction 0.0 ± 0.5 0.0± 0.5 0.0± 0.5
PID −1.9± 2.0 −1.9± 2.0 −1.9± 2.0
photon inefficiency −1.9± 0.1 −1.7± 0.1 −1.7± 0.1
trigger and filters −0.7± 0.6 −0.1± 0.5 −0.1± 0.5

total −4.2± 2.6 −3.5± 2.2 −4.2± 2.2

VII. THE e+e− → pp̄ CROSS SECTION AND
THE PROTON FORM FACTOR

The cross section for e+e− → pp̄ is calculated from the
pp̄ mass spectrum using the expression

σpp̄(Mpp̄) =
(dN/dMpp̄)corr
εRdL/dMpp̄

, (10)

where (dN/dMpp̄)corr is the mass spectrum corrected for
resolution effects, dL/dMpp̄ is the ISR differential lumi-
nosity, ε(Mpp̄) is the detection efficiency as a function of
mass, and R is a radiative correction factor accounting
for the Born mass spectrum distortion due to emission of
extra photons by the initial electron and positron. The
ISR luminosity is calculated using the total integrated lu-
minosity L and the integral over cos θ∗γ of the probability
density function for ISR photon emission (Eq. (2)):

dL

dMpp̄
=

α

πx

(
(2− 2x+ x2) log

1 + B

1− B
− x2C

)
2Mpp̄

s
L.

(11)
Here B = cos θ∗0 , and θ∗0 determines the range of po-
lar angles for the ISR photon in the e+e− c.m. frame:
θ∗0 < θ∗γ < 180◦ − θ∗0 . In our case θ∗0 = 20◦, since
we determine detector efficiency using simulation with
20◦ < θ∗γ < 160◦. The values of ISR luminosity inte-
grated over the Mpp̄ intervals are listed in Table VI.
The radiative correction factor R is determined from

MC simulation at the generator level, with no detector
simulation. The pp̄ mass spectrum is generated using
only the pure Born amplitude for the process e+e− →
pp̄γ, and then using a model with higher-order radiative
corrections included by means of the structure function
method [18]. The radiative correction factor, evaluated
as the ratio of the second spectrum to the first, varies
from 1.001 at pp̄ threshold to 1.02 at Mpp̄ = 4.5 GeV/c2.
The value of R depends on the requirement on the

invariant mass of the pp̄γ system. The value of R ob-
tained in our case corresponds to the requirementMpp̄γ >
8 GeV/c2 imposed in the simulation. The theoretical un-
certainty on the radiative correction calculation by the
structure function method does not exceed 1% [18]. The
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FIG. 15: The e+e− → pp̄ cross section measured in this anal-
ysis and in other e+e− experiments: FENICE[6], DM2[5],
DM1[4], ADONE73[7], BES[8], CLEO[9], NU[10]. The con-
tributions of J/ψ → pp̄ and ψ(2S) → pp̄ decays to the BABAR
measurement have been subtracted.
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FIG. 16: The e+e− → pp̄ cross section near threshold
measured in this analysis and in other e+e− experiments:
FENICE[6], DM2[5], DM1[4], ADONE73[7], BES[8].

calculated radiative correction factor does not take into
account vacuum polarization; the contribution of the lat-
ter is included in the measured cross section.
The resolution-corrected mass spectrum is obtained by

unfolding the mass resolution from the measured mass
spectrum. Using MC simulation, a migration matrix,
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FIG. 17: The proton effective form factor measured in this
analysis, in other e+e− experiments, and in pp̄ experiments:
FENICE[6], DM2[5], DM1[4], BES[8], CLEO[9], NU[10],
PS170[11], E835[13], E760[12]: (a) for the mass interval from
pp̄ threshold to 3.01 GeV/c2, and (b) for pp̄ masses from 2.58
to 4.50 GeV/c2.

radiative corrections (1%). A comparison of this result
with the available e+e− data is shown in Fig. 15, and the
behavior in the near-threshold region is shown in Fig. 16.

The e+e− → pp̄ cross section is a function of two
form factors, but due to the poor determination of the
|GE/GM | ratio, they cannot be extracted from the data
simultaneously with reasonable accuracy. Therefore, the
effective form factor Fp(Mpp̄) is introduced (Eq. (4)),
which is proportional to the square root of the measured
cross section. This definition of the effective form factor
permits comparison of our measurement with measure-
ments from other experiments, most of which were made
under the assumption |GE | = |GM |. The calculated ef-
fective form factor is shown in Fig. 17 (linear scale) and
Fig. 18 (logarithmic scale), while numerical values are
listed in Table VI. These form factor values are obtained
as averages over mass-interval width. The four mea-
surements from PS170 [11] with lowest mass are located
within the first mass interval of Table VI. Consequently,
for the mass region near threshold, where the results from
PS170 indicate that the form factor changes rapidly with
mass, we calculate the cross section and effective form
factor using a smaller mass-interval size. These results
are listed in Table VII, and shown in Fig. 19. From
Figs. 17, 18, and 19, it is evident that the BABAR effective
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FIG. 18: The proton effective form factor measured in this
analysis, in other e+e− experiments, and in pp̄ experiments,
shown on a logarithmic scale: FENICE[6], DM2[5], DM1[4],
BES[8], CLEO[9], NU[10], PS170[11], E835[13], E760[12].
The curve corresponds to the QCD-motivated fit described
in the text.

form factor results are in reasonable agreement with, and
in general more precise than, those from previous exper-
iments. However, in the region 1.88–2.15 GeV/c2, the
BABAR results are systematically above those from the
other experiments.

The form factor has a complex mass dependence. The
significant increase in the form factor as the pp̄ thresh-
old is approached may be due to final-state interac-
tion between the proton and antiproton [29–32]. The
rapid decreases of the form factor and cross section near
2.2 GeV/c2, 2.55 GeV/c2, and 3 GeV/c2 have not been
discussed in the literature. The form-factor mass depen-
dence below 3 GeV/c2 is not described satisfactorily by
existing models (see, for example, Refs. [33–36]). The
dashed curve in Fig. 18 corresponds to a fit of the asymp-
totic QCD dependence of the proton form factor [37],
Fpp̄ ∼ α2

s(M
2
pp̄)/M

4
pp̄ ∼ D/(M4

pp̄ log
2(M2

pp̄/Λ
2)), to the

existing data with Mpp̄ > 3 GeV/c2. Here Λ = 0.3 GeV
and D is a free fit parameter. All the data above
3 GeV/c2 except the two points from Ref. [10] marked
“NU” are well described by this function. Adding the
points from Ref. [10] changes the fit χ2/ν from 9/16 to
41/18, where ν is the number of degrees of freedom. The
measurement of Ref. [10] indicates that the form factor
atMpp̄ ≈ 4 GeV/c2 decreases more slowly than predicted
by QCD.

88 CHAPTER 4. R VALUES, QCD AND τ PHYSICS
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Figure 4.13: Top left: world data on e+e− → pp̄ cross section. Top right: the effective
proton timelike form factor. Bottom left: world data on R = |GE/GM |. Bottom right:
effective form factor after subtracting the fitted line in the top right panel. The data
are from BESIII [96, 97], BaBar [94], CMD3 [98], BES [99], FENICE [100], E760 [101],
E835 [102], PS170 [95] and DM2 [103].

