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Electromagnetic form factor represent the only experimepatbe for non-perturbative quantum chromodynamics. Thewaib access infor-
mation on the parton structure of hadrons in terms of energgigent couplings to photons. New sets of data, mainly in tikeeregion, coming
from flavor-factories, make possible more accurate analybéshwequire a deeper understanding of hadron structurereme sophisticated fitting
techniques.
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1. Introduction

Electromagnetic form factors (FFs) describe modificatiohpointlike photon-hadron vertices due to the structuréadrons.
The photon, interacting with single elementary chargesqtrarks, represents a powerful probe for the internal tstreof com-
posite particles. Furthermore, being the electromagtegtitonic interaction exactly calculable in QED, the dyneahtcontent of
each vertex can be easily extract from data.

1.1. Nucleon Form Factors

The elastic scattering of an electron by a nucleoN — e~N is represented, in Born approximation, by the diagram oflfign
the vertical direction. In this kinematic region the fousmentum of the virtual photon is space-like and hence itassglivalue
is negativer? = —2wjw,(1 - cosde) < 0, beingwy z) the energy of the incoming (outgoing) electron @athe scattering angle.

N(p2)

Scattering

e (ka) N(p)

Annihilation

Fig. 1. One-photon exchange Feynman diagram for scatteriNg— e~ N and annihi-
latione*e™ — NN.

The same diagram of fig. 1, but in the horizontal directiopresents the annihilatioete — NN or NN — e*e™. For these
processes the four-momentugis time-like, in fact:g? = (2w)? > 0, wherew = w; = w, is the common value of the lepton
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energy in thee"e™ center of mass frame (CM).
The Feynman amplitude for the elastic scattering is

M= q—12[eU(kg)y”u(kl)][eU(pz)rp(pl, P2)U(pa)] . @

where the four-momenta follow the labelling of fig.dandU are the electron and nucleon spinors, &ids a non-constant
matrix which describes the nucleon vertex. Using gauge amdritz invariance the most general form of such a mattix is

I = @) + (D). @

whereM is the nucleon mas§* depends on two Lorentz scalar functionsydf F1(g?) andF,(g?) called Dirac and Pauli FFs,
they describe the non-helicity-flip and the helicity-fliprpaf the hadronic current respectively. Normalizationg% 0 follow
from total charge and magnetic moment conservation and are

F1(0)=Qn, F2(0)=«n. ©))

whereQy is the electric charge (in units ef andk«y the anomalous magnetic moment (in units of the Bohr magnetpof the
nucleonN.

Other pairs of FFs can be defined as combinatioris @ndF,, of particular interest are the so-called SachsGEandGy? that
can be obtained from the hadronic current written in a spé@ime, i.e. the Breit frame. Indeed in such a frame the feansd
four-momentuny is purely space-likeq = (0, ) and the nucleon momentum, during the scattering, passes-{g/2 to +G/2.
Under these conditions the hadronic current gets the stdrfdem of an electromagnetic four-current, i.e. the timel e
space-component are Fourier transformations of a charmg@tdend a current density respectively, i.e.:

0 ¢
quJ =e F1+WF2}
4)
Jq = eU(p2)7U (py) [F1 + Fal
As a consequence, Sachs electric and magnetic FFs are digfinagh the combinations
q2
GE = Fj_ + —2F2
aM )

Gy =F1+F;.

At the time-like production thresholgf = 4M?, assuming onlys-wave contribution, that is, a non singular behaviorfFgrand
F»,, the Sachs FFs are equal each other, i.e.:

Ge(4M?) = Gy (4M?). (6)

The normalization of the Sachs FFsiat= 0 follows from their interpretation in terms of Fourier teformations of charge and
magnetic moment distributions and it is

Ge(0)=Qn, Gm(0)=un, (7)

whereun = Qn + kn IS the nucleon magnetic moment in units of the Bohr magnegon

1.2. Time-like region, analytic properties and asymptotic befar

Analyticity of nucleon FFs as functions of is guaranteed by the microcausalignd the unitarity, implemented through the
optical theorent, defines discontinuities in thg? complex plane. Nucleon FFs are real in the space-like regienforg? < 0.

