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Topics to be discussed

 ● High-precision measurements at low-energy facilities
    What is the main interest?

    a) high-precision (stress) test of the SM at the level of its quantum corrections
        at energy scales much different than those probed at high-energy colliders
        e.g.   independent determination  might help to solve long-standing discrepancies

    b) New Physics searches
        several urgent questions (e.g. existence of dark matter, the matter-antimatter asymmetry) point out that
        the SM can not be the final theory of the fundamental interactions

        how should we look for New Physics, relevant at high-energy scales, in low-energy experiment ?
        → Precision  (experimental and theoretical)

        we look for any possible significant discrepancy between the data and the best SM predictions
        if a significant tension appears, it can be interpreted as a first indirect hint towards New Physics states
             which contribute at the quantum level via virtual corrections
  

sin2 θW
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Topics to be discussed

● Complementarity with high-energy experiments

        the search for BSM signals benefits of a very precise understanding of the energy dependence of the observables

        one single deviation from the SM is not conclusive evidence of New Physics. (e.g. the CDF result for  )

         a systematic pattern of deviations from the SM, at different energies,  would be a more significant signal

        the determination of the running with energy of the fundamental couplings of the SM lagrangian 
             is a complex program of studies which can yield such evidence

mW
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How can we access the value of the gauge couplings ?

 ● the EW charged current interaction has a clear V-A structure
    identification of the e.m. current in the neutral sector → prediction of a new current coupling to the Z boson
    the weak mixing angle parameterises which combination of SU(2)L and U(1)Y enter in the Z field

                                                →            

     ( only two parameters  are independent! )

      the vector and axial-vector couplings of the Z boson to fermions depend on 
                                       

      → their measurement allows the  determination

      the non-vanishing axial-vector coupling leads to parity violation in the processes mediated by the weak interaction
      → observables sensitive to parity violation are thus useful to determine 

                               e.g. in e- p scattering          

                               where  are the electron-proton cross sections with polarised electrons in a given fiducial volume

g sin θW = g′�cos θW = e tan θW =
g′ �
g

(g, g′�)

sin2 θW
vf = Tf − 2Qf sin2 θW af = Tf

sin2 θW

sin2 θW

APV =
σ+ − σ−

σ+ + σ−
=

−GFQ2

4 2παem
(1 − 4 sin2 θW − F(Ei, Q2))

σ±
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Parity violation: what can be learned from precision e- p measurements?

The asymmetry    is obtained polarising the electron beam

                          

 ●  is proportional to the weak charge of the proton, accidentally suppressed in the SM:       

 ● the tree-level suppression of    i) enhances the sensitivity to   :   

                                                               → a measurement at the 1.4% level of   allows a determination of 

                                                                    with an error   (cfr. LEP error )

                                                           ii)  enhances the impact of the radiative corrections (e.g. -39% in Møller scattering) 

 ●  radiative corrections contribute to the precise value of the asymmetry    ( →  determination)
                                     may include BSM contributions (tree-level suppression of  →enhanced sensitivity to BSM effects)             

 ●  the value of the effective weak mixing angle at  is about 3% larger than at 
      this SM prediction has to be tested and it might reveal BSM effects     

APV =
σ+ − σ−

σ+ + σ−
=

−GFQ2

4 2παem
(QW − F(Ei, Q2) )

APV(P2) ∼ − 40 ⋅ 10−9

APV QW(p) = 1 − 4 sin2 θW ∼ 0.09

QW(p) sin2 θW ΔQW /QW ∼ 0.09 Δsin2 θW /sin2 θW

APV(P2) sin2 θW

Δsin2 θW ∼ 33 ⋅ 10−5 Δsin2 θW ∼ 16 ⋅ 10−5

APV sin2 θW
QW(p)

q2 = 0 q2 = m2
Z
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Comparison of different weak mixing angle determinations
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 The sensible comparison of different determinations of  offers a test of the SM
        • the values extracted at e+e- and hadron colliders are based on observables with different systematics
           but also use different definitions to fit the data
        • for a meaningful test,  it is important to compare the same weak mixing angle
             (different definitions appear when discussing the quantum corrections)

sin2 θW
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LEP/SLD longstanding discrepancies might be clarified
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The renormalisation of the SM and a framework for precision tests

• The Standard Model is a renormalizable gauge theory based on SU(3) x SU(2)L x U(1)Y

• The gauge sector of the SM lagrangian is assigned specifying ( ) in terms of 4 measurable inputs

• More observables can be computed and expressed in terms of the input parameters, including the available 

radiative corrections, at any order in perturbation theory 

• The validity of the SM can be tested comparing these predictions with the corresponding experimental results

g, g′�, v, λ

• The input choice ( ) ↔ ( ) minimises the parametric uncertainty of the predictionsg, g′�, v, λ α(0), Gμ, mZ, mH

• with these inputs, MW and the weak mixing angle are predictions of the SM, 
    to be tested against the experimental data

↵(0) = 1/137.035999139(31)

