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1. Introduction

Electromagnetic form factors of a hadron are the most diirgcto the structure of the hadron
in terms of its constituents. They describe the coupling gifieton with a certain four-momentum
to the distribution of charges and currents in the hadron.

The four-momentum transfé&? in the collision of two particles with four-momenta and
p2 can be positive or space-like (in scattering) or negativinue-like (in annihilation/production).

Scattering, Spacelike Annihilation, Production
positiveQ? =t negativeQ? = s

The form factor measurements done at SLAC and JLab withreledteams scattered from
targets ofp, d, ..., etc., and for electroproduction of pions (essemtielectron scattering from the
pion cloud) are exclusively for spacelike momentum trarssf@&hey require fixed targets, and are
extremely difficult, if not impossible, to do for measuringase-like form factors of mesons at
large momentum transfers; meson targets just do not exist!

Timelike form factor measurements for any hadron can be datiee™ e~ annihilation, and
for the special case of protons Ipy annihilation.

Note: form factors are analytic functions @f. The Cauchy theorem alone guarantees that

F(Q?, timelike) 2% F(Q2, spacelike

2. Cross Sections for Time-like Momentum Transfers

For protons, there are two form factors, Pauli and Dirac Fbattors, or more familiarly, the
magneticGy (s) and the electricSg (s) form factors, and the cross sectiene™ — pp is

_ 4na?
- 3s

T
o(s) B IGR(9)*+ 5/GR(9)1?]

At large momentum transfers separation betwégits) andGg(s) is very difficult, and the
results which are generally reported assuBgés) = 0, or Ge(s) = Gu(9).

For pions and kaons, both of which have spin 0, there is no stagoontribution, and only
the electric form factoF (s) exists. In this case the cross sectiondbe™ — mm- is

nma’ 5 )
0o(s) = gﬁm“:m(s)\

The quark counting rules of pQCD predict that the baryon ftarctors are proportional 1©@~*

(or s~2) and the meson form factors are proportionaQtc? (or s 1), so that(do /dQ)proton 0 S,
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Figure 1: (Left) World data on timelike form factors of the proton. Theints with large errors are ISR
results from BaBar. (Right) Same as left, with BaBar resudtaoved for clarity. Arrows markQ?| = 14.2
and 17.4 Ge¥ at which new results are expected from CLEO.

and(do /dQ)mesond 73, i.€., the cross sections fall very rapidly with increasing. energy, and
it becomes very difficult to measure any form factors at largegnentum transfers. For example,
o(ete” — pp) ~ 1 pb ats= Q? = 135 Ge\?. At s= 20 Ge\? one expects to drop down by a
factor~ 7, to~ 150 fb.

Prior to the Fermilab (E760/E835) measurements in 199 20the timelike form factors of
the proton by the reactiopp — e"e™, the data were sparse, had large errors, and were confined
to |Q?| < 5,7 Ge\?. The Fermilab measurements obtair@g(|Q?|) for four |Q?| between 8.9
and 13.11 Ge¥[1]. As the solid curve in Fig. 1 shows, whi@*Gy (|Q?|) was found to vary as
a?(strong, the value of the timelike form factor wédsund to be twice as largeas the spacelike
form factor, i.e. R= Gy (timelike) /Gy (spacelike ~ 2.

Many theoretical attempts to expldit: 2 using conventional models of the proton (the Mer-
cedes star model) were made. All were unsucessful. This ted &nd collaborators to propose
the diguark—quark model of the nucleon. While this modeldtdsast two extra parameters, it did
succeed in explaining both spacelike and timeli{g, andR = 2 quite nicely.

On the experimental side, there were new measureme@g gb) using theet e~ — pp. At
Cornell we made a measurement@y (p) at |Q?| = 135 Ge\? [2], BES made direct measure-
ments at ten values ¢06?| = 4— 9.4 Ge\? [3], and BaBar made measurements using ISR from
Y(4S) for |Q?| = 3.6 — 20.3 Ge\?, albeit with large errors [4]. All these measurements gawe ¢
sistent results and confirmdd~ 2. BaBar went a step farther, and derivég/Gy, though with
even larger errors.

3. Form Factors of Pions and Kaons

Mesons represent much simpler systems than baryons; twh gustems are expected to be
easier to understand than three quark systems. Indeed whelassic debate about wheé@?| is
large enough for the validity of pQCD took place in the 1988sieen Brodsky and collaborators
on one side and Isgur and Llwellyn Smith on the other side.ali based on extremely limited and
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Figure 2: Pion and kaon timelike form factors prior to the CLEO meas@nts.

poor quality data for pion form factors, especially in thega|Q?| region which was the subject of
the entire debate. Recently, this experimental situatamdinanged drastically, mainly because of
the measurements made by CLEO.

