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Pion and kaon form factors are of particular interest in cutarstanding of hadron structure as
they are connected to the Goldstone modes of dynamicall @dyinametry breaking. The last
decade saw a dramatic improvementin precision of chargedfprm factor data and new results
have become available on the pion transition form factoan®lexist to nearly quadruple the
momentum transfer over which the charged pion form facténisvn. Data on the kaon form
factor are sparse, mainly limited to the region that comséréhe kaon electromagnetic radius
from kaon-atomic electron scattering data. Kaon electompction cross section data at large
virtual photon mass allow one, in principle, to constraia kiaon form factor, although technical
difficulties grow as compared to the pion case due to the tdegen mass and further distance
from the pole. Most of the precision cross section measungsres the 6 GeV Jefferson Lab
were primarily designed for pions, but some of these expamisialso captured kaons in their
acceptance. Preliminary kaon cross section results frazth experiments show an indication
of kaon pole dominance allowing for the first extractions lvdé kaon form factor from kaon
electroproduction data. Planned 12 GeV experiments wilh&r investigate the role of the kaon
pole and are anticipated to extend form factor extractior@@’t~ 5.5 Ge\?. The distribution of
the fundamental constituents, the quarks and gluons, iscteg to be different in pions, kaons,
and nucleons. The Electron-lon Collider with an acceptaptanized for forward physics has
the potential for accessing pion and kaon structure funstaver a large kinematic region through
the Sullivan process. Initial uncertainty projectionsédéeen carried out and suggest that such
measurements are feasible for both pions and kaons.
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1. Introduction - form factor s and structure functions

Pions and kaons occupy a special role in nature [1]. The gitimei lightest quark system, with
a single valence quark and a single valence antiquark. Iédsthe particle responsible for the long
range character of the strong interaction that binds thmiatoucleus together. A general belief is
that the rules governing the strong interaction are leftii.e. chirally, symmetric. If this were
true, the pion would have no mass. The chiral symmetry of lessQuantum Chromodynamics
(QCD) is broken dynamically by quark-gluon interactionsd axplicitly by inclusion of light quark
masses, giving the pion and kaon mass [1, 2]. The pion and&aahus seen as the key to confirm
the mechanism that dynamically generates nearly all of thesrof hadrons and central to the effort
to understand hadron structure [3].

Form factors are the most basic quantity towards undenstgright hadron structure. Their
importance is evidenced by substantial experimental agwk¢hical efforts over the last decades [3,
4,5,6,7,8,9,10,11, 12, 13]. On the experimental frontydtic improvement in the understand-
ing of pion electroproduction data [14, 15, 17, 16, 18, 1% aen confidence in the reliability of
the electroproduction method yielding the physical piomfdactor. In general, the extraction of
precision meson form factors from experiment requires gitadinal-transverse (L/T) separation
of the cross section isolating_, proper selection of the pion pole process, extraction efftinm
factor using a model, and the validation of the technique.

Recent calculations [3] show that one may expect dominahbard contributions to the pion
form factor forQ?~8 Ge\? [20], where it is predicted thaf,; will start exhibiting precisely the
momentum-dependence from QCD. The latter is a power lawMi@imaplus logarithmic correc-
tions to scaling, but with the normalization fixed by a pionverdunction whose dilation with
respect to the asymptotic form is a definite signature of Dyinal Chiral Symmetry Breaking
(DCSB). Data extending into this regime would thus for thstfiime have the potential to quanti
tatively unveil hard QCDs signatures.

The structure functions in terms of sea quarks and gluonsxgrected to be different for pi-
ons, kaons, and nucleons and to provide basic informationtabeir origin of mass. However,
experimental data is sparse. It has only been obtained iomeBrell-Yan scattering from nu-
cleons in heavy nuclei, with information on the pion’s partistribution functions (PDFs) and
results for the ratio of kaon and pion distribution funcgoMewer data are needed to address per-
sistent doubts about the large Bjorkeiehaviour of the pion’s valence-quark PDF. An approved
experiment at 12 GeV Jefferson Lab will use tagged deepstielacattering and could contribute
to a resolution of the pion question. A similar technique miglso serve for the kaon. Looking
further ahead, an electron ion collider (EIC) would be cégpabproviding access to pion and kaon
structure functions through measurements of forward ucgtructure functions.