Gµ = 1.1663787(6)⇥ 10�5 GeV�2

mZ = 91.1876(21) GeV/c2

mH = 125.09(24) GeV/c2
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The weak mixing angle(s): theoretical prediction(s) at  q2 = m2
Z

sin2 ✓lep
eff

= (m2
Z
) sin2 ✓OS = ̂(m2

Z
) sin2 ✓̂

• the effective leptonic weak mixing angle enters in the definition of the effective Z-f-fbar vertex
    at the Z resonance 

                            

( q2 = m2
Z )

ℳeff
Zl+l− = ūl γα [𝒢f

v(m2
Z) − 𝒢f

a(m2
Z) γ5] vl εα

Z 4 |Qf |sin2 θe ff f = 1 −
𝒢f

v

𝒢f
a

    and can be computed in the SM (or in other models) in different renormalisation schemes
    using  as input parameters of the calculation(α0, Gμ, mZ)

• on-shell definition:
    Sirlin, 1980   

• MSbar definition:
    Marciano, Sirlin, 1980; Degrassi, Sirlin, 1991   

• the prediction of the weak mixing angle can be computed in different renormalisation schemes 
    differing for the systematic inclusion of large higher-order corrections

sin2 ✓OS = 1� m2
W

m2
Z

definition valid to all orders

weak dependence on top-quark
corrections

Gμ

2
=

g2
0

8m2
W,0

⟶ ̂s2 ̂c2 =
πα

2Gμm2
Z (1 − Δ ̂r)

̂s2 ≡ sin2 ̂θ(μR = mZ)
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it is crucial to verify at which energy scale the predictions are defined 
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The weak mixing angle at different energy scales
Goal:         testing the parity-violating structure of the weak interactions at different energy scales

Problems:   a) define an observable quantity, analogous to   at  , 

                      now e.g. at  for the t-channel processes like e-p or e-e- scattering

                 b) given the large size of the NLO corrections at , the fixed-order result is not sufficient
                     we have to resum to all orders large classes of radiative corrections in the definition of a running parameter

Solution 1:  introduction of   at  to describe Møller scattering       Ferroglia, Ossola, Sirlin, hep-ph/0307200

                 it absorbs the effect of the EW corrections to the Møller amplitude 
                     in a new effective parameter ,  via a gauge-invariant form factor ,

                     in a tree-level-like structure

                 this parameter is a physical observable which can be i) predicted and ii) measured → comparison with 

Solution 2:  the definition of   in the MSbar scheme is strictly bound to the presence of a renormalisation scale  

                   satisfies the RGE (→ it needs a boundary condition computed at one given scale )
                                   this quantity can be predicted in the SM using  as basic input parameters

                   the scale  allows to probe the size of resummed radiative correction to the couplings at different scales

sin2 θlep
eff q2 = m2

Z

q2 = 0
q2 = 0

sin2 θe−e−

eff q2 = 0

sin2 θe−e−

eff κ(q2 = 0)

sin2 θlep
eff

sin2 ̂θ(μR) μR

sin2 ̂θ(μR) q2

(α(0), Gμ, mZ)
μR
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The running of  and the prediction of  Erler,Ramsey-Musolf, hep-ph/0409169 sin2 ̂θ(μR) sin2 ̂θ(0)
given , we want to study a process with    → the radiative corrections contain large  factors

in the MSbar scheme, the RGE allows to compute the coupling at an arbitrary scale , once the value at a given  is known

             setting  resums the large  in 
                                                              the behaviour at the physical thresholds is fixed via matching conditions

sin2 ̂θ(m2
Z) Q2 ≪ m2

Z log(Q2/m2
Z)

μ2 Q2

sin2 ̂θ(Q2) = ̂κ(Q2, μ2) sin2 ̂θ(μ2) μ2 = Q2 log(Q2/μ2) sin2 θ(μ2)
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38 Kumar, Mantry, Marciano & Souder

(along with threshold matching), e↵ectively moving large logs from (Q2
, µ)MS

into sin2
✓W (µ2)MS so that resummation can be performed using the RG evolu-

tion equation of sin2
✓W . On the other hand, choosing µ

2 = m
2
Z

introduces large

logarithms of Q
2
/m

2
Z

in MS(Q
2
, µ = mZ) spoiling the convergence of pertur-

bation theory. In Ref. (53), a solution to the RG equation of sin2
✓W (µ)MS, for

evolution between scales µ0 and µ without crossing any particle mass thresholds,

was given to be

sin2
✓W (µ)MS =

↵(µ)MS

↵(µ0)MS

sin2
✓W (µ0)MS + �1

h
1 �

↵(µ)

↵(µ0)

i

+
↵(µ)

⇡

h
�2

3
ln

µ
2

µ2
0

+
3�3

4
ln

↵(µ)MS

↵(µ0)MS

+ �̃(µ0) � �̃(µ)
i
. (38)

In the above equation, �1,2,3 are numerical coe�cients that take on di↵erent values

depending on the range (µ0, µ). This solution resums leading logs O(↵n lnn µ

µ0
),

next-to-leading logs O(↵n+1 lnn µ

µ0
) and O(↵↵

n
s lnn µ

µ0
), next-to-next-to-leading

logs O(↵↵
n+1
s lnn µ

µ0
), and next-to-next-to-next-leading logs O(↵↵

n+1
s lnn µ

µ0
). Non-

perturbative e↵ects arise from the contribution of light quark loops in self-energy

� � Z
0 mixing diagrams when µ ⇠ ⇤QCD. These non-perturbative e↵ects are

incorporated in Eqn. 38 through the non-perturbative e↵ects in the evolution of

↵(µ)MS and in the �̃(µ0), �̃(µ) terms. These non-perturbative e↵ects contribute

an uncertainty in the extraction of sin2
✓W (0)MS below the 10�4 level.

