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Electromagnetic form factors (FFs) are fundamental qtieatwhich describe the structure and
the internal dynamics of hadrons. Assuming one-photonaxgé, the production of electron-
positron pairs in proton-antiproton annihilation allowsaccess electromagnetic FFs in the time-
like region of the momentum transfer squared. At the futweekerator complex FAIR (Facility
for Antiproton and lon Research), in Darmstadt, the PANDAti@roton ANnihilation at DArm-
stadt) collaboration plans to measure proton time-likelssg an antiproton beam of momentum
up to 15 GeV/c and luminosity’ = 2.10%2 cm~2 s~1. In the present work the annihilation of an
antiproton beam on a proton target into heavy leptons as moioiaus is considered. Calculating
the production of taus or muons, the leptons mass can notgdeated, as it is generally done for
electrons. The interest of FFs measurements with heawyrisjis related to the fact that radiative
corrections are strongly suppressed. Moreover, poléizabservables which are proportional to
the lepton mass are enhanced. The differential cross seatid polarization observables, when
the beam and/or target are polarized, as well as the pdiarzef the outgoing leptons ip+ p
annihilations are derived at the Born approximation. Theaotfof the additional terms induced
by the lepton mass on the observables is investigated. A ricahapplication is done using the
VDM parametrization of proton FFs. Our results show an enbarent of the polarization ob-
servables of these heavy particles, in particular whenrdresverse polarization of the leptons is
considered. The measurement of unstable lepton polanzatin be done through the angular
distribution of the decay products.
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1. Introduction

The PANDA (antiProton ANnihilation at Darmstadt) experimhgl] is one of the projects
planned at the future Facility for Antiproton and lon Resbas (FAIR) [2], which is under con-
struction next to GSI, Darmstadt. The PANDA physics progreaims to achieve precise stud-
ies and quantitative understanding of the non perturb&iveenergy Quantum Chromodynamics
(QCD). QCD is well understood at high energies, where thangticoupling constant is small and
perturbation theory can be applied. The broad scientifigrammme of PANDA covers charmonium
spectroscopy, search for gluonic excitations, open ch@eotsoscopy, hypernuclear physics and
electromagnetic processes. The experiment will benefi fitee high intensity antiproton beams
which will be provided by the high energy storage ring (HE®RFAIR, in the momentum range
from 1.5 GeV/c to 15 GeV/c. For the PANDA detector, a goodiplaridentification with almost
4t acceptance and electromagnetic calorimetry will be coptbinith high resolution tracking to
achieve the proposed physics goals.

The understanding of the complex structure of nucleon isafrtee main goals of PANDA
experiment. The elastic electron nucle@N) scattering, where the interaction occurs through
the exchange of a virtual photon, is an effective tool to tigate in space-like (SL) region the
nucleon electromagnetic structure, which is parametringdrms of electric and magnetic form
factors (FFs). Electromagnetic FFs are related to the ehdigfribution and the magnetization
current within the nucleon. This relation is straightfordian non-relativistic approximation or in
the Breit frame.

The electromagnetic FFs are real functions of the momentamsfer squared in the SL region
corresponding to theN scattering, and become complex in the time-like (TL) regidrich is
accessible in the annihilation channéss+ N <> e +e~.

The SL proton FFs have been first measured using the Rosergdparation method. The
recent availability of high intensity and high polarized@ton beams at JLab allowed their precise
measurement up to large values of the momentum transferestjbg the GEp collaboration, using
the polarization method suggested by Akhiezer and Rekd®68. In the TL region, due to the low
luminosity achieved up to now, few data exist on the nucleba &nd no individual determination
of the electric and magnetic FFs has been done. Monte Canldations [3] show that at PANDA,
the absolute cross section can be measured up to a valuernbthentum transfer squared ~ 28
GeV?, and the electric and magnetic FFs can be separately degap to 14 Ge¥!

The reactionpp — e"e~ has been first studied in Ref. [4] in connection with the daiksi
ity to extract proton FFs in the annihilation region, assugmone photon exchange. Polarization
observables have been derived in the assumptionzef 0 in Ref. [5]. Following the formalism
of Ref. [6], we extend the calculations of polarization alables for the annihilation reaction
p+p— e +e' tothe case of heavy leptons, suchuasr 7. The main difference is that the mass
of the lepton can not be neglected and this induces new terthe istructure of the amplitude. The
interest of FFs measurement fin+- p annihilation into heavier leptons is related to the follogi
facts:

e The individual determination of the electric and magnetmt@n form factors inpp — ¢ ¢~
requires a precise measurement of the angular distribatidghe final lepton for the Born
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diagram. Radiative corrections (RC) due to the emissioealfaind virtual photons do affect
the measurement of the experimentally observable queshtiti particular of the differential
cross section. Based on a model for the proton FFs, one neeslmluate theoretically
the radiative correction due to the final state radiatioomelst photon emission from both
leptons, as well as the radiation in the initial state at ttetgm vertex.

