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EXECUTIVE SUMMARY

The study of the electromagnetic Form Factor (FF) of the nucleon in both the
space-like and time-like domains plays a key role for the understanding of the
internal structure and dynamics of this basic building block of the matter. Nu-
cleon form factors are also necessary for the interpretation of many other mea-
surements in reactions involving nucleons. In particular, elastic form factors
are a limiting case of the Generalized Parton Distribution (GPD) functions,
the universal non-perturbative objects describing hard exclusive processes in-
duced by photons and electrons or positrons, and can be used to constraint
GPD models.

In spite of being under investigation by more than fifty years, nucleon form
factors are far from being fully exploited and more efforts devoted to their
experimental determination are needed. In fact, for more than 30 years it has
been believed that the ratio of the electric to magnetic space-like form factor of
the proton G%,/G%,, as obtained with the Rosenbluth technique, was constant
and approximately equal to the magnetic moment of the proton p, [1]. On
the contrary, recent measurements of the proton using the recoil polarization
technique [2-4] have shown a dramatically different picture: the ratio G%,/G%,
is monotonically decreasing with increasing () suggesting crossing the zero at
Q? ~ 8 GeV. In the non relativistic limit, this could be interpreted as indicat-
ing that the spatial distributions of charge and magnetization currents in the
proton are definitely different [5]. Moreover, the observed Q~*-dependence of
the ratio F5/F} of the Pauli to Dirac form factors can be a signal of substantial
quark orbital angular momentum in the proton [6].

This unexpected result has produced a revival of the experimental studies and
have triggered a strong theoretical interest (see [7-9] for recent reviews). There
are numbers of different approaches to calculate nucleon form factors. More-
over, the space-like form factors are connected by dispersion relations to the
analytical structure and phases of the form factors in the time-like domain.
Theories that fit space-like data make very different predictions once extrap-
olated in the time-like region. Then, the knowledge of the phase difference
between |Gg| and |G| would strongly constrain the models for both form
factors.

Unfortunately, data in the time-like region are largely incomplete. |GY,| is
derived from the total cross section under the assumption |G%| = |G%,| every-
where, and the electric form factor remains completely unmeasured. Since the
new JLab data show that this assumption is not valid in the space-like region,
it is necessary to carefully identify and separate the time-like |G%| and |G%,|
form factors. Despite the fundamental implications of the phases for an un-
derstanding of the connections between space-like and time-like form factors,
such measurements have never been made. This can be done by measuring



the center-of-mass angular distribution of ee~ — pp. Moreover, available
data suggest the existence of additional structures in the proton magnetic
form factor, especially in the near-threshold region.

For the neutron magnetic form factor, the data are scarce. The only mea-
surement available suggests a value of |G%,| much bigger than the pQCD
extrapolation from proton data.

Here, we discuss the possibility of a complete measurement of the nucleon
form factors in the time-like region at Frascati with the DA®NE electron-
positron storage ring upgraded in energy (in the following called DAFNE2),
and the FINUDA detector. A center-of-mass energy of up to 2.4 GeV with
a peak luminosity of the order of 1032 cm~2 s™! can be obtained with minor
modifications to the DA®NE storage ring. This would open a unique oppor-
tunity for the measurement of the neutron and proton time-like form factors
in an energy region (from threshold up to 2.4 GeV) which is very suitable for

disentangling between various theoretical predictions (see Fig. 9).

To completely determine both the absolute values and phases of the nucleon
form factor, pp and nn pairs will be detected with suitable accuracy, and also
the normal polarization of the outgoing baryon will be measured. The latter
requires the implementation of a polarimeter in the detector. This is the most
stringent experimental requirement for the detector. This implementation is
feasible in the FINUDA detector, which has a wide empty space between the
two tracking regions, where an analyzer could be placed. Moreover, it is also
possible to improve the neutron detection efficiency of the detector by extend-
ing the angular coverage of the TOFone barrel or adding another scintilator
layer or a second antineutron converter.

The other DA®NE detector, KLOE, has a much more compact tracking sys-
tem, and the implementation of the polarimeter requires the modification of
its inner part. This possibility has not been explored so far. For this reason at
present the study has been made considering the FINUDA detector only.

With the anticipated performance of DAFNE2 and the present FINUDA con-
figuration implemented with the polarimeter, it is possible to make a com-
plete and accurate measurement of both proton and neutron form factors in
the time-sector. Specifically, in about two years of data taking one would pro-
duce:

e The first accurate measurement of the proton time-like form factors |GY|
and |Gly;

e The first measurement of the outgoing proton polarization, to get the rela-
tive phase between |G%| and |G%,|;

e The first measurement of the two photon contribution from the proton an-
gular distributions asymmetry;

e The first accurate measurement of the ete™ — nn cross section;



e The first measurement of the neutron time-like form factors |G%| and |G%,|;

e The first measurement of the strange baryon form factors.

e An accurate measurement of the cross section of ete~™ — hadrons, that
provides information on possible narrow structures close to the NN thresh-
old.



PREVIOUS PRESENTATIONS

A. Filippi, at Euridice Workshop, 19 October 2003, Frascati

A. Filippi, at Workshop on “eTe™ in the 1-2 GeV range: Physics and Ac-
celerator”, 10-13 September 2003, Alghero

M. Mirazita, at LNF Spring School, 1620 May 2005, Frascati

V. Muccifora, at the INFN-Commissione Scientifica Nazionale Gruppo 3
meeting, 13 September 2005, Sabaudia

M. Mirazita, at the Meeting on Future Plans at LNF, 16 September 2005,
Frascati

N. Bianchi, at the INFN-Commissione Scientifica Nazionale Gruppo 1 meet-
ing, 19 September 2005, Napoli

M. Mirazita, at the International Workshop on Nucleon Form Factors, 12—
14 October 2005, Frascati

10



1 INTRODUCTION

The paper is organized as follows: first, the definitions and main properties
of the nucleon FFs are shortly recalled and the present knowledge of space-
like and time-like FFs is reviewed. Then, the anticipated performance of the
DA®NE ring upgraded in energy are described and the case for a complete
measurement of the nucleon FFs with the FINUDA detector is discussed.

2 NUCLEON ELECTROMAGNETIC FORM FACTORS

The nucleon FFs are defined by the matrix elements of the electromagnetic
current J,(z) of the nucleon, as in Fig. 1, according to [10]

; i v
(N() [7*(0)| N (p)) = eu(p') | Fi(a)7" + 537 F2(a") o’ | ulp) (1)
where e is the proton charge, M is the nucleon mass and ¢*> = (p — p')?

is the squared momentum transfer in the photon-nucleon vertex. The Dirac
(F1) and Pauli (F3y) FFs, defined in terms of elements of the Dirac equation,
are normalized so that for the proton F¥(0) = 1 and FL(0) = k, = pp — 1
and for the neutron F7*(0) = 0 and F}'(0) = kn, = M, where k, and &,
are the anomalous part of proton and neutron magnetic moments, u, and pu,
respectively. Eq. (1) can be rearranged by defining the Sachs electric (Gg) and
magnetic (Gy) FFs:

GE:F1+7'F2 GM:F1+F2 (2)

where 7 = ¢?/4M?. In the non relativistic limit ¢ — 0, they represent the
electric and magnetic distribution within the nucleon and their normalization
is G%(0) =1, G%,(0) = pp, G%(0) = 0, G7,(0) = iy.

Each Form Factor is assumed to be described by a function, which is analytic in
the physical sheet of the complex ¢? plane, with a cut above the first inelastic
threshold, i.e. ¢> > (2m;)? for the isovector part and ¢*> > (3m,)? for the
isoscalar part. Hence space-like FFs (¢ < 0) are real, as demanded by the T-
invariance, while time-like FFs (¢? > 0) above the unitarity cut have a phase.
The analytic structure of the time-like FF is connected by dispersion relations
(DR) to the space-like regime [11-13], and also reflects the presence of hadronic
resonances in the unphysical region 4m2? < s < 4M? in the JFY = 17—
channel [11], including possible gluonium, hybrid and baryonium vector states.
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q*>0

Fig. 1. Diagrams for space-like (left) and time-like (right) electromagnetic nucleon
FF measurements.

