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Precision tests of SM at low energies - basis
•  Goal: measure parameters of the Standard Model to high precision 

 Confront with precision calculations in SM 
 Constrain/discover New Physics via deviations 

•  SM parameters: charges, masses, mixing 

•  At low energy quarks are bound in hadrons - how can we access their 
fundamental properties through hadronic mess?  

•  A charge associated with a conserved current is not renormalized by strong 
interaction - the charge of a composite = ∑ charges of constituents 

•  Strong interaction may modify observables at NLO in αem/π ≈ 2 ∙10-3  

•  Experiment + pure EW RC - accuracy at 10-4 level or better 

•  In many low-energy tests hadron structure effects is the main limitation!



Precision measurements of weak mixing angleStandard Model
3 interactions, 3 generations of quarks and leptons, Higgs

In SM fermions interact via exchange of a vector boson (or a Higgs)
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WMA: mixing of gauge fields
Weak mixing angle - mixing of the NC gauge fields
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The SM running of the weak mixing angle

WMA determines the relative strength 
of the weak NC vs. e.-m. interaction

Qp=+1 QpW =1-4sin2θW
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3 interactions, 3 generations of quarks and leptons, Higgs
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The SM running of the weak mixing angle

WMA determines the relative strength 
of the weak NC vs. e.-m. interaction

Qp=+1 QpW =1-4sin2θW

e e

e
e

Møller scattering

Purely leptonic

γ  Z

e e

P2 MESA @ Mainz 
Q-Weak @ JLab

Coherent quarks in p

γ  Z

e e
e-DIS @ JLab, EIC

Incoherent e-q scattering

γ  Z
p
n

μ,ν
ν-DIS @ NuTEV

Incoherent ν-q scattering

W  Z
p
n

ν

e

Atomic PV

Coherent quarks in a nucleus

γ  ZZ
e+

e-

q

-q

Colliders

Z-pole measurement

4



Weak charge of the proton from PVES 
Weinberg angle at low energy

Q2Elastic e-p scattering 
with polarized e�beam

APV (✏, Q2) = � GF Q2
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Proton’s weak charge

Elastic scattering of polarized electrons off unpolarized protons 
at low momentum transfer
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EPJ Web of Conferences

where AT is the remnant transverse asymmetry explicitly measured with transversely polarized beam,
and the regression correction Areg accounts for false asymmetries measured with natural and driven
beam motion for x, y, x0, y0, and beam energy. The charge asymmetry was driven to zero with a
feedback loop. Backgrounds were accounted for with explicit measurements of each of four back-
ground asymmetries Ai and their dilutions fi. The backgrounds arose from the aluminum target cell
windows, the beamline, soft neutral background, and inelastic events. The largest background was
from the target cell windows, where the measured dilution was 3.2% and the measured asymmetry for
this background was 1.76 ppm. The final asymmetry was obtained from

Aep = Rtot

Amsr/P �
4P

i=1
fiAi

1 �P fi
. (6)

Here Rtot = 0.98 accounts for the combined e↵ects of radiative corrections, the non-uniform light and
Q2 distribution across the detectors, and corrections for the uncertainty in the determination of Q2. P
represents the measured beam polarization of 0.890 ± 0.018. The total dilution ftot =

P
fi = 3.6%.

The final corrected asymmetry from the commissioning data reported here [16], comprising only about
4% of the data obtained in the experiment, is Aep = �279 ± 35 (statistics) ± 31 (systematics) ppb.

5 Results

The result from the commissioning data reported here was combined with other PVES results [17–28]
on hydrogen, deuterium, and helium in a global fit following the prescription in [4]. All PVES data
up to 0.63 GeV2 were used. Five free parameters were varied in the fit: the weak charges C1u and C1d,
the strange charge radius ⇢s and magnetic moment µs, and the isovector axial form factor GZ (T=1)

A .
The isoscalar GZ (T=0)

A was constrained by theory [29]. All the data were corrected for the energy
dependence of the �-Z box diagram calculated in Ref. [9]. The small Q2 dependence of the �-Z box
diagram above Q2=0.025 (GeV)2 was included using the prescription provided in Ref. [8] with EM
form factors from Ref. [30]. To illustrate the fit, the ✓ dependence of the data was removed using Eq. 2,
and the asymmetries were divided by A0 (defined in Eq. 3). The resulting plot conforms to Eq. 4 and
illustrates the quality of the global fit. The intercept of the fit at Q2 = 0 is Qp