Full simulation with PANDA detector showed that the diffetial cross section can be
measured at PANDA with a precision of about 396%. Analytical calculations [7] for
pp — e"e" showed a total value of RC in the range [26940%] [8], depending on the
energy and the angle of the outgoing electrons. In the casauoh or tau production, RC
are essentially suppressed by the mass of the heavy leptons.

e Thert lepton is an unstable particle with a decay time equal to®90.0*°s. The polariza-
tion of unstable particles can be measured, in principleuiph the angular or energy distri-
bution of their weak decay products; by consequence, theradisles related to the lepton
polarization may be experimentally measured without poleters. At the LEP collider, the
ALEPH Collaboration measured threpolarization in the center of mass (CM) of electron-
positron collision from different decays suchas—» m +v;, T a1 +V;, T — P+ Vr
[9, 10].

e From the relativistic definition of the particle polarizati 4-vector, the observables corre-
sponding to the transverse polarization of the lepton domite factorm, /E (my is the lepton
massE is the incident energy). In the GeV range, this correspoadshuge suppression in
case of electron, whereas, in casa ¢épton it becomes an enhancement in the GeV range.

2. General formalism for (heavy) lepton pair production

Let us consider the reaction:

P(PL) + P(P2) = € (K1) + 07 (k2), (2.1)

wherel = e, u or T and the four-momenta of the particles are written in paesgh. In the Born
approximationq = k; + ko = p1 + p2 is the four momentum of the exchanged virtual photon.

2.1 Kinematics

In the CM system, the lepton pair is emitted back to back awti é&spton carries half of the
total energy. In the Lab system, the kinematics for a madspt®n, in particular for a-lepton,
which mass is larger than the proton mass, is essentialigrelift from the case when the lepton
mass is neglected. In the caseedlr , there is no limitation on the angular region of the produced
(negative) lepton in the Lab system, and there is a uniga¢ioalbetween the energy and the angle.
In the limit of zero lepton mass, this relation can be writésn

MW

El=————.
1=w- pcoso;

2.2)
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Figure 1: Energy of ther— lepton as a function of the emission angle o= 6.85 GeV (blue dot-dashed
line), E = 15 GeV (black solid line) an& = 30 GeV (red dashed line), in the Lab system. The limiting
angles are shown as vertical lines for the correspondingygne

When the mass of the lepton exceeds the proton mass, theradgienum limiting angle for the
lepton emissiorBr.y, Which depends on the lepton mass and on the incident energy:

W, /mZ — M2
COSBax = T, (2.3)
4

and it is illustrated as vertical lines in Fig. 1.
In the Lab system, from the conservation laws of energy anchembum one finds that one
angle corresponds to two possible values for the energyeddhittedr ~ lepton:

MW?2 + \/p2 cog 6 [W2(M2 —m?) + mZ p? cos 64|

(W2 — p2cog 6,) '
This is illustrated in Fig. 1, for three incident energles= 6.85 GeV, just above the kinematical
threshold (blue dash-dotted lin&),= 15 GeV (black solid line) and# = 30 GeV (red dashed line),
well above threshold.

The correlated lepton has two values for the energy (whitiefganergy conservation) and is
emitted at two corresponding angles (Fig. 2).

Ef = (2.4)

3. Matrix element

The scattering amplitude7 is a relativistic invariant. In a Feynman gaug#, can be writ-
ten in terms of the electromagnetic current of the leptpp),(the nucleon(J,) and the photon
propagator as:

4na

. ama . -
///Z—FJuJu:—?(JOJo—Jﬂa (3.1)
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Figure2: 7" emission anglé, as a function of the~ angle®; in the Lab system. Notation as in Fig. 1.

wherea is the electromagnetic coupling constant. The leptonitecity assuming no internal struc-
ture for the lepton, can be derived from the Lagrangian demdithe quantum electrodynamics
(QED) as:

Ju = u(ke) yuv(kz), 3.2)

whereu(ks)(v(k2)) is a four component spinor of free Dirac particle (antigde)i. The structure
of the hadronic current is more complicated than the leptonirent due to the complex nature of
nucleon. It can be written as:

= VD0 G ()i Lol (). @3

whereP, = (p1 — p2)u/2, andM is the hadron mass. The quantiti&g (q?) andF(g?) are the
magnetic and Pauli FFs of the proton. They are complex fonstof the variable?. The complex
nature of FFs in the time-like region of momentum transfedue to the strong interaction in the
initial state. We use below the Sachs magnetic and chargewkiich are related to the Dirac and
Pauli FFsF; 2(g?) as follows:

Gm () = Fu(0P) + Fa(0P), Ge(q?) = Fu(af) + NpFa(0?), np = o/ (4M?). (3.4)

The differential cross section is related to the matrix elatsquared (3.1) by

a3k, d3ks

(27'[)4’ ‘2
(2m)P4E,E,

W 54(p1+ p2 — ki — ko), (3.5)

do =

where.# = (py - p2)? — p2p3, E1(E>) is the energy of thé (¢1) lepton, and
1P2

e - .
|%|2 - @LuvHuv, Luv - JHJV’HHV :JHJV (36)
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The expressions of the leptoriig, and hadroni¢d,,, tensors depend on the polarization states
of the lepton and nucleon (spin 1/2 particles). The densiyrimp = u(p)u(p) for a free Dirac
particle of four-momentunp and mas$/1 can be written as:

p = u(P)Tp) = (B-+M)5(1-69) 37)

The polarization vectos is a pseudo-vector which satisfigs= —1 ands- p = 0. It is related to
the unit vector along polarization of the particle in itstregstem,y by:

P-X

_ B(P-X)
=2, (3.8)

S=x+—— A
X+|\/|(M+po)

S

3.1 Electromagnetic tensors
The leptonic tensor for the case of an unpolarized lepton is:
Lif = A(Kukay + Kavkoy) — 20Pg,, (3.9)

wheregy, is the metric tensor of the Minkowski spacetime. The contidn to the electron tensor
corresponding to a polarized electron is

Luv(sl) = 2iMyEuvpodpSio, (3.10)

whereS; is the polarization four-vector describing the lepton piaktion, ande,, ¢ is the unit
antisymmetric tensor witkgio3= 1.
The leptonic tensor can be written as a sum of unpolarizecalatized terms as:

Luv - L/(,10\2+Lyv(sl)+|—uv(sl732)- (3-11)

Luv(st,S2) corresponds to the case when both leptons in the final stafeoarized.
In the same way we can write the hadronic tensor:

Hyw = HiY + Hy (S2) + Hyv (Sa, S0).- (3.12)

The hadronic tensor for unpolarized protoHé,?,), is written as:

HO = (gw - %) Hy + PuPHa, (3.13)

where 8
Hy = —207|Gu[* Hy = n—luemz—np\GEﬁ. (3.14)

-

The explicit expression of the tensHl,,(s,) (antiproton beam is polarized) in terms of nu-
cleon electromagnetic FFs is:

2
i (sa) = —17 [M?IGu* < pvas, >

+(np— 1) 'ReGu(Ge — Gm)" (< HPLP2Sa > Py— < VP1P2sa > Py)

2
+—————=IMGuGE (< UP1P2Sa > Pv+ < VP1P2sa > Py). (3.15)
M(np—1)
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with the convention< abcd >= €08, by Cpds (the greek letters are used for summation indices,
the roman letters indicate four-vectors).

The last term in Eq. 3.1Elff\?’sb> describes the annihilation of polarized antiproton beath wi
polarized proton target.

4. Differential cross section and polarization observables

The expression of the differential cross section for unpmda pp — ¢~ ¢* is obtained from
the square of the scattering amplitude by the contractidhefinpolarized leptonic and hadronic
tensors I&IBVL?N). The unpolarized cross section contains only the moduwlaseg of the form
factors. The investigation of reaction (2.1) with poladzmntiproton beam and/or polarized proton
target carries information about the phase difference efriicleon FFs®p = @y — ®g, where
Py e = argGumE-

The simplest polarization experiments is the polarizatimasurement of one of the scattered
particles in unpolarized beam and target scattering, ostlattering of a polarized (unpolarized)
beam on unpolarized (polarized) target without measurérogfinal state polarization. These
experiments allow the measurement of single spin obsasathich are proportional to the imag-
inary part of nucleon FF4 i F;).

4.1 Single spin observable A;

Unlike elastice™ p scattering in one-photon exchange approximation, thedmécltensor in
the reaction (2.1) contains an antisymmetric part due tofdhethat nucleon FFs are complex
functions [6]. Therefore, in the present case, the poldodreaof only the antiproton may lead to
nonzero spin asymmetry.