The unphysical ¢? region is large, accommodating the largest contribution,
mostly due to the vector meson ground states, p and w. Information on this
region could be obtained without ambiguity by using dispersion relations [14],
once space-like, time-like and relative phase data will be known with sufficient
accuracy and over a large ¢® interval.

Furthermore, the intimate connection between the ground state observables
(such as FFs) and the high energy regime (that is, between the principal
quantities which so far have provided information on nuclear structure) is
made explicit by the concept of Generalized Parton Distributions (GPD) [15].
These distributions, introduced nearly a decade ago, have emerged as a unique
tool to describe hadrons in terms of quark and gluon degrees of freedom [16].
In fact, elastic Form Factors are a limiting case of GPDs (at small but finite
Mandelstam variable ¢, integration over the Bjorken variable x of the H and
E GPDs yields the Pauli and Dirac FFs [17]) and can be used to constraint
GPD models.

The elastic lepton-nucleon scattering gives access to the space-like region,
while the time-like region can be accessed in the process ete™ — NN or
in the reversed channel NN — ete~. Radiative corrections, i.e. two-photon
exchange contributions, have to be evaluated in order to get the FFs from cross
section measurements, as they may give a non negligible contribution at high
space-like ¢? [18-20]. In principle, two-photon contributions can be measured,
for instance by comparing electron-nucleon to positron-nucleon scattering (in
the space-like region) or looking for an asymmetry in the angular distribution
(in the time-like region). In the space-like region, such experiment has been
approved at JLab [21] and proposed at the VEPP-3 storage ring in Novosibirsk
[22].
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By their definition, Sachs FFs do not interfere in the expression of the cross
section, therefore in the time-like case polarization observables only allow to
get the relative phase (and thus to obtain the fully determination) of FFs,
by using polarized beams and/or looking to initial or final state polarization
observables.

2.1 Space-like nucleon Form Factors

Over the past several decades, a large number of experiments have measured

e~ N elastic scattering cross sections in order to obtain the electric and mag-

netic nucleon FFs using the Rosenbluth technique [23]. Basically, the FFs are

extracted by linearly fitting the e-dependence of the cross section at fixed ()2
T

do  (do 9 €
aQ (dQ)Mott e(r—1) (GM TGE> ’ ®)

where € is the virtual photon polarization. The measurements for proton [24],
shown as empty triangles in Fig. 2, indicate an approximate Form Factor
scaling, i.e. u,G%/G%; ~ 1 up to Q? ~7 GeV?, though with large uncertainties
in G% at the highest Q? values. In fact, the presence of the factor 1/7 in front
of G makes difficult its extraction when Q? becomes large.

Polarization measurements, employing polarized beams, polarized targets or
recoil polarimeters, have been proposed several time ago as the best way to
extract information on the Form Factors [25], but only in the mid of nineties,
with the advent of high duty-factor polarized electron beam facilities, these
experiments became possible. In particular, the elastic electron-to-proton po-
larization transfer measurements have been performed to obtain directly the
ratio [25]

Gg PrE,+ E,.

Mg = T TMptﬂm(ge/?)a (4)

where E, and F. are the incoming and scattered electron energies, 6, is the
electron scattering angle, P, and Pr are the longitudinal and transverse com-
ponents of the final proton polarization in the hadronic scattering plane. Be-
cause in the ratio the two polarizations are simultaneously measured, this
technique avoids major systematic uncertainties of the Rosenbluth separa-
tion. It is also important to note that the contribution of the small electric
FF is enhanced, because there are no suppression factors with increasing @2,
thus allowing precision measurements also at high Q2.

While the low Q> measurements at MIT-Bates [26] are consistent with the
Rosenbluth data, the JLab measurements [2, 3] (shown as empty and full cir-
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cles in Fig. 2), which extended the data up to Q* ~ 5.6 GeV?, significantly
deviates from the scaling behavior. In fact, they show an almost linear de-
crease from unity at low Q2 up to ~ 0.3 at the highest Q2. The linear fit of
these data, showed as a dashed curve in Fig. 2, also suggests that the electric
FF should cross the zero for Q? ~ 8 GeV2.

‘12 ST ST S S N T G A T 2 . | v LI L L B LA
I J7 \__' ]
1.0 P === i —————————— =t S —
O - ]
=0 5 Y I _
. DRk {5 [ 4
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| @ Pol.: Gayou et al. | ]
02 ---- Pol.: Gayou et al. fit 4
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Fig. 2. Comparison of the ratio u,G4% /G, of the FFs extracted by Rosenbluth tech-
nique (hollow triangles) with recoil polarization measurements (full and empty cir-
cles) [2-4]. The dashed line is a linear fit to the polarization transfer data. Full

squares are the Rosenbluth measurements corrected for two photon exchange [19].
Figure taken from Ref. [19].

These unexpected results raise the question how to best combine data from
these two techniques. A recent reanalysis of the experimental data obtained
with the Rosenbluth technique [27] showed that, with small renormalization
factors (generally smaller then the quoted scale uncertainties of the experi-
ments) the individual measurements are consistent to each other. The global
fit of all the Rosenbluth experimental data performed in [27] confirmed the
scaling of the FF as a function of Q?, thus giving a ratio Gg/G s well above
polarization measurements. In addition, the new Rosenbluth measurement
performed at JLab [28] for Q? between 2.6 and 4.1 GeV? confirmed the FF
scaling, making it clear that the source of the discrepancy with polarization
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transfer measurements is not simply an experimental problem.

Recent works [18-20] suggest that the possible origin of these discrepancies is
the failure of the one-photon approximation to adequately describe the result
of high-precision unpolarized experiments. In fact, radiative terms related to
two-photon exchange corrections to the lowest order QED diagrams may result
sizable in the determination of the FF's from the differential cross section, while
they should give small contribution in the polarization method. If two-photon
exchange is not negligible, then the Rosenbluth formula will not represent
the underlying structure of the proton, but it will be just a parametrization
of the ep elastic cross section. An estimate done by using a quark-parton
representation of the virtual photon Compton scattering [19] showed that in
the range @? = 2 — 3 GeV? the Rosenbluth method including two-photon
exchange correction agrees well with polarization results, and at higher Q?,
there is at least partial reconciliation between the two methods (full squares
in Fig. 2). Similar results have been obtained in [20]. When more detailed
calculations of these corrections will be available, polarization and cross section
data can be consistently combined to extract the FF without ambiguity. Other
authors [29] do not find evidence of two-photon exchange contributions in the
unpolarized data, in the limit of their precision, and suggest to explain this
discrepancy by systematic effects due to the large radiative corrections.

New data are expected from the new polarization experiment approved at
JLab [30] that will extend measurements up to Q? ~ 10 GeVZ2. They will be
particularly important to check the presence of a zero of G, at Q? ~ 8 GeV?,
as the trend of published JLab data [2, 3] seems to suggest.

The polarization-transfer technique proved equally fruitful in applications to
quasi-elastic scattering off polarized deuterons and *He as a source of infor-
mation on the neutron FFs. Polarization measurements of u,G%/G%, with
deuteron target have been recently performed at Jlab [31]. Data are shown in
Fig. 3 as full squares. As can be seen they cover only the limited range Q? <
1.5 GeV? with respect to the proton one.

Perturbative QCD (pQCD) predicts [32] for the Dirac and Pauli FFs the
asymptotic behavior F; ~ Q~* and F, ~ Q¢ so that Q*F,/F} should reach
a constant value at some high Q2. The proton data [2, 3| clearly indicate that
this regime is not reached up to @? = 5.5 GeV?, and instead show a constant
QF;,/Fy value above Q% ~ 2 GeV? [3]. Neutron data doesn’t cover a sufficiently
high Q? value to draw any conclusion yet.

