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ELEMENTARY PARTICLES AND FIELDS
Theory

Measurement of the Weinberg Angle in an Experiment
at the Super Charm Tau Factory with a Polarized Beam
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Abstract—Measurement of the effective weak mixing angle θeff in an experiment at the Super Charm
Tau Factory is discussed for the case of a longitudinal polarization of electrons. A method for measuring
the average electron beam polarization by means of analyzing the differential cross section for the decay
process J/ψ → [Λ → pπ−][Λ̄ → p̄π+] is proposed. At a collider luminosity of 1035 cm−2s−1 and a
polarization degree of 0.8, the parameter sin2 θeff can be measured to a relative precision better than 1%,
which will be sufficient for observing the deviation of sin2 θeff from its value at the Z-boson peak.
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INTRODUCTION

In the SU(2)L × U(1)Y electroweak-interaction
model [1], the Weinberg angle θW is a parameter that
determines the coupling of the photon and Z-boson
fields to the fields of the gauge B and W 3 bosons; that
is,

A ≡ Bcos θW +W 3sin θW, (1)

Z ≡ −Bsin θW +W 3cos θW.

The Weinberg angle appears in the vector part of
neutral weak interaction:

gfV ≡ If3 − 3Qf sin
2 θW. (2)

Here, I3 and Qf are, respectively, the weak isospin
and electric charge of the fermion field f . Corrections
to the dominant contribution result in experimentally
observing the effective value

sin2 θeff ≡ κfZsin
2 θW, (3)

where the coefficient κfZ depend on the momentum
transfer and is calculable quite precisely: the uncer-
tainty at low momenta is 2× 10−5 [2].

The value sin2 θeff was measured to a relative pre-
cision of 0.1% at the Z-boson peak in experiments at
the Large Electron–Positron (LEP) collider (CERN)
and the Stanford Linear Collider (SLC, SLAC) [3].
A 4% deviation of sin2 θeff from its value at the Z-
boson peak is expected at energies around O(1 GeV)
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and below [4]. Measurements of sin2 θeff at low en-
ergies were performed on the basis of various proce-
dures: by parity violation in atoms, by Møller scat-
tering, by Mott scattering, and by the deep-inelastic
scattering of neutrinos and electrons on nuclei of
atoms [5]. The results of these measurements agree
with the Standard Model prediction, but the accuracy
of the experiments of low energies is substantially
inferior at the present time to the accuracy of the
results obtained at the Z-boson peak.

Measurement of sin2 θeff at low energies is of inter-
est from the point of view of testing the electroweak
model. Precision measurements are sensitive to non-
standard contributions to κfZ—for example, to the
extended electroweak model featuring extra gauge
bosons.

EXPERIMENT
AT SUPER CHARM TAU FACTORY

Projects of super charm tau factories, which are
symmetric electro–positron collides rated to a high
luminosity of 1035 cm−2s−1 and values of the c.m.
collision energy

√
s between 2 and 6 GeV [6, 7]. The

projects are aimed at providing a high longitudinal
electron polarization at the collision point. In an
experiments at such colliders, the parameter sin2 θeff
can be measured by the asymmetry of the total cross
section at the J/ψ-particle peak; that is,

ALR = Pe ·
σR − σL
σR + σL

≡ Pe · A0
LR, (4)

where σR (σL) is the total cross section for electrons
that have a right-hand (left-hand) polarization and Pe

stands for the degree of electron polarization (0 ≤
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Pe ≤ 1). In order to measure the cross sections σR
and σL, one can make use of the hadronic decays
of J/ψ particles. The number of detected hadronic
decays of J/ψ particles at a specific polarization (NL

or NR) is related to the respective cross section by the
equation

σα =
Nα

Lαεα
, α ∈ {L,R}, (5)

where the parameters εα describe the efficiency of
event reconstruction in the detector and the branch-
ing ratio for J/ψ decay to the hadron state s being
considered and Lα stand for the respective luminos-
ity integrals. Characteristic values of Nα in experi-
ments at a Super Charm Tau Factory are on the order
of 1012. The luminosity integrals Lα should then be
known with a relative statistical accuracy not poorer
than 10−6. For a discussion on the approaches to
a precision measurement of the luminosity integral
in such experiments, the interested reader is referred
to [8].