BaBar: J.P. Lees et al., PRD 87 (2013) 092005, BESIII: M. Ablikim et al., PRL 124 (2020) 042001
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Calculate e+e− → p̄p in DWBA

one-photon exchange⇒ N̄N, e+e− are in the 3S1, 3D1 partial waves

e+ p̄

e− p

✫✪
✬✩
M =

e+ p̄

e− p

t ②γ
+

e+ p̄

e− p

t ②γ

✫✪
✬✩
T N̄N

ML,L′ ∝ f e+e−
L · f p̄p

L′

f e+e−
L=0 =

[
1 + me√

s

]
; f e+e−

L=2 =
[
1− 2me√

s

]
f p̄p
L=0 =

[
GM +

Mp√
s
GE

]
; f p̄p

L=2 =
[
GM − 2Mp√

s
GE

]
f p̄p
L=2(kp = 0) = 0 → GM (kp = 0)=GE (kp = 0)

f p̄p
L′ (k ; Ek ) = f p̄p;0

L′ (k) +
∑

L

∫ ∞
0

dpp2

(2π)3
f p̄p;0
L (p)

1
2Ek − 2Ep + i0+

T p̄p
LL′ (p, k ; Ek )

f p̄p;0
L′ ... bare vertex with bare form factors G0

M and G0
E

• assume G0
M ≡ G0

E = const. ... only single parameter (overall normalization)
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The N̄N interaction

✫✪
✬✩

N N

N N

V NN

❄

✻

G-parity

mesons

NN

N̄N +✫✪
✬✩N̄ N

N̄ N

✫✪
✬✩

N̄ N

V N̄N
el V N̄N

ann
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Traditional approach: meson-exchange

I) V N̄N
el ... derived from an NN potential via G-parity

(Charge conjugation plus 180o rotation around the y axis in isospin space)
⇒

V N̄N (π, ω) = −V NN (π, ω) odd G− parity

V N̄N (σ, ρ) = +V NN (σ, ρ) even G− parity

...

II) V N̄N
ann

employ a phenomenological optical potential, e.g.

Vopt (r) = (U0 + iW0) e−r2/(2a2)

with parameters U0, W0, a fixed by a fit to N̄N data

examples: Dover/Richard (1980,1982), Paris (1982,...,2009), Nijmegen (1984),
Jülich (1991,1995), ...
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NN in chiral effective field theory (E. Epelbaum et al.)

structure of the N̄N interaction is practically identical to the one for NN scattering, the

potential given in Ref. [38] can be adapted straightforwardly for the N̄N case. However,

for the ease of the reader and also for defining our potential uniquely we summarize the

essential features below and we also provide explicit expressions in Appendix A.

LO

Q0

NLO

Q2

N2LO

Q3

N3LO

Q4

Figure 1. Relevant diagrams up-to-and-including N3LO. Solid and dashed lines denote antinucle-

ons/nucleons and pions, respectively. The square and diamond symbolize contact vertices with two

and four derivatives, respectively. The dots denote a leading πN vertex, while the filled circle and

the ring symbolize subleading and sub-subleading πN vertices, respectively. Q denotes a small pa-

rameter (external momentum and/or pion mass). From the iterated diagrams at N2LO and N3LO,

only the irreducible contribution is part of the potential.

2.1 Pion-exchange contributions

The one-pion exchange potential is given by

V1π(q) =

(
gA
2Fπ

)2 (
1− p2 + p′2

2m2

)
τ 1 · τ 2

σ1 · qσ2 · q
q2 +M2

π

, (2.1)

where q = p′−p is the transferred momentum defined in terms of the final (p′) and initial

(p) center-of-mass momenta of the baryons (nucleon or antinucleon). Mπ andm denote the

– 4 –

• 4N contact terms involve low-energy constants (LECs) ... parameterize unresolved short-range physics

⇒ need to be fixed by fit to experiments
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The N̄N interaction in chiral EFT

V NN = V1π + V2π + V3π + ...+ Vcont

V N̄N
el = −V1π + V2π −V3π + ...+ Vcont

V N̄N
ann =

∑
X V N̄N→X X =̂ π, 2π, 3π, 4π, ...

• V1π , V2π , ... can be taken over from chiral EFT studies of the NN interaction

• Xian-Wei Kang, J.H., Ulf-G. Meißner, JHEP 02 (2014) 113 (N2LO)
starting point: NN interaction by Epelbaum, Glöckle, Meißner, NPA 747 (2005) 362

• Ling-Yun Dai, J.H., Ulf-G. Meißner, JHEP 07 (2017) 078 (N3LO)
starting point: NN interaction by Epelbaum, Krebs, Meißner, EPJA 51 (2015) 53

• Vcont ... same structure as in NN (C̃ + C (p2 + p′2) + ...). However, now the LECs have
to be determined by a fit to N̄N data (phase shifts, inelasticites)!
no Pauli principle→ more partial waves, more contact terms

• V N̄N
ann has no counterpart in NN

empirical information: annihilation is short-ranged and practically energy-independent

V N̄N
ann;eff =

∑
X V N̄N→X G0

X V X→N̄N , V N̄N→X (p, pX ) ≈ pL (a+b p2+...); pX ≈ const.
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regularized Lippmann-Schwinger equation

T L′L(p′, p) = V L′L(p′, p) +
∑
L′′

∫ ∞
0

dp′′p′′2

(2π)3

V L′L′′(p′, p′′) T L′′L(p′′, p)

2Ep − 2Ep′′ + iη

• N̄N potential up to N2LO (Kang et al., 2014)
employ the non-local regularization scheme of EGM (NPA 747 (2005) 362)

• N̄N potential up to N3LO (Dai et al., 2017)
employ the regularization scheme of EKM (EPJA 51 (2015) 53)

• Fit to phase shifts and inelasticity parameters in the isospin basis
(D. Zhou, R.G.E. Timmermans, PRC 86 (2012) 044003)

• Calculation of observables is done in particle basis:
? Coulomb interaction in the p̄p channel is included
? the physical masses of p and n are used

n̄n channels opens at plab = 98.7 MeV/c (Tlab = 5.18 MeV)
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Results for p̄p integrated cross sections

Ling-Yun Dai, J.H., Ulf-G. Meißner, JHEP 07 (2017) 078 (N3LO)

4.2. Observables
In our first study ofN̄N scattering within chiral EFT [42] we focused on the phase shifts and inelasticities. Ob-

servables were not considered. One reason for this was that,at that time, our computrt code was only suitable for
calculations in the isospin basis. A sensible calculation of observables, specifically at low energies where chiral EFT
should work best, has to be done in the particle basis becausethe Coulomb interaction in the ¯pp system has to be
taken into account and also the mass difference between proton and neutron. The latter leads to different physical
thresholds for the ¯pp andn̄nchannels which has a strong impact on the reaction amplitudeclose to those thresholds.

Another reason is related directly to the dynamics ofN̄N scattering, specifically to the presence of annihilation
processes. Annihilation occurs predominantly at short distances and yields a reduction of the magnitude of theS-
wave amplitudes. Because of that, higher partial waves start to become important at much lower energies as compared
to what one knows from theNN interaction [3]. Thus, already at rather moderate energiesa realistic description of
higher partial waves, in particular of theP- as well asD-waves, is required for a meaningful confrontation of the
computed amplitudes with scattering data.
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Figure 9: Total (σtot) and integrated elastic (σel), charge-exchange (σcex), and annihilation (σann) cross sections for ¯pp scattering. Results at
N3LO (black/solid line), N2LO (blue/dashed line), and NLO (magenta/dotted line) are shown. Uncertainty bands at N3LO (dark/magenta), N2LO
(medium/cyan), and NLO (light/yellow) are included. The filled circles represent the solution of the p̄p PWA [32]. Data are taken from Refs.
[62, 63, 64, 65] (σtot), [66, 67, 68] (σann), [69, 70, 71] (σcex), and [72, 73, 74] (σel).