In the time-like region, for positivg?, the photon carries enough virtual mass to couple with inégliate, on-shell states.
Therefore, using the optical theorem as schematicallyesgted in fig. 2, the imaginary part of the amplitude whickcdbes
the coupling of the photon to the nucleon-antinucleon pairlse decomposed as

Im [(N(p)N(P2)IJI0)] ~ > (N(p1)N(p2)I 3 InXnid|0) ®)

wheren runs over all the hadronic intermediate states allowed Iogexvation laws. The lightest hadronic state to be consitjer
and hence the first that opens, is thfer~ channel. It follows that the amplitude as well as the FFscitharacterize the?
dependence of the nucleon current, acquire an imaginatyliigarent from zero starting from the so-called theoreticashold
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Fig. 2. Spectral decomposition of the time-like nucleon verte
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Fig. 3. Theg? complex plane with the discontinuity on the real axis giverths superposition of all the intermediate-channel
cuts.

S = (2M,)2. The FFs are then analytic functions in the whgiecomplex plane, shown in fig. 3, with a discontinuity cut, over
the real axis (time-like region), frors up to infinity.

Such a cut is the superposition of the infinite possible inezliate states that can couple with the virtual photon aodyme the
final nucleon-antinucleon pair.

N(p2)

N(p1)
Fig. 4. A photon at large virtuality interacts with the numhe

In the framework of perturbative QCD (pQCD), the FF asyniptbehavior in the space-like region, i.e.gis— —oo, is driven

by two principles: the quark counting rdland the hadronic helicity conservatibmt asymptotically large values 6fg?, the
photon has dticiently large virtuality to see the nucleon made of thredime&r quarks, as sketched in fig. 4. To keep the nucleon
intact, the momentum transferred by the photon has to bedl@amnong the constituent quarks. The minimal action to be @don
order to guarantee the partitioning @fs represented by two gluon exchanges as shown in fig. 4. Tinesponding two gluon
propagators give the power low@?)~2 for the FF. More in detail, for the Dirac and Pauli FFs the astotic power laws are

1\? 1\®
lim Fq(c? ~(—) , lim Fy(g? ~(—) ) 9
q2—>—oo l(q ) _q2 q2—>—oo 2(q ) _q2 ( )

The Pauli FFF,(g?) is connected to the helicity-violating part of the hadmourrent and, since the helicity flip involves, at
leading order, a further gluon-exchange and hence an additjluon propagator, the resulting power law-g)~3, as reported
in eq. (9). The Sachs FFs, defined in eq. (5), have the samepéstyerpower law, i.e.

. ) 1\
in_ Gew(@) ~ (_—qz) | (10)
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The asymptotic behavior in the time-like region can be irgfdrfrom the space-like one invoking the Phragmén-Lind#igf

orenf.” In fact, having that the FFs are regular and bounded in thdamnaper halfg?-complex plane (Ing? > 0), the limits
along the two lines that define this region, the negative arsitige real axes, must be equal, i.e.:

2
||m GEM(qZ)— ||m GEM(Q) [| 2'] (11)

time-like space-like
Since in the time-like region FFs are complex, the fact thay tvanish as real functions means that the imaginary paisives
faster than the real one or, in other words, that the phasg, -as+c, tends to integer multiples afradians.

1.3. Cross sections

Data on nucleon FFs can be obtained studying angular distits of diterential cross sections for the scattereig — e N
and the annihilatioe*e~ « NN. In particular, as it is shown in the schematic represemaif fig. 3:

« from elastic scattering we gain information on the real ealof FFs in the space-like regiogf (< 0);

e from annihilation cross sections we extract the moduli effifFs above the physical threshsid= (2M)?;

e inthe remaining energy interval, frogd = 0 up tog? = sy, the so-called “unphysical region”, FFs are not experiraknt
accessible even though, thanks to the analyticity, thegtitevell defined.