4. CLEO Measurements of Pion and Kaon Form Factors

The CLEO measurements were made with the CLEO-c deteciug @6i.7 pb! of ete~ data
taken at,/s=3.671 GeV, i.e., 15 MeV below thgy' resonance. The data were originally taken for
background studies for thg’ decays which were being studied. It is ironic that these tyazind
studies have provided the world’s best measurements ofgmdrkaon form factors.

To illustrate the formidable problem of backgrounds, letjumep a bit ahead to tell you that the
CLEO measured form factor cross-sections at 3.67 GeV turtodeeo(ete” — ) ~ 8 pb,
ando(efe — KTK™) ~ 4 pb. The corresponding background cross-sections afete™ —
ete”) ~ 130 nb,o(ete” — utu~) ~5nb,o(ete” — hh) ~ 10 nb, i.e., 18to 1C times larger
than the form factor cross-sections to be measured.

To reject backgrounds at this level one has to use everydtiage’s disposal. This is what was
done to identifypp, ", andK *K~. Total observed pair energy, energy loss in the calorimeter
identification by the RICH detector, all were used to idgnfit+5 pp, 26+5 "1~ and 82t
10K ™K~ events to obtain [2]

PROTON:|Q* G, (|Q?| = 1348 GeV?) = 0.91+ 0.16+ 0.04 Ge\?
PION: |Q?|Fx(|Q?| = 1348 Ge\?) = 1.01+0.11+0.07 Ge\?
KAON: |Q?|F« (|Q? = 1348 Ge\?) = 0.85+ 0.0540.02 Ge\?

Fr(1348 Ge\?)/F« (1348 GeV?) = 1.194+ 0.07

The pion and kaon form factors were therld’s first measurements of the form factors of
any mesons at this large a momentum transfer, and with poacié this level,=13% for pions
and +6% for kaons [2]. The results are shown in the figure along wWithold world data, and
arbitrarily normalized curves showing the pQCD predictadation of|Q?|F,; and|Q?|F« with as.
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Figure 3: Pion and kaon timelike form factors including CLEO publidhiesults. Arrows mark where new
CLEO results are expected. The theoretical predictiongadola for pions are also shown.

In the figures, form factors aQ?| = |M(J/y)|? are also shown. These are not from direct
measurements, but are based on the argument of Milana B}.ahét

%(J/WHWT)_ Pr 3
A —ee) ~ M) x <W>

They thus obtainetQ?|F,(|9.6 Ge\?|) = 0.9440.06 Ge\?
The argument was extended by uslfay — KK~ decay [6] to obtain

|Q%|F« (9.6 GeV?) = 0.81+0.06 Ge\,

Both F(9.6 Ge\?) and F« (9.6 Ge\?) so obtained are in remarkably good agreement with our
measured values at 13.48 GeWVe also note that

Fr(MJ),)/Fc(M3),) = 1.16£0.27,

so obtained is also in excellent agreement with the abowgt eflsthe CLEO measurement.

5. Future Prospects

As mentioned earlier, it is a regrettable face that none eftitihelike form factors described
here were obtained from dedicated measurements. They famul exploiting background and
off-resonance measurments. So let us see if we can expieit sbn—dedicated measurements, for
example measurements at unbound charmonium resonances.

We note that the experimental ratios for hadronic to letaleicays ofl /¢ andy/ are nearly
the sameR(pp/ete™) ~ 3.7 x 1072, RIKTK~/ete™) ~ 6 x 1074, R(rrt i /ete™) ~ 3x 1074,

If we assumethat these ratios remain the same (3770 and /(4160 we can use the mea-
sured% (Y (37704160 — e*e™) to estimate the branching fractions for the decay of these-re
nances to obtair#(y(37704160 — pp) ~ 4 x 10~7, B(Y(37704160 — " m ) ~ 3 x 107,
and (Y (37704160 — K*K~) ~ 6 x 10°°. These lead to estimated resonance cross sections of
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~ 4 fb (pp), ~ 0.3 fb ("), ~ 0.6 fb (KTK™). If the measured cross sections turn out to be
substantially larger than these, they can be attributed to form factor contidmsti In other words,
we can obtairGy (pp), Fr, Fx at Q? = 14.2 and 17.3 Ge¥with much better precision than that
obtained aQ = 13.45 Ge\2. Counts in the hundreds are expected. The arrows in Fig.iGaited
where these measurements will sit on @k (7171, KK) plots. Stay tuned for the results.

In Fig. 3, we also show the theoretical predictions @F,. Needless to say, none of the
predictions come even close to the precision experimepsllts. Since there is no hope that
lattice calculations can shed light on timelike form fast(they work in Euclidean time), it is a big
challenge and opportunity for non—lattice theorists.
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