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Motivation

The cross sections of many processes with hadronic pairs production
demonstrate significant enhancement near the thresholds
(eTe™ — pp,nn, AN, A A., BB, B*B, B*B*, some J/1v decays, etc.).

Strong energy dependence of the cross sections is observed in these
processes.

Standard description of resonances based on the Breit-Wigner
parametrization is not valid near the threshold. Other approaches are
necessary.

A nontrivial energy dependence of the cross sections is also observed in
other processes at energies close to the thresholds for the production of
hadronic pairs (eTe™ — 67, K™ K~ 77~ and others).

We would like to have a unified interpretation of near-threshold
resonances in various processes.
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Final-state interaction

Near-threshold resonances in hadroproduction cross sections
appear as the result of interaction between produced hadrons.
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@ ¢q pair is produced at small distances r ~ 1/4/s.

Hadronization takes place at larger distances r ~ 1/Agcp.

Hadronic system is described by a wave function ¢ (r), which
characteristic size is much larger than 1/Agcp.

Near the threshold, the velocity of hadrons is small, so they interact for
quite a long time.

The interaction between slow hadrons significantly changes the wave
function of a pair.

Thanks to the separation of scales, the amplitude is factorized:

T=T ¢(rS1/Agep) = To-¥(0), where Ty ~ const
The function ¥ (0) has a strong energy dependence near the threshold.
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Interaction of hadrons

The exact equation for the wave function of the hadronic
system depends on their quantum numbers:
spin of particles, isospin, angular momentum, total angular momentum.

For the production of spinless particles with angular momentum [, total
kinetic energy E and mass M the radial Schrodinger equation has form

(p%+MV(r)+l(l:gD—/@2> W(r) =0, k=vVME.

@ We find the solution with asymptotic behavior
Xi© = exp [+i (kr — 7l/2)]

w(r - OO) sz’r (S Xl Xl_) ’

Pair producti ti mho® | 00 )‘2
(] alr proaduction Cross section: | o = ¢
p BYWEl g

g ~ const — the amplitude of pair production at small distances,
1
0(0) = Lo(r)|
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Properties of hadroproduction cross section

o The scattering cross section (o5 = 75 (20 +1) [ — 1/?) and the
cross section of pair production are determined by the behavior of
wave function in different regions.

@ In the resonance case the energy dependence of the cross sections
is determined by a small number of parameters, such as scattering
length and effective range of interaction.

@ One can use different parametrizations of the potential that
reproduce these parameters.

@ We consider the potentials we used to be phenomenological
effective potentials rather than real ones.

For [ = 0 and the rectangular potential well: V' (r) = {;

2

k 2 2
o= e a g= /M (E+U)

2M3 g2 cos? (¢R) + k2sin? (qR)’
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Elastic and inelastic processes

o Elastic processes — o Inelastic processes — production
production of real of virtual hadronic pair in the
hadronic pair with low intermediate state with subsequent
relative velocity annihilation into other particles

@ In order to describe inelastic processes we use optical potentials
that contain imaginary part: V(r) = U(r) — i W (r).

@ The total cross section is expressed via the Green’s function of the
Schrodinger equation at r = r’ = 0:

ra2g?

2

M3
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The process ete™ — AA

@ Near the threshold, AA pair is produced mainly with quantum numbers
[=0,5=1,1=0.
@ The simple model described before can be applied as is: R = 0.45 fm,

U = 584 MeV.
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Tensor interaction in the process e e™ — A A,

The interaction potentials of hadrons contain the contribution of the
tensor operator Sio = 3 (on) (oan) — (o102).
o Conserves the total spin S of particles and total angular
momentum J.

e Changes the angular momentum [ by 2. As a result, the states
with S =1 and [ = J £ 1 are mixed. Coupled-channels
Schrodinger equation should be considered.
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Tensor interaction in the process e e™ — A A,

The interaction potentials of hadrons contain the contribution of the
tensor operator S12 = 3 (o1n) (oa2n) — (o102).
o Conserves the total spin S of particles and total angular
momentum J.
e Changes the angular momentum [ by 2. As a result, the states
with S =1 and [ = J £ 1 are mixed. Coupled-channels
Schrodinger equation should be considered.

e The A A, pair has the quantum numbers S =1, J =1,1=0,2.

@ The cross section is expressed via the components of two
independent solutions of coupled-channels Schrédinger equation:

P (r — o0) Pa(r — 00)
w1 = 5 (Suxd —Xo) Uz = 5= Sa1xg
wy; —> ﬁ Stoxd wy — ﬁ (522)(; = X2_>
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Tensor interaction in the process e e™ — A A,

thalg? , ) Gr  u1(0) = v2us(0)
= — u [) U O =
o WE (|ul( )N+ |u2(0)] )7 Gt ul(())+%u2(0)

The functions u1(0) and uz(0) have nontrivial energy dependence.

The ratio Gg/G s depends on energy and
differs from unity due to tensor interaction.
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pp and nn pairs production in e*e~ annihilation

Aspects to consider:

e Nontrivial dependence of Gg/G s on energy means that the
tensor interaction plays an important role.

@ Nucleon-antinucleon pairs are produced with isospins I = 0 and
I = 1, which are mixed because of violation of isotopic invariance.

@ The proton-neutron mass difference and the Coulomb
interaction are important at low energies.

@ The cross section of pp and nn annihilation into mesons is large,
therefore the imaginary part of interaction potential is important.

o The predictions based on nucleon-antinucleon interaction potential
should reproduce a lot of experimental data (partial-wave
scattering cross sections, cross sections of pair production,
electromagnetic form factors, etc.).