Based on the results of JLab [2,3], Miller and Frank [33] have shown that
imposing Poincare invariance leads to violation of the helicity conservation
rule, which results in the behavior of F,/F; ~ @ !. Moreover, Ralston [6]
revisited the calculation of the single-quark spin-flip amplitude responsible for
the Pauli form factor in the framework of QCD and conclude that if quarks in

15
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Fig. 3. The ratio p,G%/G%, as extracted by polarization measurements compared
with predictions of selected models. Figure taken from Ref. [31].

the proton carry orbital angular momentum, then F,,/F}, should behave like
1/4/Q2, rather than the pQCD prediction of 1/Q? [32]. On the contrary, other
authors [34] found that higher twist corrections do not spoil the Q=% scaling
of F3, but they just result in logarithmic corrections to the asymptotic pQCD
scaling laws.

The theoretical models of the nucleon FFs can be grouped in two different
basic approach. In the first one, the mesonic degrees of freedom are explicit,
as in calculations based on vector meson dominance (VMD) [35, 36], in models
comprising a three-quark core dressed with pseudo-scalar mesons [37], and in
soliton model calculations [38]. Among these calculations, it is interesting to
note that the model of Iachello et al. [36], somewhat related to the soliton
models of the nucleon, predicted the observed steep decrease of the space-like
GY%,/G%, more than 30 years ago. The second approach consists of QCD-based
quark models. These models include relativistic constituent quark (RCQM)
[39], diquark [40], cloudy bag [41] and QCD sum rule [42]. All the mentioned
models are based on effective theories: they all rely on a comparison with
the existing (at the time of their elaboration) experimental data and their
parameters are adjusted to fit the data.

It is worthwhile to note that, apart from phenomenological models [43,44],
rigorous dynamical models have trouble in accurately describing all nucleon
FFs, as it is necessary to fully understand the strong interaction at low energy.
In fact, a successful model of confinement must be able to predict both neutron
and proton FFs simultaneously. The neutron electric FF is especially sensitive
to small components of the nucleon wave function, and differences between
predictions for G%, tend to increase rapidly with %, as shown by the curves in
Fig. 3. New measurements on a 3 He target for Q2 up to ~ 4 GeV? are planned
at JLab [45].

Recently Kelly [5] has developed a relativistic prescription to relate the Sachs
form factors to the nucleon charge and magnetization densities which is con-
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sistent with pQCD at large Q? and with the Lorentz contraction of the Breit
frame relative to the rest frame. Details of the fitting procedure and data se-
lection are in Ref. [5]; for @ > 1 GeV? the G% analysis relied upon the recoil
polarization data from JLab [2-4] and omitted Rosenbluth separation data.
The charge density is significantly broader than the magnetization because
G%is softer than G%, falling more rapidly with respect to Q2.

2.2 Time-like nucleon Form Factors

As anticipated, the time-like Gg(s) and Gp(s) (here and in the following,
we define the total energy squared s = ¢?), corresponding to anti-parallel
and parallel spin orientation in the c.m. for the outgoing baryons, are the
analytical continuation of non spin flip G (Q?) and spin flip G, (Q?) space-like
FFs, as defined in the Breit frame. Since time-like FFs are complex functions,
while the space-like ones are real, this continuity requirement imposes strong
theoretical constraints (for example time-like FFs must be asymptotically real
for s — 00).

The absolute value of nucleon FFs can be derived from cross section measure-
ments in ete” — NN experiments. In the one-photon exchange approxima-
tion, the center-of-mass total and differential cross section as a function of s
are given by [46]

40273 o 1 2
o= C[|GM\+§|GE‘], (5)
do _ iCD = iC’ [| Gu > (1 + cos?0) + ! |G |? Sinze] (6)
dQ  4s  4s M T 7

where 6 is the nucleon scattering angle, 5 = /1 —4M?/s is the nucleon
velocity, 7 = s/4M?. C is the Coulomb correction factor [47], which takes into
account QED Coulomb interaction and modifies the Born approximation at
threshold. It can be evaluated in the distorted wave approximation in final
state interaction and is given by:

= —y =T S
C= it y =maM/fVs (7)

Equation (6) provides the analog of the Rosenbluth formula in the time-like
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region. At threshold (s = 4M?) the two Sachs FFs are equal, assuming both
Pauli and Dirac FFs are analytic functions with a continuous behavior through
the threshold, thus the cross section is isotropic at threshold. The same result
is obtained assuming S-wave dominance at threshold. For s — 4M?, the factor
C diverges as 1/ and makes the cross section non-zero at threshold:

2 3

4M?

o(4M?) = |Gp(4M?)| =~ 0.1nb (8)

This value is small, but not negligible, taken into account that, according to
the present data, is |G%,(4M?)| ~ 0.5. The factor C is subtle and important,
in view of the observed anomalous behavior of the proton FF near threshold.
It is worthwhile to remind that in the case of ete™ — n# there is no Coulomb
correction.

As in the space-like region, at high energy the cross section is dominated by
the magnetic term, because of the presence of the factor 1/7 in front of the
electric one.

2.2.1 Proton data

Due to the low cross section involved (of the order of ~ 1 nb just above thresh-
old and rapidly decreasing with s), the requested accuracy of the experimental
data did not allow a reliable independent extraction of the magnetic and elec-
tric FFs from angular distributions. Proton FF data have been obtained by
measuring total cross section and arbitrarily assuming that the relation |G%|

= |G"%,|, theoretically valid at threshold, holds in the whole explored energy
region. Actually there are hints that the |G%|/|G%,| ratio is not constant with
s. In fact, despite the large errors, experimental angular distributions [48-
53] suggest large variations of |G% \/\Gp | above the threshold, thus strongly
challenging the relation |G%| = |G%,|. However, based on this approximation,
the magnetic FF' has been derived, leaving on the other hand the electric FF
basically experimentally unknown.

The magnetic FF has been derived in this way by several ete™ [48,50-52, 54—
57] and pp [58-62] experiments, from threshold up to 15 GeV?; the results are
shown in Fig. 4 in two different s-range. Very recently, the BaBar experiment
tried the extraction of the |G%|/|G%,| by using the radiative return technique
[63]. For energy square below ~2.1 GeV?, this ratio is found to be greater
than unity, in disagreement with indications coming from LEAR data [59].
Nevertheless, they quoted their final result still computing the magnetic FF
under the assumption |G%| = |G%,|.
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Fig. 4. Proton magnetic FF in the time-like region with eTe™ [48, 50-52, 54-57, 63]

(full symbols) and pp [58-62] (empty symbols) experiments under the hypothesis
|G| = |GE| in two different energy regions.

An unexpected feature in Fig. 4 is the steep decrease very near to the threshold.
A fit to the data in this region appears to indicate the presence of a resonance
with mass of 1.87 GeV/c and negligible width and gives a good description of
this behavior. This possible resonance could be identified as a NN bound state,
the so called baryonium, dreamed for long time, but never clearly established.
By measuring both proton and neutron it may be also possible to determine
the isoscalar or isovector nature of this resonance. Signals indicating steep
behavior very near NN threshold have been recently found in several processes
concerning scalar or pseudoscalar NN states, like J/¢ radiative decay and
some B decays [63]. A vector baryonium is expected to have a small coupling to
ete™, if any. According to some models it is also expected to have a relatively
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narrow hadronic width. It can be demonstrated that such a narrow resonance,
lying on top of a broad vector meson recurrence of p, w and ¢, should be seen
as a dip in some cross section. Dips have indeed been detected in the total ete™
hadronic annihilation cross section and in some specific multipion channels.
Dominance of pion exchange has been suggested as alternative explanation
to the baryonia interpretation, giving rise to a real amplitude with a steep
behavior. The origin of the steep behavior at threshold will be settled once a
complete set of accurate data on both G%, and G%,, absolute value and relative
phase, of the proton and neutron, will be available.

