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Outline

 𝛾Z-box from forward dispersion relations: 

status and uncertainty (hmm… uncertainties)

 Dispersion corrections on nuclei: Nuclear 

polarizability contribution to Lamb shift


 Beam normal spin asymmetry - dispersion vs. 

Coulomb distortions


 Implications and further things to do



Elastic e-p scattering 
with polarized e⁻beam
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Qweak Parity-Violating Asymmetry Extrapolated to Q2 = 0
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Qweak 2017

Extrapolation from Q2=0.03 GeV2 to 0 still needed;

Main contributor: τ μpZ μpγ known modulo μs (<10%)

Slight sensitivity to Lattice (μs=0) vs PVES data (μs≠0) but not a big deal

Young et al, ’07; 
Androic et al, ’13 

Caballero et al, ’14

Why: see Michael’s talk

How: see Wouter’s talk

Exp.: Get QWp to couple %



Q-Weak @ MESA/P2: 

Theory + Exp. uncertainty - 1.8%

Main exp. - hydrogen target

E = 155 MeV (150 𝜇A)

Scattering angle: 20±10 deg

Polarization degree 85±0.5%

Q² = 0.0022-0.005 GeV²

Precision goal: � sin2 ✓W (µ = 0.005) = 3.7⇥ 10�4(0.16%)

Compare to LEP1, SLC � sin2 ✓W (µ = MZ) = 2.1⇥ 10�4

Mainz&energy&recovering&&
superconduc>ng&accelerator&

EB"mode"(External"beam):"
300&µA,&150&MeV&polarized&beam&(liquid&Hydrogen&
target&L~1039&cm<2s<1)&&

ERL"mode"(Energy"recovering"mode):"
10&mA,&100&MeV&unpolarized&beam&(pseudo&internal&
gas&hydrogen&target&L~1035&cm<2s<1)&&

1.3&GHz&c.w.&beam&
Normal&conduc>ng&injector&LINAC&
Superconduc>ng&cavi>es&in&recircula>on&beamline&&

Mo2va2on"for"MESA&Accelerator:""
1.   New"accelerator"technique"(ERL)"
2.   Search"for"Dark"Photon"(ERL)"
3.   Measurement"of"the"weak"charge"of"the"Proton"(EB)&

Experiment"Design"Simula2ons:"What"Magne2c"field"configura2on"can"we"use?"
"

Dominik"Becker&

Frank’s talk

Additional run - Carbon-12 target - measures directly sin2θW

Test with an easier target (preceding the p-experiment)

Interesting physics case if precision ~0.3%



Impact of MESA (H and C12) on SM tests

P2: The Weak Charge of the Proton

Model independent weak couplings
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A more general approach
for extensions of the Standard Model:

model independent coupling constants,
effective low-energy 4-fermion interaction

C
1 f : Ae⌦Vf , C

2 f : Ve⌦Af

SM prediction (black star):
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Mainz P2: DQW(p) =±0.0097 (2.1 %)

Principal Investigators: K. Aulenbacher, F. Maas, H. Spiesberger, K. Kumar

MESA C12: ΔQW(C12) = 18Δ(C1u+C1d) = ±0.0086 (0.3%)



Radiative corrections at order α/𝜋 = 0.0023…
Tree level: QWp=0.072, measure to 1% - abs. 10-4 accuracy

EW corrections: α/𝜋 Log(MZ2/Mp2) - can be large

Marciano and Sirlin, ’83, ’84, ’85; Ramsey-Musolf, ’99

Qp
W = (1 + �⇢ + �e)(1� 4 sin2 ✓̂W + �0

e) + ⇤WW + ⇤ZZ + ⇤�Z

Hadronic structure effects are under control

EW running of sin2θW
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MG, Horowitz ’09 

pµ = (M,~0)
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Lower blob: forward interference Compton tensor

Inclusive PV data 

- little available

Re⇤�ZV (E) =
2E
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dQ2
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h
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i

Re⇤�ZA(0) 6= 0

Re⇤�ZV (0) = 0

Until that - value at E=0 was used (atomic PV)
contains large log from 
Mild energy dependence expected



Re ⇤�ZA(E) = ↵em(1� 4 sin2 ✓W )
2
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Z
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2
+ C�Z(⇤)

�

= 0.0043± 0.0005

Marciano, Sirlin ’84: 

large log from q ≃ MZ - perturbative

Need F3 for 0<Q2<∞, M<W<∞

Above some scale Λ: 

model-independent

𝛄ZA - value & uncertainty Peter’s talk
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exchanged boson, respectively. The F γZ
1,2 contributions

to ✷γZ involve the vector hadron coupling of the Z, and
were recently computed in Refs. [7–10].
Our focus here is on the F γZ

3 contribution involving
the axial-vector hadron coupling of the Z. Following an
analogous derivation in Ref. [8], we can write

ℑm✷
A
γZ(E) =

1

(2ME)2

∫ s

M2

dW 2

∫ Q2

max

0
dQ2

×
ve(Q2)α(Q2)F γZ

3

1 +Q2/M2
Z

(

2ME

W 2 −M2 +Q2
−

1

2

)

