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E\Q 5\‘0'(.' chﬂgrins = Fejnman debs ram Form Factors

Low-medium energy: Distribution of charge and
Rutherford magnetism inside the hadron
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Proton Puzzle 1: M
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* Possible vaﬁplanation? Maybe people made
mistaken assumptions in the past?




Proton Puzzle 1: W

New York Times

* Different ways of measuring proton radius
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Figure 8: Proton radius measurements categorized by technique. The blue points rep-
resent results from Hydrogen Spectroscopy, the green points are from p-Hydrogen Spec-
troscopy, the red points are from Ep Scattering, and the purple points are from Reanalysis
of data.

* Possible Explanation? Maybe people made
mistaken assumptions in the past?




Elastic cross section (p’? = m?)

Form factors

Mott cross section

B Oi2 COS2 (%)
oM 4B sin (%) ) QY/E?

F,, F,: Dirac and Pauli form factors
Gg, Gy Sachs form factors (electric and magnetic)
Ge(Q?) = Fi(Q?) - tcF5(0?) T = QY4M
Gu(0?) = F,(0?) + xF5(0?) x = anomalous magnetic moment

R, R1: Longitudinal and transverse response fn
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Notes on form factors

* G G, F; and F, refer to nucleons
— F.P(0) =1, F,P(0) = %, = 1.79
— F,"(0) = 0, F,"(0) = %, = -1.91
—GP(0) =1, GyP(0) = 1 + K, = 2.79
—G"(0) =0, G,,"(0) =k, =-1.91
* Kisthe anomalous magnetic moment
* R, and R; refer to nuclei
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Electromagnetic Form Factors
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Electromagnetic Form Factors

JLab E012-07-108, e-p elastic cross section

T T T T | T T T T | T T T T I 1 .2 T T T T ] T T T T I T T T T I
L0 S — VMD - E. Lomon (2002) — - 004 ©  Andivahis .
VMD - Bijker and lachello (2004) — o o Sill (3% norm. uncert. not shown) 1
k RCQM - G. Miller (2002) 7] - Walk _
T\ —— — DSE- C. Roberts (2009) 1 10 e £ (elker
B F,/F, o In(Q%/A%)/Q2, A = 300 MeV | | ) ®m  JLab 6 GeV _
05— o - *
: | n | ¢ [} Our results (6/2018) (1.5% norm. uncert. not shown) _|
= -1 — % [o3 Our additional data points to be analyzed —
- D Ny 1 o8 3 ‘g —
it — - ]
0.0 | T T“‘: — Inner error bar: stat. unc. 1
| u GEp(1) _ — Outer error bar: stat. + pt-to-pt syst. unc. * 1
| v GEp(Q) n 0.61— )
B GEp(3) (prelim, stat only) \\ | | + —
05— O GEp(5)E12-07-109, SBS _ B 8 o9 $ [}. |
—_— ' gall—a 5 3 e ¥ & o o 5 P & 5 o g L 3
0 5 10 15 470 0 20 30
Q%in GeV? Q* [(GeV/eY]
L L L R B " R R R R R R
L / V4 A Schlimme, MAMI i 3 —  Bodek
. / A Riordan, JLab Hall A i 1.0k Kell .
1.0~ e D, JLab Hall A (prelim) | ' —_rely Z. Ye et al. / Physics Letters B 777 (2018) 8-15
L A E02-013 Preliminary 4 i Alberico
e E12-11-009, Hall C
B M E12-09-016,Hall ASBS ] | %
- @ __Present Proposal T e _/;;.:f + [
- / I =i § ;/t* w& T
0.5 e ] "= RCQM - Miller (2006) — :

h— === VMD - Lomon (2005)

GMn/lunGdi

[ (da) (da) €(G)? + T(Gl)p?
~ = . Diquark-r - Cloet (2012) 1 L q10 = 40
—bdeaeia | 2T \ dQ /o \dQ /o  €(1+7)
—  F,/F, A=300MeV
Our Fit B r
N L
# Y ' Q2
- 06_
%

0 -1
T=—_, e:[1+2(1+t)tan25]

FETY PTTRN PUTT (YUY ETTTY CTURY FTTTY (TUTI ETTTY CONTY PTT I I | | 4mN
i 2 3 4 5 6 7 8 9 10 11 12 0 2 4 s w0 h2 i s as—

Q? [GeV? Q* (GeV/c)?

0.0

N .
[}
(02]
—-
o
o



Proton Puzzle 2:

* Different ways of measuring G; disagree
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* Possible Explanation: 2-photon exchange



Elastic Form Factors of Hadrons

 Example: Pion




Il. Quasielastic scattering
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Quasi-elastic Scattering off Nuclei

Q2=1.75 E0=4.3039 TH= 20 deg
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1-> scattering of single nucleons
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Quasi-elastic Scattering off Nuclei with
coincindent detection of proton
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Figure 5-12: Extracted p(p,.) for the 1s shell of C. The spectral function has been
integrated over 30 < E, < 80 MeV. The solid line represents the result of the PWIA
calculation, normalized to the measured transparency; the data points are shown with
statistical errors only.

-> momentum and energy distribution of

bound proton; “Spectroscopic Factor”
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Fig. !7.8 Distribution of energies required to remove a proton from '°O by the (p.2p) reaction,
showing the single-particle states (Tyrén er al. 1958).



Number of events

Inelastic Scattering off Nuclei
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-> Excited states of nuclei,
transition matrix elements
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Elastic scattering
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