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1a. Definition of spin asymmetries

Elastic scattering of polarized electrons (ζ i )
into helicity ± eigenstates (ζf = ±k̂ f ):

dσ

dΩ
(ζ i ,±) =

1

2

(
dσ

dΩ

)
unpol

[1 + S (ζ i · n)

+
{
L (ζ i · k̂ i ) − R (ζ i · (n × k̂ i ))

}
(±)
]

n � k i × k f normal to scattering plane

LPWBA = 1− 2m2c4 sin2 ϑf /2

E 2
i cos2 ϑf /2 + m2c2 sin2 ϑ/2

= 1 if m = 0

longitudinal spin asymmetry

S = Sherman function (perpendicular spin asymmetry)



1b. Motivation:

Parity violation experiments

Scattering potential V (r) = Vcoul(r) + γ5 V1(r)

γ5 =

(
0 1
1 0

)
=⇒ γ5

(
g

f

)
=

(
f

g

)
large component: g ∼ χ1/2 =

(1
0

)
even parity

small component: f ∼ (σk)χ1/2 odd parity (k 7→ −k)

Decomposition into helicity eigenstates: ψ = ψ+ + ψ−
ψ± = 1

2 (1± γ5) ψ

m = 0 =⇒ ψ± eigenstates to Vcoul ± V1

=⇒ helicity conservation (L = 1) :

dσ

dΩ
(ζ i = +,±) =

1

2

(
dσ

dΩ

)
unpol

[1 ± L (ζ i · k̂ i )]

= 0 for spin flip



Parity violating asymmetry

AL =
dσ/dΩ(ψ+)− dσ/dΩ(ψ−)

dσ/dΩ(ψ)
measure of V1

In fact m 6= 0 =⇒ L < 1 no helicity conservation
Sum rule: S2 + L2 + R2 = 1 =⇒ S 6= 0

Background asymmetry arises from:
beam admixture δ of perpendicularly polarized e−:

dσ

dΩ
(δ ζ i⊥,±) =

1

2

(
dσ

dΩ

)
unpol

[1 + δ S (ζ i⊥ · n)]

=⇒ Coulomb asymmetry

δ S =
dσ/dΩ(+δ)− dσ/dΩ(−δ)

(dσ/dΩ)unpol

adds to AL



2. Asymmetry in elastic scattering from spin-0 nuclei

Scattering operator for potential scattering

f̂coul(ki , ϑf ) = A + B n · σ n � k i × k f

Perpendicularly polarized electrons (ζ i = ±n):

dσcoul
dΩ

(ζ i ) =

(
dσcoul
dΩ

)
unpol

[1 + Scoul (ζ i · n)]

with(
dσcoul
dΩ

)
unpol

=
kf

ki

1

frec

[
|A|2 + |B|2

]
(recoil prefactor)

Scoul =
2 Re (AB∗)

|A|2 + |B|2
relates to spin-flip

(purely relativistic effect)
SPWBA = 0 spin asymmetry sensitive to higher-order effects
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3. Asymmetry from excitation of 12C

Excitation cross section of spin-zero nucleus to Lπ(ωL):

dσ

dΩ
(ζ i ) =

kf

ki

4π3EiEf

frec c2

∑
σf

∑
ML

∣∣∣Acoul
fi + Amag

fi

∣∣∣2
(
Acoul

fi

Amag
fi

)
=

1

c

∫
drNdr e (ψ

(σf )+
kf

(r e)

(
−1

α

)
ψ

(σi )
ki

(r e))

× e iωL/c|r e−rN |

|r e − rN |

(
%L(rN) Y ∗LML

(ΩN)

−i
∑
λ

JLλ(rN) Y ML∗
Lλ (ΩN)

)

For parity π = (−1)L: %L, JL,L+1, JL,L−1

nuclear transition densities calculated from QRPA, QPM models
(Ponomarev)

For perpendicular beam polarization (ζ i = ±n):

S =
dσ/dΩ(ζ i )− dσ/dΩ(−ζ i )

(dσ/dΩ)unpol



Angular distribution of the electron-impact excitation cross section
and Sherman function S for 12C, L = 1, 2:
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Energy distribution of the electron-impact excitation cross section
and Sherman function S for 12C:
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4a. Influence of QED effects in elastic scattering

vacuum polarization

vertex correction

self energy

bremsstrahlung



Methods of calculation:

f vaccoul = fcoul(Vcoul + VUehling) phase-shift method

Avs
fi , dσsoftbr/dΩ in Born (Tsai, Maximon)

hard bremsstrahlung:

Sommerfeld-Maue theory (weak relativistic)
ω > ω0 ≈ 1 MeV
ωmax = ∆E detector resolution (4 MeV)

(smaller than 2+
1 -excitation energy)

Elastic scattering with QED effects:

dσQED

dΩ
(ζ i ) =

kf

ki

1

frec

∑
σf

[
|f vaccoul|2 + 2 Re

{
f Born∗
coul · Avs

fi

}

+
dσsoftbr
dΩ

(ω ≤ ω0)

]
+

dσhardbr
dΩ

(ω0 < ω ≤ ωmax)



S =
dσQED/dΩ(ζ i ) − dσQED/dΩ(−ζi )

(dσQED/dΩ)unpol

S = Scoul (1 + ∆S) with ∆S = S/Scoul − 1
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4b. Dispersion in elastic scattering

Box diagram : second Born (Friar, Rosen)

Virtual nuclear excitation
to state L,M

Nuclear transition matrix element T00 ∼ (F c
L YLM)(q2)·(F c

L Y ∗LM)(q1)

T0m ∼ (F c
L YLM)(q2) ·

∑
λ=L±1

(F te
LλY M∗

Lλ )m(q1)

Charge form factor

F c
L (q) =

∫
r2
NdrN %L(rN) jL(qrN)

Transverse form factor

F te
Lλ(q) =

∫
r2
NdrN JLλ(rN) jλ(qrN)



Tmn ∼
∑

λ=L±1

(F te
LλY M

Lλ)m(q2) ·
∑

λ′=L±1

(F te
Lλ′ Y

M∗
Lλ′)n(q1)

Dispersion amplitude

Abox
fi =

√
EiEf

π2 c3

∑
LM,ωL

∫
dp

1

(q2
2 + iε)(q2

1 + iε)

3∑
µ,ν=0

tµν Tµν

Electron transition matrix element

tµν = c u
(σf )+
kf

γ0γµ
Ep + cαp + βmc2

E 2
p − p2c2 −m2c4 + iε

γ0γν u
(σi )
ki

intermediate electron energy Ep ≈ Ei − ωL

Photon momenta q1 = k i − p, q2 = p − k f



Cross section including dispersion

dσbox

dΩ
(ζ i ) =

dσcoul
dΩ

(ζ i ) +
kf

ki

1

frec

∑
σf

2 Re
{
f ∗coul · Abox

fi

}
Dominant nuclear excitations of 12C:
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Sbox =
dσbox/dΩ(ζ i )− dσbox/dΩ(−ζ i )

(dσbox/dΩ)unpol

Asymmetry change by dispersion

∆Stot =
Sbox

Scoul
− 1 ≈

∑
L,ωL

∆S(L, ωL)
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4c. Combined QED and dispersion effects

dσQED+box

dΩ
(ζ i ) =

kf

ki

1

frec

∑
σf

[
|f vaccoul|2

+ 2 Re
{
f Born∗
coul · (Avs

fi + Abox
fi )

}
+

dσsoftbr
dΩ

]
+

dσhardbr
dΩ
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Visibility of the QED + box correction
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4d. Results for the MESA experiments

55 + 155 MeV e+12C

55 MeV /35◦ 55 MeV /145◦ 155 MeV /35◦

Scoul -2.46e-5 -8.58e-4 -3.13e-6
∆Svacpol 6.74e-3 7.89e-3 8.18e-3
∆Svsb 0.124 0.177 0.233
∆Shardbr -4.52e-2 -5.99e-2 -5.76e-2
∆Sbox -0.142 -1.39e-2 -0.195
∆SQED+box -7.59e-2 8.52e-2 -5.87e-2
Stot -2.27e-5 -9.32e-4 -2.95e-6

Accuracy:

hard bremsstrahlung: ωmax ≡ ∆E = 4 MeV (detector resolution)
|∆Shardbr| decreases for higher detector resolution

∆Sbox: numerics . 5%
transient excited states: higher multipoles??



Thank you!

Doris Jakubaßa-Amundsen University of Munich (LMU) Spin asymmetries and their accuracy in electron-nucleus collisions



Perpendicular spin asymmetry for 12C at 25.9◦
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