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Hadron electromagnetic form factor in the time-like region at
the boundary of the physical region is considered. The energy
behaviour of the form factor is shown to be dominantely determined
by the strong hadron—antihadron interaction. The experiments to extract
this interaction by using of hadrou form factor properties are proposed.



1. Introduction

The main goal to study electromagnetic form factor of hadrons
is an obtaining of infermation about structure of these particles. The
most complete data on the behaviour of the form factor as a function
of four-momentum transferred is nbtained for a pion and a nucleon.
To investigate form factor of hadron (h) two reactions are used:
the reaction of eclastic scattering of electrons by hadron e h—e¢h
(so-called space-like region of the four-momentum transferred); the
reaction of hadron—anuhadron pair production in the electron=posit-on
.annihilation ¢'¢” = hh or inversé reaction (time-like region).

Recently high precision daw on ihe electromcognetic form factor
of proton in the time-like region became available due to good
quelity experiment PS-170 performéd at Low Energy Antiproton Ring
at CERN '. The data were obtined from the reaction pp-ee’ in
the eneigy region from the xhreshold of pp (square of energy in
center-of-mass is equal to 3.52 GeY) up 10 4.2 GeY>. These dam
with previous one are presented in Fig. 1 and reveal a featre
which principally differs behaviour of the proton form factor in the
time-like region from that of pion. The form factor drops enormously
quickly just Jiear threshold (from about 0.56 at the threshold to 0.36
at 3.6 GeV).

To describe the behaviour of the form fac!or different * vector
dominance. models (VDM) are used. These models successfully
reproduce the behaviour of the pion form factor both in space-like
and fime-like regions ? and the behaviour of the nucleon (proton
and neutron) form factors in the space-like region 34 but they fail
in description of the proton form facter in the time- hke region (see
for instance dashed curve in Fig. 1).

Another approach was proposed 3% 40 understand physics of
the behaviour of the nucleon electromagnetic forir factor in  the
time-like region. This approach takes into account final state interaction
(interaction in the nucleon—antinucleon system) as a dominant physical
reason giving energy form factor behaviour and its value near NN
threshold. In this model, the form factor is sepaiated into two- parts
according different physical processes. Form factor is presented as a
product of a factor corresponding to singularities of transition amplimude
lying far from RN threshold and a factor reflecting strong final state
interaction. The energy dependence of th: form factor is given by
the latter factor. Mcreover, the behaviour of the form factor appears
to be directly connected to other observables in the NN system. For
instance, it is possible extract a value of imaginary part of nucleon-
antinicleon scattering length by using of the momentum dcpendence
of the form factor just near RN threshold.

This approach predicts pecular behaviour of the proton form
factor in the time-like region and is able to reproduce recent
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experimental data. These results are presented in this article. Moreover
it turns out to be possible predict behaviour of the neutron form
factor. Our predictions differ sufficiently from the predictions of
standart YDM. The neutron form facter can not exceed the proton
one, whereas all vector dominance models obtain the neutron form
factor five~ten times more than the profon one.

Established connection of the behaviour of the hadron form
factor with the interaction in the hadron—amlhadron-systems gives us
unique possibility to investigate these systems. The main advantage
of ebmu-podtmn production of baryon-antibaryon pairs is that
there is no initial state intéraction ‘and the tramsition mechanism is
well-determined. When we use baryon—-antibaryon beams both factors
- are unknown, However, even existing facilities allows us obmin such
an information feom the “form factor” experimenis with ¢’z -beams
-(for insance for systems with hidden sirangeaess like YY, or with
hidden chann snd beawy like DD, BB: etg).