,(6)

with s = M2+2ME and Q2
max = 2ME(1−W 2/s). The

real part is determined from the dispersion relation

ℜe✷A
γZ(E) =

2

π

∫

∞

0
dE′

E′

E′2 − E2
ℑm✷

A
γZ(E

′), (7)

which accounts for both the box and crossed-box terms.
Unlike the vector hadronic correction ℜe✷V

γZ(E), which
vanishes at E = 0, the axial-vector hadronic correction
ℜe✷A

γZ(E) remains finite, and is dominant in atomic par-
ity violation at very low electron energies [11].
We incorporate one further improvement over earlier

calculations by allowing for the Q2 dependence of α(Q2)
and sin2 θW (Q2) = κ(Q2) ŝ2 in Eq. (6) due to boson self-
energy contributions. Both quantities vary significantly
over the range of Q2 relevant to these integrals. The pho-
ton vacuum polarization expression is well-known, and
expressions for the universal fermion and boson contribu-
tions to κ(Q2) are given in Ref. [12]. Following Ref. [3],
we use effective quark masses to reproduce the hadronic

contribution of∆α(5)
had(M

2
Z) = 0.02786 obtained from dis-

persion relations [4], yielding κ(0) = 1.030. This is suf-
ficiently accurate for the purpose of calculating the box
contributions. In the numerical results that follow, the
effect of using α(Q2) and ve(Q2) reduces the total contri-
bution to Eq. (7) by 17% relative to using α and ve(M2

Z).
The imaginary part of ✷A

γZ can be split into three re-
gions: (i) elastic (el) with W 2 = M2; (ii) resonances (res)
with (M +mπ)2 ≤ W 2 <

∼ 4 GeV2; and (iii) deep inelastic
(DIS), with W 2 > 4 GeV2. Contributions from region
(i) can be written in terms of the elastic form factors as

F γZ(el)
3 (Q2) = −Q2Gp

M (Q2)GZ
A(Q

2)δ(W 2 −M2). (8)

For the proton magnetic form factor Gp
M we use the re-

cent parametrization from Ref. [13] (the results are sim-
ilar if one uses a dipole with mass 0.84 GeV), and take
the axial-vector form factor to be GZ

A(Q
2) = −1.267/(1+

Q2/M2
A)

2 with MA = 1.0 GeV. A virtue of the dipole
forms is that the integrals (6) and (7) can be performed
analytically, which provides a useful cross-check.
To simplify notation in what follows, we denote ℜe✷A

γZ

by ✷
A
γZ , since that is the quantity of interest in Eq. (1).

The result for the elastic contribution ✷
A(el)
γZ (E) is shown
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FIG. 1: Real part of ✷A
γZ(E) as a function of incident electron

energy E. Shown are the elastic (solid) and resonance (dot-
dashed) contributions. For the DIS part, the high-Q2, n ≥ 3
term (dotted) is negligibly small. The two Q2 < 1 GeV2

estimates (long and short dashes) show a very mild E depen-
dence. Not shown is the dominant high-Q2, n = 1 moment,
which is 32.8× 10−4, and is independent of E.

in Fig. 1. It agrees exactly with the direct loop calcula-
tions of ✷A

γZ in Refs. [14, 15], in which the intermediate
nucleon is off-shell. It also agrees exactly at E = 0 with
the value Lm = 2.04 if the parameters are adjusted to
correspond to those of MS [3].

For the resonance contributions ✷
A(res)
γZ from region

(ii), we use the parametrizations of the transition form
factors from Lalakulich et al. [16], but with modified
isospin factors appropriate to γZ. These form factors
have been fitted to the Jefferson Lab pion electroproduc-
tion data (vector part) and pion production data in ν
and ν̄ scattering at ANL, BNL and Serpukhov (axial-
vector part). The parametrizations include the lowest
four spin-1/2 and 3/2 states in the first and second res-
onance regions, up to Q2 = 3.5 GeV2. At larger Q2 the
resonance contributions are suppressed by the Q2 depen-
dence of the transition form factors, which is stronger
for the dominant ∆(1232) resonance than for the higher-
mass resonances [16]. The resulting resonance contribu-

tion ✷
A(res)
γZ (0) is smaller than the elastic term at E = 0,

but decreases less rapidly with increasing energy. Vary-
ing the Q2 dependence of the poorly determined axial-
vector form factors has a negligible effect on these results.
To compute the DIS contributions from region (iii) it

is convenient to interchange the order of integration in
(6) and (7), in which case the integral over energy can be
performed analytically [9]. A further change of variable
from W 2 to Bjorken x = Q2/(W 2 −M2 +Q2) gives

✷
A(DIS)
γZ (E) =

2

π

∫

∞

0
dQ2 ve(Q2)α(Q2)

Q2(1 +Q2/M2
Z)

×

∫ xmax

0
dx F γZ

3 (x,Q2) f(r, t), (9)

f(r, t) =
1

t2
[

log
(

1− t2/r2
)

+ 2t tanh−1 (t/r)
]

,

Blunden et al, 2011:

checked the old result,

included SM running:

𝛂QED(Q2), 𝛂s(Q2), gVe(Q2)

⇤A
�Z(E = 0) = 0.0052(5) ! ⇤A

�Z(E = 0) = 0.0044(4)

Resonances: generally small

Energy behavior very weak (large log dominates)



The Vector Box Plots 

 

 

 

 

 

 

 

 

 

 

Hall et al. 
PRD 88, 013011 (2013) 

Carlson and Rislow 
PRD 83, 113007 (2011) 

Gorchtein et al. 
PRC 84, 015502 (2011) 
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• Differences come from the treatment of the 

structure functions. 