The value of sin2
✓(0)MS, in terms of sin2(mZ)MS, can be obtained by using

Eqn. 38 combined with threshold matchings to evolve between the scales µ = mZ

and µ = 0. It was shown in Ref. (53) that the solution to the MS RG evolution,

expanded to one-loop order is

(0)MS = (0) +
2↵(mZ)

9⇡ŝ2
= (0)PT = 1.03232 ± 0.00029, (39)

where non-perturbative e↵ects have been included. The uncertainty has been

we predict  
resumming large perturbative corrections in  

non-perturbative contributions enter via 
and are treated along with the e.m. coupling

gauge invariance is respected in the MSbar  factor

 

sin2 ̂θ(0) = ̂κ(0) sin2 ̂θ(m2
Z)

̂κ(0)

ΣγZ (μ ∼ ΛQCD)

̂κ

̂κ(0) = 1.03232 ± 0.00029
sin2 ̂θ(m2

Z) = 0.23124(6) → sin2 ̂θ(0) = 0.23871(9)
10

Kumar, Mantry, Marciano, Soudry, arXiv:1302.6263 
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The running of  and the prediction of  Erler,Ramsey-Musolf, hep-ph/0409169 sin2 ̂θ(μR) sin2 ̂θ(0)
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The running of the MSbar parameter depends 
     on the particles active in the theory at a given scale   and the sign of the associated beta function coefficientμ2

11

38 Kumar, Mantry, Marciano & Souder
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In the above equation, �1,2,3 are numerical coe�cients that take on di↵erent values

depending on the range (µ0, µ). This solution resums leading logs O(↵n lnn µ
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� � Z
0 mixing diagrams when µ ⇠ ⇤QCD. These non-perturbative e↵ects are

incorporated in Eqn. 38 through the non-perturbative e↵ects in the evolution of

↵(µ)MS and in the �̃(µ0), �̃(µ) terms. These non-perturbative e↵ects contribute

an uncertainty in the extraction of sin2
✓W (0)MS below the 10�4 level.

The value of sin2
✓(0)MS, in terms of sin2(mZ)MS, can be obtained by using

Eqn. 38 combined with threshold matchings to evolve between the scales µ = mZ

and µ = 0. It was shown in Ref. (53) that the solution to the MS RG evolution,

expanded to one-loop order is

(0)MS = (0) +
2↵(mZ)

9⇡ŝ2
= (0)PT = 1.03232 ± 0.00029, (39)

where non-perturbative e↵ects have been included. The uncertainty has been

                  what about the experimental determination of  ?sin2 ̂θ(μR)

The large lever arm (3 orders of magnitude) and the high precision of the P2 determination
      might possibly emphasise the presence of non-SM contributions.

Alternatively , significant compatibility with the SM prediction would be a striking success of the SM

screening

anti-screening
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Fit of observables, parameter determination and EW input schemes

12

An experimental procedure measures observables , i.e. cross section and asymmetries

These observables  can be computed in a given model, e.g. the SM, with an input scheme, e.g. 

     and expressed in terms of only the input parameters of the lagrangian  .

If we want to determine the value of one input parameter of the lagrangian,
   we fit the experimental observable with its theoretical prediction, letting the input parameter free to vary.
→ for a given EW input scheme, only the input parameters can be “measured”, all the other parameters are predictions
    in the  scheme we can predict  , but we can not “measure” it

𝒪

𝒪 (α0, Gμ, mZ)
𝒪 = 𝒪(α0, Gμ, mZ)

(α0, Gμ, mZ) sin2 ̂θ(μR)
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Fit of observables, parameter determination and EW input schemes

12

An experimental procedure measures observables , i.e. cross section and asymmetries

These observables  can be computed in a given model, e.g. the SM, with an input scheme, e.g. 

     and expressed in terms of only the input parameters of the lagrangian  .

If we want to determine the value of one input parameter of the lagrangian,
   we fit the experimental observable with its theoretical prediction, letting the input parameter free to vary.
→ for a given EW input scheme, only the input parameters can be “measured”, all the other parameters are predictions
    in the  scheme we can predict  , but we can not “measure” it

𝒪

𝒪 (α0, Gμ, mZ)
𝒪 = 𝒪(α0, Gμ, mZ)

(α0, Gμ, mZ) sin2 ̂θ(μR)

→ we need to compute the asymmetries and all the relevant observables (in e-p, e-e-, e+e-  scattering)
    using an EW scheme with  as one of the input parameters, e.g. 
    Setting the scale  at a value  typical of the process defines that  is renormalised at that scale,
       the fit will then choose the best value for 

The determination of  at different  values allows then 
     a test of the predicted running of this parameter (predicted in the  input scheme).