2. Experimental Deter mination of Pion and Kaon form factors

At low values ofQ?, F,; has been determined directly up to photon energi€¥eD.253 Ge\
at Fermilab and at the CERN SPS from the scattering of higingsmn charged pions by atomic
electrons. These data were used to constrain the charges fdhe pion, which is determined to be
rr=0.6574 0.012 fm. Due to kinematic limitation in the energy of therplzeam and unfavorable
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momentum transfer one has to resort to other experimentiiaue to reach the high€? regime.
At higher values of? F,; can be determined from electroproduction of pions on théopto

In electroproduction experiments one detects the scdtilextron and the electroproduced
charged pion (or kaon) in coincidence. The differentialssreection can be expressed in terms
of a known electrodynamic factor and a virtual photopromuctross section. The latter can be
expressed in terms of the linear combinations of the pradotvirtual-photoproduction helicity
amplitudes, which are the unpolarized transverse (T), thiely scalar (longitudinal, L), and the
interference terms between the transverse and transseata-states (LT and TT). The dominance
of the pion pole in the longitudinal cross sectian, (L), and its characteristicdependence allow
for extractions of electromagnetic form factors from thdata.

Cross section data suggest a dominant pion pole in the lafigél 7t cross section at values
of —t <0.3 (GeV/c§ [21]. The observation of a dominant pion pole alone is, hargavot sufficient
to make a precise extraction Bf; from experiment. To minimize background contributiong th
longitudinal cross sectiony, is thus isolated via a Rosenbluth L/T(/LT/TT) separati®¥ithout
an explicit L/T separation it is not clear what fraction oétbross section is due to longitudinal
photons and what the contribution of the pole to it is in tHeésematics.

With the availability of high-intensity electron beamsndoined with accurate magnetic spec-
trometers at JLab, it has been possible to determine L/Tratgohcross sections with high preci-
sion. The measurement of these cross sections in the redi@&0.60-1.60 Ge¥ (Experiment
Fpi-1 [22, 23]) andQ?=1.60-2.45 Ge¥ (Experiment Fpi-2 [14] and pionCT [15]) are described
in detail in Ref. [24]. Pion electroproduction experimeate performed at the smallest possible
value oft, which is still a distance away from the pion pole. The piomfdactor thus has to be ob-
tained either by kinematic extrapolation or by using a te&ocal model. In this method consistency
between data and model is essential.

To give confidence in the electroproduction method yieldimgphysical form factor, one can
carry out several experimental studies. These includekaingthe consistency of the model with
the data, extracting the form factor at several values,affor fixed Q?, verifying that the pole
diagram is the dominant contribution to the reaction meigdmnand verifying that the electropro-
duction technique gives results consistent with those frome elastic scattering at the sar@g.

In Ref. [16], to check if the VGL Regge model [25, 26] propealycounts for the pion production
mechanism, spectator nucleon, and other off-shelependent) effect;; was extracted at differ-
ent distances ih from the pion pole. The resulting; values agree to 4% and did not depend on
thet acceptance, which lends confidence in the applicabilitthef\GL model to the kinematic
regime of the data and the validity of the extractgdvalues. The dominance of thiechannel
process ino. was verified in Ref. [18, 19] through the charged pion lordjital cross section
ratios, R =0y [n(e e/t ) p|/o.[p(e, e )n], obtained with a deuterium target. Thehannel di-
agram is purely isovector and so any isoscalar backgrounttiootions like b1(1235) to thet
channel will dilute the ratio. With increasirg the transverse cross section ratio is expected to
approach the ratio of quark charges, i.e., 1/4. The data shai®R_ approaches the pion charge
ratio, consistent with pion-pole dominance. Ttheependence of the transverse cross section ra-
tio, Rr=or [n(e,errt ) p|/or[p(e e )n], shows a rapid fall-off consistent witkchannel quark
knockout. Direct comparison df; values extracted from very lowelectroproduction with the
exact values measured in elastic- e scattering showed that the data are consistent within the
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uncertainties lending further confidence in the validitytte# extractedr; values.

Q? (GeV?)

Figure 1: Existing and projected data on the pion form factor. The esiare discussed in the text.

The world precisiorF; data are summarized by the blue and magenta points in Fighé. T
green point is the projected higp? point for 12 GeV JLab [27] taking into account recent ex-
perimental progress. The dotted curve is the maximum-aitbwalue of the form factor as set
by the pion radius. The dot-dot-dashed curves illustragectiiculations from short-distance view
assuming either a point-like asymptotic wave function efpion (lower curve) or a modern wave
function (upper curve). The solid curve is the QCD-theorgdiction bridging these long- and
short-distance domains.