 

Central value agrees; Steep energy dependence

𝛄ZV - value & uncertainty

In absence of direct input: 

use em data + isospin rotation + error estimate

Re⇤�ZV (E) =
2E

⇡

1Z

0

dQ2

1Z

W 2
⇡

dW 2
h
AF �Z

1 (W 2, Q2) + BF �Z
2 (W 2, Q2)

i



Q-Weak energy: effect 7.6% of QWp

Re⇤V
�Z(E = 0.180 GeV) = (1.3± 0.3)⇥ 10�3

Re⇤V
�Z(E = 1.155 GeV) = (5.4± 2.0)⇥ 10�3

MESA/P2 energy: effect 1.8% of QWp

Uncertainty: 2.8% of QWp = 37% of 𝛄ZV-box

Uncertainty: 0.4% of QWp = 23% of 𝛄ZV-box

MG, Horowitz, Ramsey-Musolf 2011

Let’s walk through the sources of 

input; model-dependence; error estimate



Dispersion Relation

γZ-box

PVES;


Atomic PV;

Sum rule
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Where do we need input, and how precise?

Depends on the energy

W < 2GeV W < 4GeV W < 5GeV W < 10GeV All W

Q² < 1 GeV² 4.8% 6.1% 6.2% 6.3% 6.3%

Q² < 2 GeV² 5.2% 6.5% 6.7% 6.8% 6.9%

Q² < 3 GeV² 5.3% 6.7% 6.8% 7.0% 7.1%

All Q² 5.3% 6.9% 7.2% 7.5% 7.6%

Q-Weak energy: E=1.165 GeV

Re ⇤�ZV (E) =
2E

⇡

1Z

0

dQ2

1Z

0

dW 2 C(E,W 2, Q2)DATA



W < 2GeV W < 4GeV W < 5GeV W < 
10GeV All W

Q² < 1 
GeV² 1.35% 1.55% 1.57% 1.59% 1.60%

Q² < 2 
GeV² 1.41% 1.63% 1.65% 1.67% 1.68%

Q² < 3 
GeV² 1.42% 1.65% 1.67% 1.71% 1.72%

All Q² 1.43% 1.69% 1.73% 1.78% 1.8%

Mainz/MESA energy: E = 155 MeV

Where do we need input, and how precise?

Depends on the energy

Re ⇤�ZV (E) =
2E

⇡

1Z

0

dQ2

1Z

0

dW 2 C(E,W 2, Q2)DATA



Step #1: check the spin and flavor state ID 

Parametrization of the inclusive 

data by Christy & Bosted
1.1 GeV < W < 3.1 GeV, 0 < Q² < 8 GeV²

This parametrization is used by the three groups 
Can be a common bias?

ID and parameters of resonances should be (critically) assessed

Data -> 7 resonances 

+ background (HE contribution continued into res. region)
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Spin-1/2,3/2 resonances contributions to the helicity cross section

Data - from GDH collaboration (Mainz, Bonn)

Ahrens et al, ‘00; ’01; Dutz et al, ‘03

MG, X. Zhang arXiv:1501.05357

Flavor ID = Resonance ID - according to the PDG

S11(1535) <-> D13(1520)



Further reduction - mainly F37(1950)%
Should be possible: it is in the right place, strength about right,%
proton and neutron strength is very close - quantum numbers OK%
Reasonable to assume that at least 50% of F37 is really F37

Uncertainty on the resonance contribution is halved.

C & B

PDG

“Last” caveat in the resonance region: 

strangeness contribution to N->N* transitions
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MG, Spiesberger, Zhang 2016

Only pion-nucleon final state:

isospin, W and Q dependence 

are known!