sin2 ̂θ(μR) (α0, sin2 ̂θ(μR), mZ)
μ2

R = q2 q2 sin2 ̂θ(μR)
sin2 ̂θ(q2)

sin2 ̂θ(q2) q2

(α0, Gμ, mZ)
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BSM searches

13

Any significant tension of  with the data might be interpreted as a BSM signal

Different kinds of new interaction might yield the same observable effect:

       new parity-violating contact interaction operators
       new dark bosons
       new additional gauge bosons (Z’)

ASM
PV

The P2 potential to discover new physics is enhanced by :
       a) accidental suppression of the proton weak charge at tree level  → BSM effects have stronger impact on 

                                  

       b) absence of suppression of the interferences  of BSM with SM tree level amplitudes   (at variance with the Z pole)
                   at the Z pole the SM amplitude is purely imaginary and the interference with real BSM amplitudes vanishes

The P2 high precision makes its discovery potential comparable to the one of high-energy experiments

APV

APV =
−GFQ2

4 2παem
(QW − F(Ei, Q2) + ΔSM rad.corr.(Q2) + ΔBSM(Q2) )
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BSM searches
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Figure 8
A plot of the 95%-CL mass reach !+/g (and !+ with g2 = 4π ; right axis) as a function of the uncertainty
#Qp

W in measurements of the proton’s weak charge (θh = 26.6◦) assuming a central value Qp
W on the

Standard Model (SM). The blue square denotes the existing constraint provided by the Qweak experiment’s
result (8) with an uncertainty of ±0.0045 and a central value of 0.0719, which is +0.0008 from the SM value.
The dashed lines denote the boundaries defined by ±1σ deviations of the assumed Qp

W from the SM central
value. Note that the uncertainty #Qp

W proposed for the P2 experiment (65) is approximately 0.0011, which
has the potential to deliver about twice the mass reach achieved in the Qweak experiment.

from 46 to 80 TeV. This would constitute a significant improvement over the present limit of
26.6 TeV set by the Qweak experiment.

Improving the flavor-independent mass reach is a much more difficult task because the present
limit (Section 5.2) is already based on two precise experiments: the cesium APV result and the
Qweak result. Figure 7b depicts the likely discovery space for future Qp

W experiments, Figure 7c
shows the same for future APV experiments on cesium, and Figure 7d shows both. Each panel
shows the existing 95%-CL !/g constraint as a function of the flavor-mixing angle θh, and then
adds additional experiments with either the same uncertainty as or one-half/one-quarter the un-
certainty of the existing experiments. The assumption is made that each new experiment’s central
value falls on the SM, and follows the same analysis procedure detailed in Section 5.2, except with
the appropriate additional terms added to Equation 33. The resulting minimum !/g represents
the mass limit below which PV SL four-point contact interaction BSM physics is excluded in-
dependently of what quark flavors the New Physics couples to. With a new Qp

W measurement
from P2 assuming a central value on the SM and assuming the ±0.0011 uncertainty proposed for
that experiment, combined with the existing Qweak and APV cesium results, the θh-independent
mass reach !/gwould improve from 3.6 TeV to 4.2 TeV.The improvement in the θh-independent
mass reach that could be achieved with new Qp

W experiments, or with new APV experiments, is
relatively modest compared with the improvement that could be achieved with both together.

7. SUMMARY
A solid foundation of expertise and knowledge acquired starting with the earliest PV experi-
ments at LANL and SLAC, then later at TRIUMF, PSI, MIT-Bates, Mainz, and JLab, has made
it possible to measure the PV ep asymmetry with the parts-per-billion-scale precision neces-
sary to determine the proton’s weak charge Qp

W for the first time. These earlier experiments
not only incrementally taught the PV community how to do these challenging measurements
but also provided the hadronic structure information needed to extract the weak charge from
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Since the proton charge is 1 = F p
1 (0)

I=1+F p
1 (0)

I=0, one must have I ′3 = 1/2, so that there are no
corrections to F p

1 (0)
I through O(ϵ2). Thus, one has to this order for the neutral current Dirac

form factor,
QW (p) ≡ F p

1 (0)
NC = −2 (2C1u + C1d) , (24)

which is the same result obtained in the absence of any isospin impurities. Similar arguments
prevent the appearance of any higher order terms in ϵ.

4 Four-Fermi operators and model independent analysis

Before considering the consequences for particular models of new physics, it is instructive to
consider the model independent implications of a 4% QW (p) measurement. The low energy
effective electron-quark Lagrangian of the form A(e)× V (q) is given by,

L = LPV
SM + LPV

NEW, (25)

where,

LPV
SM = −

GF√
2
ēγµγ5e

∑

q

C1q q̄γµq, (26)

LPV
NEW =

g2

4Λ2
ēγµγ5e

∑

f

hq
V q̄γµq, (27)

and where g, Λ, and the hq
V are, respectively, the coupling constant, the mass scale, and effective

coefficients associated with the new physics. The latter are in general of order unity; the explicit
factor of 4 arises from the projection operators on left and right (or vector and axial-vector) chiral
fermions. In the same normalization, the SM coefficients take the values, C1u/2 = −0.09429 ±
0.00011 and C1d/2 = +0.17070±0.00007, for up and down quarks, respectively, where we included
the QCD corrections obtained in Eqs. (11) and (12), and where the uncertainties are from the
SM inputs. We find,