W (PVES)=0.064 ± 0.012.
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Figure 3. Global fit result (solid line)
presented in the forward angle limit
derived from this measurement as well as
other PVES experiments up to Q2 = 0.63
(GeV)2, including proton, helium and
deuterium data. The additional
uncertainty arising from the rotation is
indicated by outer error bars on each
point, visible only for the more backward
angle data. The yellow shaded region
indicates the uncertainty in the fit. Qp

W is
the intercept of the fit. The SM
prediction [3] is also shown (arrow).
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SM running of the weak mixing angle

Universal quantum corrections  
can be absorbed into running,  
scale-dependent sin2θW(μ)

SM uncertainty: few x 10-4 3	%
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Universal	quantum	corrections:	can	be	absorbed	into	a	
scale	dependent,	„running� sin2 θeff or	sin2 θW(µ)

running	α	 running	sin2 θW(µ)	

Precision	measurements	and	quantum	corrections:
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Sensitivity to new physics beyond the Standard Model

Extra	Z
Mixing	with
Dark	photon	or	
Dark	Z

Contact	interaction New
Fermions

SM uncertainty = thickness of the black line (10-4)
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Precision parity violation program 
Quantum corrections: universal running of sin²�!(Q²)

Sensitive to BSM 

 particles and forces

Probe heavy BSM at: 

 Qweak: �ᴮˢᴹ ≈ 29 TeV

 MESA/P2: �ᴮˢᴹ ≈ 49 TeV

Erler, Kurylov, Ramsey-Musolf, PRD 68 (2003) 016006

Erler, Ramsey-Musolf, Prog.Part.Nucl.Phys. 54 (2005) 351

Erler, Ramsey-Musolf, PRD 72 (2005) 073003

Marciano, Sirlin, PRD 27 (1983) 552; PRD 29 (1984) 75


…

Universal running - clean prediction of SM 
Deviation anywhere - BSM signal

Heavy BSM reach: up to 49 TeV 
Sensitivity to light dark gauge sector 
Complementary to colliders 6

Universal	quantum	corrections:	can	be	absorbed	into	a	
scale	dependent,	„running� sin2 θeff or	sin2 θW(µ)

running	α	 running	sin2 θW(µ)	

Precision	measurements	and	quantum	corrections:
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Qp, 1�loop
W = (1 + �⇢ + �e)(1� 4 sin2 ✓̂W + �0

e) + ⇤WW + ⇤ZZ + ⇤�Z

Marciano, Sirlin ’83,84; Erler, Musolf ’05

Hadronic effects under control

Non-universal correction - depends on kinematics and hadronic structure

Electroweak boxes: non-universal corrections

Radiative Correction Uncertainties  
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Residual dependence on hadronic scale Λ 0.0037±0.0004 (5.3 ± 0.6%)

Until recently: 1-loop SM result QpW = 0.0713 ± 0.0008

This formulation was used to plan Qweak @ JLab  

1.165 GeV beam; Q2=0.03 GeV2 
Combined Theo+Exp. uncertainty - 4% 
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Lower blob: γZ-interference structure functions

γZ-box from forward dispersion relation

MG, Horowitz ’09; MG, Horowitz, Ramsey-Musolf ‘11

GORCHTEIN, HOROWITZ, AND RAMSEY-MUSOLF PHYSICAL REVIEW C 84, 015502 (2011)

As discussed in Ref. [5], the Standard Model prediction for
the PV asymmetry in the forward regime can be expressed as

APV = GF t

4
√

2παem

!
(1 + #ρ + #e)(1 − 4 sin2 θ̂W (0) + #′

e)

+ !WW + !ZZ + !γZ

"
+ . . . , (12)

where θ̂W (0) is the running weak mixing angle in the MS
scheme at zero momentum transfer [7]. The correction #ρ is
a universal radiative correction to the relative normalization
of the neutral and charged current amplitudes; the #e and #′

e

give, respectively, nonuniversal corrections to the axial vector
Zee and γ ee couplings; the !V V for V = W,Z, γ give the
nonuniversal box graph corrections; and the “+ · · · ” indicate
terms that vanish with higher powers of t in the forward limit,
such as those arising from the magnetic and strange quark form
factors and the two-photon dispersion correction, !γ γ . The
weak charge of the proton, considered as a static property, is
given by the quantity in the squark brackets in the zero-energy
limit.

Within the radiative corrections, the TBE effects are
separated explicitly. This is done because the TBE corrections,
unlike other corrections in the above equation, are in general
ν and t dependent. In particular, the ν (or ε) dependence of
the γ γ -box is believed to be responsible for the discrepancy
between the Rosenbluth and polarization transfer data for
G

γ
E/G

γ
M [18]. It should be noted that in the exact forward

direction !γ γ vanishes as a consequence of electromagnetic
gauge invariance.