Amplitude & PW analysis (MAID)Relating weak neutral current multipoles to the electromagnetic ones

(Dated: September 18, 2014)

We start with the isospin decomposition of the pion production multipoles (or CGLN, helicity, invariant amplitudes).
The charge channels are given in terms of isoscalar A0 and isovector A± ones as

A⇡+n =
p

2(A0 + A�)

A⇡�p =
p

2(A0 �A�)

A⇡0p = A+ + A0

A⇡0n = A+ �A0 (1)

In the case of weak form factors, NC matrix element between the nucleon WF obtains from the electromagnetic one
in presence of strangeness as

hN |Jµ
NC |Ni = 2(1� 2 sin2 ✓W )hN |Jµ

EM, I=1|Ni � 4 sin2 ✓W hN |Jµ
EM, I=0|Ni � hN |Jµ

s |Ni, (2)

and the same structure will be observed for a transitions N ! N⇤. The EW factors that appear in front of the
definite isospin m.e. are simply combinations of the SM vector quark charges, as a consequence of the conservation
of vector current (CVC). For all N ! � transitions only the first isovector term will survive. A little care should
be exercised to make sure that we also understand correctly the isospin structure of the amplitude in the case of
the t-channel exchanges. There, isospin states 0,1,2 are possible for an isovector pion and isoscalar or isovector
photon(Z). An isoscalar exchange in the t-channel (!,�) will require a purely isovector �/Z, and will only contribute
to the neutral channels. Then, a coupling to the nucleon is isoscalar, and we in fact observe in Eq. (1) that the sum
A⇡0p + A⇡0n = 2A+ is a pure isovector. An isovector exchange will project out an isoscalar photon in the neutral
channels (e.g., ⇢0 exchange), A⇡0p � A⇡0n = 2A0, and an isovector in the charged channel. The I = 2 transition will
require a purely isovector �/Z.

Now that we convinced ourselves that the isospin structure is correct, we can proceed to obtain the isospin (flavor)
decomposition of the weak vector multipoles, identifying, e.g., A� = 1p

2
(A⇡+n �A⇡�p), and keeping strangeness,

A⇡+n
Z = �A⇡�p

� + (1� 4 sin2 ✓W )A⇡+n
� �

p
2As

A⇡�p
Z = �A⇡+n

� + (1� 4 sin2 ✓W )A⇡�p
� �

p
2As

A⇡0p
Z = A⇡0n

� + (1� 4 sin2 ✓W )A⇡0p
� �As

A⇡0n
Z = A⇡0p

� + (1� 4 sin2 ✓W )A⇡0n
� + As (3)

To have a rough idea, we can neglect strangeness and set sin2 ✓W = 1/4, and see that A⇡+n
Z ⇡ �A⇡�p

� , A⇡0p
Z ⇡ A⇡0n

�
and so on.

Now, the the phase of A⇡+n
� and A⇡�p

� is not the same, but that of the pure isospin channels is: strong interaction
conserves isospin. The isospin channels cannot mix due to strong rescattering, and Eq. (3) is exact. So, in this first
approximation, that is no strangeness, the weak vector multipoles are obtained straightforwardly from the already
available SAID solutions with no additional model dependence.

The e↵ect of strangeness will lead to a modification in the isoscalar channel due to SU(3) singlet-octet mixing, as
in !�� mixing. The latter is small indicating that the ! has little s-content, so generally speaking the no-strangeness
approximation should not be too bad below K threshold where direct strangeness production becomes possible. In
any case, this strangeness contribution should probably considered as the main source of the uncertainty, and can be
estimated in the future using the ideas I outlined here.

There’s an interesting application, the weak analog of the GDH sum rule. We (Xilin and me) are preparing a paper
on EW sum rules, and once it is finalized we will be happy to send a draft around. In a few words, the derivation of
the sum rule for the process � + N ! Z0 + N with an unphysical massless Z-boson follows precisely the same steps
os the electromagnetic GDH, and the sum rule takes the form

2⇡2↵

M2
�

NZ
N =

Z 1

⌫0

d⌫

⌫

h
��Z

3/2 � ��Z
1/2

i
, (4)

where the weak a.m.m. of the proton is obtained according to Eq. (2), e.g., Z
p = �n + (1� 4 sin2 ✓W )p � µs, and

�1/2,3/2 can be obtained from the multipoles in the same way as for the e.-m. case, upon mixing them according to

Relating weak neutral current multipoles to the electromagnetic ones

(Dated: September 18, 2014)

We start with the isospin decomposition of the pion production multipoles (or CGLN, helicity, invariant amplitudes).
The charge channels are given in terms of isoscalar A0 and isovector A± ones as

A⇡+n =
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2(A0 + A�)

A⇡�p =
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2(A0 �A�)
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definite isospin m.e. are simply combinations of the SM vector quark charges, as a consequence of the conservation
of vector current (CVC). For all N ! � transitions only the first isovector term will survive. A little care should
be exercised to make sure that we also understand correctly the isospin structure of the amplitude in the case of
the t-channel exchanges. There, isospin states 0,1,2 are possible for an isovector pion and isoscalar or isovector
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channels (e.g., ⇢0 exchange), A⇡0p � A⇡0n = 2A0, and an isovector in the charged channel. The I = 2 transition will
require a purely isovector �/Z.

Now that we convinced ourselves that the isospin structure is correct, we can proceed to obtain the isospin (flavor)
decomposition of the weak vector multipoles, identifying, e.g., A� = 1p

2
(A⇡+n �A⇡�p), and keeping strangeness,

A⇡+n
Z = �A⇡�p

� + (1� 4 sin2 ✓W )A⇡+n
� �

p
2As

A⇡�p
Z = �A⇡+n

� + (1� 4 sin2 ✓W )A⇡�p
� �

p
2As

A⇡0p
Z = A⇡0n

� + (1� 4 sin2 ✓W )A⇡0p
� �As

A⇡0n
Z = A⇡0p

� + (1� 4 sin2 ✓W )A⇡0n
� + As (3)

To have a rough idea, we can neglect strangeness and set sin2 ✓W = 1/4, and see that A⇡+n
Z ⇡ �A⇡�p

� , A⇡0p
Z ⇡ A⇡0n

�
and so on.