Another somewhat unexpected aspect concerns the general trend of |G, (¢?)|:
analyticity [64] and pQCD predict the time-like FF is asymptotically close to
the space-like value at the same |Q?| [32]; that is, the time-like proton FF
asymptotically becomes real and scales as 1/Q*. Experimental data are con-
sistent with the scaling already above Q? ~ 3-4 GeV?, but they exceed the
space-like value by a factor of 2 [65]. Some theoretical models predict qualita-
tively such a behavior [66, 67]. Clearly, the uncertainty about the contribution
of the electric FF might strongly affect these conclusions.

Actually the new BaBar data show a further quite unexpected cross section
reaching the asymptotic trend by means of negative steps, at /s ~ 2.2 GeV
and at /s = 2.9 GeV, as shown in Fig. 5 [63].

2.2.2 Neutron data

The neutron magnetic FF has been measured by the FENICE experiment
[49] only from threshold up to s = 4.4 GeV? with low statistics (about 100 nn
events collected). The results are shown in Fig. 6.

For the neutron magnetic FF, pQCD predicts the limit |G%,| ~ (qa/q.)?|G%;| =
|G%|/4, that is a cross section o(ete” — pp) almost four times bigger than
o(ete” — nn). On the contrary, despite the large statistical errors, the
FENICE data clearly show that above threshold the nn-production cross sec-
tion is almost twice as pp one, indicating that the neutron magnetic FF should
be much bigger than the pQCD extrapolation from proton data (shown in Fig.
6 as full line). Within the scant FENICE statistics, the neutron electric FF
is consistent with zero at threshold. In such a case the neutron magnetic FF
should also be zero, and this is consistent with the flat (within the large errors)
measured angular distributions.

2.2.83 Complex phases
The relative phase between G and G (and therefore between Fi and F5) can

be accessed only via single- or double-polarization experiments [46, 68, 69]. The
complex nature of time-like FF's makes it possible for the outgoing nucleon
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to be polarized normally to the scattering plane (in the following called y-
direction) even without any polarization in the initial state. This polarization
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is given by [46, 69]

stn26 . s1n20
Py = Dr ) ( EGM) =

| Ge || Gu | sindu, (9)

where D is defined in eq. (6). P, is directly related to the phase difference dyp
between the two FFs and, due to the presence of the factor sin(26), it takes
its maximum value close to the scattering angles of 45° and 135, and vanishes
at 90°. Once the ratio |Gg|/|G| is known, the phase is directly obtained by
measuring P,.

Polarization measurements have never been performed so far, mainly because
of the low cross section involved.

2.2.4 Theories and Models

Proton and neutron time-like FFs, despite the large uncertainties of data, seem
to be in general disagreement with pQCD predictions, in particular for the
proton to neutron ratio. On the contrary, phenomenological models may give
predictions in agreement with the data. As an example, models inspired to the
Extended Vector Dominance Model [66] predict the ratio between neutron and
proton FFs in the range 1-10, depending on the location of the vector meson
recurrences that are not well established. Models inspired to the Skyrme model
[67] predict that this ratio should be close to 1.

Recently, phenomenological models [36,69,70], originally developed in the
space-like region and all consistent with the polarization measurements of
the G%,(¢%)/G%,(¢?) ratio, have been extended in the time-like region. While
the theoretical predictions agree among each other for ¢? < 0, they disagree
in the ¢? > 0 region, as shown in Fig. 7. In all these models, the decrease of
the ratio of FF for ¢? < 0 is related to a cancellation between Pauli and Dirac
FFs, which corresponds to an enhancement for ¢ > 0. Each of the models
predicts a specific fall-off and phase structure of the FF and gives rise to a
significant sin?(f) dependence in the differential cross section. Thus a non
negligible nucleon polarization is expected and with a distinct s-dependence,
which strongly discriminates between the different analytic forms used to fit
the G%/G%, data in the space-like region. This is clearly illustrated in the top
panel of Fig. 8, where predictions [69] for the normal polarization P, at 6 =
45° for different FF extrapolations are shown. Hence measurements of polar-
ization observables in the time-like region may strongly discriminate among
theories and models that give similar predictions in the space-like region.

Information on the FF in the time-like region are provided also by dispersion
relations, which connect the real and the imaginary parts of the scattering
amplitude through integral equations. Starting from the space-like polarization
data of the ratio G%,/G%, and from the theoretical constraints on the FFs,
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Fig. 7. Theoretical predictions for the ratio of electric to magnetic proton FF in the
time-like region as a function of the beam energy. The shadow area is the result of
the dispersion relation analysis [14]. See ref. [69] for details on the other curves
based on QCD models.

the ratio between electric and magnetic FF and their relative phase have
been obtained in the whole ¢? plane [14]. In Fig. 7 and 8, the results of this
calculation are reported as bands. The interesting feature of this result is that
the calculation gives |G%| a few times bigger than |G%,| just above threshold,
thus suggesting that the FF extractions performed so far assuming |G%| =
|G%,| should be wrong.

2.2.5 Summary on time-like data

In summary, time-like FF's are poorly known experimentally, the neutron data
are very scarce and polarization data, directly connected with the complex
phases of FF, are not available at all. Proton FFs themselves, even having been
the most extensively studied, rely on approximations that are not justified.
This is clearly shown in Fig. 9, where, given the ete™ — pp cross section from
a qualitative fit of the experimental data, the FF extraction for two different
hypotheses on the ratio between electric and magnetic FFs has been done.
The black curve corresponds to |G%,| assuming |G%| = |G%,|, the blue and the
red shaded areas are the result obtained respectively for |G%| and |G%,| by
using the ratio of the FF taken from the dispersion analysis [14]. As can be
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seen, a magnetic FF up to a factor of ~ 2 lower can be obtained.

As said above, the contribution of the two-photon exchange diagrams has been
invoked in the space-like region to partially reconcile the discrepancy between
data from Rosenbluth and polarization techniques [18-20]. In the time-like
region, it leads to an asymmetry in the angular distribution (relative to the
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incident electron direction) of the nucleon with respect to the antinucleon.
An effect of the order of few percent could be estimated, also taking into
account that vy — pp cross section is of the same order of magnitude as for
ete” — pp [T1].
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Fig. 9. Proton FF extraction from cross section using different assumptions on the
ratio between electric and magnetic FF: using |G%| = |GY,| (black curve), or their
ratio as computed from dispersion relation analysis of [1}] (red and blue areas for
|G| and |GY,|, respectively).
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3 NUCLEON FORM FACTOR MEASUREMENT AT DAFNE2

3.1 DAFNE2: the upgraded DA®NE facility

The technical feasibility of the energy upgrade of the DA®NE collider has been
studied by the LNF Accelerator Division in the technical note [72], which de-
scribes the minimal modifications to the ring necessary for obtaining a beam
energy of up to 1.2 GeV with a peak luminosity of 1032 cm=2s7.

To minimize the changes, the injection system (that is, the accumulator, trans-
fer lines, injection septa, and injection kickers) is kept unchanged: electrons
and positrons are injected at 510 MeV, and then ramped up in the collider
to the operational energy. This maintains running at the ®-energy possible,
although the optimization of machine performance at low energy has not been
considered. Many of the present DA®NE systems, such as feedbacks, diagnos-
tics, and vacuum system are compatible with an operation at higher energy.
The major changes in the machine concern the dipole magnets and the interac-
tion region. It is proposed to modify the vacuum chamber and to use normal
conducting dipoles with a bending radius of 2.22 m and operating field of
1.2 T. A preliminary estimate indicates that about 80 % of quadrupoles, all
sextupoles and all correcting magnets can be reused.

The main DAFNE2 parameters are reported in Tab. 1, 4"-column. For further
details we refer to ref. [72].