The WW and ZZ-box diagrams were first considered in [8]
and subsequently investigated in Refs. [5,19]. The contribution
from !WW in particular is relatively large. Both corrections
are ν independent at any hadronic energy scale because they
are dominated by exchange of hard momenta in the loop
∼ MW,MZ . Higher-order perturbative QCD corrections to
!WW and !ZZ were computed in Ref. [5], and the overall
theoretical uncertainty associated with these contributions is
well below the expected uncertainty of the Q-Weak experi-
ment.

In contrast to !WW and !ZZ , !γZ receives substantial
contributions from loop momenta at all scales. For the electron
energy-independent contribution, this situation leads to the
presence of a large logarithm ln MZ/)had, where )had is a
typical hadronic scale [5,8,19]. Because the asymmetry must
be independent of the latter, !γZ includes also a “low-energy
constant” CγZ()had) whose hadronic scale dependence com-
pensates for that appearing in the logarithm. An analogous Wγ
box correction enters the vector current contribution to neutron
and nuclear β decay. Importantly for the PV asymmetry, these
energy-independent γZ box contributions are suppressed by
1 − 4 sin2 θW , thereby suppressing the associated theoretical
uncertainty.

In Ref. [11], the γZ-box contribution was reexamined in
the framework of dispersion relations and it was found that
it possesses a considerable energy dependence, so that at
energies in the GeV range its value can differ significantly from
that found at zero energy. Moreover, the energy-dependent
correction contains a term that is not 1 − 4 sin2 θW suppressed,
so the theoretical uncertainty associated with hadronic-scale

contributions is potentially more significant. This energy de-
pendence comes through contributions from hadronic energy
range inside the loop that cannot be calculated reliably using
perturbative techniques.

At present, a complete first-principles computation is not
feasible, forcing one to rely on hadronic modeling. For a proper
interpretation of the PV asymmetry, it is thus important to
investigate the theoretical hadronic model uncertainty. The
remainder of the paper is devoted to this task. In so doing, we
attempt to reduce this model uncertainty by relating–wherever
possible–contributions from hadronic intermediate states to
experimental PC electroproduction data through the use of a
dispersion relation and isospin rotation. As a corollary, we also
identify future experimental measurements, such as those of
the PV inelastic asymmetry in the regime of moderate Q2 and
W , that could be helpful in reducing the theoretical uncertainty.

III. DISPERSION CORRECTIONS

To calculate the real part of the γZ direct and crossed
box diagrams shown in Fig. 1, we follow [11] and adopt a
dispersion relation formalism. We start with the calculation
of the imaginary part of the direct box (the crossed box
contribution to the real part will be calculated using crossing),

ImTγZ = −GF√
2

e2

(2π )3

#
d3k⃗1

2E1

lµν · W
µν
γZ

Q2
$
1 + Q2/M2

Z

% , (13)

where Q2 = −(k − k1)2 denotes the virtuality of the ex-
changed photon and Z (in the forward direction they carry
exactly the same Q2), and we explicitly set the intermediate
electron on shell. In the center of mass of the (initial) electron
and proton, one has E1 = s−W 2

2
√

s
, with s the full c.m. energy

squared and W the invariant mass of the intermediate hadronic
state. Note that for on-shell intermediate states, the exchanged
bosons are always spacelike.

The leptonic tensor is given by

lµν = ū(k′)γνk/1γµ

$
ge

V + ge
Aγ5

%
u(k). (14)

We next turn to the lower part of the diagrams in Fig. 1. The
blobs stand for an inclusive sum over all possible hadronic
intermediate states, starting from the ground state (i.e., the
nucleon itself) and on to a sum over the whole nucleon
photoabsorption spectrum. The case of the elastic hadronic
intermediate state was considered in Ref. [20]. Here we
concentrate on the inelastic contribution. Such contributions
arise from the absorption of a photon (weak boson). In
electrodynamics, for a given material, the relation between

FIG. 1. Direct and crossed diagrams for γZ exchange. Dashed
lines correspond to an exchange of a Z boson, and wavy lines to
an exchange of a photon. The blob stands for an inclusive sum over
intermediate hadronic states.
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Electroweak boxes: non-universal corrections
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Energy-dependent γZ-box