In the present paper we extended our chiral EFTN̄N potential to N3LO. At that order the first LECs in the
D-waves appear, cf. Eq. (15), and can be used to improve substantially the reproduction of the corresponding partial-
wave amplitudes of thēNN PWA, cf. Figs. 6 and 7. Thus, it is now timely to perform also a calculation of observables
and compare those directly with measurements. Integrated cross sections are shown in Fig. 9. Results are provided
for the total reaction cross section, for the total annihilation cross section, and for the integrated elastic ( ¯pp→ p̄p)
and charge-exchange ( ¯pp → n̄n) cross sections. Similar to the presentation of the phase shifts before, we include
curves for the NLO (dotted lines), N2LO (dashed lines), and N3LO (solid lines) results and indicate the corresponding
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—— N3LO; – – – N2LO; · · · NLO (bands are from a systematic uncertainty estimate)
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Results for 3S1-3D1 phase shifts

Xian-Wei Kang, J.H., Ulf-G. Meißner, JHEP 02 (2014) 113 (N2LO)
(bands represent cutoff variations!)

108 J. Haidenbauer et al. / Nuclear Physics A 929 (2014) 102–118

Fig. 2. Real and imaginary parts of the phase shift in the 3S1–3D1 partial wave in the isospin I = 0 and I = 1 channels. 
The red/dark band shows the chiral EFT results up to NNLO while the green/light band are results to NLO. The bands 
reflect the cutoff dependence of the results as discussed in Ref. [38]. The solid line is the prediction of the Jülich N̄N

model A(OBE) [22]. The circles represent the solution of the partial-wave analysis of Ref. [37].
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Fig. 2. Real and imaginary parts of the phase shift in the 3S1–3D1 partial wave in the isospin I = 0 and I = 1 channels. 
The red/dark band shows the chiral EFT results up to NNLO while the green/light band are results to NLO. The bands 
reflect the cutoff dependence of the results as discussed in Ref. [38]. The solid line is the prediction of the Jülich N̄N

model A(OBE) [22]. The circles represent the solution of the partial-wave analysis of Ref. [37].

—— Jülich A (OBE); —— N2LO; —— NLO

• PWA of Zhou, Timmermans, PRC 86 (2012) 044003
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Results for e+e− ↔ p̄p

J.H., X.-W. Kang, U.-G. Meißner, NPA 929 (2014) 102 (N2LO)
(bands represent cutoff variations!)
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—- Jülich A (OBE) [meson-exchange; T. Hippchen et al., PRC 44 (1991) 1323]

PS170: G. Bardin et al., NPB 411 (1994) 3

(σp̄p→e+e− ∝
k2
e

k2
p
σe+e−→p̄p ; but there is a systematic overall difference of≈ 1.47)

Note: σe+e−→p̄p 6= 0 at threshold because of attractive Coulomb interaction in p̄p!
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Results for e+e− → p̄p
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Results for e+e− → n̄n

J.H., C. Hanhart, X.-W. Kang, U.-G. Meißner, PRD 92 (2015) 054032 (N2LO)

(bands represent cutoff variations!)
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FENICE: A. Antonelli et al., NPB 517 (1998) 3
SND 2014: M.M. Achasov et al., PRD 90 (2014) 112007
SND 2017: K.I. Belobodorov et al., EPJ WoC 199 (2019) 02026
BESIII 2019: preliminary !!
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Near-threshold measurements for hyperons

e+e− → ΛΛ
DM2: D. Bisello et al., Z.Phys.C 48 (1990) 23
BaBar: B. Aubert et al., PRD 76 (2007) 092006
BESIII: M. Ablikim et al., PRD 97 (2018) 032013, PRL 123 (2019) 122003

e+e− → Σ
0
Λ

DM2: D. Bisello et al., Z.Phys.C 48 (1990) 23
BaBar: B. Aubert et al., PRD 76 (2007) 092006

e+e− → ΣΣ
BaBar: B. Aubert et al., PRD 76 (2007) 092006
BESIII: M. Ablikim et al., PLB 814 (2021) 136110

e+e− → ΞΞ
BESIII: M. Ablikim et al., PRD 103 (2021) 012005

e+e− → Λ̄−c Λ+
c

Belle: G. Pakhlova et al., PRL 101 (2008) 172001
BESIII: M. Ablikim et al., PRL 120 (2018) 132001
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The YY interaction

p̄p → YY provides main source of information

extensively studied at LEAR (CERN) by the PS185 experiment
cf. review by E. Klempt et al., PR 368 (2002) 119

measured p̄p → ΛΛ, p̄p → Σ
0
Λ, p̄p → Σ̄

−
Σ+, p̄p → Σ̄

+
Σ−

measured σtot , dσ/dΩ, Py , Cij , DNN
(exploiting self-analyzing weak Λ→ π−p decay)

calculations were performed in the meson-exchange picture and
the constituent quark model utilizing a DWBA approach

effects from the initial- and final-state interaction (ISI and FSI)
play a very important role
lead to a reduction of the transition amplitude by orders of
magnitude
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The transition p̄p → ΛΛ
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model and are to be determined essentially by a fit to the
pp ~AA cross sections.

B. pp ~AA transition interactions

We consider three different models for the transition
interaction (Fig. 1): a model based on K as well as K* ex-
change [Fig. 1(a)], one with only K exchange [Fig. 1(b)],
and finally a model motivated by quark-gluon dynamics
[Fig. 1(c)]. Since transition interactions of the first kind
have already been used in a previous paper [6], we will
make use of the results reported there. In particular, we
will utilize model I of Ref. [6) for the present investiga-
tion.

It has been noted in Ref. [6] that the E and E' mesons
play the same role in the AN and XN interactions as m.

and p in the usual NN potential; their central components
add coherently whereas the tensor components have op-
posite signs. For the antibaryonic systems considered
here the signs of the m- and K-meson contributions are
reversed (due to 6-parity or charge conjugation, respec-
tively). As a consequence, K and E' exchange interfere
destructively in the central part of the pp ~AA transition
interaction but add coherently in the tensor part. There-
fore, the omission of K* leads to an enhancement of tran-
sitions in states dominated by the central forces, however,
it reduces considerably tensor-type transitions. Since the
latter dominate the pp~AA process (cf. Ref. [6]), the
strength of the K exchange had to be increased in order
to get again a good description of the data. We achieved
that by increasing the cutoff mass AzAz from 1.2 GeV
(used in the K+E' model and in Ref. [16])to 1.7 GeV.

In the past few years a large variety of so-called QCD-
inspired models for the pp~AA transition have been
proposed [1,7—13]. Their common starting point is the
basic transition mechanism shown in Fig. 2, where a uu
pair is annihilated and subsequently an ss pair is created.
Hadronic matrix elements are then calculated from the
basic transition operators by using SU(6) wave functions
for the involved baryons.

However, while in some of these investigations it is as-
sumed that the annihilation or creation process goes
along with the emission or absorption of a gluon [Fig.
2(a)], others assume that this process takes place into and
out of the vacuum [Fig. 2(b)]. Corresponding to the

Sg 3p

(b)

FIG. 2. The annihilation of the uu pair and the creation of
the ss pair in the constituent-quark model can proceed (a) via
one-gluon exchange ( S& version) or (b) with the quantum num-
bers of the vacuum ('Po version).

quantum numbers at the annihilation or creation vertex
these two different approaches are commonly labeled as
S) or Po models, respectively. Both approaches have

been extensively employed in studies of various hyperon-
antihyperon production channels. On the other hand,
there is still a controversy in the literature about which of
the two models actually compares better with experiment
[9,12]. Recently it has also been proposed to employ a
superposition of the S, and Po models rather than to
consider them as two alternatives [11].