The diferential cross section for the elastic scatteringl — e N in the laboratory frame, i.ep; = (M,0), and in Born
approximation is

do na'za)z cog %

6 1
dcosle  243sir’ 2 {GE(q2)2 T [1 +2(1-ntar Ee] GM(qz)z} 1-7’ (12)
1

where:r = ¢?/(2M)?, 6. is the lepton scattering angle aagy) is the energy of the incoming (outgoing) lepton. The expoess
of eq. (12) is known as the Rosenbluth formBila.
The diferential cross section for the crossed process of the goattee. the annihilatioe e~ — NN, in the CM i$

do 5 5 [, 1
d0039 zqzﬁcQN (1+CO§ 9)|GM(q )| + S|n2 9|GE(q )| 1—; S (13)
whereg is the velocity of the outgoing nucleon a@d, is the so-called Coulomb factdr
na/p
T o =1
Cop = 1 - exp(na/p) (14)
1 Qn=0

It accounts for the electromagnefitN final state interaction and corresponds to the squared adltiee Coulomb scattering
wave function at the origin.

2. Data and discoveries in the time-like region
The total cross section for production processee* — NN can be obtained from eq. (13) via angular integration anekitls
2
o(e’e > NN) = =5 e BCa, [|GM(q2)| T|GE(q2)| } : (15)
The cross section of the time-reversed prodébs— e*e™ is related to the previous one through the proportionaétgtion:
o(NN - e'e") = o(ete” - NN):";%'; = w and hence

4ra? Cq,
T [IG @[ + ,|GE(q2>|2]- (16)

Obviously the only dierence between the expressions of eq. (15) and (16) lieiphhse-space factor, the dynamical
content, represented by the quantity inside the squar&édatisads the same.

o(NN - e*e’) =

3The Phragmén-Lindelof theorem states that: given an andiytiction f(2), such thatf(z2) — aasz — ~ along a straight line, anéi(z) — b asz — ~ along
another straight line, if (2) is regular and bounded in the angle between these two limesa = b and f(2) — a uniformly in this angle.
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2.1. The pp case

In order to have comparable data, what usually experimertsig an d€fective FF obtained under the working hypothesis
IGE(0P)| = |Gwm(g?)]. This assumption is exactly true only at the threstle: s; = 4M? [see eq. (6)].

_ 06" *BBR S| o BBR
& "ADONE | 10| " BES —,
= ASPKR | ?+ ACALO(93) |
L) vDM1 | 3 vCALO(99)
0.4 oDM2(83) I # o CALO(03)
: oDM2(90) :
;H’ AFENICE | , 5
4 *WIRE ] , # *’ *
i *BES 1 102 |
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’ ﬁ% AR .
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Fig. 5. Worldwide collection of data o5.(g?)|. The experiments ar& AB AR'! ADONE? SPKRI® DM1,14 DM2(83)> DM2(90) 16
FENICEL” WIRE,'® BES]® CALO(93)2° CALO(99)2* CALO(03)22

Using the cross sectian(ete” — pp) from eq. (15) andr(pp — e*e”) from eq. (16) in the proton case, i.e. with= p, such
an dfective FF can be extracted from data through

IGP(cD)| = oee >pp) _ | _olpp—ee) 17)
e 3@ B\ 2r

where the second identity holds under the assumption oftewersal symmetry. In terms of Sachs H%l corresponds to the
following expression

27|Gu(@)[* + [Ge(ed)|
o - | oD e

The worldwide collection of data q@é’ﬁ| is shown in fig. 5. It is interesting to note that at laxgfe even thougnG,\pA| — |GE|,
the efective FFIGE.| goes taGy)|.

(18)

2.1.1. Production of p at threshold
BBR has measured the cross section of the process
e'e” — pp
with unprecedented accuracy, collecting more then 4000tsve a wide rage opp invariant mass: from threshold up t04
GeV. The measurement has been performed by using the stdi®l radiation technique (ISR) and detecting the radjgtetbn.

Besides the unavoidable drawback to have a reduced lurtyriysabout a factor of, the main advantages in using this technique
are:

¢ the detection ficiency is quite high even at the production threshold, ileemthepp-system invariant mass is equal
to 2M. This is a consequence of the fact that gigpair is produced together with a photon and hence it has ahaay
boost in the laboratory frame which makes the detectioniplestor any pp invariant mass;

e an energy resolution of 1 MeV for the hadronic system;

¢ a full angular acceptance, even atahd 180, due to the detection of the radiated photon.
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Fig. 6. Low-energyete” — pp total cross section as measuredibyAB
AR The gray vertical line indicates the production threshold.