Qp
W (SM) = −2(2C1u + C1d) = 0.0716± 0.0006. (28)

A 4% measurement of QW (p) would thus test new physics scales up to,

Λ

g
≈

1
√√

2GF |∆Qp
W |

≈ 4.6 TeV. (29)

The sensitivity to non-perturbative theories (such as technicolor, models of composite fermions, or
other strong coupling dynamics) with g ∼ 2π could even reach Λ ≈ 29 TeV. As another example,
for extra Z ′ bosons from simple models based on Grand Unified Theories (GUT) one expects
g ∼ 0.45, so that one can study such bosons (with unit charges) up to masses MZ′ ≈ 2.1 TeV.
Z ′ bosons are predicted in very many extensions of the SM ranging from the more classical GUT
and technicolor models to SUSY and string theories. We discuss the sensitivity of QW (p) to Z ′

bosons, as well as other scenarios, in the subsequent Sections.

10

Λ
g

∼
1

2GF |ΔQp
W |

New contact interactions

Limits on the scale of New Physics can be set in the strong coupling ( ) assumption or for the Wilson coefficientg2 = 4π

Qweak

The exclusion range is computed 
  about a SM central value hypothesis for  (solid line) with ±1σ

 The expected   will push the exclusion limit 
 up to the 80 TeV level 
 in the strong coupling scenario and in the most favoured configuration

Qp
W

ΔQp
W(P2) ∼ 0.0011

The limits will be stronger than at LEP2 thanks to the higher precision of the weak charge determination

Carlini, van Oers, Pitt, Smith,  Ann.Rev.Nucl.Part.Sci. 69 (2019) 191-217
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BSM searches

New dark parity-violating bosons

A new dark bosons, mixing with the SM Z boson, may modify the strength of the parity-violating couplings

The effects can be completely absent at the Z resonance, where the SM amplitude is purely imaginary.

The presence of the extra boson modifies the running of , 
       with a modulation due to the assumed boson mass and couplings

The sensitivity to this kind of interaction is quite unique to the low-energy electron-scattering experiments

sin2 ̂θ(μR)

plot by W. Marciano
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Complementarity of different  determinationssin2 θW
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 ● With low-energy facilities we have the opportunity to test the SM prediction of the weak mixing angle
     at two energy scales and in very different experimental environments: 
     low-energy electron(-positron) scattering,  the Z resonance at LEP/SLD,  the Z line shape (up to TeV scale) at hadron colliders

     The errors of these determinations are comparable and much smaller than the radiative effects due to SM running

Alexis Vallier EW measurements in ATLAS @ LHCP2020 8

sin$%le+ at 8 TeV

● ATLAS measurement competitive with 
LEP, SLD and Tevatron results

● ATLAS bene5ts from improved 
sensitivity using forward electrons 
(2.5<|J|<4.9)

– Lower dilution at high |yZ| 

● Total uncertainty 36x10-5: 

– 21 (stat) ± 24 (PDF) ± 16 (syst)

– PDF uncertainties mitigated by 
pro0ling (exploit correlations in mll and 
yll bins)

ATL-CONF-2018-037Weak mixing angle using AFB at 8 TeV (II)

One of the most precise
measurements

PDF are constrained in-situ

sin2✓lept
e↵ =

0.23101± 0.00036(stat)±
0.00018(syst)±
0.00016(theory)±
0.00030(pdf )

CMS-PAS-SMP-16-007,
Eur. Phys. J. C 78 (2018)
701

Can reach better precision
then LEP+SPD after LHC
and CMS upgrade
CMS-PAS-FTR-17-001

lept
effθ2sin

0.23 0.231 0.232 0.2330

1

2

3

4

5

6

7

8

9

10

LEP + SLD

0,b
FBLEP + SLD: A

lSLD: A

-1 9.4 fbµµCDF ee+

-1D0 ee 9.7 fb

-1 4.8 fbµµATLAS ee+

-1 3 fbµµLHCb 

CMS -1 18.8 fbµµ
Preliminary

CMS -1ee 19.6 fb
Preliminary

CMS µµee+
Preliminary

 0.00016±0.23153 

 0.00029±0.23221 

 0.00026±0.23098 

 0.00046±0.23221 

 0.00047±0.23147 

 0.00120±0.23080 

 0.00106±0.23142 

 0.00060±0.23125 

 0.00086±0.23056 
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I. Gorbunov Ilya.Gorbunov@cern.ch EWK at CMS 11/12

Alessandro Vicini - University of Milano                                                                                                                                 HKUST-IAS program on High-Energy Physics - Hong Kong February 12th 2023



17

 ● The comparison/combination of these different results is valuable if we consider exactly the same quantity:

        a popular example is  , but in view of the current discussion it could be 

 ● for each collider/observable we have to “access” the hard scattering process (proportional to  or to  )

    by deconvoluting standard QED/QCD effects, dealing with the proton (lepton) PDFs, and considering higher-order corrections 

    → different strategies and input schemes are adopted in the literature;   their consistency has to be checked

sin2 θlep
eff sin2 ̂θ(m2

Z)

sin2 θlep
eff sin2 ̂θ(m2

Z)
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Possible critical points in view of a global fit
example 1:  