In the present study we are, however, more interested
in the common features of these transition potentials de-
rived from quark-gluon dynamics rather than in their
differences. One of their shared characteristics is that the
transition to AA can take place only in a spin-triplet state
because of the Pauli principle. Since the isospin of the
two spectator quarks is zero their spin must also be zero
and therefore the spin of the AA state must be the same
as the spin of the created pair of quarks, namely, S=1.
Another common feature concerns the tensor force. The
nondiagonal transition (potential) matrix elements

( VPL, , with L AL ') are, in general, considerably
smaller than the ones obtained in the meson-exchange
picture, or even identical to zero in the (commonly used
approximative version of the) ~S, model [9].

We want to consider here the more extreme case and
employ a model of the latter kind. For that purpose we
utilize the model proposed in Ref. [1]. A detailed deriva-
tion can be found in Ref. [17]. Here we quote only the
final form of the transition potential, after all the quark-
gluon degrees of freedom have been integrated out. It
reads

K, K*

P P

K vPp~AA

3 2 sl To

' 3t2
3I'2g4( p2 )e (2.2)

(b)
FIG. 1. Transition mechanism for the Pp ~AA process based

on (a) (K+K )-meson exchange, (b) K-meson exchange, and (c)
the constituent-quark model ( Sl version).

where S and T are the total spin and isospin, respectively,
( r ) is the mean square radius associated with the quark
distribution in the proton or A hyperon, and a/m6
represents an effective (quark-gluon) coupling strength
with IG being an effective gluon mass. We took over the

meson exchange picture:

V p̄p→ΛΛ ∝∑Ms=K ,K∗ g2
NΛMs

F 2
NΛMs

(t)/(t −m2
Ms

)

(gNΛMs , FNΛMs ... can be fixed from YN interaction (SU(3) symmetry))
(tensor part of K and K∗ exchange add up coherently)

constituent quark model (Kohno-Weise, 1985):

V p̄p→ΛΛ = 4
3 4π α

m2
G
δS1δT0[ 3

4π〈r2〉 ]
3/2 × exp(−3r2/(4〈r2〉))

α/m2
G ... effective (quark-gluon) coupling strength

〈r2〉 ... msr associated with the quark distribution in p or Λ
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ISI and FSI

V N̄N = V el + V ann

V el : G-parity transform of the (folded diagram) OBEPF NN model
(J.H., K. Holinde, M.B. Johnson, PRC 45 (1992) 2055)

V ann = (U0 + iW0)× exp(−b2r2)

U0, W0, b ... free parameters fitted to N̄N data

V YY = V el + V ann

V el : G-parity + SU(3) symmetry from Jülich YN model A
(B. Holzenkamp, K. Holinde, J. Speth, NPA 500 (1989) 485)

V ann = [U0 + iW0 + (ULS + iWLS)~L · ~S + (Ut + iWt )S12]× exp(−b2r2)

Ui , Wi , b ... free parameters fitted to p̄p → ΛΛ, Σ
0
Λ, ΣΣ data

(for different p̄p → YY transition scenarios)
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Results for p̄p → Λ̄Λ: cross sections
46 MESON-EXCHANGE AND QUARK-GLUON TRANSITIONS IN. . . 2161

value (r ) '~ =0.55 fm from Ref. [1]. The effective cou-
pling strength a/mG-—0. 15 fm, which was used in the
DWBA calculation of the pp ~AA process, turned out to
be too small in our coupled-channel treatment to allow a
reasonable reproduction of the pp ~AA data over a wid-
er energy range. We found a value of a/mG —-0.25 fm
to be more appropriate. This transition model will be ab-
breviated by QG in the following.

1P i, s

pp —)AA

4-

III. RESULTS

In this section we want to carry out a thorough com-
parison of various pp~AA observables resulting from
the three different transition models described in the pre-
vious sections. In all cases exactly the same initial-state
interaction (8) and the same form for the final-state in-
teraction is employed. The seven open parameters occur-
ring in the annihilation part of the AA interaction [Eq.
(2.1)] have been determined for each of the three models
by a best fit to the total and differential pp~AA cross
sections in the range p»b & 1700 MeV/c. Their values are
compiled in Table II. The other observables considered
here, in particular, the spin-correlation and spin-transfer
parameters, are genuine predictions of the interaction
models. All these observables are defined in the Appen-
dix. The sensitivity of the results to ISI or FSI effects is
demonstrated, for the quark-gluon model, by employing
the alternative initial-state interaction model C, see Table
I.

n0 I I I I
I

I I I I
I

I I I
I

I I

1430 1435 1440 1445 1450

p, , (MeV/c)

125
(b)

1pp p p —)AA

75-

50-

A. Cross sections

Total pp ~AA cross sections calculated from the three
models are compared with empirical data [18—21] in Fig.
3(a) (near threshold) and Fig. 3(b) (for momenta up to
p»b=1900 MeV/c). Evidently, in the threshold region,
all model predictions are very similar and moreover in
excellent agreement with experiment. Also at higher en-
ergies (p»b & 1750 MeV/c) the results for the three mod-
els are qualitatively the same and give a reasonable
description of the data.

Differential cross sections are shown in Fig. 4. For p
momenta p„b & 1476 MeV/c the predictions are of com-
parable quality. They are also in nice agreement with the
experiments [18,19] (except for 1476.5 MeV/c, where
there seems to be a normalization problem with the data
[22]). With increasing energy the QG model and the two

25-

0
1400 1500 1600 1700 1800

0?1 73
Jayet 78
Barnes 89
Barnes 87

I
I

1900

p, , (MeVjc)

FIG. 3. Total pp~AA cross sections: (a) near threshold and
(b) for intermediate energies. The solid (dashed) line corre-
sponds to the meson-exchange transition model with E+E
(E) exchange using the pp interaction B. The other results orig-
inate from the quark-gluon model: The dash-dotted curve is
likewise based on the initial-state interaction B whereas, for the
dotted curve, initial-state interaction C with increased tensor
part is employed. Experimental data are from Ref. [18] (cir-
cles), Ref. [19] (squares), Ref. [20] (inverted triangles), and Ref.
[21] (triangles).

TABLE II. Parameters of the phenomenological optical potential in the AA channel for the three
different transition models, using the initial-state interaction 8. For the quark-gluon model (QG), the
numbers in brackets denote the values in case the initial-state interaction C is used.