The LNF Accelerator Division is also studying the more challenging project
of the realization of a new ®-factory, capable of delivering a luminosity of 8 x
1032 cm~2s~! at the ®-energy in smooth, steady running conditions [73]. This
new ®-factory will open new capabilities in the field of kaon-physics. Clearly,
it needs a longer time for the construction and it is more expensive. It can be
designed for running with a lower luminosity (10%?* cm™2s™!) also at 1.2 GeV
per beam, without compromising the peak luminosity at the ®-resonance. The
machine parameters for the 1.2 GeV operation are also reported in Tab. 1, in
the last column.

3.2 Detector requirements

Fig. 10 shows the qualitative behavior of the total cross section data for
ete” — hh above the nucleon-antinucleon threshold for the production of
nucleon and hyperon pairs. The three vertical arrows indicate the thresholds
for NN (s =~ 3.5 GeV?), AA (s = 5 GeV?) and XX (s =~ 5.7 GeV?) production.
As can be seen, the exclusive total cross sections involved in the energy region
of interest are of the order of & 0.1 — 1 nb, thus high intensity beams, with
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Table 1

Main DAFNE2 parameters for 1.2 GeV operation in the case of minimal changes
to the DA®NE-ring for the high energy upgrade (4""-column) and in the case of
the new ®-factory capable of delivering a luminosity of 8 x 1032 cm 25! at the
®-energy (5"-column).

Maximum Energy Enaz GeV 1.2 1.2
Luminosity at Eyqz L cm 2571 1032 1032
Injection energy Einj GeV 0.51 0.51
Current per beam I A 0.5 0.5
Number of bunches N, 30 30
Particles per bunch N 3.1-100 | 3.4 .10
Horizontal emittance € mm mrad 0.6 0.6
Horizontal 8 at IP Ba m 1 1
Vertical 8 at IP By cm 2 1
Coupling K 0.007 2
Natural energy spread at Epqz | o/E 6.6 -10"%| 84 .10~
Momentum compaction Q. 0.014 0.04
Natural bunch length at Eq4 or, cm 1.9 2

RF frequency f,f MHz 368 368
Peak RF voltage v MV 0.30 0.30
Max RF power per beam P KwW 75 75

luminosity of the order of 1032 em 257!, are necessary in order to get accurate

measurements of the angular distributions.

Beam polarization is not mandatory, nevertheless, if available, it will help
in the extraction of the FF with smaller systematic uncertainty. For example,
with longitudinally polarized beams, measuring the longitudinal (P,) and side-
ways (P,) components of the nucleon polarization, one could directly derive
the ratio |Gg|/|G | [46], as done at JLab in the space-like region (provided
the relative electric to magnetic FF phase is known). On the other hand, a
measurement of the normal polarization P, with transversely polarized beams
would give access to combinations of absolute value and phase of the FF dif-
ferent from that of eq. (9).

The clear identification of the exclusive final state requires a large acceptance

detector with suitable resolution for both charged and neutral particles. Given
the low cross sections involved, the detector should allow the identification of
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Fig. 10. Total cross section for ete™ — hh above nucleon-antinucleon threshold.
For proton, neutron and A, the curves are normalized to the experimental data, the
curve for X is extrapolated from the one for A.

exclusive pp and nn final states by detecting only one of the two final hadron,
thus assuring a high total detection efficiency. For the pp final state, one could
measure the track (i.e. the momentum) of one of the two protons, while in the
case of nn the choice of detecting the neutron or the antineutron annihilation
star is not obvious. In the latter case, a suitable antineutron converter (that
could help for the pp detection too) should be added; it should have a high cross
section for nn-annihilation, a low charged pion absorption, a high conversion
efficiency for neutral pions, and be amagnetic.

The detector must allow at the same time the measurement of polarization
observables, in order to get information on the relative phase between electric
and magnetic FFs. Given the design of the detectors presently installed on the
DA®NE ring, KLOE [74] and FINUDA [75], this seems to be the most strin-
gent experimental requirement. Basically, a polarimeter is composed by two
tracking devices, one of which is placed after a scatterer (usually, for charged
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particles, a thin layer of carbon), and one needs to measure the scattering an-
gle with respect to the scatterer plane. The implementation of such a detector
seems to be feasible within the present FINUDA geometry, since this detec-
tor is already composed by two tracking regions, as shown in Fig. 11, with a
large amount of free space between them where the carbon analyzer could be
placed. On the contrary, being a much more compact detector (Fig. 12), KLOE
does not allow an easy implementation of such a kind of polarimeter within
its tracking system. The only possibility seems to be the modification of the
detector close to the interaction region, with the installation of a completely
new vertex tracking system followed by the carbon analyzer. This possibility
has not been explored so far. For this reason, in the following Sections it will
be shown how the nucleon FFs can be measured at DAFNE2 by using the
FINUDA detector.

3.8 The FINUDA detector

The FINUDA detector at DA®NE (Fig. 11) has been constructed for studying
A-hypernuclei levels and lifetimes. A-hypernuclei are produced by stopping
negative K~ from ®-decays in a thin target. The detector is conceived so as
to minimize the amount of material crossed by particles to reduce as much as
possible the energy straggling and multiple scattering. It is a magnetic non-
focusing spectrometer with cylindric symmetry around the beam line. It can
be divided in the vertex, tracking and outer regions.

The vertex region is composed by:

e the TOFino: a little barrel of 12 scintillators, 0.2 cm thick and 12 cm long,
at 5.8 cm from the beam;

e the inner silicon microstrip module (ISIM): 8 modules of Si microstrips, 300
pm thick, at 6.3 cm from the beam;

e the stopping target: 8 tiles of solid materials, facing the ISIM modules.

The tracking region is composed by:

e the outer silicon microstrip detector (OSIM): 8 modules of Si microstrips,
300um thick, at 8.3 cm from the beam,;

e the low-mass drift chambers (LMDC): two series of 8 drift chambers, 6 cm
thick each, 43 and 75 cm from the beam;

e an array of straw tubes: 6 layers following three orientations, for a total
thickness of 16 ¢cm, at 111 cm from the beam.

The outer region is composed by:

e the TOFone: 72 scintillator slabs, 10 cm thick, arranged as staves of a cylin-
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Fig. 11. a) Layout of the FINUDA detector. b) Front view of the detector (left) and
expanded view of the inner region (right).

dric barrel at 127 cm from the beam. This detector has an efficiency for the

neutron detection of about 15%;
e the magnetic coil: iron, at 138 cm from the beam, which can provide a
magnetic field up to 10 kgauss.

The whole detector is immersed in Helium atmosphere, to minimize the multi-
ple scattering. For the detection of efe~ — NN this atmosphere is not needed
and the targets for hypernuclear experiments must be removed. Moreover, a
suitable carbon analyzer/converter must be placed within the tracking region;
the easiest resort could be to insert a carbon cylinder just beyond the OSIM
detector.
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In the following chapters, we will make preliminary estimates of the expected
counting rates using reasonably assumptions on the ete~ — hh cross sections
and on the beam luminosity. For a sake of comparison, we remind that in
the last twelve months the KLOE experiment has collected, at the ® mass,
an integrated luminosity of about 1800 pb~!, with average luminosity of few
~ 103 cm2 571,

4 THE ABSOLUTE VALUE OF FORM FACTORS: CROSS SEC-
TION MEASUREMENT WITH THE FINUDA DETECTOR

4.1 ete” — pp reaction

Taking into account the amount of material crossed by the outgoing protons,
the FINUDA vertex region materials will stop protons with kinetic energy up
to ~ 17 MeV, and considering a 1.5 cm thick carbon converter, needed for the
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polarimeter and/or antineutron converter, the proton detection threshold can
be estimated at =~ 40 MeV, corresponding to a beam energy of 980 MeV. Then,
in order to measure the FF's very close to the threshold, dedicated proton runs
with beam energy below 1 GeV can be done removing the carbon converter.

A small magnetic field (of the order of few kgauss) is necessary to measure the
momentum of at least one of the two final nucleons. A preliminary Monte Carlo
calculation shows that the FINUDA momentum resolution (o,) for proton in
the range of our interest is below 40 MeV /c, sufficient to distinguish exclusive
pp events from the ppX background.

