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A Brief history on the proton’s structure

Non-point-like nature of the proton
@ 1933 O. Stern observed that the proton magnetic moment is 2.8 times
higher than the expected for a point-like particle.
@ 1950 Rosenbluth introduced the concept of the form factors for composite
targets.

. scattered wave
incident wave

The total scattered amplitude is the sum of the amplitudes on the
individual charges (A= 3", Aj):

do _  do 12 = a7
digi(dQ)Pl|F(q)| I F(q) Ze’e

pi: position operators of internal motion in the target.
F(q) is the charge form factor
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Electromagnetic Form Factors (FFs)

@ Two independent FFs for spin 1/2 particles (25+1).
@ Gp and Gg describe the charge and the magnet distribution of the proton.

Space-like Time-like
e+p — e+p

FFs are real FFs are complex

@ Gu and Gg parametrize the vertex ppy and ppr.
@ Gu and Gg are complex function of s = g* only (Born approximation).

@ Gy and Gg preserve the symmetries of the theory (real functions in
space-like and complex in time-like region).
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Time-like Electromagnetic FFs with pp — eTe™

e Cross section (Born approximation)
A. Zichichi et al., Nuovo Cim. 24, 170 (1962).
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Figure: Experimental data of effective FFs from different experiments at different
energies.

e Due to the low statistics in the experiments, FFs are measured under the
Hypothesis:
|Gm| = |G|
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Generalization to heavy lepton production

Investigation of new electromagnetic channels with PANDA.

pp—e'e pp—oppn,pp—oT T

Figure: Proton-antiProton ANnihilation at DArmstadt

o Mass of electron (me = 0.51 MeV.c™?) can be neglected.

o Mass of muon (m,, = 105.6 MeV.c™2) can not be neglected at moderate
energies (MeV range).

@ Mass of tau (m, = 1777 MeV.c™?) larger than the mass of proton, can
not be neglected at all energies.

Alaa Dbeyssi Experimental observables in pp decay into two heavy leptons



Heavy leptons production: advantages

@ The radiative corrections are suppressed by the mass of heavy leptons.

\ // ;V 1% \\1 /
p Y AVaY JL/\ /\;7—\/\ AN R t \7
. /( \ N //( \ N

o The polarization of instable particles (¢ [2.197 x 107 %] and 7
[290.6 x 107*°s]) can be measured through the angular distribution of
their (weak) decay products.

@ Enhancement of transverse polarization observables.
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Starting point: Matrix element

eZ

M=—J, ?J'u

Hadronic current Leptonic current
Photon propagator

) Ik

Y'(q)

p(p) F)

P G. -G . —
JH:V(pl)[GMYu+MH 1NfT‘| E]u(pz) JH:u(kl) YHV(kZ)
P

q=ki+ k= p1+ p2, mp = ¢°/(4M?), M=mass of proton.
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Differential cross section (CM)

Experimental observable to measure the modulus of proton FFs.

— -
dr_ WP e
dcos  327s|p| Mp

(1 — 87 cos® ) + |Gm|*(2 — Bi sin® 0)

do/dcost = ao(1 + Acos®0), oo and A = f(|Gul, |Gel|, me)

35210
)
E /
a -
s epnT
3 e

251 /‘/

//
207 [—
15

10 1 1 1 1 L
N 02 04 06 038 1
cos?

e The intercept op and the slope A depend on the mass of the leptons.
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Total cross section
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Figure: Cross section ratios R = o(eTe )

, for £ = 7 (red line) and ¢ = p (blue line) .
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Polarization Phenomena

Polarized cross sections give access to the relative phase of Gy and Ge.
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Polarization Phenomena

In the relativistic approach:

p = u(p)u(p) particle antiparticle
unpolarized p+M p—M
polarized | (p+ M)L(L —53) | (p— M)L(1—15)
0o_BiXi 2 _ o Bi-XiPi
ST TN N m;(E; + m;)

Xi is the direction of the spin particle in its rest frame

General form of hadronic and leptonic tensors:

Huw = Ju i = HO + HY(s1) + HY(s2) + H) (51, 52).

Luw = jujs = L + L8 (sa) + L3 (sb) + LD (50, 50).
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Single Spin observable

Polarized antiproton beam

Huo = HO + HO(s1), Ly = L)

Polarized cross section:

ﬁ_a Be
dQ  4s3 3,

daun

(LMV(O) ;w L L;wH(l (s1)) = (1 + Ay y Xiy)

Single spin asymmetry:

o 28
y \/ﬁDC

(1 - B7cos’0) + |Gu|*(2 — Bi sin® ), B =1—4m;/q".

cosOsin0ImGy G,

|Ge[?
Tlp
The z-axis is taken along the antiproton beam momentum.