Uc
'c

UL,s
~LS
U7-

8T
7'o

—1142 MeV
—1142 MeV

236 MeV
79 MeV

—1260 MeV fm
40 MeVfm
0.34 fm

—1197 MeV
—787 MeV

236 MeV
—236 MeV

—1811 MeV fm
—315 MeVfm

0.24 fm

—898 MeV
—866 MeV

551 MeV
—945 MeV

—2047 MeVfm
—157 MeVfm

0.24 fm

[Q«C)l

[—1339 MeV]
[—866 MeV]
[1575 MeV]

[—945 MeV]
[—2047 MeVfm ]

[—40 MeVfm ]
[0.20 fm]

J.H. et al., PRC 45 (1992) 931
J.H. et al., PRC 46 (1992) 2158

solid line: K + K∗ exchange
dashed line: K exchange

dash-dotted, dotted: quark-gluon
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Results for differential cross sections
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meson-exchange transition potentials, respectively, show
a somewhat different behavior at very forward and back-
ward angles. Indeed the former tends to overshoot the
experiments in either directions. As for the forward
direction the same tendency of the differential cross sec-
tion has been observed in other applications of the
constituent-quark model to the pp ~AA transition
[9,11,12]. Note that at the highest energy considered

here (p&,b
= 1695 MeV/c) such a steep rise at small angles

is, in fact, required by the experiment. Here both our
meson-exchange transition potentials, but also other
models based on meson exchange [2j, do have severe
diSculties. One has to consider, however, that this ener-

gy is already well above the X X threshold. An explicit
inclusion of this channel might, of course, change the sit-
uation. The pronounced enhancement at backward an-
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FIG. 4. Differential cross sections for the Pp~AA process. Same description of the curves as in Fig. 3. Experimental data are

taken from Ref. [19] (p„b =1435.9, 1436.9, 1445.3 MeV/c), Ref. [18] (p„b =1476.5, 1507.5 MeV/c), Ref. [23] (p„b =1546.2, 1695

MeV/c). The preliminary data for p„b = 1642 MeV/c are from Ref. [24].
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Results for polarizations
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"experimental" S- and P-wave contributions at threshold
[19] as they result from fitting the function
o„,=boa'~2+b, e ~ (with the excess energy
e=&s —m~ —m~ and b0=1.51 pb/MeV', b, =0 26.

pb/MeV ~
) to the empirical cross sections. These values

are given in column 4 of Table III (top). The predictions
of a11 three models agree quite well with them. Note that
this is by no means trivial. As has been pointed out al-
ready in Ref. [6], the K-exchange model of Ref. [1] as
well as the model of Ref. [2] show very different behav-
iors, the former having a S- to P-wave splitting of

1.95-2.8 pb at p& b =1445.3 MeV/e while it is 3.95—0.95
for the 1atter. Since in our case different models for the
pp~AA transition lead to rather similar results, we are
led to the conclusion that the S- and P-wave contribu-
tions at threshold are primarily determined by the ISI
and FSI employed.

8. Polarizations

In the analysis above we observed that the individual
partial waves contribute rather differently to the cross
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Λ decay parameter αΛ from J/ψ → ΛΛ, γp → K +Λ

BESIII (M. Ablikim et al.), Nature Phys. 15 (2019) 631 D.G. Ireland et al., PRL 123 (2019) 182301

parity violating decay Λ→ pπ− : I(θ) ∝ 1 + αP cos θy

angular distribution allows to determine the Λ polarization P once α is known

dσ

dΩ
=

( dσ

dΩ

)
0

{
1− PγΣ cos 2φ + α cos θx PγOx sin 2φ

+α cos θy P − α cos θy PγT cos 2φ +α cos θz PγOz sin 2φ
}

old PDG value: 0.642 BESIII: 0.750± 0.009± 0.004 CLAS: 0.721± 0.006± 0.005

0.62 0.64 0.66 0.68 0.70 0.72 0.74 0.76 0.78
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Gaussian prior
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⇒: all spin-dependent observables for p̄p → ΛΛ, etc. need to be re-analysed!
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e+e− → Λ̄Λ
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colored lines: different models of the ΛΛ interaction (J.H. et al., PRC 45 (1992) 931, PRC 46 (1992) 2158)
black dashed line: phase space

J.H., U.-G. Meißner, PLB 761 (2016) 456

DM2: D. Bisello et al., Z.Phys.C 48 (1990) 23
BaBar: B. Aubert et al., PRD 76 (2007) 092006
BESIII: M. Ablikim et al., PRD 97 (2018) 032013, PRL 123 (2019) 122003

• near threshold: possible conflict between BaBar and BESIII data

• BESIII: anomalous threshold threshold behavior? σe+e−→ΛΛ
(kΛ) 6= 0 for kΛ→ 0?

would require a resonance at the ΛΛ threshold: σ ∝ kΛ
ke
× 1

k4
Λ

• speculations on a near-threshold ΛΛ state by J. Carbonell et al., PLB 306 (1993) 407
⇒ no indications in (very) near-threshold p̄p → ΛΛ measurements (Barnes et al., PRC 62 (2000) 055203)
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e+e− → Λ̄Λ
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BaBar: B. Aubert et al., PRD 76 (2007) 092006
BESIII: M. Ablikim et al., PRD 97 (2018) 032013, PRL 123 (2019) 122003

2 ... data re-scaled to the old PDG value α = 0.642 (by BESIII)

model I from PRC 45 (1992) 931 is favored
(p̄p interaction with spin-orbit force; dominant K∗ transition potential)
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Results for p̄p → Λ̄Σ0 + c.c.
328 
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Fig. 3. Total pp + x8’ + z”A cross sections as predicted by our (full) coupled-channel model. The 
dashed line corresponds to the results without coupling to the $2 channei. Experimental data are from 

ref. [Zl] (circles) and ref. [34f (triangles). 
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Fig. 4. Differential cross sections for the pp 4 xX0 + ??$I process at pIat,= 1.695 GeV/c and 
plab = 1.920 GeV/c. Same description of the curves as in fig. 3. Experimental data are taken from ref. 

1211 (pub = 1.695 GeV/c). 
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The second curve in fig 3 shows the results obtained by omitting the coupling to 
the 32 channels, without any change of the annihilation parameters. Like already 
in the case of the jjp --, _&i reaction the modifications are relatively small. Some 
moderate effects occur only with increasing energy. 

Differential cross sections at two energies are presented in fig. 4. The data at a 
beam momentum of 1.695 GeV/c are reasonably well reproduced by our model. 
Results for polarizations are shown in figs. 5 and 6. Also here our model can 
describe the general trend of the data. 

Finally, in figs. 7 and 8 we present predictions for the spin-co~elation parame- 
ters and the depolarization L>,,. 

It is evident from figs. 4-6 that the general features of the jYp --)x2.o, soA 
process are similar to the ones known from the j5p +xA reaction: In both cases 
we observe a forward peaking of the differential cross section and the presence of 
a node in the polarizations close to the production threshold which implies 
sizeable P-wave contributions at already very low energies. Quantitatively there 
are, however, considerable differences which we want to discuss now. 
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Fig. 5. A polarization for the @p -f x2’ process. Same description as in fig. 4. 
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Fig. 6. .Z$ polarization for the gp -+ x2$’ process. Same description as in fig. 4. 

As already mentioned in the Introduction, not only are the KNZ and K *NJ$ 
coupling constants smaller than the ones for the KNA and K*N.A cases, but they 
have also opposite signs. Therefore, the tensor forces produced by the K and K* 
exchanges have also opposite signs in the pp -+ xX0, 2’11 reaction and cancel each 
other to a certain extent. On the other hand, their contributions in the singlet 
channels will add up. This different characteristics can be clearly seen in table 2 
where we list the partial cross sections for jYp -+~4Z” at 1.685 GeV/c, together 
with the ones for Bp -+ &I at a comparable excess energy E (= 15 MeV). 

As expected the contributions of singlet states to the j?p *.%$’ cross section 
are considerably larger than the ones for jjp +x,4. Furthermore, there are 
sizeable triplet-singlet transitions, which can occur since the mass of A and _Z” 
are different. Consequently, the well-established spin-triplet dominance of the 
jYp + AA reaction is not found in our model for the jrp 3 x2”, soA process (cf. 
fig. 7). 