Now, the the phase of A⇡+n
� and A⇡�p

� is not the same, but that of the pure isospin channels is: strong interaction
conserves isospin. The isospin channels cannot mix due to strong rescattering, and Eq. (3) is exact. So, in this first
approximation, that is no strangeness, the weak vector multipoles are obtained straightforwardly from the already
available SAID solutions with no additional model dependence.

The e↵ect of strangeness will lead to a modification in the isoscalar channel due to SU(3) singlet-octet mixing, as
in !�� mixing. The latter is small indicating that the ! has little s-content, so generally speaking the no-strangeness
approximation should not be too bad below K threshold where direct strangeness production becomes possible. In
any case, this strangeness contribution should probably considered as the main source of the uncertainty, and can be
estimated in the future using the ideas I outlined here.

There’s an interesting application, the weak analog of the GDH sum rule. We (Xilin and me) are preparing a paper
on EW sum rules, and once it is finalized we will be happy to send a draft around. In a few words, the derivation of
the sum rule for the process � + N ! Z0 + N with an unphysical massless Z-boson follows precisely the same steps
os the electromagnetic GDH, and the sum rule takes the form

2⇡2↵

M2
�

NZ
N =

Z 1

⌫0

d⌫

⌫

h
��Z

3/2 � ��Z
1/2

i
, (4)

where the weak a.m.m. of the proton is obtained according to Eq. (2), e.g., Z
p = �n + (1� 4 sin2 ✓W )p � µs, and

�1/2,3/2 can be obtained from the multipoles in the same way as for the e.-m. case, upon mixing them according to

As - the only uncertainty;

Pions and Δ: no strange content (isovector)!

Can quantify: strange form factors

But certainly can do better in the threshold - Delta region

Weak NC pion multipoles from MAID



Systematical uncertainty: 

strangeness - relative 1%

!
Statistical uncertainty (e.-m. data)

- typically 2-5%

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
E (GeV)

0

0.001

0.002

0.003

0.004

0.005

0.006

!Z
-B

ox
 (t

=0
)

MAID, W < 2 GeV, Q² < 2 GeV²
Full

Uncertainty: 10-5

Take strange form factors 

from global analyses

e.g., Armstrong, McKeown 2012

Gs
M (Q2) = (0.29± 0.21)GD(Q2)

Gs
E(Q2) ⇡ (�0.08± 0.08)Q2GD(Q2)

Half the 𝛾ZV in P2 kinematics:

can be computed with few % error!
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E = 0.855 GeV, θ = 35degEffect depends on kinematics: not too small 

Q2, W between threshold and the Δ

A4@Mainz - data on tape;

Large asymmetries to ~few %

Can use inelastic PVES data below Delta to extract strangeness?

MG, Spiesberger, Zhang 2016
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Main contribution: W < 5 GeV, Q²<2 GeV²

Carlson, Rislow Hall et al.

MG, Horowitz, MJRM 

Isospin decomposition of the background 
Similarities of the three evaluations: isovector dominance
Differences of the three uncertainty estimates: 

estimates for isoscalar (strange) from different physics pictures

Carlson, Rislow - not data-driven procedure (but reasonable error)



Where do we need input, and how precise?

Depends on the energy

W < 2GeV W < 4GeV W < 5GeV W < 10GeV All W

Q² < 1 GeV² 4.8% 6.1% 6.2% 6.3% 6.3%

Q² < 2 GeV² 5.2% 6.5% 6.7% 6.8% 6.9%

Q² < 3 GeV² 5.3% 6.7% 6.8% 7.0% 7.1%

All Q² 5.3% 6.9% 7.2% 7.5% 7.6%

Q-Weak energy: E=1.165 GeV

Re ⇤�ZV (E) =
2E

⇡

1Z

0

dQ2

1Z

0

dW 2 C(E,W 2, Q2)DATA



N N

V Vγ∗ γ∗

V=ρ,ω,ϕ|��� =
�

V

C��V |V �

4�

f2
V

= 0.4545, 0.04237, 0.05435 (⇥, ⌅, ⇤)VM decay constants 

Elastic Vp cross section - independent of V⇤�p
tot =

�

V =⇥,⌅,⇤

4⇥�

f2
V

⇤V p

Vector Dominance Model (VDM)

VDM sum rule: ⌅tot(⇥p) =
�

V =⇥,⌅,⇤

⇥

16⇤
4⇤�

f2
V

d⌅�p�V p

dt
(t = 0)

ZEUS: Z.Phys.’95,’96, PLB’96HERA: NPB’ 02
139± 4 (µb) ⇥ 111± 13 (µb) at W = 70 GeV

Measured %
experimentally

⇤�p
tot =

�

V =⇥,⌅,⇤

4⇥�

f2
V

⇤V p + ⇤CpGeneralized VDM - continuum contribution

Isospin rotation of e.-m. data: background

Finite Q2 - straightforward for V, phenomenological for continuum



Rescale the background according to

��⇤p!Zp

��⇤p!�⇤p
=

gI=1
V

eI=1
+ gI=0

V
eI=0
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��⇤p!V p

��⇤p!⇢p
=

rV
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VDM:  identify X(X’) with continuum
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Uncertainty estimate - from data!