To estimate the expected counting rate and the attainable precision in the FF
extraction, we used eq. (6) normalized to the total cross section value given
by the qualitative fit of Fig. 10. We used two assumptions for the electric-
to magnetic-FF ratio, |G| = |G%,| or the value given by the dispersion re-
lation analysis of Fig. 7 [14]. From this theoretical distribution, we extracted
randomly the number of events as a function of the proton angle, obtaining
angular distributions like those shown, as an example, in Fig. 13 for three
different beam energies and for an integrated luminosity of 100 pb~!. Here, we
assumed a constant detection efficiency close to 1 for all polar angles, and a
geometrical azimuthal acceptance €, ~ 0.85 (mainly due to the drift chamber
supports). Given the angular dependence of the cross section, the maximal
|G%| contribution is at 6 ~ 90°; thus the FINUDA angular coverage does not
represent a limitation for |G%,| measurement.

The angular distributions have been fitted over the FINUDA angular coverage
6 = 45° — 135° with the function

f(0) = A(1 + cos®0) + Bsin®6, (10)

and |G%,| and |G%| have been directly extracted from the coefficients A and
B, respectively. These fits are shown by the full curves in Fig. 13. In order to
properly take into account the correlation between the two coefficients of eq.
(10), we repeated this procedure for several samples of the same distribution.
The mean value and the width of these distributions give an estimate of the
average value and the error on the FF extraction. The relative error resulting
from this procedure is shown as a function of the integrated luminosity for
Eppam =~ 1.2 GeV in Fig. 14 for both |G%,| (circles) and |G%| (squares). A
few percent error on the FFs can be achieved from threshold up to Egganm &
1.2 GeV with an integrated luminosity of 100 pb~!, which corresponds, with
the actual performance of the DA®NE accelerator, to less than 20 days of
data taking.

Supposing to make an energy scan of five values from threshold up to ~ 1.2
GeV, in about five months one can measure both electric and magnetic FFs
of the proton at a few percent level.
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Fig. 13. Projected angular distributions for ete™ — pp at three different beam ener-
gies, for a detection efficiency €, = 0.85 and an integrated luminosity of 100 pb~!
and assuming that either the electric and magnetic FFs are equal (full circles) or
the ratio |G%,|/|GY,| is given by the dispersion relations of ref. [14] (empty circles).
The full line is a fit of the data with eq. (10) in the FINUDA angular range.

The projected values of the magnetic FF are shown in Fig. 15, compared with
presently available data. We also note that a measurement with an accuracy at
the level of few percent should highlight possible asymmetries in the proton
angular distributions with respect to the antiproton ones due to the two-
photon contributions in the cross section.

4.2 ete  — nn reaction

As mentioned above, the identification of the nn final state can be performed
either detecting the neutron or the n annihilation star. With the FINUDA
detector, neutrons can be detected by the scintillators of the TOFone system,
with an average detection efficiency of the order of 15%, weakly depending
on the neutron energy. Willing to detect the 7 star, a carbon converter can
be used to increase the annihilation probability. The choice of 1.5 cm of car-
bon seems optimal, because the same material can be used for the proton
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Fig. 15. Projected proton magnetic and electric FFs for the two hypothesis on the
electric to magnetic FFs ratio, compared with actual experimental values.

polarimeter as well.

Preliminary simulations [76] show that antineutrons with kinetic energy below
~ 30 MeV primarily annihilate in the vertex region of the FINUDA detector.
A convenient place for the carbon converter is immediately beyond the OSIM
array, around 9 cm from the beam. In this way the annihilation charged prod-
ucts emitted towards the outer part of the apparatus can be also traced. The
estimated 7. detection efficiencies are given in Tab. 2 [76]; they range from
around 30% at threshold down to 6% for 7 kinetic energy of 40 MeV and
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Vs [MeV] || en [%] | 79T [%)]
1879.13 31 4.7
1880 24 3.6
1890 16 2.4
1900 13 2.0
1920 8 1.2
1940 6 0.9
2000 6 0.9
2400 6 0.9

Table 2

Detection efficiency for ete~ — ni by identifying the annihilation antineutron star
only (second column) or with neutron detection coincidence (third column) as a
function of the total energy.

higher. These numbers indicate that close to the threshold the detection of
the n annihilation should give the higher efficiency, while as the energy in-
creases probably it will be preferably to detect the neutron. The detection of
both nucleons in coincidence, though helping in reducing the background, will
strongly decrease the efficiency at a level of ~ 1%.

To estimate the counting rate and the error on the FF extraction, we followed
the same procedure adopted for the proton. We started from the qualitative
fit of the cross section in Fig. 10 and the differential cross section of eq. (6). In
this case, we made two assumption on the FF, the first one is |G| = 0, as the
FENICE data [49] suggest, the second one is |G%| = |G%,|, in analogy with
what has been done for the proton. We also assumed a constant detection
efficiency €, = 0.15. An example of the resulting angular distributions for
three beam energies are shown in Fig. 16 for a total integrated luminosity of
100 pb~!. These distributions have been fitted to eq. (10) for angles between
45° and 135° (the FINUDA coverage), and then the FFs have been extracted
from the two parameters A and B.

By repeating this procedure for several samples of the same angular distri-
butions, we estimated the error on the FF extraction shown in Fig. 17 for
Espam =~ 1.2 GeV. As can be seen, the neutron FFs can be extracted with
errors below 10% with an integrated luminosity of the order of 100 pb!. The
projected attainable |G| values are shown in Fig. 18, compared with the
FENICE experimental data.
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100pb=t . The full line is a fit of the data to eq. (10) over the FINUDA angular
coverage.

5 THE PHASE OF PROTON FORM FACTORS: POLARIZA-
TION MEASUREMENT WITH THE FINUDA DETECTOR

The proton polarization can be measured through secondary scattering of the
emitted proton in a strong interaction process, where the spin-orbit coupling
causes an azimuthal asymmetry in the scattering. The scattering cross section
is given by

do

5 = 00(0s, T)[1 + A(6,, T) (Pf cosg, + Pising,)], (11)

where o is the polarization independent part, f; and ¢, are the angles of the
scattered proton with respect to the initial direction and PC is the polarization
vector on the polarimeter plane (defined by the axis z’ and y’, while 2’ is
parallel to the emitted proton direction). The passage of protons through
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Fig. 17. Relative error on the neutron FF as a function of the integrated luminosity
for Eppam=1.2 GeV for the assumption |G| = |G,

the analyzer is largely dominated by small angle multiple scattering, thus an
angular cut at small angles has to be set, leading to a polarimeter efficiency of
the order of few percent [77]. The function A(fs,T) in eq. (11) is the analyzing
power of the material. A commonly used material for polarimeter is carbon,
for which the analyzing power is well known at least up to 20° for proton
kinetic energy from few tenth of MeV up to 1 GeV [77].

Referring to the FINUDA geometry (sketched in Fig. 19), the carbon analyzer
should be placed just beyond the OSIM detector. The first tracking system
is composed by the FINUDA vertex region and the OSIM detector and the
second one by the two layers of drift chambers and the straw tubes. Since the
proton and the antiproton are back-to-back, one could use also the antiproton
hits to reconstruct the initial proton track.

The FINUDA detector is immersed in a magnetic field (momentum measure-
ment is necessary to select exclusive events), then the proton polarization at
the interaction point P undergoes a precession around the direction of the
magnetic field. The result is that the measured polarizations PS and PS in
eq. (11) will be functions of the initial polarization ﬁ, that, knowing the field
map, can be exactly computed. With unpolarized electron beams, the proton
polarization vector has the normal component P, only, then PS and Py(f will
be directly proportional to P,.