The next simplest meson available for experimental stuaiiesalso containing strangeness
is the kaon. Of particular interest to hadron structure ésdfiect of the heavier strange quark in
the kaon [28]. Similar to pions the kaon form factor has beeteminined directly up to photon
energies 0f)?=0.10 Ge\f at Fermilab [29] and at the CERN SPS [30] from the scatterfriggh-
energy, charged kaons by atomic electrons. These data wedeta constrain the mean square
charge radius of the kaon, which is determined to<bq% >=0.34+ 0.05 fn?. In general, the
kaon charge radius is expected to be smaller than that oidhedpe to the presence of the heavier
strange quark. At higher energies the kaon form factor capyinciple, be extracted from kaon
electroproduction data. However, there are experimeritallenges that have to be addressed.
In particular, the kaon pole is farther from the physicalisagthan the pion, which may raise
doubts about the ability to obtain reliable information lga from kaon electroproduction data.
Two experimental points are important to consider in thipeet. First, extraction of the pion form
factor from similar pion electroproduction data at snta completed by carefully studying the
model dependence of the analysis, not by direct extrapaolaéind this justifies greater confidence
in this method. Second, initial comparative extractionghaf pion form factor from low-and
largert data suggest only a modest model dependence; and the tigyger-data lie at a similar
distance from the pole as most of the projected kaon data.thiuis reasonable to imagine tlirat
may be extracted from kaon electroproduction data in a amfalshion, albeit with a larger model
dependence thd.

Nevertheless, detailed demonstration of the dominandeedfaon pole is required if one is to
be confident in the extraction &k. Current electroproduction data show that ttteependence of
the longitudinal kaon cross section is less steep than fitheqoion [17, 21]. These data include
L/T separated cross sections up to photon energied?e?.35 Ge\f from Refs. [31, 32]. The
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Figure 2: Projected reach for kaon form factor anticipated from a 1% Geab experiment [37]. The
error estimates are based on different assumptions abett #md model-dependence of the form factor
extractions, with the larger uncertainty being consevealihe curves are discussed in the text.

results are consistent with the kaon pole facteti(t — mg)?, giving less enhancement than that
of the pion. However, calculations predict a small maximuanthie kaon cross section nda0.1
Ge\? due to the kaon pole [33, 34]. Additional kaon electroprditucdata from Jefferson Lab
are under analysis [35]. Preliminary results are showngn &Fiand show a trend that may suggest
kaon pole behaviour in this kinematic regime.
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Figure 3: Thet depdendence of the longitudinal cross section from an owgganalysis of kaon electropro-
duction data from Jefferson Lab 6 GeV.

Access to small values ofand L/T separations of the kaon cross section will be endted
the 12 GeV Jefferson Lab. The projected reach and accurdicypated are shown in Fig. 2. The
curves depict theoretical calculations obtained from thedscattering formula when different
kaon pion distribution amplitudes (PDAs) are used: longhdal (black) curve, DSE prediction;
dot-dashed (green) curve, inferred from lattice QCD vahiethe lowest two moments, with the
green band indicating the uncertainty; dashed (black)eswltained from the long-dashed curve
by supposing that the second moment of the PDA is just 10%iaend dotted (blue) curve, the
conformal-limit PDA. The solid (blue) curve is the predastifrom Ref. [36]. Further details can
be found in Ref. [1]

Current experiments have established the techniques feomedectroproduction experiments
and the determination of the meson form factors from these. dahe 12 GeV upgrade at the
Jefferson Lab features new instrumentation that allowgtmhing precision meson form factor
measurements to the highest momentum transfers to datendeélaxperiments aim for precision
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measurements of the pion form factor@=6 Ge\? and also have the potential to determine the
pion form factor up taQ? ~ 9 Ge\? [27]. These measurements are made possible by the combi-
nation of the two moderate acceptance, magnetic specteosnietHall C. The "High Momentum
Spectrometer" (HMS) provides angular acceptance of 6 ntscan detect particles with momenta
up to 7 GeV/c. The new "Super-High Momentum SpectrometadS) features a solid angle of
about 4 msr, a momentum coverage up to 11 GeV/c, and covetsrsog angles between 5.5 and
40 degrees. The small scattering angle capability combividtdexcellent control of systematic
uncertainties, kinematic reproducibility and well-urgteod acceptance allows for measurements
of precision cross sections and L/T separations at highriasity (> 10%8/cn? s). Such data allow
for extractions of the pion form factor at nearly quadrugie thomentum transfer over which it
is currently known. QCD backgrounds in these data at highegsbfQ? andt can be addressed
experimentally through measurements of the charged ptanasdiscussed above or of the neutral
pion cross section. The charged ptechannel diagram is purely isovector. Isaoscalar backgtsu
would distort the ratio. The neutral pion production reactdoes not have a large pion pole con-
tribution. Measurements of the longitudinal cross secfmmexclusive neutral pion production
like those in Ref. [38] should thus be sensitive to non-paletcbutions in the charged pion cross
section.