MG, Horowitz, PRL 102 (2009) 091806;
Nagata, Yang, Kao, PRC 79 (2009) 062501;  
Tjon, Blunden, Melnitchouk, PRC 79 (2009) 055201; 
Zhou, Nagata, Yang, Kao, PRC 81 (2010) 035208; 
Sibirtsev, Blunden, Melnitchouk, PRD 82 (2010) 013011; 
Rislow, Carlson, PRD 83 (2011) 113007; 
MG, Horowitz, Ramsey-Musolf, PRC 84 (2011) 015502;
Blunden, Melnitchouk, Thomas, PRL 107 (2011) 081801; 
Rislow, Carlson PRD 85 (2012) 073002; 
Blunden, Melnitchouk, Thomas, PRL 109 (2012) 262301; 
Hall et al., PRD 88 (2013) 013011; 
Rislow, Carlson, PRD 88 (2013) 013018; 
Hall et al., PLB 731 (2014) 287; 
MG, Zhang, PLB 747 (2015) 305;
Hall et al., PLB 753 (2016) 221; 
MG, Spiesberger, Zhang, PLB 752 (2016) 135;

7.6% of QWp correction in Q-Weak kinematics 
 - missed in the original analysis

⇤�Z(E = 1.165 GeV) = (5.4± 2.0)⇥ 10�3

⇤�Z(E = 0.155 GeV) = (1.1± 0.3)⇥ 10�3

The Vector Box Plots 
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• Differences come from the treatment of the 

structure functions. 

 

Central value agrees; Steep energy dependence

Uncertainty estimate differ by a factor 5

Model Dependence of #Z-box

Steep energy dependence observed - furnished strong motivation for P2 @ MESA

Qp
W (SM) = 0.0713± 0.0008Reference value: 1-loop SM

10

QWEAK collaboration recently finalized their result: QpW = 0.0716 ± 0.0048 
The error mostly experimental (6% rather than planned 4%)



MESA accelerator
new, Mainz Energy Recovering Acc.

Parity	violation	experiment
P2

Beam	Dump

Magnetic	spectrometer	MAGIX Kurt Aulenbacher et al.: Conceptual Design of the P2 Detector 9

easily be compensated for by parallelizing the simulation
to run on multiple CPU cores. Figure 12 shows the experi-
mental setup that has been implemented in the simulation
using CADMesh.

Fig. 12. Drawing of the experimental setup which has been
implemented in the Geant4 simulation of the P2-Experiment.
The drawing was created using CAD software.

6.1.2 Generation of events

One of the simulation’s central aspects is the realistic sim-
ulation of the interaction between the electron beam and
the 600 mm long `H2-target. While Geant4 is an excel-
lent tool to simulate the energy loss of the beam electrons
through collisions and Bremsstrahlung inside the target
volume, the simulation of elastic electron-proton scatter-
ing under large angles ✓f ⇠ 35� in a manner that is coher-
ent with the simulation of the energy loss processes imple-
mented in Geant4 is not purposeful, because the probabil-
ity of such an event to take place is of the order O(10�4).

In order to perform an e�cient simulation of the e-p
scattering process, a dedicated event generator has been
developed. In a first step, the passage of the beam elec-
trons through the target volume is simulated. The beam
electrons are tracked inside the `H2 volume, while the soft
energy loss processes are calculated by Geant4. Since all
beam electrons undergo very similar processes, each of the
beam electrons’ trajectories may be regarded as the mean
of an ensemble of similar trajectories. For this reason, one
may randomly scan several initial states of the elastic e-p
scattering process along each of the beam electrons’ trajec-
tories without interfering with the simulation of the other
physics processes. Figure 13 illustrates the principle. An
initial state of elastic electron-proton scattering is defined
by:

– The position of the vertex inside the target volume
– The initial state energy Ei of the beam electron
– The 3-momentum vector of the beam electron

As the beam electrons are propagated through the
`H2 volume, Geant4 generates secondary particles in the
course of the simulation of the soft collision and Brems-
strahlung processes. All of these particles are tracked through

the target volume as well up to the point where they
leave the volume. One at this point, the particles state
is scanned, saved, and the particle is stopped and termi-
nated in order to save CPU time. In this manner, one
ends up with an ensemble of particle states corresponding
to background processes and beam electrons on the target
volume’s surface. Such a state is defined by:

– The particle type
– The position on the target volume’s surface
– The 4-momentum vector of the particle

Once calculated for a specific target geometry, both
the initial state ensemble of the elastic e-p scattering pro-
cess and the ensemble of background particle states may
be reused an arbitrary number of times to generate final
state ensembles for the detector simulation. Of course one
has to take care of the proper normalization in order to be
able to predict event rate distributions with this method.
Figure 14 shows a sample distribution of initial states of
the e-p scattering process.