Figure 6 shows low-energgB:R data on theete™ — pp total cross section. At the production threshold such ascsestion is
suddenly dfferent from zero and then it maintains an almost constanesdhr about 200 MeV. At leading order, gs— 4M?,

the behavior of the cross sectiotfete” — pp), reported in eq. (15), is guided by the phase-space facwtance it should
vanish like the velocity = /1 — 4M2/¢2. However, since we are producing a pair of charged partithesCoulomb correction
has to be considered. This correction is represented byattierfC; defined in eq. (14), that, close to threshold, wiger> 0,
goes like fa/B) and thenit compensates the vanishing of the phase-sphlickght of that, the threshold cross section can be
computed in terms of the modulus 8P(4M?), the common value dBf andGE atg? = 4M? [eq. (6)], and it i$®

o(e'e” — pp)(aM?) = % x [GP@M2) = (0.85 nb)x [GP(aM2)[?, (19)
that, compared with thBsBaR threshold measureméht
o(ete” — pp)(4M?) = 0.85+ 0.05 nb,
gives the FF normalization:
IGP(4M?)| = 1.00+ 0.05. (20)

This means that the proton and the antiproton, at the pramhuittresholdbehave like a pointlike fermion paite. their hadronic
structure does not have anffext.

Even though, the identity of eq. (20) corresponds to the atimations ofG,’;(qz) ande,l(qZ)/,up atg? = 0, as reported in eq. (7),
the validity of similar constraints in the time-like regi@completely unexpected. In fact, at that valuggfthe interpretation
of FFs as Fourier transformations of charge and magnadizalistributions, which underlies the identities of eq., (fYes not
make any sense. Micorscopic modéldescribing nucleon FFs in both space and time-like regiansbe easily tuned to fulfil
the normalization of eq. (20).

As already pointed out in § 1.1, the hadronic current can berpetrized in terms of dierent pairs of FFs. Besidés, and
GE’M, also a partial-wave decomposition can be consideredethdgarity conservation allows only = 0 andL = 2 ahgular
momentum for thepp system, hence we can use BiandD-wave FFSGE andGl. They can be defined as

szzef,,\/he,‘; _GuVT-Ge
S 3 ’ 3 ’
and the total cross section of eq. (15), written in term@gﬂande, becomes

GP (21)

2na?
rlee - pp) = 25 [ e + 2eh@f] 22)
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Here the Coulomb correctidd; affects the only\§ wave because the wave vanishes at the origin.

With a mild assumption on the relative phase betw&EnandGF,, and using theBBR data on the ratidGE|/|GF,| and total
cross sectiott shown in fig. 7, time-like values ¢B§| and|GB| can be extracted. Figure 8 shows modulBofindD-wave FFs,
obtained with this procedure in RéP.and the function 1VR, whereR is the resummation factor of the Coulomb correction.
More in detail, the functiol€; defined in eq. (14) is usually written as the product of an anbment facto€ and a resummation
factorR, with

=" 1

N S =

BBR data proved that

IGE(q)] = % = +/1-expCna/p), for g% € (AM?%, ~ 4 Ge\?),

i.e.: theS-wave FF, close to threshold, is in striking agreement withftinction ¥ VR, as it is shown in fig. 8. It follows that, a
Coulomb correctionCy, with the only enhancement factor should imply@wwave FFGP, which remains almost constant and
equal to one for about 200 MeV above threshold, i.e.

Ci=ExR — Ci=& = [GR(®)I~1, forg®e(4M? ~4GeVP). (24)
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Fig. 7. Top figure: modulus of the ratiGg /Gy, ; bottom figure: - Fig. 8. |G| and|G}| obtained using the ratiGE /GF|, the total
e'e” - pp totgl crgss ‘set‘:tlon. The gray bapds are the fits, while pp cross section. The dot-dashed curve is the inverse of tremequ
the dotted vertical line indicates th@ production threshold. root of the resummation factor of eq. (23), the dotted line s

production threshold.