The differences in the tensor force are apparently most striking in the 3F2 -+3PZ 
transition. This partial wave actually dominates the fip -+ XA reaction at the excess 
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Results for p̄p → Σ̄Σ
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p̄p → Σ̄+Σ− requires a two-step process (double charge exchange)

nevertheless, σp̄p→Σ̄+Σ− ≈ σp̄p→Σ̄−Σ+
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p̄p → Ξ̄Ξ
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ψ(4630) versus ψ(4660)

one (or two ?) of the XYZ states, whose structure is unclear

B� �2S� ! ����J= � � 31:8% and B�J= !‘�‘���
11:87% are taken from Ref. [12]. The resulting cross
sections are shown in Fig. 5, where the error bars include
the statistical uncertainties in the signal and the back-
ground subtraction [16]. The large error bars at low mass
are due to the low efficiencies. The systematic error for the
cross section measurement, which includes all the sources
listed in Table II except for that from the BW parameteri-
zation, is 9.5% and common to all the data points.

In summary, the e�e� ! ���� �2S� cross section is
measured from threshold up to 5.5 GeV. The measured
cross sections are consistent with results from BABAR [4].
Two distinct resonant structures are observed, one at m �
4361� 9� 9 MeV=c2 with a width of 74� 15�
10 MeV=c2, consistent with the structure observed by
BABAR in mass but with a much narrower width, another
at m � 4664� 11� 5 MeV=c2 with a width of 48�
15� 3 MeV=c2, that has not been previously observed.
The resonant structures reported here are distinct from the
ones observed in e�e� ! ����J= [1,3]. There are no
known vector charmonium states that match these mea-
surements [12,17]; according to potential model calcula-

tions [18,19], the 43S1, 53S1, and 33D1 charmonium states
are expected to be in the mass range close to the two
resonances measured. We note that coupled-channel ef-
fects and rescattering of pairs of charmed mesons
(D�	� �D�	�,D�	�s �D�	�s ) may affect the above interpretation [6].
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noid operations, and the KEK computer group and the NII
for valuable computing and Super-SINET network sup-
port. We acknowledge support from MEXT and JSPS
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FIG. 5 (color online). The measured e�e� ! ���� �2S�
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TABLE II. Systematic errors in the B�e�e� measurement.

Source Relative error (%)

Parametrization 3–10
Particle ID 5.0
Tracking efficiency 6
J= mass,  �2S� mass, and M2

rec 0.5
Integrated luminosity 1.4
m���� distribution 4.5
Trigger efficiency 1
Branching fractions 2.1
MC statistics 1.3
Sum in quadrature 10–14
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account. The significance including systematics is 8:2�.
We use Xð4630Þ to denote the observed structure.

As a cross check, we present in Fig. 3(b) the M�þ
c �

�
c

spectrum for the signal region for wrong-sign tags, i.e.,
requiring a presence of a proton in the event in addition to
the�þ

c �ISR combination. TheM�þ
c �

�
c
distribution from the

signal �þ
c window is in good agreement with the normal-

ized contributions from the �þ
c sidebands.

The eþe� ! �þ
c �

�
c cross section is extracted from the

background-subtracted �þ
c �

�
c mass distribution following

the procedure described in Ref. [7], taking into account the
differential ISR luminosity and the efficiency function. The
resulting eþe� ! �þ

c �
�
c exclusive cross section is shown

in Fig. 4 with statistical uncertainties only. Since the bin
width is much larger than resolution, no correction for
resolution is applied.

The peak cross section for the eþe� ! �þ
c �

�
c process

at Ec:m: ¼ mXð4630Þ is calculated from the amplitude of the

RBW function in the fit to be �ðeþe� ! Xð4630ÞÞ �
BðXð4630Þ ! �þ

c �
�
c Þ ¼ ½0:47þ0:11

�0:10ðstatÞþ0:05
�0:08ðsystÞ �

0:19ðsystÞ� nb. Here the first systematic uncertainty is
obtained by varying the fit range, histogram bin, parame-
terization of the background function, efficiency and the
possible interference between the resonance and non-
resonant contributions. The second one comes from
the uncertainties in Bð�þ

c ! pK��þÞ ¼ ð5:0� 1:3Þ �
10�2 and Bð��

c ! �pXÞ ¼ ð50� 16Þ � 10�2 [16].
Using �ðeþe� ! Xð4630ÞÞ ¼ 12�=m2

Xð4630Þ � ð�ee=�totÞ
and the Xð4630Þ mass value obtained from the fit
we calculate �ee=�tot �BðXð4630Þ ! �þ

c �
�
c Þ ¼

½0:68þ0:16
�0:15ðstatÞþ0:07

�0:11ðsystÞ � 0:28ðsystÞ� � 10�6.

The various contributions to the systematic errors for the
�ðeþe� ! �þ

c �
�
c Þ measurements are summarized in

Table I. The systematic errors associated with the combi-
natorial background subtraction are estimated to be 3% due
to an uncertainty in the scaling factors for the sideband
subtractions. It is estimated using fits to the M�þ

c
distribu-

tion with different signal and background parameteriza-

tions. Reflections from the eþe� ! �þ
c �

�
c �

0�isr and
eþe� ! �þ

c �
�
c ���isr processes are estimated conserva-

tively to be smaller than 6% of the signal. The uncertainty
due to a possible eþe� ! �þ

c �
�
c �

0 contribution is found
to be 1%. The systematic error ascribed to the cross section
calculation includes a 1.5% error on the differential lumi-
nosity and 2% error due to the MC statistics. Another
source of systematic error comes from uncertainties in
track and photon reconstruction efficiencies (1% per track
and 1.5% per photon). Another contribution comes from
the uncertainty in the kaon and proton identification effi-
ciency. The systematic uncertainty due to the unknown
helicity angle distribution for the �þ

c �
�
c final state is

included. For the efficiency calculation, we use a flat
helicity distribution and consider the extreme cases
dN=d cos�� 1þ cos2� and �sin2� for the efficiency
uncertainty.
In summary, we report the first measurements of the

eþe� ! �þ
c �

�
c exclusive cross section over the center-

of-mass energy range from the threshold to 5.4 GeV with
initial-state radiation. We observe a significant near-
threshold enhancement in the studied cross section. The
nature of this enhancement remains unclear. In many
processes including three-body B meson baryonic
decays, mass peaks are observed near-threshold [17].

However, the cross section for eþe� ! � �� measured
via ISR by BABAR [18] has a different pattern: it in-
creases sharply at threshold and then decreases gradually
without any peaklike structure. Assuming the observed
peak to be a resonance, its mass and width are found
to be M ¼ ½4634þ8�7ðstatÞþ5

�8ðsystÞ� MeV=c2 and �tot ¼
½92þ40

�24ðstatÞþ10
�21ðsystÞ� MeV, respectively. These values

are consistent within errors with the mass and width of a
new 1�� charmoniumlike state, the Yð4660Þ, that was
found in c ð2SÞ�� decays via ISR [4]. Finally, we cannot
exclude the possibility that the observed enhancement is
the 53S1 charmonium state that is predicted around the
observed mass [19].
We thank the KEKB group for excellent operation of the

accelerator, the KEK cryogenics group for efficient sole-
noid operations, and the KEK computer group and the NII
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TABLE I. Contributions to the systematic error on the cross
sections, [%].