Fig. 13. To illustrate the principle of generating ensembles
of initial states of elastic e-p scattering and background parti-
cles. The beam electrons are impinged upon the `H2-volume.
In Geant4, all particles are propagated in spatial steps of finite
length. While the soft enery loss processes are simulated with
Geant4, initial states of elastic e-p scattering are scanned at
random positions along the beam electrons’ trajectories with-
out interfering with the simulation of the other physics pro-
cesses. When a particle reaches the surface of the `H2-volume
from it’s inside, the particle’s state is scanned and the simula-
tion of the trajectory is stopped.

For each of the initial states of elastic e-p scattering,
a final state is generated using an event generator that
has been developed for the simulation application. It sam-
ples the electron’s scattering angles ✓f and �f using flat
probability density distributions and uses the Rosenbluth
formula (equation (22)) as a weighting factor for the sam-
pled event so that an electron and a proton in the final

P2 detector
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for ŝ2Z and

�QW (p)

QW (p)
= 1.77 % (33)

for the proton’s weak charge.

Ebeam 155MeV

✓̄f 35�

�✓f 20�

hQ2iL, �✓f 6⇥ 10�3 (GeV/c)2

hAexpi �39.94 ppb

(�Aexp)Total 0.68 ppb (1.70%)

(�Aexp)Statistics 0.51 ppb (1.28%)

(�Aexp)Polarization 0.21 ppb (0.53%)

(�Aexp)Apparative 0.10 ppb (0.25%)

(�Aexp)⇤�Z
0.08 ppb (0.20%)

(�Aexp)nucl. FF 0.29 ppb (0.72%)

hŝ2Zi 0.23116

(�ŝ2Z)Total 3.34⇥ 10�4 (0.14%)

(�ŝ2Z)Statistics 2.68⇥ 10�4 (0.12%)

(�ŝ2Z)Polarization 1.01⇥ 10�4 (0.04%)

(�ŝ2Z)Apparative 5.06⇥ 10�5 (0.02%)

(�ŝ2Z)⇤�Z
4.16⇥ 10�5 (0.02%)

(�ŝ2Z)nucl. FF 1.42⇥ 10�4 (0.06%)

Table 2. Results of the error propagation calculation per-
formed for the design parameters of the P2-Experiment. The
mean values and standard deviations of the parameters listed
in table 1 have been used for the calculation. The expected
value of Q2 has been calculated in analogy to equation (21).
The error values given in round brackets are the relative errors
w.r.t. the expected value.

4 The MESA accelerator

Responsible: Kurt

4.1 Polarized Source

Responsible: Kurt

4.2 Polarimetry

Responsible: Kurt

4.3 Beam control

Responsible: Juergen, Ruth

– introduction:
– beam parameters x, y, x’, y’, I, E
– helicity-correlated changes of beam parameters cause

false (apparative) asymmetries
– monitoring during data taking mandatory to judge

beam quality and later apply corrections to data
– possibility for active stabilization of beam parame-

ters (feedback plus “forward cancellation” of h.c.)
– proposed system for beam control:

– experience from A4: cavity BPMs (for x, y, x’, y’) ,
cavity BCMs (for I; with longitudinally dispersive
beamline also E), analog feedback for h.c. suppres-
sion

– now: digital system for better integration, flexibil-
ity

– test beamline, measurements show P2 goals can
very likely be accomplished, development of new
methods (digital, IQ etc.)

– cavity design for MESA (2.6GHz?)

As already mentioned in [7], an apparative asymmetry
Aapp will arise from helicity-correlations of the six beam
parameters position x, y, angle x0, y0, intensity I, and en-
ergy E at the P2 target. Therefore accurate, continuous
measurement of the beam parameters is mandatory in or-
der to be able to determine Aapp and possibly correct for
it. Such corrections should not exceed a certain raction of
the physics asymmetry APV and their precision must not
exceed �Aapp =0.1 ppb as in table [?].

To keep corrections small, two possibilities exist: Beam
parameter fluctuations can be actively suppressed by feed-
back systems. This was done successfully in the A4 ex-
periment [?] at MAMI using analog feedback loops for
position, angle, intensity and a digital loop to stabilize
the beam energy. However, this approach removes helicity-
correlated as well as non-helicity correlated beam fluctu-
ations which may not be desirable as the latter help to
decorrelate the individual contributions Aapp

i to the to-
tal apparative asymmetry. Removing them can therefore
degrade the precision �Aapp of the correction.

Another possibility is to measure the helicity-correlations
of all beam parameters online and to provide a helicity-
correlated forward-cancellation or at least suppression to
keep Aapp reasonably small.