The left–right asymmetry A0
LR arises because of

the interference between the processes e+e− → γ∗ →
cc̄ and e+e− → Z∗ → cc̄, and one can express it in
terms of sin2 θeff as [9]

A0
LR =

−sin2 θeff + 3/8

2sin2 θeff(1− sin2 θeff)

(
mJ/ψ

mZ

)2

(6)

≈ 4.7× 10−4.

In order to obtain sin2 θeff, it is necessary to measure,
the left-right asymmetry ALR and the polarization
degree Pe. From expressions (4) and (6), we obtain
a relation for the relative uncertainties in the form

σ
(
sin2 θeff

)
sin2 θeff

(7)

= CALR

σ (ALR)

ALR
⊕ CPe

σ (Pe)

Pe
≈ 0.3%,

where CPe = −CALR
≈ 0.44. The value of 0.3% was

obtained for one experimental run at the polarization
degree of Pe = 0.8 and under the assumption that
the accuracy of the measurement is restricted by
the statistical uncertainty in measuring the left-right
asymmetry ALR. The average electron-polarization
degree Pe should then be monitored to a relative
precision better 0.1%.

Laser polarization monitors may provide a suffi-
cient statistical precision, but a systematic uncer-
tainty may turn out to be a serious problem. A
determination of Pe from an analysis of the same data
in which one measures the left–right asymmetry ALR

is an alternative solution to the problem. This ap-
proach is likely to be optimal from the point of view of

controlling systematic uncertainties. In the following,
it will be shown that the process

e+e− → J/ψ → [Λ → pπ−][Λ̄ → p̄π+] (8)

can be used to monitor the electron polarization Pe.

THE DIFFERENTIAL CROSS SECTION
FOR THE PROCESS

e+e− → J/ψ → [Λ → pπ−][Λ̄ → p̄π+]

The process e+e− → J/ψ → [Λ → pπ−][Λ̄ →
p̄π+] can be represented in the form the diagram in
Fig. 1. This process is described in terms of the
following ingredients:

• the lepton current featuring a polarized elec-
tron and having the form

jμe ≡ v̄−ξγ
μuξ =

√
s (0, ξ cos θ, i,−ξ sin θ) , (9)

where ξ = ±1 is the doubled electron helicity
and the direction of the z axis coincides with
the direction of the Λ momentum;

• the J/ψ → ΛΛ̄ decay vertex described by two
form factors as

−iegūΛ(p1)

[
Gψ

Mγμ (10)

− 2mΛ

Q2

(
Gψ

M −Gψ
E

)
Qμ

]
vΛ̄(p2),

where p1 and p2 stand for, respectively, the Λ
and Λ̄ momenta and Q ≡ p1 − p2;

• the Λ → pπ− (Λ̄ → p̄π+) decay vertex

ūp
[
A+Bγ5

]
uΛ, (v̄Λ̄

[
A′ +B′γ5

]
vp̄). (11)

The differential cross section is obtained as the
contraction of the lepton and hadron tensors, that is,

dσ

dζ
∝ LμνHμν ∝ a(ζ) + ξb(ζ), (12)

where ζ is a set of five kinematical parameters whose
number corresponds to the dimensionality of the rel-
evant phase space. The symmetric part of the lep-
ton tensor is independent of the polarization, while
its antisymmetric part is proportional to the electron
helicity; that is,

Lμν ≡ (jνe )
† jμe = kμ+k

ν
− + kμ−k

ν
+ (13)

− s

2
gμν − ξiεμναβk−αk+β,

where k− (k+) is the electron (positron) momentum.
The details of the calculations are given in [8]. There-
fore, the ultimate result is presented immediately be-
low.
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Fig. 1. Diagram for the process J/ψ → [Λ → pπ−][Λ̄ → p̄π+].