There is an additional group of experiments with e'e” beams,
which can give more information about hadron-zntihadron interaction
in final swmie. For a ‘case of nucleon-antinucleon we can call
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experiments on investigation of electron-positron annihilation into
multiplon systems which: are dominant modes of nucleon-antinucieon
anaihilation. In these reactions, systemt nucleon-antinucieon appears as
an intermediate smte. Hence quantum numbers of the NN system are
mymmwmdeouammwmmcmwdfm
electron~positron & photon what gives photon quantum
mhusmhemdeon—uﬂmdeonwym&moroddan:mtol
plons in the final state fixes isospin of a system. So this kind of
experiments allows us prepare the nucleon-antinucleon system in a
stute with definite quantum naumbers, thai ' is practically difficuls in

lmewupm
'l‘hemlnadmmoflhenpmcchpmwdh"’mm

is its ability to describe simultaneously the properties of nucleon-

antinucleon interaction, form factor of the nucieon in the time-like

here.
mn“:chhommwmmwmuy.smonzu

fo;mmmmadmwhmmn
or

Mwwmwﬂufmmrwammnwm)

But all physical results can be trivially generalized for other hadrons
hat will be done in Section 4. .

The form factor of the nucleon (N) in the time-like n;ion
is determined from the reaction of e'c -annihilation into nucieon-
antinucleon pair e'¢” -~ NN or vice versa. This is so-called s-channel
in comtrast 10 r-channei corresponding to ¢ N - ¢ N scattering or 1o
the nuclcon form factor in the space-like region.



The differential cross section do/dQ of the reaction Pp - e’e”
is connected to the form factor of the proton in the vicinity of pp
threshold by the formula:

@ 4Mr
32&5 ua..l’(ncos’o) +—= | Gel%sin},

here k and E is center-of-mass momentum and energy in the pp
synem 6 is angle in cms, a is the fine structure constant, Mp is

the proton mass. Gg and Gy are clectric and magnetic form factors
of the proton, correspondingly. They are connected to Pauli form
factors Fy and Fx:

Ge=Fi+F,

=Rk

here 4% is four-momentum transferred, which is equal to ¢ in the
cenwhof-m system of the reaction eN-—-¢N and to s in the
reaction e'¢” -+ NN. Threshold of the latter reaction corresponds o
@=~4My* (My is the nucleon mass).

At the pp threshold Gz and Gu are equal and for symplicity
hereafter they are taken to be equal in the kinetic energy region
of few tens MeV near the threshold.

Before doing of any calculation we can make some conclusions
about the nucieon form factor near threshoid. Let's consider a diagram
corresponding 1o the process e'e” -+ NN (Fig. 2).

Dashed block in this diagram presents the final swate interaction
in the system RN. We know that this interaction is very strong and
evencanpmduceboundmtalntheNNsymuﬂpanofthe
diagram corresponds to the transition amplitude from e'e” pair into
RN pair. Black circle in this transition amplitude denotes a connection
between a photon and NN pair, which can be realiud for example
by vector mesons (p or w).

Fig. 2. The diagram corresponding 10 electron—positron anaihilation inmto the
nucleon-antinucicon system
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This transition amplitude without final state -interaction
corresponds t0 the s-chaanel diagrams and therefore has no ¢-
singularities. So this amplitude in r-representation is proportional 1o
S-function of ¢. In the first Born approximation on the fine structure
constant (Fig. 2) this fact allows us rewrite immediately the expression
for the tramsition amplinnde c¢'e” - NN and therefore for the form

factor G in the following way

G"Golv.(l»l. 1)

where ¢(0) is the RN wave function in the origin.

Roughly speaking, the form factor is separated imto iwo paris
Go snd y(0). The former corresponds to singuiarities far from BN
shreshold (for instance, to a comnection of the photon to the nucleon
through p- or w-exchanpes, as it can be written in usual vector
dominance models). The Ia reﬂem strong final stale interaction.
Mdndependmonenemyofme factor in the ocarthreshold
vegion will be given by the secondtmormmefomuh(l) We
are interested in the kinelic energy region of few iens MeV in the

hern

RN center of mass. Here the first practically constant,
so to determine energy dependence of the form factor it is necessary
to iavestigate v0). -

The wave fuaction of the NN sysiem theoﬂalnlsdnrecﬂy
oonmcledlothcloﬂfmcﬁm](k) the NN sysiem &

yl0) = 7e k)
which can be rewritten in the form:

prv)
!(k)-m'

Horte O(k) is the phase shift of the RN scattering and v(k®) is an
even function of & (& is the momentum in c.ms.).