4.4 Proposed beam control system

The operation of the existing MAMI accelerator and the
former A4 parity violation experiment rely on measuring
the beam parameters with cavity beam monitors: cavity
BCMs (beam current monitors) can be used for beam
intensity and also for beam phase measurement, while
cavity BPMs (beam position monitors) provide measure-
ments of beam position and angle (from di↵erences be-
tween two BPMs). Due to our experience and the good

P2 experiment @ MESA

Additionally: APV measurement on C-12 
Asymmetry ~ 4sin2θW - no gain in precision  
but 15 times larger than p; 
Cross sections 36 times larger than p; 
2500h data - 0.3% on sin2θW possible!

200 days of data; 
150 µA beam 
85% polarization 
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were nucleon form factors from which the quoted results were obtained by the removal
of a multi-quark radiative correction [126]. Other linear combinations of the Ciq have
been determined in polarized-lepton scattering at CERN in µ-C DIS, at Mainz in e-Be
(quasi-elastic), and at Bates in e-C (elastic). See the review articles in Refs. 127 and 128
for more details. Recent polarized electron asymmetry experiments, i.e., SAMPLE, the
PVA4 experiment at Mainz, and the HAPPEX and G0 experiments at Jefferson Lab, have
focussed on the strange quark content of the nucleon. These are reviewed in Ref. 129,
where it is shown that they can also provide significant constraints on C1u and C1d which
complement those from atomic parity violation (see Fig. 10.2).

Figure 10.2: Constraints on the effective couplings, C1u and C1d, from recent
(PVES) and older polarized parity violating electron scattering, and from atomic
parity violation (APV) at 1 σ, as well as the 90% C.L. global best fit (shaded) and
the SM prediction as a function of the weak mixing angle !s 2

Z . (The SM best fit
value !s 2

Z = 0.23116 is also indicated.)

The parity violating asymmetry, APV , in fixed target polarized Møller scattering,
e−e− → e−e−, is defined as in Eq. (10.28) and reads [130],

APV

Q2 = −2 C2e
GF√
2πα

1 − y

1 + y4 + (1 − y)4
, (10.31)

where y is again the energy transfer. It has been measured at low Q2 = 0.026 GeV2 in the
SLAC E158 experiment [131], with the result APV = (−1.31±0.14 stat.±0.10 syst.)×10−7.
Expressed in terms of the weak mixing angle in the MS scheme, this yields !s 2(Q2) =

June 18, 2012 16:19

L = �(GF /
p

2)Cq
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Precision measurements of VudStandard Model
3 interactions, 3 generations of quarks and leptons, Higgs

Charged current interaction - β-decay (μ, π±, n)

π±

μ±

ν (anti-ν)

μ-
e-

νμ 

-νe 
n

e-

-νe 

p

CKM - Determines the relative strength of the  
weak CC interaction of quarks vs. that of leptons

CKM unitarity - measure of completeness of the SM:  |Vud|2+ |Vus|2+ |Vub|2=1

W coupling to leptons and hadrons very close but not exactly the same:  
quark mixing - Cabbibo-Kabayashi-Maskawa matrix
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GORCHTEIN, HOROWITZ, AND RAMSEY-MUSOLF PHYSICAL REVIEW C 84, 015502 (2011)

As discussed in Ref. [5], the Standard Model prediction for
the PV asymmetry in the forward regime can be expressed as

APV = GF t

4
√

2παem

!
(1 + #ρ + #e)(1 − 4 sin2 θ̂W (0) + #′

e)

+ !WW + !ZZ + !γZ

"
+ . . . , (12)

where θ̂W (0) is the running weak mixing angle in the MS
scheme at zero momentum transfer [7]. The correction #ρ is
a universal radiative correction to the relative normalization
of the neutral and charged current amplitudes; the #e and #′

e

give, respectively, nonuniversal corrections to the axial vector
Zee and γ ee couplings; the !V V for V = W,Z, γ give the
nonuniversal box graph corrections; and the “+ · · · ” indicate
terms that vanish with higher powers of t in the forward limit,
such as those arising from the magnetic and strange quark form
factors and the two-photon dispersion correction, !γ γ . The
weak charge of the proton, considered as a static property, is
given by the quantity in the squark brackets in the zero-energy
limit.

Within the radiative corrections, the TBE effects are
separated explicitly. This is done because the TBE corrections,
unlike other corrections in the above equation, are in general
ν and t dependent. In particular, the ν (or ε) dependence of
the γ γ -box is believed to be responsible for the discrepancy
between the Rosenbluth and polarization transfer data for
G

γ
E/G

γ
M [18]. It should be noted that in the exact forward

direction !γ γ vanishes as a consequence of electromagnetic
gauge invariance.