Blunden et al. ‘13: matched the continuum contribution X onto DIS

Constrained it at substantial Q2, identified the uncertainty with

the latter - reduced the uncertainty significantly

0.0 0.5 1.0 1.5 2.0
0.00

0.02

0.04

0.06

0.08

0.10

0.12

lnHQ2L

m 1H2
LgZ

Proton

0.0 0.5 1.0 1.5 2.0
0.00

0.02

0.04

0.06

0.08

0.10

0.12

lnHQ2L

m 1H2
LgZ

Neutron

Elastic
DIS
Res

LT HCNLTotal

0.0 0.5 1.0 1.5 2.0
0.00

0.05

0.10

0.15

0.20

lnHQ2L
m 2H2
LgZ

0.0 0.5 1.0 1.5 2.0
0.00

0.05

0.10

0.15

0.20

lnHQ2L

m 2H2
LgZ

γZ	Leading	Twist	(LT)	moments	vs.	Nachmann

Allows	us	to	extend	PDF	region	down	to	Q²=1 GeV²	(from	Q²=2.5)

40

⇤V
�Z@1.165 GeV : (5.6± 0.4)⇥ 10�3, 2013

(5.4± 0.4)⇥ 10�3, 2015

Blunden et al. ’15: addressed their 

uncertainty estimate with duality.

!
I would disagree on the interpretation

of their results: the deviation clearly 

states the failure of duality (in the 

model) at Q2<1.8 GeV2 - the uncertainty 

band should be inflated at lower Q2 

!
Q2<1.8 GeV2 is what matters for γZ-box

Uncertainty estimate comes from beyond

Q2=1.8 GeV2

To me there’s a loophole here

This is the source of discrepancy in the uncertainty estimate
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FIG. 1: W -dependence of the parity-violating asymmetries in
e⃗−H2 scattering extracted from this experiment. The asymmetries
are scaled by Q2 and compared with calculations from Ref. [24]
(dashed), Ref. [20] (dotted), Ref. [21] (solid) and the DIS esti-
mation (dash-double-dotted) using Eq. (4) with the extrapolated
MSTW2008 PDF. The error bars are statistical uncertainties, while
experimental systematic uncertainties are shown as the shaded band
at the bottom. For each of the four kinematics, calculations were per-
formed at the fixed Eb and Q2 values of Table I and with a variation
in W to match the coverage of the data.
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Most red points (central values) are outside of the theory band - 

is this uncertainty conservative?

Wang et al. [Hall A], ‘13
PVDIS on deuteron

If we are given new data, what do we do with it?
Impact of inelastic PVES data

Complete kinematics precision data on the needed target - we’re done
Some data on the needed target - informative, maybe not exhaustive
Some data on a random target - more like reality

Still useful!

D target more sensitive to large 

strangeness N->N* transition FFs

- seems no such effects 



How can we extend dispersion correction calculations to nuclei?

Context: C-12 @ MESA; PV in atoms; γW-box for 0+-0+ beta decay

!
Hadronic part of the spectrum - correct for Fermi motion (redistribution 
of strength - small effect on the integrated quantities)

!
Nuclear “polarizabilities” - substantially new contribution, potential 
surprises

!
Insights: 

 em-box calculations for Lamb shift in light muonic atoms

 Beam normal asymmetry on nuclei in forward regime



e�

p

µ�
p

Hydrogen atom

muonic Hydrogen atom

SM: the only difference is the mass

Muonic vs Electronic Hydrogen

Bohr radius
Rµ�H

Re�H
=

me

mµ
⇡ 1

200

�EFS, µ�H
2P3/2�2S1/2

= �5.2275(10) r2
E (meV)

�EFS, e�H
2P3/2�2S1/2

= �8.1⇥ 10�7 r2
E (meV)

Better sensitivity to radius;%
but also more prone to polarizing the nucleus



μ-H Lamb shift Measurement CREMA Coll.Results on muonic hydrogen
ν(2SF=1

1/2 → 2PF=2
3/2 ) = 49881.88(76)GHz R. Pohl et al., Nature 466, 213 (2010)

49881.35(64)GHz

ν(2SF=0
1/2 → 2PF=1

3/2 ) = 54611.16(1.04)GHz A. Antogini et al., submitted (2012)

Proton charge radius: rp = 0.84089 (26)exp (29)th = 0.84089 (39) fm
µp theory: A. Antogini et al., arXiv :1208.2637 (atom-ph)

0.8 0.82 0.84 0.86 0.88 0.9

µp 2010
H spectr.

dispersion
e-p scatt.