Experimentally, the polarization P, on the polarimeter plane is obtained by

37



A ADONE—FENICE 94
e proj. dota, |GI=IG,l
® proji data, IG/=0

1Gyl

c.9

Gc.8

0.7

0.6

0.5

¢A

T

c.4

0.3

0.2

0.1

095 1 105 1.4 145 1.2 1.25
Eaou (GeV)

o
o

Fig. 18. Projected neutron magnetic FF results for the two hypothesis on the electric
to magnetic FFs ratio, compared with FENICE ezperimental data.

Vs[MeV] || Ac[%] | Py[%] R
2000 5.8 311103
2080 22 4.4 61073
2400 47 9.7 | 31072
3000 24 20 | 31072

Table 3
Average carbon analyzing power and proton polarization (as taken from the curve
in Fig. 8 and eq. (9)) in the energy range of interest.

measuring the left-right asymmetry with respect to the relevant axis

Nr— N, 2
=BT 2 AP, 12

where N (Ng) is the number of protons scattered on the left (right) with
respect to the axis on the polarimeter plane. A rough counting rate estimate
can be made using a reasonable polarimeter efficiency €, ~ 3%. We then
calculated:
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e the average proton polarization (P,) of eq. (12) in the FINUDA angular cov-
erage (0, between 45° and 135°) from the values of the improved (log?Q?)/Q?
fit in Fig. 8 and from eq. (9);

e the analyzing power (Ac) by averaging the experimental data [77] in the
range of the secondary scattering angle 6, between 5° and 20°.

The obtained values of (A¢) and (P,), together with those of the ratio R, are
reported in Tab. 3 for the beam energies of interest. As can be seen, under
reasonable theoretical assumptions, one can estimate R to be of the order of
1073 close to the threshold up to few percent for Eggan ~ 1.2 GeV. From
these numbers, one can reasonably assume that the error on the measurement
of the polarization will be largely dominated by the experimental statistical
error on R:

A 1
i , (13)
R~ RJNz+ N,

Given the values of R in Tab. 3 and the fast decrease of the total cross section
(see Fig. 10), the most favorable beam energy should be around Epgap = 1.2
GeV, and an integrated luminosity of about 2500 pb~! is necessary to have a
30% error on R (i.e. on P,). This luminosity could be reached in approximately
one year of data taking with an average luminosity of 10*2¢m 2571
In principle, polarization measurement can be done together with the pp and
nn cross section measurements, however, due to the low efficiency, probably a

longer dedicated run will be necessary.
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6 A-FORM FACTORS MEASUREMENTS WITH THE FINUDA
DETECTOR

With a beam energy of at least about 1.2 GeV, it is possible to produce at
DA®NE-2 hyperons such as A or X, as shown in Fig. 10. Thus, it would be pos-
sible to measure hyperon FFs by studying the exclusive reaction ete™ — YV
They are related to the differential cross section and polarization observables
by equations equal to that described for the nucleon, where the nucleon mass
is replaced by the hyperon one. Apart from the DM2 cross section measure-
ment [52] for ete™ — AA at s = 5.76 GeV? (4 candidates only), there are no
data on hyperon FFs. The cross section for Y'Y should be few times smaller
than the NN cross section (but DM2 found o(pp) ~ o(AA).

The ete™ — AA reaction is particularly interesting, because the A polarization
can be directly deduced by measuring its decay products, i.e. the proton and
7. In fact, due to the weak nature of the decay, the nucleon is constrained to
move preferentially in the direction of the hyperon spin, thus resulting in an
asymmetric angular distribution with respect to the spin direction of the A.
This asymmetry is the result of the interference between parity conserving (p-
wave) and parity non conserving (s-wave) amplitudes. In the hyperon center-
of-mass frame, the decay nucleon angular distribution is therefore of the form
[78]

dN
———— = N |1 + aPycosf#SM 14
dcostSM [ +alacosty ] ’ (14)
where P, is the magnitude of the A polarization, and is the angle between
the polarization axis and the proton momentum. The parameter o describes

the interference between p- and s-wave in the weak decay, and has been mea-
sured to be o = 0.642 £ 0.013 [79].

CM
01’7

As no polarimeter is required for A polarization measurements, higher effi-
ciency is expected compared to the proton polarization measurements, pre-
sumably of the order of 50%.

Measurement of the exclusive ete™ — AA reaction requires the full detection
of the decay products of at least one of the two produced hyperons. The A
lifetime is ¢7 = 7.89 cm, thus the detection of detached vertex could help, but
it’s not necessary if the momentum resolution for protons and pions is good
enough to clearly separate the AA events from the background of non resonant
ete” — pprtm events. Fit of the angular distribution of the decay proton in
the A rest frame with respect to the axis normal to the scattering plane will
allow the extraction of Py in eq. (14).
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7 POSSIBLE IMPROVEMENTS OF THE FINUDA PERFOR-
MANCE

The preliminary projection of the statistical accuracy described in Sects. 4
and 5 shows that the present FINUDA performance will allow the extraction
of proton |G%,| and |G%| with good precision. Assuming a concurrent running
time, with the present neutron (or antineutron, with a suitable converter)
detection efficiency, the FINUDA detector will allow the extraction of the
neutron FFs with a relative error a few times bigger than for the proton
(see Fig. 17). In the following, we will consider possible improvements in the
detector to raise neutron precision to the same level as for the proton.

7.1 Neutron detection efficiency

One possibility is to use a second antineutron converter to double the detec-
tion efficiencies reported in Tab. 2. This would also increase the minimum
detectable proton energy, and thus one should make dedicated neutron runs.

Another possibility of increasing the neutron detection efficiency could be the
extension of the angular coverage of the TOFone barrel. This could be obtained
by implementing a new array of scintillators, just before the end-cap (Fig. 11).
As an example, by covering the angles from 20° to 160° one should reduce the
relative error by a factor of ~ 2.

The increase of the neutron efficiency within the present angular coverage,
for instance by increasing the thickness of the TOFone scintillators, seems not
possible because of space limitations between the actual TOFone geometry and
the magnetic coils. On the contrary, it could be possible to add a second layer
of scintillators before the straw tubes. This could affect the overall resolution
of the tracking system, and thus it must be carefully studied.

7.2 Neutron polarization

Neutron polarization can be measured through the scattering of the polar-
ized neutron with unpolarized protons in the analyzer and by measuring the
scattering angle of the emitted proton or neutron.

The easiest and less expensive resort for the analyzer is a carbon cylinder
placed just beyond the OSIM detector. The optimal choice could be a thin
(from 1 to 5 cm) plastic scintillators, as done in the NPOL3 polarimeter im-
plemented at Los Alamos [80]. The neutron detection efficiency of such a
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polarimeter varies from 1 to 3 % depending on the neutron energy. The ex-
pected counting rate for the measurement of the neutron polarization depends
on the neutron energy (and then the c.m. energy at which the measurement is
performed), the scintillator thickness and the expected neutron polarization.
The first two quantities favor the near threshold energy region, the last one
the region around 2100-2200 MeV.

The FINUDA detector already includes the TOFino array of scintillators in
the vertex tracking region, however its thickness of 0.2 cm seems to be too
small to achieve a sufficiently high efficiency. Thus a new array of thicker an-
alyzers (scintillators or graphite plates) should be implemented.

The optimal location for placing such a new array should be immediately be-
fore the first ring of Low-Mass Drift Chambers (LMDCs). Several advantages
could be gained with the use of scintillators:

(1) The detection efficiency for antineutrons will be nearly doubled. As a
matter of fact, three arrays of tracking detectors (the LMDSs and the
Straw Tubes) will still be used for the tracking of pions emitted following
the antineutron annihilation and then determine the annihilation vertex.
Given the distance (> 40 cm) between the beam interaction point and
the annihilation vertex, the line of flight of the neutron-antineutron pair
should be determined to a precision of about 10 mrad.