DC
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Double & Triple spin observables

e Double spin
o Polarization transfer coefficients

Brp—o it +0F
o Correlation coefficients
BBl +0T, p+p—b— +6F
o Triple spin
o Polarized lepton in polarized proton-antiproton annihilation
B+p—o b+t
o Polarized lepton-antilepton with polarized antiproton beam

Btp— b+ 6+

Combination of |Gu|,|Gg|, ImGum GE, ReGum GE

Full expressions in CM and Lab frame: arXiv:1110.6722 [hep-ph].
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Double spin observables: Transfer Coefficient

@ Polarized antiproton beam (along x-axis).
o Polarized lepton (transverse polarization).
@ Unpolarized proton target and produced antilepton.

do doun
diﬂ - dQ (1 + TtxXtXx)
T, — my cos 6 ReGr G-
tx ZW DC (SICTVACT=
D¢ = [Gel® 1 0) + |Gu|*(2 — 0
n (1= B7 cos”0) + |Gu[*(2 — B sin® 0)
p
me my
Ze 0,0 =011,°2 =1
M 0, M 0 M 8

X, y, z polarizations of the antiproton along x, y, z-axis respectively.
I, t, n longitudinal (]|k1), transverse (L k1) and normal (L to scattering plane)

polarization of lepton.
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Double spin observables
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Figure: Polarization observables as function of cos@, ¢ = 7(red line), £ = p (blue line)
and £ = e (black line), for g> = 15[GeV//c]?
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Background

Leptonic channels

@ Total cross section is in the [nb] level.

® 2121 n®
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Figure: Pbar p annihilation into mesons

e The possibility to identify leptons in the proton antiproton annihilation is
under study.
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Summary

In the present work, we have:

o Studied the Electromagnetic proton form factors with p annihilation into
heavy leptons.

@ Derived model independent expressions of experimental observables in one
photon exchange for pbar+p annihilation into heavy leptons.

@ Showed the interest of pbar+p annihilation into
heavy leptons for the extraction of electromagnetic proton form factors

This work is in progress:

@ Calculation of all observables beyond the Born approximation (with 2
photons exchange).

o Full simulation of this reaction in the frame of PANDAroot:
elimination of the huge hadronic background.

Thank you for attention
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Parametrization of time-like proton FFs

VMD form factors from F. lachello and Q. Wan, PRC 69, 055204 (2004):

Model of time-like form factors of the nucleon with an intrinsic structure and a
meson cloud (Vector Meson Dominance (VMD)).

— . 2y _ 1

o Intrinsic part: g(q°) = G377

@ Meson cloud parametrized in term of p,w, ¢

o Fitted to the experimental data. J

@ Complex functions taking into account the annihilation channels.
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Dirac formalism

Spin 1/2 particles are described by Dirac spinor:

u(p)\/EJrI\/I( 313(1))

@ p is the particle 4-momentum.
o u(p) is a four component spinor.

e & is two component spinor.

p = u(p)u(p) particle antiparticle
unpolarized p+M p—M
polarized (P+MZI(1T—73) | (h— M)I(1—159)
0_PXi gz _ o PXiP
T Ty TN N m;(E; + m;)

Xi is the direction of the spin particle in its rest frame
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Polarization Phenomena

General form of hadronic (proton-antiproton) and leptonic tensors:
= TpNGw + s P ). o = (b)),
Huw = Judi = HD + HEX(s1) + H(2) + HE (51, 2).
Luw = Judl = Liod + Li)(2) + L2 (sb) + LD (50, 5)-

H‘(LOV) Unpolarized antiproton-proton system.

° Hftll,)(sl) Polarized antiproton beam.
° Hﬁlg(sz) Polarized proton target.

° Hfﬁ,)(51752) Polarized antiproton beam and proton target.
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Kinematics

@ The kinematics of the reaction is derived from the conservation law of
energy and momentum.

@ Electron is a stable particle, muon is unstable with long life time
[2.197 x 107%] : can be detected.

e Tau is unstable with very short life time [290.6 x 10™'°s]: identification
with their decay products.

7~ Decay modes || T U, | Kwv. | poww |
Branching ratio % || 10.91+0.07 | 6.96 =0.23 | 17.36 =0.05 |

@ Special case for 7 production : mass of the final state particle (like 7) is
larger than initial state particles (proton).
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Kinematics of 7 in the Lab. frame

e At one scattering angle of 77 : two solution for the 7~ energy and two
possible scattering angles and energies for 7.

e Maximum scattering angle depending on the incident energy.

= = 30

82 g |

o 2
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15; 155
10; 10:::
0.85 %=

cosb,

Figures: E; = 6.85 GeV , E; = 15 GeV and E; = 30 GeV.
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