Source �þ
c �

�
c

Background subtraction �7
Cross section calculation �3
Reconstruction �5
Identification �3
Angular distributions �4

Total �10
Bð�þ

c Þ �26
Bð��

c ! �pXÞ �32
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following the same procedure as used for the signal
process. We require an extra photon with Eγ > 50 MeV
in the barrel or Eγ > 100 MeV in the end caps to combine
with the Dþ

s to form the D�þ
s candidate. The mass and

vertex fits are applied to the D�þ
s candidates to improve

their momentum resolution. In events with multiple can-
didates, the best candidate is chosen using the lowest χ2

value from the mass-constrained fit. The same D̄�0=D�−

signal region requirement onMrecðγISRD�þ
s K−=K0

SÞ and the
D̄�0=D�− mass constraint are applied as before in
eþe− → Dþ

s Ds1ð2536Þ−. In the recoil mass spectrum of
the γISRD�þ

s an excess of 28� 13Ds1ð2536Þ− signal events
with a statistical significance of 2.4σ is observed in the
Ds1ð2536Þ− signal region.
After requiring the Dþ

s K−=K0
S mass to be within the

Ds1ð2536Þ− signal region, the D�þ
s Ds1ð2536Þ− invariant

mass distribution is shown in Fig. 2(b). Note that the
process eþe− → Dþ

s Ds1ð2536Þ− is a source of back-
grounds for the eþe− → D�þ

s Ds1ð2536Þ− when the Dþ
s

candidates are combined with low energy photons
to form D�þ

s candidates. From Fig. 2(b), no obvious
structure is observed. The normalized contribution
from eþe−→D�þ

s Ds1ð2536Þ− to eþe− → Dþ
s Ds1ð2536Þ−

is the cyan shaded histogram which is shown in

Fig. 2(a), and which is normalized to correspond to
Nobs

D�þ
s Ds1ð2536Þ−εDþ

s Ds1ð2536Þ−=εD�þ
s Ds1ð2536Þ− events. Here

Nobs
D�þ

s Ds1ð2536Þ− is the yield of eþe− → D�þ
s Ds1ð2536Þ−

signal events in each MðD�þ
s Ds1ð2536Þ−Þ bin in data

after subtracting the normalized Ds1ð2536Þ− sidebands
and the eþe− → Dþ

s Ds1ð2536Þ− background contribution,
and εDþ

s Ds1ð2536Þ− and εD�þ
s Ds1ð2536Þ− are the reconstruc-

tion efficiencies for eþe− → Dþ
s Ds1ð2536Þ− and eþe− →

D�þ
s Ds1ð2536Þ−, respectively, where the ratio of efficien-

cies is (1.00� 0.02). The yield of D�þ
s Ds1ð2536Þ− after

background subtraction for the entire region in Fig. 2(b) is
(11.6� 3.6). A similar method is applied to estimate the
background contribution from eþe− → Dþ

s Ds1ð2536Þ−
to eþe− → D�þ

s Ds1ð2536Þ−.
We perform an unbinned likelihood fit simultaneously

to the MðDþ
s Ds1ð2536Þ−Þ distributions of all selected

Ds1ð2536Þ− signal candidates, the normalized Ds1ð2536Þ−
mass sidebands, and the eþe− → D�þ

s Ds1ð2536Þ− contri-
bution. The yields in the normalized Ds1ð2536Þ− mass
sidebands and the eþe− → D�þ

s Ds1ð2536Þ− contribution
are fixed in the fit. The following components are included
in the fit to theMðDþ

s Ds1ð2536Þ−Þ distribution: a resonance
signal, a nonresonant contribution, the Ds1ð2536Þ− mass
sidebands, and an eþe− → D�þ

s Ds1ð2536Þ− contribution. A
Breit-Wigner (BW) function convolved with a Gaussian
function (with its width fixed at 5.0 MeV=c2 according
to the MC simulation), multiplied by an efficiency func-
tion that has a linear dependence on MðDþ

s Ds1ð2536Þ−Þ
and the differential ISR effective luminosity [36], is
taken as the signal shape. Here the BW formula used has
the form [37]

BWð ffiffiffi
s

p Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12πΓeeBfΓ

p
s −M2 þ iMΓ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Φ2ð

ffiffiffi
s

p Þ
Φ2ðMÞ

s
; ð1Þ

whereM is the mass of the resonance, Γ and Γee are the total
width and partial width to eþe−, Bf ¼ BðYð4626Þ →
Dþ

s Ds1ð2536Þ−Þ × BðDs1ð2536Þ− → D̄�0K−Þ is the
product branching fraction of the Yð4626Þ into the
final state, and Φ2 is the two-body decay phase space
factor that increases smoothly from the mass threshold
with

ffiffiffi
s

p
, respectively. A two-body phase space form is

also taken into account for the nonresonant contribu-
tion. The Ds1ð2536Þ− mass sidebands and the eþe− →
D�þ

s Ds1ð2536Þ− contribution are parametrized with thresh-
old functions.
The fit results are shown in Fig. 2(a), where the solid

blue curve is the best fit, the blue dotted curve is the sum
of the backgrounds, the red dot-dashed curve is the fitted
result to the normalized Ds1ð2536Þ− mass sidebands,
and the violet dot-dashed curve is for the eþe− →
D�þ

s Ds1ð2536Þ− contribution. The yield of the Yð4626Þ
signal is 89þ17

−16 . The statistical significance of the Yð4626Þ
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FIG. 2. (a) The Dþ
s Ds1ð2536Þ− invariant mass spectrum for

eþe− → Dþ
s Ds1ð2536Þ−. (b) The D�þ

s Ds1ð2536Þ− invariant mass
spectrum for eþe− → D�þ

s Ds1ð2536Þ−. All the components
including those from the fit to the Dþ

s Ds1ð2536Þ− invariant mass
spectrum are indicated in the labels and described in the text.
Note that the cyan shaded histograms in the top/bottom show
the Dþ

s Ds1ð2536Þ−=D�þ
s Ds1ð2536Þ− invariant mass spectrum

from D�þ
s Ds1ð2536Þ−=Dþ

s Ds1ð2536Þ− background contribution
after applying the requirements to reconstruct eþe− →
Dþ

s Ds1ð2536Þ−=eþe− → D�þ
s Ds1ð2536Þ−.
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e+e− → π+π−ψ(2S) e+e− → Λ̄−c Λ+
c e+e− → D+

s Ds1(2536)− + c.c.

Belle (2007) Belle (2008) Belle (2019)

Mass (MeV):

4664± 11± 5 4634+8
−7

+5
−8 4625.9+6.2

−6.0 ± 0.4

Γ (MeV):

48± 15± 3 92+40
−24

+10
−21 49.8+13.9

−11.5 ± 4.0

PDG (2020): M = (4633± 7) MeV Γ = (64± 9) MeV [one state!]
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e+e− → Λ̄−c Λ+
c

L.-Y. Dai, J.H., U.-G. Meißner, PRD 96 (2017) 116001

construct a Λ̄−c Λ+
c potential guided by chiral EFT, in close analogy to our

N̄N interaction (up to NLO)

fix the LECs (for V Λ̄−c Λ+
c

3S1,
3D1

) by a fit to the e+e− → Λ̄−c Λ+
c cross section

(2 LECs for elastic part, 2 LECs for annihilation)

include a resonance (pole diagram) with bare mass and bare coupling
constant

solve Lippmann-Schwinger eq. for Λ̄−c Λ+
c potential

determine pole position

no unique set of LECs - but, how stable is the pole position?
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e+e− → Λ̄−c Λ+
c
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Figure 1: Fits to the e+e− → Λ+c Λ̄−c cross section of Belle [8] (red circles) for various cutoff masses Λ at LO and without annihilation. Left:
Coupling between e+e− and Λ+c Λ̄−c only via pole term. Right: Coupling between e+e− and Λ+c Λ̄−c via pole term plus non-pole term, cf. Eq. (4).
The data from BESIII [32] (blue squares) are included for illustration.
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Figure 2: Fits to the e+e− → Λ+c Λ̄−c cross section of Belle [8] (red circles) at LO, without (1 LEC) and with annihilation term (2 LECs), and up
to NLO, without (3 LECs) and with annihilation term (4 LECs). Left: Coupling between e+e− and Λ+c Λ̄−c only via pole term. Right: Coupling
between e+e− and Λ+c Λ̄−c via pole term plus non-pole term, cf. Eq. (4). The data from BESIII [32] (blue squares) are included for illustration.