The differential cross section (12) depends on four
parameters; that is,

α ≡
s
∣∣∣Gψ

M

∣∣∣2 − 4mΛ
2
∣∣∣Gψ

E

∣∣∣2

s
∣∣∣Gψ

M

∣∣∣2 + 4mΛ
2
∣∣∣Gψ

E

∣∣∣2
, (14)

ΔΦ ≡ arg

(
Gψ

E

Gψ
M

)
, α1, α2,

where α1 and α2 are the parameters of the de-
cays Λ → pπ− and Λ̄ → p̄π+, respectively. These
parameters were measured in the BESIII experi-
ment [10]. The results are the following:

ΔΦ = (42.4 ± 0.6± 0.5)◦, (15)

α = 0.461 ± 0.006 ± 0.007,

α1 = 0.750 ± 0.009 ± 0.004,

α2 = −0.758 ± 0.010 ± 0.007.

It is convenient to write the explicit expression
for the cross section (12) in the combined reference
frame shown in Fig. 2 and to choose the following
kinematical variables: the polar angle (θ) of the Λ
momentum in the center-of-mass (c.m.) frame; the
polar and azimuthal angles (θ1 and φ1, respectively)
of the proton momentum in the Λ rest frame; and the
analogous parameters (θ2 and φ2) for the antiproton
that are specified in the Λ̄ rest frame. Thus, we have

ζ = {cos θ, cos θ1, φ1, cos θ2, φ2}, (16)

dζ = d cos θdΩ1dΩ2, Ωi = d cos θidφi.

In terms of these variables, the functions a and b
have the form

a(ζ) = F0 + αF5 (17)

+ α1α2

(
F1 +

√
1− α2cos (ΔΦ)F2 + αF6

)

+
√

1− α2sin (ΔΦ) (α1F3 + α2F4) ,

where

F0 = 1, F1 = sin2 θ sin θ1 sin θ2 cosφ1 cosφ2

+ cos2 θ cos θ1 cos θ2,

F2 = sin θ cos θ(sin θ1 cos θ2 cosφ1

+ cos θ1 sin θ2 cosφ2),

F3 = sin θ cos θ sin θ1 sinφ1,

F4 = sin θ cos θ sin θ2 sinφ2,

F5 = cos2 θ, F6 = cos θ1 cos θ2

− sin2 θ sin θ1 sin θ2 sinφ1 sinφ2,

and

b(ζ) = (1 + α)(α1G1 + α2G2) (19)

+
√
1− α2cos (ΔΦ) (α1G3 + α2G4)

+
√

1− α2α1α2sin (ΔΦ)G5,

where

G1 = cos θ cos θ1, G2 = cos θ cos θ2,

G3 = sin θ sin θ1 cosφ1, G4 = sin θ sin θ2 cosφ2,

G5 = sin θ (sin θ1 cos θ2 sinφ1 + cos θ1 sin θ2 sinφ2) .

The result presented in (17) was obtained in [11];
that part of the differential cross section in (19) which
is associated with the electron polarization was first
published in [8].

Over one year, an experiment at the Super Charm
Tau Factory will record about 0.8× 109εdet events of
the process in (8), where εdet is the detection effi-
ciency. Describing the measured angular distribution
by expression (12), one can determine the form fac-
tors (14) and the polarization degree Pe. The idea of
this approach was implemented by means of a sim-
ple Monte Carlo simulation. The model parameters
were optimized by the unbinned maximum-likelihood
method. Table 1 gives the result emerging from the
application of the three procedures considered here:

PHYSICS OF ATOMIC NUCLEI Vol. 84 No. 2 2021



MEASUREMENT OF THE WEINBERG ANGLE 219

p(l1) e−(k−)

e+(k+)
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θ1

Scattering
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Λ(p1)

Fig. 2. Combined reference frame. The (ex0 , ey0 , ez0) basis is specified in the center-of-mass frame and is fixed; the ez0 unit
vector is directed along the electron-beam axis. The (ex, ey, ez) basis is defined in the Λ rest frame as follows: ez = p1/|p1|,
ey = 1

sin θ

(
ez × k−

|k−|

)
, and ex = ey × ez .