When we are working in the rcgion close 1o the NN threshold
we can neglect the k’-dependence of 7(k) and use scanenng length
approximation for the phase shift

Sy =ak, -
wiiere aq i3 the RN tripler scattering fength.

So in the noarthreshold region the behaviour of the fonn
factor is determined by the formula °©

GsCe iR )
Exponential factor here provides us very sharp pesk iu the

form factor behaviour near thveshold. Moreover we can  directly
jnvestigate the propenties of the finel systems and defermine 2 value

%
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of the scattering length. Just near threshold we can expand. the
exponent: :

G=C(l-Ilmak).

Therefore in high precision experiment we can see linear k-term. in
the behaviour of the form factor. Let us emphasize the principul
difference with VDM predictions for analytical behaviour of the form
factor. We see linear dependence on &, whereas in any VDM
approach we are dealing with ¢* (emergy or %%). This linear k-de-
perdence is a direct manifestation of the threshold (a cut, not a
pole) and- final state interaction. ‘
In the following Section we consider how these properties of
the form factor manifest themselves in the behaviour of the proton
" form factor.

3.  Investigation of the nucleon form factor

Recertly new very precise experimental data on the proton
form factor just near threshold appeared '. These data with previous
one are presented in Fig. 1. We see very sharp peak at small
relative _momenta with decreasing of the form factor in two. times.
VDM ? denoted by dashed line can not reproduce this energy
behaviour. )

Note that in the approach presented here we can easily
reproduce this energy dependence of the form facter. We can extract
value of imaginary pan of scattering length from the daia on the
protenium  (pp Coulomb atom) using the experimental values of shifts
and widths of atomic S-levels °. (In fact, we need scattering length
correspondig 1o triplet state because final pp system in diagram in
Fig. 2 is produced only in state with quantum numbers of a photon).
This imaginary part of the scattering lengl.. from protonium data is
equal to Ima (°S;) =0.8 fm. The calculations of the form factor by
using formula (2) with this value of Im« and C=0.52 are presentea
in Fig. 1 by solid line (this line crosses four first LEAR experimental
points).

By using of this experimental data on the proton form factor
we can predict a value of the neutron form factor just near threshold.
For this, let’s write more accurately the definition of the nucleon
form factor in terms of the isoscalar (isospin is equal to 0) G(0)
and isovector G(1) (isospin 1) form factors:

Gp= 1G(0) + G(D I,
Gp=1G(0) -GN

We can use decomposition (1) for both isospins and rewrite
this formulas in terms of input form factors and wave functions of
final state in pure isospin siates:

8
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Gp= | Go(0)¥(0) + Go(1)p(O)),
Ga = 1Go(0)p(0) = Go(1)p(O) 1.

Depending on the relative valtes of Go(0) and Go(l) there
are two possible situations.

First, Go(0) =~ Go(1), ie. there is now sufficient difference
be.ween isoscalar and isovector input form factors. In this case in
the previous formulas we can take out of brackets the common factor
Go. We sec immediately that neutron form factor G. is less than
‘proton ome. Note that in this case behaviour of the neutron form
factor can be different from the protor one. Just near threshold it
can be practically constant or even increasing funcuon of the. energy
(see predictions for the neutron form factor in ref. ®).

Second, one of the input form factors is dominant. For instance,
Go(l) >> Go(0). This situation seems to be probable if we believe
that these form factors are determined by p- and w-mesons
correspondingly. In this case we have dominance of Go(l) because
p-meson has a product of coupling constants with nucleon and photon
la-ger than that for w-meson. So we can neglect Go(0) contributions
to the nucleon form factor and we obtain that proton and neutron
form factors are approximately equal.

Therefore, we see that neutron form factor does not exceed
proton one in any case. This conclusion direcily contradicts to
predictions of the VDMs which gives neutron form factor five or
even ten times more than proton. one.