6

present analysis Belle [8] Belle [7] BABAR [6]

reaction e+e− → Λ+c Λ̄−c e+e− → Λ+c Λ̄−c e+e− → π+π−ψ(2S ) e+e− → π+π−ψ(2S )

mass M (MeV) 4652.5 ± 3.4 ± 1.1 4634+8
−7
+5
−8 4652 ± 10 ± 8 4669 ± 21 ± 3

width Γ (MeV) 62.6 ± 5.6 ± 4.3 92+40
−24
+10
−21 68 ± 11 ± 1 104 ± 48 ± 10

Table 3: Overview of resonance parameters for the X(4630) and X(4660), respectively.
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Figure 3: Prediction for the effective form factor Geff . Left panel: LO results for various values of the cutoff Λ. Right panel: Results at LO and
NLO, with/without annihilation term. The cutoff mass Λ is 0.75 GeV. For a detailed description of the employed Λ+c Λ̄

−
c interactions, see text.

3.3. Outlook on the Λc electromagnetic form factors

One of the motivations for measurements of reactions like e+e− → pp̄ and e+e− → ΛΛ̄ is that one can determine
the electromagnetic form factors of the corresponding baryons in the time-like region [31]. This applies also to the
Λ+c . Indeed, recently a new measurement of the reaction e+e− → Λ+c Λ̄−c has been performed by the BESIII Collabora-
tion [32] and first results for the ratio of the Λ+c electromagnetic form factors GE and GM have been presented.

We include the cross section data from the BESIII measurement in Figs. 1 and 2 for illustration. However, we
want to emphasize that they were not taken into account in our analysis of the X(4630), which is the main goal of the
present paper. While these data agree with the ones from the Belle Collaboration [8] as far as the magnitude of the
reaction cross section is concerned, they seem to indicate a different trend for the energy dependence. Exploratory
fits with inclusion of those data revealed that it is practically imposible to reconcile this trend with the Belle data at
energies around the X(4630) peak based on a Λ+c Λ̄

−
c FSI that is constructed along the lines of chiral EFT, see Eqs. (1)

and (3). Hopefully, the BESIII Collaboration will be able to extend their measurements to somewhat higher energies
and, thereby, clarify the situation. If the trend suggested by the BESIII data (cf. Figs. 1 and 2) persists even for
energies closer to the X(4630), it will have a drastic impact on the actual parameters of the resonance. Anyway,
in anticipation of future results from BESIII, predictions for the effective electromagnetic form factor of the Λc are
displayed in Fig. 3, for the fits where the e+e− pair couples to Λ+c Λ̄

−
c via the pole term alone. Results for the variants

where a non-pole coupling is included are very similar and, therefore, not shown. For the definition of Geff see, e.g.,
Ref. [16].

There are also results for the angular distribution of the Λc in Ref. [32]. The data are for
√

s = 4.5745 GeV and√
s = 4.5995 GeV, respectively, corresponding to kinetic energies of 1.6 MeV and 26.6 MeV in the Λ+c Λ̄−c system.

At the lower energy the angular distribution is rather flat suggesting that the Λ+c Λ̄
−
c state is produced almost entirely

in the 3S 1 partial wave. This behavior is well in line with our calculation. At the higher energy the data indicate the

9

L.-Y. Dai, J.H., U.-G. Meißner, PRD 96 (2017) 116001

Belle: G. Pakhlova et al., PRL 101 (2008) 172001
BESIII: M. Ablikim et al., PRL 120 (2018) 132001

⇒ M = (4652.5± 3.4) MeV Γ = (62.6± 5.6) MeV

• pole position compatible with ψ(4660) from e+e− → π+π−ψ(2S) data

• possible conflict between Belle and BESIII data
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Summary & Outlook

Electromagnetic form factors of nucleons and hyperons in the time-like
region
strongly influenced by the N̄N and YY final-state interactions
→ test for N̄N interaction
→ additional source of information on the YY interaction

excellent description of the energy dependence of p̄p and n̄n form
factors
nice agreement with e+e− → ΛΛ cross section
ratio |GE/GM | and phase Φ = arg(GE/GM ) are sensitive to details of the
ΛΛ interaction
e+e− → Σ

0
Λ, ΣΣ, ΞΞ: more data points near threshold are needed

and measurements of |GE/GM | and Φ for Σ
0
Λ, ΣΣ, ΞΞ

Additional constraints on YY interaction:

PANDA: measurements are planned of p̄p → ΛΛ, Σ
0
Λ, ΞΞ

ALICE/STAR: measurement of YY two-body momentum correlations in
high-energy pp collisions and in heavy-ion collisions
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Annihilation potential

experimental information:
• annihilation occurs dominantly into 4 to 6 pions
• thresholds: for 5 pions: ≈ 700 MeV for N̄N: 1878 MeV
⇒ annihilation potential depends very little on energy
• annihilation is a statistical process: individual properties of the produced
particles (mass, quantum numbers) do not matter
phenomenlogical models: bulk properties of annihilation can be described rather
well by simple energy-independent optical potentials
range associated with annihilation is around 1 fm or less
→ short-distance physics

⇒ describe annihilation in the same way as the short-distance physics in V N̄N
el ,

i.e. likewise by contact terms (LECs)
⇒ describe annihilation by a few effective (two-body) annihilation channels

(unitarity is preserved!)

V N̄N = V N̄N
el + V N̄N

ann;eff ; V N̄N
ann;eff =

∑
X

V N̄N→X G0
X V X→N̄N

V N̄N→X (pN̄N , pX ) ≈ pL
N̄N (a + b p2

N̄N + ...); pX ≈ const.

a, b, ...LECs
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Contributions of Vcont for N̄N up to N3LO

V N̄N
el

V L=0 = C̃α + Cα(p2 + p′2) + D1
αp2p′2 + D2

α(p4 + p′4)

V L=1 = Cβ p p′ + Dβ p p′(p2 + p′2)

V L=2 = Dγ p2p′2

C̃i ... LO LECs [4], Ci ... NLO LECs [+14], Di ... N3LO LECs [+30], p = |p |; p′ = |p ′|

V N̄N
ann;eff

V L=0
ann = −i (C̃a

α + Ca
αp2 + Da

αp4) (C̃a
α + Ca

αp′2 + Da
αp′4)

V L=1
ann = −i (Ca

βp + Da
βp3) (Ca

βp′ + Da
βp′3)

V L=2
ann = −i (Da

γ )2p2p′2

V L=3
ann = −i (Da

δ)2p3p′3

α ... 1S0 and 3S1
β ... 3P0, 1P1, and 3P1
γ ... 1D2, 3D2 and 3D3
δ ... 1F3, 3F3 and 3F4

• unitarity condition: higher powers than what follows from Weinberg power counting appear!

• same number of contact terms (LECs)

Johann Haidenbauer Electromagnetic form factors



e+e− → Σ̄
0
Λ
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Λ interaction (J.H., K. Holinde, J. Speth, NPA 562 (1993) 317)
black dashed line: phase space

J.H., U.-G. Meißner, L.-Y. Dai, PRD 103 (2021) 014028
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e+e− → Ξ̄+Ξ−
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