Mainz 2010

µp 2012
CODATA 2010

proton rms charge radius rp  (fm)
Randolf Pohl ECT* Trento, 28.10.2012 p. 15“Missing” correction - 300 μeV;%

Exp. AND theory precision - μeV or less



Deuteron radius from µd and µp (preliminary)
H-D iso-shift: r2d − r2p =3.820 07(65) fm2

µp : rp =0.84087(39) fm

⎫

⎬

⎭

⇒rd = 2.12771(22) fm

Deuteron charge radius [fm]
2.11 2.115 2.12 2.125 2.13 2.135 2.14 2.145

PRELIMINARYd Borie+Pachucki+Ji+Friarµ

d Borie+Jiµ

d Borie+Pachuckiµ

d Martynenkoµ

p + iso(1S-2S)µ

CODATA-2010

CODATA D + e-d

e-d scatt.

n-p scatt.               

Directly from µd spectroscopy using
µd polarizabiliy with ±0.03 meV

- double counting (th)?
- missing terms (th)?
- shifts due to close levels (exp)?

A. Antognini ECT∗, Trento 01.08.2013 – p. 22



Formulas for deuteron Lamb shift O(↵5) terms: quasi-elastic contributions

(Dated: start on October 7, 2012, this copy October 8, 2012)

Regarding the quasi-elastic O(�5) contributions to the Lamb shift in atomic deuterium, we can start with the usual
diagram,

q q

kk

p p

and begin by obtaining the Compton tensor for the deuteron.
• We will apply the smearing formula to the Compton structure functions,

T1,2(⌅, Q2) = 2
⇤

d3p

(2⇧)3
|⌥d(p)|2 T1,2S(⌅�, Q2) (1)

where T1,2S are the isoscalar structure functions, defined as the average of the proton and neutron structure functions.
(We could also consider applying the smearing formula to the Compton tensor, Tµ⇥ .)

• We will make a spectator approximation, wherein one nucleon is struck and the other is an inert spectator that
exits with the 3-momentum it had before the collision, neglecting further interaction. Photon energy ⌅� is the photon
energy in the rest frame of the stuck nucleon while ⌅ is the photon energy in the rest frame of the deuteron.

• For the nucleon energy before collision, we will give each nucleon an energy of half the deuteron mass, which can
most of the time be taken as mN .

Other approximations are possible, in particular, giving the spectator the energy that goes with an unbound particle
with the same 3-momentum and obtaining the energy of the active quark from energy conservation. This will not
qualitatively change the formulas below; how it may change the numerical results I do not know.

Further possibilities are to use the relativistic spectator on-shell treatment of Gross and collaborators, or the use a
light front treatment favored by Strikman and collaborators.

If the spectator energy is the nucleon mass, and p1 is the notation for the struck nucleon 4-momentum, then

mN⌅� = p1 · q = mN⌅ � |p||q| cos ⇤ . (2)

• We will treat the bound nucleon structure functions as being the same as on-shell structure functions.
We will treat the DIS structure functions, and obtain the Compton structure functions using dispersion theory.

The elastic contributions to the DIS structure functions are known to be

F1N (⌅, Q2) =
1
2
G2

MN (Q2)⇥(1� x) =
1
2
G2

MN (Q2) Q2⇥(2mN⌅ �Q2) ,

F2N (⌅, Q2) =
GEN (Q2) + ⌃NGMN (Q2)

1 + ⌃N
⇥(1� x) . (3)

where ⌃N = Q2/(4m2
N ).

Thus,

FQE
1d (⌅, Q2) =

1
2
Q2

�
G2

Mp + G2
Mn

⇥ ⇤ |p|2d|p|d(cos ⇤)
4⇧2

|⌥d(p)|2⇥(2mN⌅ � 2|p||q| cos ⇤ �Q2)

=
Q2

2|q|
�
G2

Mp + G2
Mn

⇥ ⇤ ⇥

|�p|min

|p|d|p|
8⇧2

|⌥d(p)|2. (4)

Finite size and TPE - short range %
effects in atom; indistinguishable%
remove TPE to get the radius right

2γ exchange contribution to Lamb shift

2γ-box from forward dispersion relations

Dispersion Relation + Data

Subtraction 
Constant

inelastic structure fn. F1, F2

For μH - the proton pol. correction ~ 0.1 of discrepancy %
(and uncertainty is much smaller yet)%
!
For μD - the nuclear pol. correction 6x larger than the discrepancy %
(uncertainty - large in DR - lack of data in needed kinematics)

MG et al. ’13,’14%
Carlson et al, ’14
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FIG. 11: (Color online) Sensitivity to the variation of the
parameter a1 entering fPWBA

T

in the range [0.99, 1] and a2

entering fFSI

T

in the range [180, 250] is shown by the dashed
and solid lines, respectively, in the kinematics relevant for the
MAMI A1 apparatus [47] (three upper panels), and for MESA
at 80 MeV (lower panel).