The WW and ZZ-box diagrams were first considered in [8]
and subsequently investigated in Refs. [5,19]. The contribution
from !WW in particular is relatively large. Both corrections
are ν independent at any hadronic energy scale because they
are dominated by exchange of hard momenta in the loop
∼ MW,MZ . Higher-order perturbative QCD corrections to
!WW and !ZZ were computed in Ref. [5], and the overall
theoretical uncertainty associated with these contributions is
well below the expected uncertainty of the Q-Weak experi-
ment.

In contrast to !WW and !ZZ , !γZ receives substantial
contributions from loop momenta at all scales. For the electron
energy-independent contribution, this situation leads to the
presence of a large logarithm ln MZ/)had, where )had is a
typical hadronic scale [5,8,19]. Because the asymmetry must
be independent of the latter, !γZ includes also a “low-energy
constant” CγZ()had) whose hadronic scale dependence com-
pensates for that appearing in the logarithm. An analogous Wγ
box correction enters the vector current contribution to neutron
and nuclear β decay. Importantly for the PV asymmetry, these
energy-independent γZ box contributions are suppressed by
1 − 4 sin2 θW , thereby suppressing the associated theoretical
uncertainty.

In Ref. [11], the γZ-box contribution was reexamined in
the framework of dispersion relations and it was found that
it possesses a considerable energy dependence, so that at
energies in the GeV range its value can differ significantly from
that found at zero energy. Moreover, the energy-dependent
correction contains a term that is not 1 − 4 sin2 θW suppressed,
so the theoretical uncertainty associated with hadronic-scale

contributions is potentially more significant. This energy de-
pendence comes through contributions from hadronic energy
range inside the loop that cannot be calculated reliably using
perturbative techniques.

At present, a complete first-principles computation is not
feasible, forcing one to rely on hadronic modeling. For a proper
interpretation of the PV asymmetry, it is thus important to
investigate the theoretical hadronic model uncertainty. The
remainder of the paper is devoted to this task. In so doing, we
attempt to reduce this model uncertainty by relating–wherever
possible–contributions from hadronic intermediate states to
experimental PC electroproduction data through the use of a
dispersion relation and isospin rotation. As a corollary, we also
identify future experimental measurements, such as those of
the PV inelastic asymmetry in the regime of moderate Q2 and
W , that could be helpful in reducing the theoretical uncertainty.

III. DISPERSION CORRECTIONS

To calculate the real part of the γZ direct and crossed
box diagrams shown in Fig. 1, we follow [11] and adopt a
dispersion relation formalism. We start with the calculation
of the imaginary part of the direct box (the crossed box
contribution to the real part will be calculated using crossing),

ImTγZ = −GF√
2

e2

(2π )3

#
d3k⃗1

2E1

lµν · W
µν
γZ

Q2
$
1 + Q2/M2

Z

% , (13)

where Q2 = −(k − k1)2 denotes the virtuality of the ex-
changed photon and Z (in the forward direction they carry
exactly the same Q2), and we explicitly set the intermediate
electron on shell. In the center of mass of the (initial) electron
and proton, one has E1 = s−W 2

2
√

s
, with s the full c.m. energy

squared and W the invariant mass of the intermediate hadronic
state. Note that for on-shell intermediate states, the exchanged
bosons are always spacelike.

The leptonic tensor is given by

lµν = ū(k′)γνk/1γµ

$
ge

V + ge
Aγ5

%
u(k). (14)

We next turn to the lower part of the diagrams in Fig. 1. The
blobs stand for an inclusive sum over all possible hadronic
intermediate states, starting from the ground state (i.e., the
nucleon itself) and on to a sum over the whole nucleon
photoabsorption spectrum. The case of the elastic hadronic
intermediate state was considered in Ref. [20]. Here we
concentrate on the inelastic contribution. Such contributions
arise from the absorption of a photon (weak boson). In
electrodynamics, for a given material, the relation between

FIG. 1. Direct and crossed diagrams for γZ exchange. Dashed
lines correspond to an exchange of a Z boson, and wavy lines to
an exchange of a photon. The blob stands for an inclusive sum over
intermediate hadronic states.

015502-4
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feasible, forcing one to rely on hadronic modeling. For a proper
interpretation of the PV asymmetry, it is thus important to
investigate the theoretical hadronic model uncertainty. The
remainder of the paper is devoted to this task. In so doing, we
attempt to reduce this model uncertainty by relating–wherever
possible–contributions from hadronic intermediate states to
experimental PC electroproduction data through the use of a
dispersion relation and isospin rotation. As a corollary, we also
identify future experimental measurements, such as those of
the PV inelastic asymmetry in the regime of moderate Q2 and
W , that could be helpful in reducing the theoretical uncertainty.