4. Form facte:s of other hadrons

It is clearly seen that consideration presented above can be
directly applied. to investigation of the form factor of any hadror
in time-like region.

Trivial generalization can be done for other baryons, first of
all for baryons with strangeness. Closest threshold to the NN one
is a threshold of AA production in e’e -annihilation. This reaction
can be measured even with facilities existing now

We can esiimate value of the lambda form factor near the
AA threshoid. If we consider the same ideology of ¢'¢ -transition
through 2 vector meson. into AA pair with consequent final siate
interaction, we obtain the following. A. coniribion of p-meson seems
to be dominant. The value of Go for lamda is praportional to the
coupling constants of p-meson with photon and @-meson with Jambda.
The former is knowa from the experiment. The latter can be estimated
from the SU(3)-relations. Both are of the same order as for a
nucleon. _

Final state interaction in the AA sysiem according to existing
approaches is approximately the same as in case of RN. Hence

9.



there are no reasons for the lambda form factor to be- strongly
suppressed as compared to nucleon one and we expected that they
have the same order of magnitude. Moreover the final state interaction
in AA system in some sence is even more clear that in the case
of nucleon—-antinucleon interaction, because here we are dealing with
pure isospin (/=0) state.

Thercfore this experiment can give direct information on AA
interaction. This information is not available in any other present
experiment.

Due to the same reagson an investigation of the reactions of
¢*e -annihilation near other YY thresholds will give unique information
about these systems.

Absolutely analogous ideology can be applied to study meson—
antimeson and other baryon—antibaryon systems (including systems with
hidden charm and beauty). It will be very interesting to measure
form factors of K-, D-, F-mesons, B.-, Bp-baryons cic.

Note that very sharp behaviour can not be seen in the pioa
form factor, because n'zm~ system has only elastic scattering and has
no absorption at the threshecld (moreover, it is difficult imagine final
state interaction in this system at ail).

5. Conclusion

The analysis of the experimental data shows that behaviour cf
the eclectromagustic form factor of the hadron is mostly determined
by the interaction of the hadron-antihadron in the final state. Therefore
the measurements of the form factor properties can serve as a very
fruitful source . information about hadron-antihadron interaction,
especially in situations when direct investigation of this interaction is
impossible.

To obtain more ellaborate information about hadron—antihadron
interaction the followmg experiments with eleciron—positron annihilation
are desirable:

8. Precise measurement of the proton and neutron form factors
in the time-like region just near threshold of the reaction e'e” - NN
give us opportunity of high quality determination of NN scatering
parameters.

2. Investigation of the strange and charm panicles form factors,

- first of all for lambde hyperon, because only these experiments can
-provide direct information about AA interaction. .
_ 3. There is a possibility to discover a S, bound state in the
AA system, which can manifest itself as a vector meson. To do it
the experiment 1o measure proton form factor near AA threshold is
desirable, because this state will manifest itself as a bump in the
form factor behaviour (e'¢” -+ AA = jp).

.10



4. Bound states with photon quantum numbers in baryon—
antibaryon systems will manifest themselves aiso as a broad deep~bump
structures in the ehmn—-positron transition into main annihilation
channels of these systems. 1t will be very interesting - to  search
phenomena connected with such a meson in the AA system near
threshold in the reaction ¢'¢” = Kl:4x by analogy with 6 annihilation
chunnel near RN threshold.

5. To determine interaction in the systems with hidden new
quantum numben, the experiments _on precise measurement of the

cross sections e'e -~ KK, DD, FF, B.B., BBy eic near corresponding
thresholds can be very informative.

Roughly speaking, just near each hadron-antihadron threshold
it will be very intresting 10 measure both cross section of electron-
positron transition into hadron—aatihadron pair and cross sections of
electron—positron transition into the systems corresponding to main
modes of hadron—antihadron annihilation.

The authors would like to thank Prof. R. Baldini-Ferroli for
providing us of new experimental data.
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