A naive explanatioff for the introduction of the “rescaled” fact@; of eq. (24) could be the existence of a diitfor the
Coulomb dominance that, in case of baryons, is hundred tyrezster than that expected for pointlike charged fermions.

1aP /P
2.2. The ratlolGE/GMl

For the first timeBBR has measured the modulus of the ratio between electric agdetia FFs in the annihilatioa'e™ — pp.
There exists only one previous attempt done by the WIRE Cotttion, but in the time-reversed procegs— ete .18 Recently,
performing a re-analysis of old data sets from; ¢he™ experiments FENICE and DM2, and tp@ experiment E835, two new
points have been addé®lFigure 9 shows all available data in the time-like regiontfe modulus of the ratio

GE(o?)

R(@?) = p
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The horizontal line represents the so called “scaling’,the identity|GE| = |Gf,||, that, in principle, holds only at the threshold,
see eq. (6), where not only moduli but also phases coincidpatfticular the validity of the scaling above threshold basn
definitively disproved byBB:R (fig. 9) that measured for the first time the inequality

IGE(@)| > IGF, (@), for g® ~ 2Ge\?. (26)

From the theoretical point of view the ratR{g?) is an analytic function in the wholg?-complex plane with the cutsg, o), as
each single FFs (see § 1.2), it follows that its time-like apdce-like values are intimately related. In particulag, ime-like
enhancement has been connected with the space-like daghtivg instead, a decreasing beha¥for.

Furthermore, time-like data gR| can be used to estimate the two-photon contribution in tbegese*e™ — pp. Indeed, the
two-photon exchanged annihilatiehe™ — y*y* — pp has positive charge conjugatidd,= +1, hence its amplitude interferes
with theC = -1 Born amplitude, originating terms with odd powers of éasthe angular distribution. A study performed on the
B3R data gave an estimate for two-photon exchange contribofitive order of few %68 in agreement with natural expectations
for radiative corrections.

—
m BABRAR

IR(0?)

6 oWIRE B

s FENICE +DM2

ab o 4 AE835 il
i

Al |T ,

I 35

Ve? (GeV)
Fig. 9. Modulus of the rati® = ;pGE/Gh. B AB ARdata! (solid squares) are compared with WiElata (empty

squares) and two other points obtained from reanalysesdoflata sets (triangles). The horizontal line indicates the
identity |G| = |G}, i.e. R = up, while the vertical line is the threshold.
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Fig. 10. efe” — AA (a),e'e” — AZ0 + A0 (b) andete — 020 (c) total cross sections measured by Ene’8  ARS experiment. The
gray vertical lines indicate the production thresholds.

2.3. Strange baryons

The peculiar behavior shown by tete™ — pp process, i.e. a cross section which is suddeniyedint from zero at threshold
where it reaches its maximum value and then decreases myfdnas been observed also in other reactions where baryon-
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antibaryon pairs are produced dae” annihilation.BABR measured total cross sections for the processes: — AA, ete —
A0 + AZC andete” — 2950 using the ISR techniqud,in particularo(e'e — AZ0 + AXP) ando(e'e” — £°59) have been
measured for the first time, while for(e*e” — AA) there exists only one previous data point from the DM2 taltation’®
Figure 10 shows the cross section data that, even if witketargors, have the same trend aspipedata. The interesting thing is
that in all these processes the involved baryons are neutdahence no “standard” Coulomb correction is expected. 35ipte
explanation, still based on the copositness of the baryomdd be that threshold behaviors are due to remnants ofoGdul
interactions but at quark levét.

A study of these strange baryon FFs usingpir® relationships, and hence flavBri)(3) invariance also in the low? region,
could be justified by their small masdigirences. In particular, assuming negligible electromagit@nsitions betweeb-spin
triplet and singlet, one can set the following relation agharagnetic moments

2
HAa = Hzo + %ﬂ/@

that could be interpreted as the FF normalization

2
GA = GZO + %GAE’
that should hold at least at som@ value. In the time-like region at the production threshdid electric and magnetic FFs
coincide and are exactly proportional to the square roohefcross section, hence, at this momentum transferredyévéps
relationship can be written in terms of masses and cros®Beedis