  ・determination of  at the Z resonance  (LEP1, FCC-ee, CEPC)       

  ・after this factorisation, the interpretation of the form factors in terms of  is straightforward

  ・the factorisation in (initial)x(final) form factors requires the subtraction of the  term 

         with a residual uncertainty better than the precision goal of the LEP measurements;

         this procedure, acceptable at LEP1, should be verified at FCC-ee / CEPC, but also at low-energies

example 2:   
  ・determination of  from neutral-current Drell-Yan at hadron colliders

  ・parity violating observables (  ) are kinematical distributions and  is related to their shapes

  ・the convolution of PDF x (Parton Shower) x (hard partonic xsec)  “shields” the access to 

  ・in the absence of a simple analytical formulation, only a numerical template fit procedure is viable

  ・template fits have been performed in some cases in the  scheme,  has been determined, not !!!

         eventually translating the best  in terms of the corresponding    in the SM!!!

the estimate of the residual theoretical uncertainties assigned to the fitted value can be a delicate point

sin2 θlep
eff Aexp

FB (m2
Z) − 𝒜nonfact =

3
4

𝒜e𝒜f

sin2 θlep
eff

𝒜nonfact

sin2 θlep
eff

AFB(Mll), A4(pll
⊥) sin2 θlep

eff

sin2 θlep
eff

(Gμ, mW, mZ) mW sin2 θlep
eff

mW sin2 θlep
eff
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Possible improvements in view of a global fit

Alternative EW scheme, using    as inputs of the gauge sector

first developed in the framework of the LHC analyses

           (extended lepton-pair invariant mass intervals with non-factorisable corrections much more important than at  )

it can be immediately applied to any e+e- collider study 

it allows to express any observable and templates   as       

     → direct  central value estimate 

     → direct MC determination of the systematic uncertainties

A completely analogous approach is in progress (to appear soon) 
    for a clean determination of the MSbar weak mixing angle at hadron colliders

(Gμ, sin2 θlep
eff , mZ)

q2 = m2
Z

𝒪 = 𝒪(Gμ, sin2 θlep
eff , mZ,)

sin2 θlep
eff

M.Chiesa, F.Piccinini, AV, arXiv:1906.11569      
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Toward a determination of  at large invariant massessin2 ̂θ(μR)

Alternative EW scheme, using    as inputs of the gauge sector, M.Chiesa, C.L. Del Pio, F.Piccinini, arXiv:2302.xxxxx       (Gμ, sin2 θMS(μR), mZ)
S.Amoroso, M.Chiesa, C.L Del Pio, E.Lipka, F.Piccinini, F.Vazzoler, AV, arXiv:2302.xxxxx      

Alessandro Vicini - University of Milano                                                                                                                                 HKUST-IAS program on High-Energy Physics - Hong Kong February 12th 2023

The running of the MSbar angle can be established at LHC  in Run III and at HL-LHC with percent precision

sensitivity to variations of the input parameter sin2 ̂θ(μR)The Drell-Yan lepton-pair invariant mass distribution has been studied
      with POWHEG at NLO QCD+EW + parton shower
      in this new input scheme, at NLO-EW → clear distinction between 
           - the effects of running of the weak mixing angle
           - the other EW radiative corrections

Pre
lim

ina
ry



Conclusions

21

Experiments at different energy scales offer the great opportunity to perform a high-precision test of the SM
       ・testing the SM at the quantum level
       ・for , with a precision comparable or higher than the LEP benchmark

The consistency of the SM at different energy scales would be a very strong indication to formulate BSM searches

In electron-scattering low-energy experiments,
the sensitivity to several BSM models is enhanced by the accidental suppression of the tree-level expression of 

The LHC experiments can enlarge the lever arm, 
by extending the energy scale, when the weak mixing angle has been measured in the TeV range

The precision tests of the SM and the global EW fit will require a consistent treatment of the radiative corrections
     first of all starting from the definition of the fitted parameter,  defined in the appropriate input scheme

sin2 θW

APV
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back-up
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The effective leptonic weak mixing angle: theoretical prediction
• parameterization of the full two-loop EW calculation + different sets of 3- and 4-loop corrections 

Awramik, Czakon, Freitas, hep-ph/0608099
24
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1
1
3

formula

sin2 θfeff = s0 + d1LH + d2L
2
H + d3L

4
H + d4∆α + d5∆t + d6∆

2
t + d7∆tLH (3.6)

+ d8∆αs
+ d9∆αs

∆t + d10∆Z

with

LH = log
MH

125.7GeV
, ∆t =

( mt

173.2GeV

)2
− 1,

∆αs
=

αs(MZ)

0.1184
− 1, ∆α =

∆α

0.059
− 1, ∆Z =

MZ

91.1876GeV
− 1

provides a good description of the full result in the parameter region (2.8). Values for the

coefficients are obtained by fitting (3.6) to a grid of 8750 data points.

