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Outline

EM Form Factor in the time like region
Data (pp -> e*e’, e*e" -> pp, e*e” -> ypp)

Electromagnetic probe opportunities



How do Hadrons arise from QCD?

e Fundamental differences relative to QED
e Self-interacting: highly nonlinear
® [nteraction increases at large distance: Confinement

® Interaction decreases at small distance: Asymptotic freedom

QED QCD



How do Hadrons arise from QCD?

[ 15 MeV |




QCD-Renormalisation a la QED
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QCD-Renormalisation a la QED

models
lattice QCD

X-PT
Dyson-Schwinger

aQCD

anjD

perturbative QCD

1 100
Q’ [(GeV/e)




QCD-Renormalisation a la QED

models
lattice QCD

X-PT

i nonperturb.
I QC]g perturbative QCD
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- origin of nucleon mass
- quark and gluon condensates
- structure of the nucleon -> Form Factor
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Rapid acquisition of mass is B. Miiller, Nucl. Phys.
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R. Hofstadter (1956), Proton Electromagnetic Form Factor
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Electromagnetic Form Factor (QED)

vector current of quarks

< N(p")|qutry,u + qadypd + ... [N (p) >

matrix element

I, ISH

w‘ CDL\DH

_ _ e qu
p u(k2)ypu(kr) w(p2)[Fi(q®)ymu + ik 2“m fz(éf)]u(pl)
| GeE=F1+F2 ’ \
Dirac Gu=F1+1F2 Pauli

all hadronic structure and strong interaction in form factors,
but subject to electromagnetic (QED) radiative corrections

hadronic vector current: two form factors (2 s + 1)

internal structure of hadron ground state
Dirac Pauli

F1P(g?=0) = 1 FoP(g%=0) = 1
Fin(q*=0) =0 Fan(q?=0) = 1



Electromagnetic Form factors of the Nucleon
q* <0 Fi@’)

space like time like
4M:

g* >0
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unphysical region

Form Factor real Form Factor complex

cross section (Rosenbluth) cross section (angular Distr.)
no single spin observables single spin observables (Py)
double spin observables double spin observables

connected by dispersion relations



Electromagnetic Form factors of the Nucleon

g° <0
space like

F1(q?) qz ~0

\ thnilike \\
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B PPE

Form Factor real

cross section (Rosenbluth)
no single spin observables
double spin observables
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Form Factor complex

cross section (angular Distr.)
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double spin observables

connected by dispersion relations



Timelike Form Factors

QCD counting rules constrain asymptotic behavior

¢¢ — —0o0

Fi(¢®) — (=¢*) Ut
1 = 1 Dirac FF 1 = 2 Pauli FF

Gev — (—¢9)7°

Analyticity

¢° — “+oo Phragmen Lindeloef

GE,M(—OO) — GE’M(—FOO)

(imaginary part must vanish for large g?)



Observables
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Polarisation Transfer (scattering)
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Cross Section (pbar annihilation)
(Angular Distribution)
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Cross Section (pbar annihilation)
(total cross section)
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Cross Section (Initial State Radiation)

e
P Mass spectrum of pp system in the e*e- — ppy reaction
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EM form factor (g% > 0)

Babar, BESIII: Initial state radiation (ISR),
radiative return

BaBar, BESIII: Measurement
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Cross section (pb)

Cross section (g2 > 0)
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Adone e*e: 25, 69 ev.
ELPAR pp: 34 ev.
DM1.,2 e*te: 63, 172 ev.

|Ge|/|Gm| = 0.34
PS170 pp: 3667 ev.
|Ge|/|GMm| = 1

E760 pp: 29 ev.
E835 pp: 206 ev.

CLEO e*e: 14 ev.
BES e*e™: higher stat
BaBar e*e: high stat

All data: Measure integrated cross section



Proton form factor
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EM form factor (g¢ > 0)
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E760 pp: 29 ev.
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EM form factor

Rossenbluth separation Space-like
data

[~  —A— Christy, Phys.Rev.C70 (2004) 015206
—&— Qattan, Phys_Rev.Lett94 (2005) 142301
~  —&— Arrington, Phys.Rev.C68 (2003) 034325
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Polarization transfer experiments
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EM form factor
From Angular

Rossenbluth separation Space-li Distribution:
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EM form factor (g% > 0) and
Vector Meson Domlnance
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EM form factor (g% > 0) and Vector Meson Dominance (VMD)
use pion-initial-state-radiation
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Johannes Gutenberg-Universitat Mainz

Institut fir Kernphysik

pp — 7’ete : Results in the Regge framework

Cross Section:  49/(dtdq2d$ ) [nb/Gev4sr]
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Target Asymmetry and Polarisation Transfer
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Imaginary Part of Time Like FF
single spin target asymmetry