2 —
MA\/O'AK: MZowm—zoﬁ + %MAZO O \50 -

If we use threshold values extrapolated from the lowestggngoint of the thredB:Rr data sets shown in fig. 10, we can check
this identity by evaluating the ratio

‘MA VO—AK — MZO ﬂ(TZog — (2/ @)MAZO \/O'Ag
MA VO—AK + MZo 0'20? + (2/ @)MAZO ‘,0-/\5

Despite the large error due the low statistics of the daia,résult is impressive. In fact, the connection among thestiold
values of these quite fllerent cross sections (the data are spread in a wide rangetdrns to hundreds of picobarns) is incredibly
good.

However, vanishing cross sections at threshold, raisiegraing to the baryon velocity phase space factor, cannekbleided
by the presenBBR data?®> More precise measurements are needed to settle this issue.

Furthermore, in the case ofA production there is the unique opportunity to access theptexrstructure of the\ electric and
magnetic FFs. Indeed, studying the angular distributiothefdecayhA — pr~ (A — Pr*) it is possible to measure thte (A)
polarization, whose component perpendicular to the stagtelane is proportional to the sine of the relative phaemvbenGg
andG?%, .31 A first attempt to determine this phase has been ddbet the limited statistics did allow only a poor estimate.

= 0.01+ 0.10. 27)

Figure 11 shows data on tlege™ — nn total cross section. There are only two measurements; tteofie done in 1993
by the FENICE Collaboration in Frasctand a more recent set obtained in 2011 by the SND experihanthe VEPP-2000
collider in Novosibirsk. The red curve is a fit of the first fadata points done using a dipole-typeetive FF, with two free
parameters.

Even though there are no well establish predictions for suchoss section, the obtained values appear quit high. dndse
using asn effective FF the measurgup one, scaled by the ratio betwedrandu quark charges, we get an estimate for such a
cross section, the blue curve of fig. 11, which, close to tiolkk is at least a factor of four lower than the data.

3. Conclusions

The knowledge, the study and the comprehension of baryomafeFadispensable steps towards a deep understandinglofwthe
energy QCD dynamics. Nevertheless, even in case of nugldmmsvailable data are still quite incomplete. The experital
situation is twofold:

e many data sets in the space-like region where recently, théhincreasingly common use of polarization techniques
(see e.g?), a great improvement of accuracy and hence of the capatuliisentangle electric and magnetic FFs has
been achieved;
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Fig. 11. Total cross section efe~ — nin measured by FENICE and SND33 The
gray vertical line indicates the production threshold,rée curve is the fit described
in the text and the blue curve represents the naive expactdtiven from thepp
data.

o few measurements in the time-like region, with only two @mpés, which actually gave incompatible results, to separat
the moduli ofGg andGy, for the proton.

From the theoretical point of view, flierent interpretations have been proposed and the widetywafiettempts reflects the
difficulty to connect the phenomenological properties of nudeparametrized by the FFs, to the underlying theory wisi¢che
QCD in non-perturbative (low-energy) regime.

Nevertheless, the analyticity requirement, which comgetriptions to be valid in both space- and time-like regjainastically
reduces the range of models to be considered. In partichlamore successful ones are the Vector-Meson-Dominarsaiba
models3® that not only are easily extensible from negative to positit, but they were also able to make quite “unnatural”
predictions then confirmed by the data. An example is thediimidackson-Landé mod#,the authors predicted in 1973 the
decreasing space-like behavior for the raﬁ@)/GpM well 30 years before its experimental observafibn.

BBR data gave a factual help in shedding light on the time-likeavéor of proton FFs. Three very interesting aspects haga be
clarified:

e the threshold unitary normalization for the proton FF, sgg20);
¢ the need of a rescaled Coulomb correction accounting fosttiueture of baryons;
e the inequality of eq. (26)GE(g?)| > IGF, (4?)], just above the production threshold.

Many other aspects of the time-like FFs, i.e.: a separata&ian of|Gg| and|Gy |, the measurement of their relative phase, the
explanation of the threshold normalization and the asytigb@havior in connection with the space-like region, ditevgaiting
for further experimental results and theoretical intetgiens.
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