III. DISPERSION CORRECTIONS

To calculate the real part of the γZ direct and crossed
box diagrams shown in Fig. 1, we follow [11] and adopt a
dispersion relation formalism. We start with the calculation
of the imaginary part of the direct box (the crossed box
contribution to the real part will be calculated using crossing),

ImTγZ = −GF√
2

e2

(2π )3

#
d3k⃗1

2E1

lµν · W
µν
γZ

Q2
$
1 + Q2/M2

Z

% , (13)

where Q2 = −(k − k1)2 denotes the virtuality of the ex-
changed photon and Z (in the forward direction they carry
exactly the same Q2), and we explicitly set the intermediate
electron on shell. In the center of mass of the (initial) electron
and proton, one has E1 = s−W 2

2
√

s
, with s the full c.m. energy

squared and W the invariant mass of the intermediate hadronic
state. Note that for on-shell intermediate states, the exchanged
bosons are always spacelike.

The leptonic tensor is given by

lµν = ū(k′)γνk/1γµ

$
ge

V + ge
Aγ5

%
u(k). (14)

We next turn to the lower part of the diagrams in Fig. 1. The
blobs stand for an inclusive sum over all possible hadronic
intermediate states, starting from the ground state (i.e., the
nucleon itself) and on to a sum over the whole nucleon
photoabsorption spectrum. The case of the elastic hadronic
intermediate state was considered in Ref. [20]. Here we
concentrate on the inelastic contribution. Such contributions
arise from the absorption of a photon (weak boson). In
electrodynamics, for a given material, the relation between

FIG. 1. Direct and crossed diagrams for γZ exchange. Dashed
lines correspond to an exchange of a Z boson, and wavy lines to
an exchange of a photon. The blob stands for an inclusive sum over
intermediate hadronic states.
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⇤�W (0) =
↵

⇡

1Z

0

dQ2

1Z

thr

dW 2C(W,Q2)F �W
3 ! ↵

2⇡


ln

MZ

⇤
+ 2CB

�
~ (7 ± 0.2) × 10-3
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CKM unitarity: Vud the main contributor 
to the sum and the uncertainty -  
γW-box drives this uncertainty, too

It is time for M&S result to be independently checked/improved

Current status of Vud and CKM unitarity

New challenges: γW-box for beta decays with controlled precision 
Non-negligible energy dependence?  
Nuclear structure beyond Marciano & Sirlin, Hardy & Towner? 

γZ-box for PVES off C-12 to 10-4 - nuclear excitations, … ?
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Can be formulated in the dispersion relation language

⇤�W (0) =
↵

⇡

1Z

0

dQ2

1Z

thr

dW 2C(W,Q2)F �W
3 ! ↵

2⇡


ln

MZ

⇤
+ 2CB

�
+ …

DR allow to formulate the precision of the EW box calculations through that of the input



Electroweak boxes - plans

ImhN |T [Jµ
ZJ⌫

� ]|Ni =
X

X

⇢XhN |Jµ
Z |XihX|J⌫

� |Ni
X = πN, ηN, η ́N, KΛ, KΣ, …

Existing e.-m. data  
PWA (MAID, SAID, …) 
Q2 < 2 GeV2, W<2 GeV

PWA for weak production 
Needed at  
Q2 < 2 GeV2, W<4 GeV

ImhN |T [Jµ
W J⌫

� ]|Ni =
X

X

⇢XhN |Jµ
W |XihX|J⌫

� |Ni

Input necessary for EW box calculations
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Meson production in e- scattering (PC and PV) and ν(anti-ν) scattering  
Theory input is needed for extracting neutrino oscillation parameters  
- inelastic data exist (Minerva, MiniBooNE, SciBooNE, NOMAD, NOvA, T2K)  
and more to come (T2HK, MicroBooNE, DUNE) 

WW-box - an important uncertainty in 0νββ - an alternative method

Talks by J. Carlson, U. Mosel



Summary
• Low energy tests of SM - nice complementarity to collider searches 

•  Current precision ~10-4 promotes hadronic effects to an important source of 
uncertainty  

•  Need for a reliable calculation of EW boxes 

• Dispersive methods - relate EW boxes to data and allow for a “model-
independent” uncertainty estimate 

• Input to the DR - combine data on electron and neutrino scattering 

•  Synergy between tests of SM with PVES, beta decay, atomic PV, and 
determination of the neutrino masses, mixing and nature