1. Five-dimensional analysis without polariza-
tion (Pe = 0);

2. Five-dimensional analysis with polarization
(Pe = 0.8);

3. Three-dimensional analysis with polarization
(Pe = 0.8).

Procedure 3 is based on the possibility of performing
an analysis where events are reconstructed partly, in
which case only one of the Λ baryons is detected (the
recoil mass can be used to select the required events).
One then arrives at the three-dimensional differential
cross section

dσ

d cos θdΩ1
∝ 1 + α cos2 θ (21)

+ α1

√
1− α2sin (ΔΦ) sin θ cos θ sin θ1 sinφ1

+ ξ
[
(1 + α)α1 cos θ cos θ1

+ α1

√
1− α2cos (ΔΦ) sin θ sin θ1 cosφ1

]
,

which arises after integration of expression (12) over
the solid angle Ω2.

Procedure 2 provides a statistical accuracy of
measurement of the degree of polarization Pe at a
level of 10−4, which is obviously sufficient for mea-
suring sin2 θeff. Procedure 3 also makes it possible to

reach a sufficient accuracy of measurement of Pe. It
is noteworthy that only in the presence of polarization
does procedure 3 enable one to determine all four
parameters in (14).

In the presence of polarization, the accuracy of
measurement of the form factors in (14) within pro-
cedure 2 is higher that that within procedure 1. The
uncertainties in the parameters α1 and α2 decrease
most strongly, which has an obvious explanation. In
the absence of polarization, Λ and Λ̄ play the role of
polarimeters for each other; in the case of a polarized
beam, the differential cross section for the decay of
each baryon carries more comprehensive information,
making it possible to disentangle correlations and to
improve the accuracy. Indeed, the α1−α2 correlation
coefficient is 0.9 within procedure 1 and −0.1 within

Table 1. Statistical accuracy reached in measuring the
degree of polarizationPe and the form factors (14) after one
year of operation of the experiment at the Super Charm Tau
Factory

Procedure
σ (10−4)

Pe α ΔΦ, rad αi

5D analysis at Pe = 0 – 1.5 3.1 2.8

5D analysis at Pe = 0.8 1.3 1.2 1.6 0.9

3D analysis at Pe = 0.8 4.3 1.2 2.4 3.4
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procedure 2. Thus, the polarization enhances sub-
stantially sensitivity to the CP-violating parameter

AΛ ≡ α1 + α2

α1 − α2
. (22)

Within the Standard Model. we have AΛ � 0.5 ×
10−4. Over one year of operation of the experiment
at Pe = 0.8, a limit at a level of 1.2× 10−4 can be set
on this parameter.

CONCLUSIONS

Experiments at the Super Charm Tau Factory with
a polarized beam would provide a unique possibility
of measuring the weak interaction of the c quark
at the momentum transfer mJ/ψc. A method for
measuring sin2 θeff at the J/ψ-meson peak has been
described in the present article. A relative precision
of 0.3% can be attained by this method. So precise a
measurement raises questions concerning control of
systematic uncertainties. A detailed analysis of the
factors that should be taken into into account has yet
to be performed. A discussion of these issues was
begun in [8].

The decay process in (8) may serve as a tool for
precisely monitoring the average electron polariza-
tion. At the same time, measurement of the form
factors of baryons and searches for CP violation in
their decays are of interest in and of themselves.
The presence of a polarized beam strengthens this
part of the physics program of the experiment. A
further investigation of baryon physics with a polar-
ized beam, including cascade decays and decays of
charmed baryons, would become a natural develop-
ment of the results described in the present article.
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