Single spin observables are obtained by the contractidmeddpin-independent leptonic tensor
LLOB and the part of the hadronic tensldﬂ}Hle)(sl), Eqg. (3.15).

The single spin asymmetry due to the polarization of theolepfanishes, because the spin-
dependent leptonic tensor does not contain any symmetridg@zer the indicegu andv). This
is due to the fact that we assume that the electromagneécatction of the lepton is point-like
(does not contain FFs). The measurement of this asymmatstitutes an experimental test of the

point-like nature of the (e andu)-lepton, at large values of.

4.2 Double spin polarization observables

Three types of double spin observables are considered here:

e The polarization transfer coefficienTg, which describe the polarization transfer from the
polarized antiproton beam to the produced negative lepton.

e Analyzing powers in the initial state;;: polarized proton-antiproton collisions.

o Correlation coefficients in the final sta@g : polarized lepton-antilepton pair.

The indexed, | correspond tan (normal),t (transverse)| (longitudinal), according to the
direction of the polarization vectors of the lepton, ooy, z, referring to the direction of the
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hadron. The expressions for the double spin observablesoarbinations of mFF;, ReF;F; and
[F12f?.

4.3 Triple spin polarization observables

The polarization observables for the production of a ppé&ti(negative) lepton in the annihi-
lation of polarized protons and antiprotolto;x are also calculated. The four subscripts denote,
respectively, the detected particle, the associatedctgrthe projectile, and the target. These ob-
servables do not contain additional information about @oclFFs, however the ratio of any pair
of these triple spin polarization observables does notm®pa the nucleon FFs, but is function
only of kinematic variables. This is a consequence of thegrmon exchange approximation. In
the case of the presence of two-photon exchange, this pyag@es not hold anymore. Therefore,
in principle, the measurement of these observables givasdization of additional mechanisms
beyond Born approximation.

4.4 Polarized cross section

The differential polarized cross section can be writterenmis of the polarization observables
as:

do dog

0= d—Q(1+AiX1i + Tij X1 Xaj + DijX1i X2j + Cij Xai Xbj + MijkX1i X2j Xak), (4.1)

The factor% is the unpolarized cross sectiox.  « is the polarization vector along the j
or k direction. The indices 12, a andb refer respectively to the antiproton, proton, negative and
positive lepton.

The complete expressions of polarized and unpolarized @estion, taking into account the
mass of the lepton, in CM and laboratory frame can be foundein R1].

5. Numerical Results

The non-vanishing double spin observables are shown ir3Figsing the parametrization for
the proton FFs of Ref. [12], as a function of ébs1 CMS forE = 15 GeV.

In 1973 a model for the SL nucleon FFs was suggested by lachlgltkson and Lande [13]
based on the Vector Meson Dominance, in which the externatophcouples to the nucleon
through intermediary vector mesons with the same quantumbets as the photon (total spin
1 and odd parityd® = 17). In order to take into account the coupling to the vector anesthe
Dirac and Pauli nucleon FFs are expressed in terms of 4 isosoad isovector FFs. The proposed
model is in excellent agreement with the polarization tfendata of the GEp collaboration [14]. In
2004, the generalisation was extended analytically to theegion by introducing complex terms
in the expressions of the FFs Ref. [12].

Fig. 3 shows that, for the-lepton, the effect of the mass is sizable in all the obsdegllhe
difference between thg ande effects is tiny and it is best seen in the observables relatdie
transverse polarization of one lepton, sucfi@sT,, Tny, andC;.
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Figure 3: Double polarization observables as a function of@ofor g° = 15 Ge\?, using the parametriza-
tion from Ref. [12] in CMS, foru (blue solid line), fore (black dash-dotted line), and for(red dotted line).
The calculation foe is hardly visible in some observables since it overlaps g line.

The coefficientsTr%, TS, TS are proportional to the mass of the produced lepton and tieey a
suppressed by the factor,/M for ¢ = e or . In the case of a-lepton this factor constitutes an
enhancement of 2.

6. Conclusion

The measurement of TL proton FFs at PANDA will enhance oumkedge on the electro-
magnetic structure of proton. The heavy lepton productitmwa a precise measurement of proton
FFs by reducing the effect of photon radiation. Heavy legtmrduction enhances the polarization
observables of transverse polarized lepton. The measuatavhthese observables gives access to
the relative phase of FFs. The measurements of these @tlanzobservables and the proton TL
FFs at PANDA using the production of heavy leptons is undegstigation.
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