The small-angle capability of the magnetic spectrometacs availability of electron beam
energies of 11 GeV will also allow for measurements of the &éparated kaon cross section at
the highest values a®? to date [37]. The challenge in extracting the kaon form fafiiam cross
section data is that one has to demonstrate that the kaondpoieates. This can be done in
a similar way as for the pion. In addition, the dominance ef klaon pole can, in principle, be
tested through the ratio of the longitudinal cross sectioing® to A channels. The SHMS and
HMS missing mass resolution is expected to be very good agether with the spectrometer
coincidence acceptance will allow for simultaneous mesmsents of the\ and>° channels. If the
kaon pole dominates the ratio should be similar to the rdttb@coupling constanig%K,\/g%Kz.

3. Insightsfrom Data - Transver se Charge Densities

The concept of transverse charge densities allows oneaterehdron form factors to their
fundamental quark/gluon structure in QCD. They descrileedibtribution of charge and magneti-
zation in the plane transverse to the direction of motion s hadron. They are related to the
partonic picture provided by the Generalized Parton istibns (GPDs) that encode correlations
between longitudinal momentum and transverse positionpkeperties of the nucleon. GPDs can
be understood as spatial densitites at different valudsedbingitudinal momentum of the quark.

Proton and pion transverse charge densities have beewtextfaom timelike [39] and space-
like [40, 41, 42] data. In the latter the extension to sp&eetiomain is accomplished by the use
of dispersion relations and models to obtain separate nebinaaginary parts. In Ref. [41] the use
of models is avoided. This first attempt of a detailed analygith spacelike data shows that the
transverse charge density of the pion is larger than thdteoptoton close to the core and that the
two densities coalesce for impact parameters greater t3am0 The former is expected since the
pion radius is smaller than that of the proton. The latter mainterpreted as the proton consisting
of a non-chiral core occupying most of the volume and a mekardat large impact parameters.
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An ongoing analysis [43] evaluates the world’s data on thenkimrm factor to extract the
corresponding transverse kaon charge density. The alafiphce- and time-like data are examined
through a superset with a single global uncertainty, takitgaccount the individual uncertainties
and any differences in the form factor extraction methoce parametrization is based on that used
to analyze timelike factor data in Ref. [44], but also in@adhe newer data from Refs. [45, 46]. The
extraction method is based on that used for the proton andipiRefs. [40] and includes the use
of Bessel series expansion and finite radius approximatigietermine the impact of experimental
uncertainties and the incompleteness error due to the ladata forQ? > Qﬁm=17.4 GeV. Final
results will be compared to the pion and proton transveraegehdensities allowing for comparison
of trends in two and three quark systems.

4. Pion and kaon structure functions
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Figure 4: Projected uncertainties of pion structure function measients at an Electron-lon Collider using
the Sullivan process as a functionxf for four values ofQ?. The electron and ion beam energies were
chosen to be 5 GeV and 50 GeV, respectively, at a luminosityodf s~ cm=2. The geometric detection
efficiency ¢~ 20% for JLEIC) needs to be included for a final uncertaintineste.

The distribution of the fundamental constituents, the kgiand gluons, is expected to be
different in pions, kaons, and nucleons. However, expettaialata are sparse. As a result, there
has been persistent doubt about the behavior of the pioléaea quark structure function at large
Bjorkenx and virtually nothing is known about the contribution of sparks and gluons [47].
The Electron-lon Collider with an acceptance optimizedftoward physics has the potential for
accessing pion and kaon structure functions over a largeniatic region through the Sullivan
process [48]. This would allow for measurements testingpaf drigin of mass is encoded in the
differences of gluons in pions, kaons, and nucleons [2], rmedsurements that could serve as a
test of assumptions used in the extraction of structuretiome and the pion and kaon form factors.
Measurements at an EIC would also allow to explore the etiegtuons at highk. A projection
for measurements of the pion structure function througtsthiévan process is shown in Fig. 4.
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5. Summary

Meson form factors are the most basic quantity towards oderstanding light hadron struc-
ture. Precision pion form factor data have become availaize the last decade and extensive tests
have given confidence in the extraction method. The firsaetitbn of the kaon form factor from
electroproduction data has been performed up%e- 2 Ge\2. JLab 12 GeV will dramatically im-
prove the reach of pion (up ©?=8.5 Ge\f) and kaon (up t®?=5.5 Ge\) electroproduction data
set making possible the extraction of meson form factorsla@éhterpretation of the 12 GeV JLab
GPD data. The structure functions in terms of sea quarks lwhg are expected to be different
for pions, kaons, and nucleons and to provide basic infdomabout their origin of mass. 12 GeV
JLab will provide a first look at the largeregion. The planned Electron-lon Collider provides the
opportunity to map pion and kaon structure functions oveidewinematic range.
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