All these can be taken into account within our approach.
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pp and nn pairs production in e

pp cross section
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nn cross section
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Form factors of p and n in the time-like region

Energy dependence of the ratio of electromagnetic form factors
Gg/G ) is the consequence of tensor interaction.

Proton form factors Neutron form factors
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Contribution of NN interaction to inelastic processes

o (nb)

S = N W e ot

o6x (nb)

1.5

o Significant drop of the inelastic

0.5[

g I cross section is predicted in
: the state with I = 1.
g @ This results in strong energy
i ?laTtl‘;, dependence of cross sections of
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Effect of the Coulomb interaction near the threshold

A A, cross section

pp cross section
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@ blue — cross section without the Coulomb interaction
2mn

e green — the same multiplied by the Sommerfeld factor C = ==

e red — cross section with proper account for the Coulomb
interaction within our approach

Multiplication of pair production cross section by the Sommerfeld

factor is an incorrect way of account for the Coulomb interaction.
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BB, B*B and B*B* production in e*e~ annihilation

Aspects to consider:
@ The masses are close : Mg = 5280 MeV, Mp+ = 5326 MeV.

@ Meson pairs are produced with quantum numbers I =0, [ =1,
JPC = 17—, Transitions between different states are possible.

e Pairs of charged or neutral mesons can be produced.

For simplicity, we use rectangular potential wells to describe the
interaction in each final state, as well as the mixing between states.
The potential is a matrix Vj;(r) = U;; - 0(R;; — 7).
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Cross sections of BB, B*B and B*B* production

Sum of elastic cross sections
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Summary

We developed an approach for the description of nontrivial energy
dependence of pair production cross sections near the thresholds.

Our approach allows one to easily consider various effects: the
Coulomb interaction, different masses of particles, tensor
interaction, coupling between channels.

The approach allows one to obtain the contribution of interaction

in the intermediate state to the cross sections of inelastic processes.

Within this approach, good agreement with the experimental data
was obtained for many processes.
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The scattering theory

e The scattering cross section: oy = % (20 +1)]5 — 1%,

S = 2% where §; is the scattering phase.

The scattering cross section and the cross section of pair production
are determined by the behavior of wave function in different regions.

Low-energy scattering
do
The scattering length a = li ——
e scattering length a kl_r}r})( k:)

e For resonance scattering |a| > R (the range of interaction)

» Loosely bound state: a > 0, binding energy e = —1/Ma?
» Virtual state: a < 0, energy ¢ = 1/Ma?

In both cases |e| < U, oy = 4mwa® > 47 R?
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Example: rectangular well for [ = 0

-U r<R,
Consider potential V (r) = " where U > E
0 r> R,

7rka2 2 e

_ . =M E+U)>k=vVME
2M3  q2cos? (qR) + k2sin? (¢R) 1 (E+U)>

@ Resonant pair production takes place for
@oR=n(n+3)+¢, g =VMU, |p| <1, n — integer
@ Then the cross section of pair production is
rwog?v M vUVE
Y72 (E_E)’+4E

4U a’ 2Ug0
=4le| =, Ep= ~—2le| =, E U

+— one-channel Flatté formula

/7:

Cross section has maximum at E = |¢| = Ug?, but not Ep!
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Example: rectangular well for [ = 0

The energy dependence of enhancement factor [4)(0)|? (left) and cross
section of pair production (right) for M = 5279 MeV, R = 1.5 fm.
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A bound state appears at U = 396 MeV.
e U =370MeV — a virtual state above the threshold.
o U =420MeV — a loosely bound state below the threshold.
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Virtual pair production

e We use optical potentials that contain imaginary part to take
inelastic processes into account.

@ The total cross section is expressed via the Green’s function of the
Schrodinger equation at r = r’ = 0:

7.(.0[2 2
Otot = Oel + Oinel = 27]\493 IHID(O, 0|E)

For | = 0 we have: ImD(0,0|E) =Tm |q &m(eBHE oy

Loosely bound state Virtual state

3.0
— = elastic E 95F — = elastic

----- inelastic ===+ inelastic
] 2.0F — total

1.5F
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NN interaction

0y [ 0% [ 0% [ 05 [ Oh | 0%
U;(MeV) | —196 | 80.8 | —2.2 | —36.3 | 401.6 | 15.2
W;(MeV) | 167.3 | 2254 | —2 | —16.4 | 217.2 | 1.5

a; (fm) 0.701 | 1.185 | 2.704 | 1.294 | 0.739 | 1.289
Gi gp = 14.1 gn = 3.6 —1.1¢

4k, o n 2 n 2
o, = 50 12 (6) [l (0) + gu (O + g 0) + a3 O)F]

2
F3(a) [ 1994 (0) + gat3 (0)[* + |g,5(0) + gaui (0) ]
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BB, B*B and B*B* interaction

Vxx Wy Vzz Vxy Vxz Wz
—613.1 —360.6 —586.7 26.7 20 78.6
1.361 1.804 1.809 0.953 2.819 2.209
gx = 0.118 gy — —0.004 102177 | gz — —0.6+0.193
27TB)(O£2 1 1 1 2
ox = T2 |gxufR0) + gy v R(0) + gz 0)]
27T,3y0¢2 1 1 1 2
oy = T |gxufh(0) + gy (0) + g2 0)]
27 Bz’ 1 1 1) 0 |2
07 = T gxul(0) + gy v§(0) + 97wl 0)]
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