Table 3 shows the result of a fit to a calculation that includes all known corrections:

• Complete one- and two-loop electroweak corrections,

(see refs. [21, 23, 27, 28, 30–32, 36] for the original references);

• Corrections of order O(ααs) to vector-boson self-energies [64–68], which we have

re-evaluated for this work;

• Non-factorizable O(ααs) Zbb̄ vertex contributions [69–74], which do not cancel in the

ratio vb/ab;

• Higher-loop corrections in the limit of a large top Yukawa coupling yt, of orders

O(αtα2
s ) [75, 76], O(α2

tαs), O(α3
t ) [77, 78], and O(αtα3

s ) [79–81] where αt ≡ y2t /(4π).

As indicated by the last column in the table, the largest deviation of the fit formulae

from the full result is O(few × 10−6), while for most of the parameter region in (2.8) the

agreement is better than 10−6. The careful reader may realize that the parameterization

for sin2 θbeff in table 3 deviates slightly from eqs. (20,22) in [36]. The difference is due to

the larger grid of data points used here. A fit formula is, obviously, not able to reproduce

the data points in a grid perfectly. The fitting aims to find the best average agreement

between the data points (which are generated with our full numerical calculation) and

the fit formula. A larger grid therefore can lead to some shifts of the coefficients. As a

consequence, the formula in [36] will probably be more accurate for input values within

the ranges in table 1 there. On the other hand, while the formula here may be a little less

accurate within these ranges, it covers a much larger range of input values.

It should also be noted that the fit formula for sin2 θℓeff in ref. [28] does not include the

O(αtα3
s ) corrections from refs. [79–81], but they are included in the formula presented here.

In table 4 it is shown that the technical accuracy of our fit formulae is adequate for

the expected experimental precision of several future e+e− colliders, although it will get

modified by anticipated future three-loop electroweak corrections.
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Observable s0 d1 d2 d3 d4 d5

sin2 θℓeff × 104 2314.64 4.616 0.539 −0.0737 206 −25.71

sin2 θbeff × 104 2327.04 4.638 0.558 −0.0700 207 −9.554

Observable d6 d7 d8 d9 d10 max. dev.

sin2 θℓeff × 104 4.00 0.288 3.88 −6.49 −6560 < 0.056

sin2 θbeff × 104 3.83 0.179 2.41 −8.24 −6630 < 0.025

Table 3. Coefficients for the parameterization formula (3.6) for the leptonic and bottom-quark
effective weak mixing angles. Within the ranges given in eq. (2.8), the formula deviates from the
full result up to the maximal amount given in the last column.

Observable max. dev. EXP now FCC-ee CEPC GigaZ

ΓZ [MeV] 0.04 2.3 0.1 0.5 0.8

sin2 θℓeff × 104 0.056 1.6 0.06 0.23 0.1

sin2 θbeff × 104 0.025 160 9 9 15

Table 4. Goodness of fit for some chosen EWPOs, compared with the envisaged precision mea-
surements for ΓZ and sin2 θℓeff (statistical errors), and sin2 θbeff (systematic errors) at the collider
projects FCC-ee Tera-Z [84], CEPC [85] and ILC/GigaZ [86]. The values of maximal deviations
are taken from tables 1 and 3. The entry “EXP now” gives the present experimental precision, as
known since LEP 1 [44].

4 Vector and axial-vector Z-boson form factors F
f
V

and F
f
A

The pseudo-observables discussed in the previous sections aim to be closely related to

actual observables, such as cross-sections, branching ratios, or asymmetries. On the other

hand, for some purposes it is also useful to have numerical results for the underlying vertex

corrections themselves [34], for example: (i) Inclusion of selected corrections from Beyond

Standard Model (BSM) physics, (ii) Estimations of magnitudes of selected single terms,

(iii) Partial cross-checks with other calculations. For such purposes, the form factors F f
V

and F f
A introduced in eq. (2.2) are needed explicitly.

Tables 5 and 6 show the numerical contributions of different orders of perturbation

theory to F f
V and F f

A. Here the form factors are always understood to include the appro-

priate (on-shell) counterterms to render them UV-finite. In table 5 these are computed

using the following input values:

MZ = 91.1876GeV, ΓZ = 2.4952GeV, ⇒ MZ = 91.1535GeV (4.1a)

MW = 80.385GeV, ΓW = 2.085GeV, ⇒ MW = 80.358GeV (4.1b)

MH = 125.1GeV, mt = 173.2GeV,

mMS
b = 4.2GeV, ∆α = 0.059, αs = 0.1184 (4.1c)

For table 6, on the other hand, the Fermi constant Gµ is used as an input instead of (4.1b),

– 9 –

I.Dubovyk, A.Freitas, J.Gluza, T.Riemann, J.Usovitsch, arXiv:1906.08815
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The weak charge of the proton and the determination of  in the SMsin2 ̂θ(μR)
  ・The measurement of   can be interpreted by comparing it with its SM theoretical expression

            

  ・The proton weak charge is defined in the limit  of the square bracket, fully known at NLO EW

  ・Keeping  as one of the input parameter allows its determination fitting   to the data.
      The theoretical error in the prediction of the whole expression is relevant for the final error on 

  ・While WW and ZZ boxes contribute large constant terms, safely evaluated in perturbation theory,
      the γZ box carries a not negligible energy dependence and sensitivity to the hadronic structure of the proton
      → may affect the extrapolation to .

