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Elastic e-p scattering with e polarized
normal to the reaction plane

Mismatch between time-reversed states
is due to imaginary part of the amplitude
(in absence of CP- and CPT-violation)




Elastic e-p scattering in presence of two-photon exchange
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Important background to PVES measurements
(sub- to few p.p.m. asymmetries)



Theoretical understanding of the Bn

Im part of the TPE diagram:
on-shell hadronic states only
- integral over data (kinda)
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W - spin-independent doubly virtual Compton fensor in
the arbitrary kinematics;

In general unknown (depends on inclusive excited states);
Study the integrals to see where the input is necessary.



Where is the input needed?
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Elastic (on-shell nucleon) - W=M
Inelastic - (M+m;)? < W~* < s

E, = 0.85 GeV

W =1.232 GeV

szin < Ql,zz < szax

For s = W% Q122 =0



Bn with elastic infermediate states

On-shell ground state inside the box % §
Im W - exactly calculable in terms

of measured form factors Geg, Gm, Fc, ..

Bn @ SAMPLE: H-tfarget, E = 200 MeV, 0 = 150 deg.

Exp. point: S. Wells et al, PRC 63 (2001) 064001
Curves (proton): A. Afanasev et al, hep-ph/0208260

e IR-finite
e 1/E behavior
e larger at backward angles




Bn with elastic infermediate states

For spin=0 target - overlap of two Coulomb densities separated
by a distance fixed by the external kinematics
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For highly-charged nuclei higher orders O(Z «)" need to be resumed
- Coulomb distortions

Was done for Bn on He-4, Pb-208, ... by Cooper, Horowitz, PRC 72 (2005)
- solve Schrodinger eq. with phenomenological charge densities



Leading order in « (two photon exchange)
vS. Coulomb distortion effects
(resummed infinite photon exchange)

Bn (p.p.m.) for He-4, E = 3 GeV Bn (p.p.m.) for Lead, E = 855 MeV

Curves: Cooper, CJH, PRC 72 (2005) MG, CJH, PRC 77 (2008)



Inelastic states: forward angles

Forward spin-independent Compton tensor - from Optical Theorem:
can use inelastic data as direct input
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Inelastic states: forward angles

Correct the input for (slightly) off-forward kinematics

Phenomenological input: Compton differential cross section
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Typ—x ~ IMTop oy (t = 0)
Afanasev, Merenkov, PRD 70 (2004); PL B599 (2004);
MG, PRC 73 (2006); PL B644 (2007);

MG, Horowitz PRC 77 (2008)

| 1 m.Q A L QQ (E < w)2 e—BQQ/Q
anel ~ d ]
. dnes e 2 /w wwO’y{(w) ; (m2 w? Fo(Q?)

Real photoabsorption cross section per nucleon




Dominance of log(Q2/m?) is assumed - only real photoabsorption!
Finite virtualities in the loop - suppressed by an extra Q2

If hadronic contributions dominate - good for nuclei, too;
If low-lying nuclear states are important - inadequate

Total photoabsorption by Pb-208 (per nucleon in ubarn)




If hadronic contributions dominate - good for nuclei, too;
If low-lying nuclear states are important - inadequate
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Hadronic contributions enhanced due to energy weighting

Check for PB-208 Tables from Harvey et al., PR 136 (1964)

TasLE 1. Integrated cross sections in MeV-b, up to 28 MeV, for Pb isotopes and Bi.

TaBLE II. Lorentz line parameters and o_s values.
for Pb isotopes and Bi.
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0.56 2.78+0.28 3.07+0.36 2.96

0.60 2.65£0.27 2.9540.30 297

0.95 2.914+0.29 3.21+0.32 2.98
2.93+0.29 3.254-0.33

Ppe 525 3.75 13.7 15.6+1.6 16.2
Pp27 485 3.87 13.6 14.5+1.5 16.3
Ppe 495 3.78 13.6 14.1+1.4 16.4
Bi2® 520 3.83 13.5 16.6£1.7 16.6
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Nuclear photoabsorption in the hadronic range

Deuteron

Proton

Energies up fo 1 GeV; e
infegrated cross section scales as A;

Nuclear shadowing stronger above
that energy

TABLE II. Contributions to the finite energy sum rule for selected targets in units of GeV-ub. The entries in the second row are taken from
a review on nuclear data in Ref. [24].

Proton Deuteron 2cC o\ $5Cu 2'Pb

o 18.60 & 0.31 17.46 £+ 0.51 16.80 & 0.62 16.54 & 1.50 16.16 & 0.57 16.57 &+ 1.02
o —~ —~ 0.197 0.30 0.480 0.69
#CR% 14.19 £0.16 11.54 £0.39 10.96 £ 0.63 7.67 £ 1.66 11.03 £0.52 13.10 + 1.31
rh.s. of Eq. (17) —4.2140.35 —5.92 4 0.65 —6.04 4 0.88 —9.17 4+ 2.24 —5.6140.77 —4.16 & 1.66
-2+4) 2 —6.06 —6.82 —6.82 —6.82 —6.81 —6.78
szcp(E/GeV) 6.72 +0.02 6.92 +0.12 5.65+0.11 6.19 +0.59 4.53 £0.06 4.16 £0.25

Z° o

— U —3.03 —0.76 —0.76 —0.70 —0.60 —0.48
ReT*=0 —0.72 £ 0.35 0.25 £ 0.65 —1.14 £ 0.89 —3.68 £2.31 —1.71 £ 0.77 —0.48 £ 1.68

MG, Hobbs, Londergan, Szczepaniak, PRC 84 (2011)



Nuclear photoabsorption in the hadronic range
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Assumptions seem to be OK




Compton slope parameter B
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Known for proton and He-4

Bla= = (7L 11CV Bauer et al, Rev.Mod.Phys. 50 (1978)

B(A=4)=(32+2)GeV ™% Alexanian et al, Sov. J. Nucl.Phys. 45 (1987)

What matters is Compton to elastic form factor ratio!

Proton: Exp}‘(gff/ 2 _ Bapl—(3.5 £ 0.5)(Q2/GeV)] (1 + (Q%/0.71 GeV'?)?
N g Bapl—(16 £1)(Q?/GeV?)]
Hellumz=4: F(Q?)  Eap|=1L74(Q%/GeV?)|(1 — [2.573Q2/GeV o)

The ratio was taken roughly the same for all nuclei;
Numerically is irrelevant at low Q2



Bn at forward angles
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Armstrong et al [GO], 05 Abrahamyan et al. [HAPPEX and PREX], 12

Excellent description for light nuclei and very forward angles;
Somewhat worse for larger angles (GO) - Q2 not small
anymore, include corrections

Fails completely for lead - realistic nuclear calculation needed
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Dispersion correction



@ Bn measures the Im part of TPE amplitude;

@ few to few 105 p.p.m. effect - background for PVES;
@ forward: unitarity model - great job except Pb;

@ Compton slope - the only free parameter;

® Carbon news: theory below data at 570 MeV, 20 deg.
® Needed: beyond two-photon exchange and beyond the

standard (ground state) Coulomb distortion



Bn at backward angles

Equivalent photon kinematics

Double log enhancement

Data from: Maas et al, ‘05 +
Wells €'|' Cll / \OO :ﬁixsvecenj:;ss this work

687 MeV, 6.,,=130°, this work
Theory, 0,,=130°
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* Theory: Pasquini, Vanderhaeghen ‘04; MG '06