E
lab

, ✓
lab

Exp. precision
�(�EµD

2S�2P )

in µeV

�(�EeD

1S�2S)

in kHz

180 MeV, 30� 2% 740 12

1% 370 6

180 MeV, 22� 2% 390 6.32

1% 195 3.16

180 MeV, 16� 2% 211 3.36

1% 110 1.68

80 MeV, 16� 2% 67 1.08

1% 48 0.78

TABLE III: Impact of future measurements of the deuteron
electrodesintegration at MAMI A1 and MESA (kinematics in
the first column and experimental precision in the second col-
umn) on the theoretical uncertainty of the TPE contribution
to the Lamb shift in muonic deuterium (third column) and the
(1S � 2S) splitting in electronic deuterium (fourth column).

Contribution This work [18] [22] [23] [19] [48]

Elastic 0.394(2) – – – – 0.37

Hadronic 0.028(2) 0.043 – – – –

Nuclear 1.589(740) 1.637(16) – – 1.5 –

Total 2.011(740) 1.680(16) 1.942 1.698 – –

TABLE IV: Nuclear and nucleon structure-dependent O(↵5)
contributions to the 2P �2S Lamb shift in muonic deuterium
as calculated by di↵erent groups, in units of meV. In case of
Refs. [18, 22, 23] the separation of the result into “elastic”
and “nuclear” contributions is not possible, and the sum of
the two is quoted.

timated to be 40 µeV). It can be seen that already the
next MAMI A1 runs at the lowest energy of 180 MeV
and the most forward angle of 16� with a 2% precision
have the potential to reduce the uncertainty of our dis-
persion calculation by at least factor of 4. The sensitivity
to the value of the parameter a1 is further enhanced at a
lower energy as can be seen in the lower panel of Fig. 11.
Future measurements will allow to test other theoretical
frameworks, such as potential models and EFT, as well.

Our result should be compared to those obtained by
other groups: [18–20, 22, 23, 31, 48, 49]. Note that
[31, 48, 49] did not perform a complete calculation and
take, for instance, the nuclear polarizability correction
from other works. To facilitate the comparison, we list
our results along with those obtained by other groups in
Table IV. To make a sensible comparison possible we re-
organized the various contributions listed in Table II as
follows: ”Elastic” denotes �Ēel + �ETh, and ”Nuclear”
is sum all nuclear contributions, �EPWBA + �EFSI +
�E? + �E� .

Ref. [19] quotes 1.500 meV 2P � 2S correction due
to the deuteron nuclear electric dipole polarizability; in
Ref. [18] a result of 1.680(16) meV is obtained by consid-
ering the electric polarizability (and various corrections
thereto), elastic and hadronic contributions, and mag-

Way out: motivate the experimentalists 

to measure the missing data

Elastic eD-scattering in Mainz took 

inelastic data within their 

deuteron radius experiment 

- now under analysis
Made the physics case in Carlson et al. ‘14

• Nuclear polarizability contribution to precision measurements:

potentially important; may be hard to calculate - require cooperation

between theory and experiment; 

Valuable insight from nuclear models & EFT (light nuclei)



• Cross-check using the 

beam normal asymmetry?


  Not straightforward: 
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Bn less sensitive to lower part of the nuclear spectrum;

But we can learn about the interplay between 

Coulomb distortions and dispersion corrections 

- work in progress with Xavi Roca Maza
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Abrahamyan et al. [HAPPEX and PREx], 12

KK’s talk



• Forward 𝛾𝛾-,𝛾Z-,𝛾W-boxes from dispersion relation - only need data

• (Almost) no data available for 𝛾Z-,𝛾W- structure functions: model

!

• Re-evaluation of the VDM sum rule at JLab energies rather than HERA 
- what happens to the 𝛾Z-box uncertainty? 

!

•  𝛾Z-box: non-forward calculation for MESA - could affect the global fit 
for B(Q2) - requires 𝛾Z- and 𝛾𝛾-boxes; 


!
•  Extend 𝛾Z-box calculations to spin-0 nuclei

•  𝛾W-box calculations for superallowed beta decays 

•  𝛾W-box for n beta decay - weak pion production


Work in progress on all items!

•  Insights from Bn - input, techniques…

!

•  Close cooperation between theory and experiment 

Implications and things to do:



April	23	-	May	4	2018:	Scientific	program	
“Bridging	the	Standard	Model	to	New	Physics	

with	Parity	Violating	program	at	MESA”
Organizers:	Jens	Erler,	Hubert	Spiesberger,	MG	
!
Topics:		
Weak	mixing	angle	at	low	energy	with	MESA	
Neutron	beta	decay	with	TRIGA	
Parity	violation	in	atoms	
Precision	low-energy	tests	in	a	global	context	
!
Keynote	speakers:	
Bill	Marciano,	Paul	Langacker,	Michael	Ramsey-Musolf,	John	Hardy,		
Vincenzo	Cirigliano,	Krishna	Kumar,	Chuck	Horowitz,	Adrzej	Czarnecki,	
David	Armstrong,	Paul	Souder,	Frank	Maas,	Dima	Budker,	Werner	Heil
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