       Several theoretical and computational progresses contributed to bring under control the expression of 
        a dedicated measurements of the proton anapole moment will further contribute       
        Erler, Gorchtein, Koshchii, Seng, Spiesberger, arXiv:1907.07928,  Cè et al, arXiv:1910.09525

  ・QED corrections, up to second order, enter in the experimental determination and
       are necessary to assign the correct  value to each event  Bucoveanu, Spiesberger, arXiv:1903.12229

  ・The projected values  should allow a determination of  at the 0.14% level
       Becker et al, arXiv:1802.04759

APV

Ath
PV = −

GμQ2

4 2πα [ρep (1 − 4 sin2 ̂θ(0)) + ( □WW + □ZZ + □γZ + □γγ )] −
GμQ2

4 2πα
B(Q2) = Aexp

PV

E = 0, Q2 → 0

sin2 ̂θ(0) Ath
PV

sin2 ̂θ(0)

Q2 → 0

□γZ

Q2

⟨Aexp
PV ⟩ ∼ (−40 ± 0.6) 10−9 sin2 ̂θ(0)
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Summary of the SM test
Dominik Becker et al.: The P2 Experiment 9

nucleon form factors and radiative corrections to the pro-
ton’s weak charge into account. The expected contribu-
tions to �s2W due to uncertainties of the form factors and
of ⇤�Z are also listed in Tab. 2.
The expected value of the parity-violating asymmetry is

hAexp
i = �39.94 ppb (37)

with an uncertainty of

�Aexp = 0.56 ppb (38)

in 1 ⇥ 104 h of measurement time. This corresponds to a
relative uncertainty of

�Aexp

hAexpi
= 1.40 %. (39)

The expected uncertainty for the weak mixing angle is

�s2W = 3.3 ⇥ 10�4 (40)

corresponding to a relative uncertainty of

�s2W
hs2Wi

= 0.14 % (41)
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Fig. 7. Dependence of �s
2

W on ✓̄f for Ebeam = 155MeV and
several values of �✓f. The black curve represents an acceptance
of �✓f = 20�, which will be used in the P2 experiment.
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In the region marked by the black curve, values of �s
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3.4⇥ 10�4 are achievable.

Ebeam 155MeV

✓̄f 35�

�✓f 20�

hQ2iL=600mm, �✓f=20
� 6⇥ 10�3 (GeV/c)2

hAexpi �39.94 ppb

(�A
exp)Total 0.56 ppb (1.40%)

(�A
exp)Statistics 0.51 ppb (1.28%)

(�A
exp)Polarization 0.21 ppb (0.53%)

(�A
exp)Apparative 0.10 ppb (0.25%)

hs2Wi 0.231 16

(�s
2

W)Total 3.3⇥ 10�4 (0.14%)

(�s
2

W)Statistics 2.7⇥ 10�4 (0.12%)

(�s
2

W)Polarization 1.0⇥ 10�4 (0.04%)

(�s
2

W)Apparative 0.5⇥ 10�4 (0.02%)

(�s
2

W)⇤�Z
0.4⇥ 10�4 (0.02%)

(�s
2

W)nucl. FF 1.2⇥ 10�4 (0.05%)

hQ2iCherenkov 4.57⇥ 10�3 (GeV/c)2

hAexpiCherenkov �28.77 ppb

Table 2. Results of the error propagation calculation per-
formed for the design parameters of the P2 experiment.
hQ2iL=600mm, �✓f=20

� is the expected value of Q2 after aver-
aging over the target’s length L and the acceptance in the
electron scattering angle ✓f and has been calculated in anal-
ogy to Eq. (19). The values given in round brackets are the
relative errors with regard to the expected value. hQ2iCherenkov

and hAexpiCherenkov are the expected values obtained if elec-
trons scattered with ✓f < ✓̄f � �✓f/2 and hitting the Cherenkov
detector are taken into account (see Sect. 5.1 for details).

for s2W and

�QW(p)

QW(p)
= 1.83 % (42)

for the proton’s weak charge.

2.2.4 Scattering o↵ the target entry and exit windows

Beam electrons which scatter o↵ the windows of the target
cell are an additional source of uncertainty. This e↵ect is
briefly discussed here and will be included in the error
propagation calculation (see Sect. 2.2.3).

Omitting all other sources of background and beam
polarization, the measured asymmetry consists of two con-
tributions:

Aexp = (1 � f) · hAPV
i + f · hAAlu

i (43)
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The expected statistical error should allow to perform a determination
of the weak mixing angle at the 0.14% level:        
competitive with the LEP/Tevatron/LHC ones

The theoretical error on the prediction of 
     
    
should allow in turn to perform a sensible comparison with
the experimental value

The (possible) compatibility of the experimental value with the SM prediction
would be a striking feature of the SM, 
covering more than 3 orders of magnitude for the energy scale

This single test of the SM should then be merged in a global EW fit
with other measurements for the best global determination of 

Any significant tension with the data might deserve a dedicated BSM study.

Δsin2 ̂θ(0) ∼ 33 ⋅ 10−5

sin2 ̂θ(0)
̂κ(0) = 1.03232 ± 0.00029

sin2 ̂θ(m2
Z) = 0.23124(6) → sin2 ̂θ(0) = 0.23871(9)

sin2 ̂θ(m2
Z)
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