ﬁp%fﬁ

Single-spin polarization effects and the determination of timelike proton form factors
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EM form factor (g% > 0)
Babar, BESIII: Initial state radiation (ISR),
radiative return
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Timelines FAIR Modularised Start Version
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Submission building permits
Site preparation

Civil construction contracts

Building of accelerator & detector components
Completion of civil construction work

Installation & commissioning of accelerators and detectors

®6©

Data taking




PANDA Collaboration
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PANDA physics program

Hadron Spectroscopy
Experimental Goals: mass, width & quantum numbers JFC of resonances

Charm Hadrons: charmonia, D-mesons, charm baryons
> Understand new XYZ states, D_(2317) and others )
Exotic QCD States: glueballs, hybrids, multi-quarks 2
Spectroscopy with Antiprotons:

Production of states of all quantum numbers
Resonance scanning with high resolution

Nuclear Physics

Hypernuclei: Production of double A-hypernuclei
> y-spectroscopy of hypernuclei, YY interaction P
Hadrons in Nuclear Medium antiproton annihilati@p

Physics performance report: arXiv:0903.3905v1



Two body
thresholds

Molecules

Gluonic
Excitations

Hybrids

Hybrids+Recoil

Glueballs

Glueballs+Recoil

qq Mesons

Physics performance report: arXiv:0903.3905v1
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PANDA: the detector

GEM Detectors Shashlyk Calorimeter

Muon Range
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PANDA: the detector
(muon counter system)

u - Filter FRS
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The PANDA Central Tracker




The PANDA MVD

Full-Size Prototypes

ASIC Prototypes ToPix v3 Full-Feature Prototype
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The PANDA Cluster Target
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Background
Input for event generator

pp%ﬂ: 7T+
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Particle ldentification Capability of PANDA
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Simulation of pion background versus signal in PANDA

m-background Suppression Signal Efficiency
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A suppression factor 107 is achieved The signal efficiency is about 40%




EM form factor (g% > 0)

Babar, BESIII: Initial state radiation (ISR),

radiative return
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Extension to other Observables

pp — ete



Generalized Parton Distributions and
Transition Distribution Amplitudes (scattering)

Generalized Bjorken limit:

@ Factorization theorems for DVCS

and HMP: amplitude can be Q?%, W2 — large xg — fixed ;
presented as convolution of —t=—(p’ — p)? — small
parton level amplitudes and GPDs (compared to Q2 and W2)
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Generalized Bjorken limit (—g? = Q?, W? — large; xg = 2(3—: — fixed)
@ t ~ 0 (forward peak) factorized description in terms of GPDs

@ u ~ 0 (backward peak) factorized description in terms of TDAs

( L. Frankfurt, M. V. Polyakov, M. Strikman et al.’02; B. Pire,

L. Szymanowski'05)

K. Semenov-Tian-Shansky, Universite de Liege



Generalized Parton Distributions and
Transition Distribution Amplitudes (scattering)

d o /dQdt

K. Semenov-Tian-Shansky, Universite de Liege



Generalized Parton Distributions and

Transition Distribution Amplitudes (annihilation)
@ Factorized description of NN — ¢Y¢=M in terms of MN TDAs for near forward

(g% = Q?, W? — large, 2P(i-q — fixed, t ~ 0) and near backward (g% = Q?, W?

.
2pj-q

— large, — fixed, u ~ 0) regimes (Lansberg et al.’07)
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K. Semenov-Tian-Shansky, Universite de Liege



Generalized Parton Distributions and
Transition Distribution Amplitudes (annihilation)

@ develop the proton wave function as:

|999) +|qqq ) + ...
\—,—/

Described by nucleon DA

@ 7N TDAs provides information on the next to minimal Fock state in the baryon;

»

P 1), I

]J

@ Impact parameter space interpretation: the Fourier transform A1 — by =
transverse picture of pion cloud in the proton

i

K. Semenov-Tian-Shansky, Universite de Liege



Transition Distribution Amplitudes
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Bg Efficiency (%)

Transition Distribution Amplitudes
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Exciting times for Nucleon Electromagnetic
Form Factors

® New BaBar-results on electromagnetic form factors from ISR
® BES-lll data from ISR under analysis

® Jlab || GeV upgrade brings new data, new experiments for proton radius
(JLab, MAMI, PSI)

® FElectromagnetic Form Factors of the Nucleon with PANDA: Unprecedented
Accuracy (from 50% to 3-5%) pp — e'e

® Supression of hadronic background better than 108 due to PANDA particle
identification capabilities and kinematical constraints

® Theory activity: Models for time like FF, Radiative Corrections
(ISR, FSR, Polarisation, Two-Photon-Exchange)

® Extented to Transition Distribution Amplitudes: pp — e*e 1T’

® Extension to Muons, Drell-Yan with Muons, Electrons: pp = e*e” X, Time like
GDA.:s, ... rich nucleon structure program in PANDA

® Transversely Polarized Target in PANDA