(2) The polarization analyzing reaction will be np — np elastic scattering
(whose analyzing power A,, is very well known from NN phase shift
analysis) on the hydrogen of the new scintillator’s array. It would act
as a live target detecting the recoil proton, while the TOFone will de-
tect the scattered neutron. Again, the circumstance that the analyzing
scintillator is midway between the neutron starting point (the machine
interaction region) and TOFone (scattered neutron detection) is the best
compromise for measuring over a large angular range the scattered neu-
tron. The measured timing and efficiency performances of TOFone ensure
that scattered neutrons of some tens of MeV in the angular range 0.1-1
rad can be unambiguously identified by the kinematical analysis of the
elastic scattering.

Concerning the experimental realization for such a new ring of scintillators,
no particular problems are expected for the operation of PMTs in a magnetic
field, taking also into account the fact that it will be of the order of 0.2
Tesla. Furthermore, space will be available for their installation thanks to the
circumstance that the huge mechanical structure constituting the lateral sides
of the Helium chamber will be taken out, being no more necessary.

A question is whether to use a fine grained hodoscope, to provide a further
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constraint on the scattered neutron position, or large area scintillators, with
the simple requirement of a coincidence with the detection of the recoil proton
and a pulse shape analysis for a rough determination of its energy. The second
option is certainly money saving, and we are investigating whether it will be
still acceptable for the physical selection of the events.

Even more money saving would be the option of using carbon (graphite) plates
as analyzers of the neutron polarization. The advantage mentioned in (1) will
still be maintained, whereas the polarization analyzing reaction will be elastic
scattering on carbon, like in the case of the proton polarization measurements.
Also in this case the polarization will be measured by the left-right asymmetry
with respect to the relevant axis. The position of the carbon scatterers is again
well suited to exploit the timing properties of TOFone to select a large angular
range of detection and then increase the counting rates. Also in this case we
are investigating advantages and disadvantages.

For both solutions it seems hard to combine a simultaneous measurement, of
proton and neutron polarizations, since quite different thicknesses of analyzing
sheets are involved for the same nucleon energy.

8 TIME-LIKE NUCLEON FORM FACTOR MEASUREMENTS
IN THE WORLD

Measurements of the time-like nucleon FF, in complementary energy regions,
are also considered at Novosibirsk and Beijing.

At Novosibisrsk the new collider VEPP2000 is under construction: the attain-
able energy in the center-of-mass system ranges from 0.4 to 2.0 GeV, with a
design luminosity of 10?2 cm™2?s™! at 2 GeV [81]. By using the general pur-
pose detector SND, it is foreseen to obtain about 10° events per year for both
pp and nn production at the threshold region. The completion of the storage
ring is foreseen for this year, and the data collection is scheduled from 2007
to 2012. The nucleon form factor results are expected in the years 2008-2010.

At Beijing it is planned to increase the luminosity of the BEPC collider to
about 10%* cm™2s7! at 3.77 GeV c.m.-energy [82]. This will be obtained by
transforming BEPC in a double-ring machine and increasing the number of e™
and e~ bunches in each ring from 1 to 93. The Beijing spectrometer (BES) also
will be upgraded, by improving its space and momentum resolution, and its
particle identification capability. Besides other measurements, this will allow
measuring with good statistics the polar angle distribution of pp (but not
of nn) production, and determining the electric and magnetic form factors
in the energy region between 2.4 and 4.2 GeV. The machine and detector
commissioning is scheduled in the year 2007.
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The measurement of time-like proton FFs is part of the experimental program
proposed for the HESR antiproton beam at GSI, which is expected to start in
2012. The PAX experiment [83] proposes to measure single and double spin
asymmetry in the reversed channel pp — e*e™ [84], using polarized antiproton
beams interacting with a transversely or longitudinally polarized proton tar-
get. Unpolarized measurements can be carried out independently at PAX as
well as at PANDA [85] experiments. The use of single and double spin asym-
metry will give access to several combination of |GY,|, |G%| and its relative
phase d,/g, allowing their extraction with small systematic uncertainties. For
the proton, these measurements would naturally complement those proposed
in this letter. On the contrary, neutron and hyperon FFs can only be accessed
by using electron-positron collisions.

From the above, it is clear that the energy region accessible at the upgraded
DAFNE2 facility would offer a unique opportunity for the measurement of the
neutron and proton time-like form factors in an energy region (from thresh-
old up to 2.4 GeV) which is very suitable for disentangling between various
theoretical predictions (see Fig. 9). Also the scheduled time-line looks very
suitable, making it possible to obtain the first complete measurements of both
proton and neutron form factors in the time-sector.

9 OTHER MEASUREMENTS MADE POSSIBLE BY THE DA®NE
ENERGY UPGRADE

Once the DA®NE energy is upgraded, several important physics quantities
can be measured with high accuracy. Some are the following:

e The measurement of the total cross section ee™ — hadrons to get the
hadronic contribution to g, — 2 and «(M%) in the 1-6 GeV? c.m. squared
energy range. DA®NE and VEPP2M have measured the hadronic total
cross section up to 1 GeV? at a percent level (even if there are discrepancies
at about 5% level). A measurement at a few percent level at higher c.m.
energies is welcome. Hopefully, BaBar will provide a measurement by means
of initial state radiation, but at this precision level other measurements with
different systematic errors are needed.

e The search and study of narrow vector mesons in the 1-2.4 GeV mass
range. BaBar and photoproduction experiments have shown several evi-
dences of narrow (I' < 100 MeV), unexpected structures (like for instance in
ete” = 3131, ete = 27121 270, ete™ = nfn 27°, ete — 27127
and the corresponding channels in diffractive photoproduction), most of
them near the NN threshold. For a study of these structures and for a search
in isoscalar channels a much higher integrated luminosity is demanded.
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e A precision measurement of vy — 7w cross sections via ete™ — ete 7w

in the mass range from 2m, up to 1 GeV. Actually the measurement of
these cross sections has been done by the LEP experiments, but in the case
of mtm~ detection efficiency and background did not allow for 77 masses
below ~ 800 MeV and in the case of 7%7° the collected statistics was quite
limited. First principles and chiral perturbation theory demand a precise
measurement near threshold. On the other hand a link with the present
measurements at higher masses is needed for normalization checks. A ~ 1.2
GeV energy beam should be quite an optimal choice from the point of view
of detection efficiency and available 77 mass range.

An appendix to this Letter of Intent is in preparation to describe these physics
items in more details. It will include a detailed study of the experimental
requirements to fulfill these measurements, in particular in relationship with
the present detectors running at DAPNE.

10 SUMMARY

In view of the possible increase of the energy of the DA®NE collider at Fras-
cati up to above the nucleon-antinucleon threshold, it is proposed a physics
program to perform the full determination of nucleon and hyperon form fac-
tors in the time sector.

A preliminary counting rate estimate with the FINUDA detector has been
presented. This detector fulfills in an easy and satisfactory way all the main
requirements of the proposed program.

The FINUDA detector is well suitable for the measurement, without major
modifications. Nevertheless, possible improvements on the present layout have
also been discussed. They include the extension of the TOFone scintillators
array to improve the precision on the neutron form factor as well as the possible
implementation of a neutron polarimeter.

Making a conservative anticipation of the DAFNE2 performances, an inte-
grated luminosity of the order of 100pb~! per beam energy (corresponding to
few months of data taking) should allow the measurement of |G| and |G|
at the few percent level for the proton and below 10% for the neutron.
Polarization measurements will allow the first determination of the relative
phase between the electric and magnetic form factors. These measurements
will require a longer dedicated run time or a better performance of the ma-
chine. The study indicates that the optimal beam energy for this measurement
is close to Eggay =~ 1.2 GeV.
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Measurements of hyperon-form factors will be also possible, provided the beam
energy exceeds the relevant energy threshold (s about 5 GeV). For the A-
hyperon, the measurement of angular distribution of the decay proton in the A
center-of-mass system gives the A-polarization, presumably with much better
statistical precision than for the proton.

Finally, it is worth noticing that significant results can be obtained already
with 3 fb~! integrated luminosity, that is with about 18 months of data taking
with the present DA®PNE performance.
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