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The weak mixing angle
• Electroweak model 𝑆𝑈 2 𝐿 × 𝑈 1 𝑌 (Glashow, 1961)

𝐴𝜇 = 𝐵𝜇
0 cos 𝜃𝑊 +𝑊𝜇

0 sin 𝜃𝑊
𝑍𝜇 = 𝑊𝜇

0 cos 𝜃𝑊 − 𝐵𝜇
0 sin 𝜃𝑊

Two independent coupling constants 𝑔 and 𝑔′

• On-shell definition of the weak mixing angle

sin2 𝜃𝑊 ≡
𝑔′

2

𝑔2 + 𝑔′2
= 1 −

𝑚𝑊
2

𝑚𝑍
2

• Weak neutral current
𝑔

cos 𝜃𝑊
𝑍𝜇 ҧ𝑓𝛾𝜇 𝐼3

𝑓
− 2𝑄𝑓 sin

2 𝜃𝑊 − 𝐼3
𝑓
𝛾5 𝑓, 𝐼3

𝑓
= 0,±1/2

• Effective value due to radiative corrections

sin2 𝜃eff
𝑓
≡ 𝜅𝑍

𝑓
sin2 𝜃𝑊

Full two-loop EW fermionic and bosonic corrections completed recently 2



𝐬𝐢𝐧𝟐 𝜽𝐞𝐟𝐟 measurements
• 𝐴𝐹𝐵 close to the 𝑍 pole

 𝛿 sin2 𝜃eff ≈ 0.0006

 𝑄 = 𝑚𝑍 = 91 GeV

• Atomic parity violation

 𝛿 sin2 𝜃eff ≈ 0.002

 𝑄 ∼ 10−3 GeV

• 𝜈 and polarized 𝑒−

scattering on fixed targets

 𝛿 sin2 𝜃eff ≈ 0.0012 − 0.004

 𝑄 ∼ 0.1 − 1 GeV

• Planned experiments
 P2 at MESA (Mainz)

 Moller at JLab
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𝑚 𝐽/𝜓



Left-right asymmetry at 𝑱/𝝍
• Interference of 𝛾∗ and 𝑍∗ annihilation

𝐴𝐿𝑅 ≡
𝜎+ − 𝜎−
𝜎+ + 𝜎−

=
3/8 − sin2 𝜃eff

𝑐

2 sin2 𝜃eff
𝑐 1 − sin2 𝜃eff

𝑐

𝑚𝐽/𝜓

𝑚𝑍
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𝜉 ≈ 4.7 × 10−4𝜉

• Parameters of the SCT experiment

 Luminosity 𝐿 = 1035 cm−2s−1

 Cross-section 𝜎 𝑒+𝑒− → 𝐽/𝜓 ≈ 3 × 10−30 cm2

 One data-taking season 𝑇𝑡𝑜𝑡 = 107 s

 Efficiency of 𝐽/𝜓 decays used in the analysis 𝜀 ≈ 0.9

𝑑𝐴𝐿𝑅 ≈
1

𝐿𝜎𝑇𝑡𝑜𝑡𝜀
~10

− 6
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the average 𝑒−

polarization



𝐬𝐢𝐧𝟐 𝜽𝐞𝐟𝐟
𝒄 at 𝑱/𝝍

𝑑 sin2 𝜃eff
𝑐

sin2 𝜃eff
𝑐 ≈ −0.44

𝑑𝐴𝐿𝑅
𝐴𝐿𝑅

⊕0.44
𝑑𝜉

𝜉
≈ 0.1%

• Ultimate one-year precision

𝛿 sin2 𝜃eff
𝑐 ≈ 2.5 × 10−4

• The average electron beam polarization 𝜉 should be 
controlled with precision better than 10−3

 On-line laser diagnostics

 Off-line data-driven approach:

𝑒+𝑒− → 𝐽/𝜓 → Λ → 𝑝𝜋− ഥΛ → ҧ𝑝𝜋+
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Subtleties and difficulties

1. Due to natural radiative polarization the averaged beam polarization 
𝜉+ ≠ −𝜉−

2. Beam life time depends on square of polarization degree 

3. J/Y cross-section depends on beam energy spread. Due to intrabeam
scattering the energy spread depends on square of polarization degree

4. Not equal average positive and negative beam polarization 𝜉+ ≠ −𝜉−
may effect on asymmetry measurement

5. Effect of natural polarization of positrons
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How to overcome above difficulties?



Experiment at SCT
1. Set beam energy at 𝑠 ≈ 𝑚 𝐽/𝜓 , about 300 bunches circulate 

simultaneously

2. Set random polarization,  𝜉+ or 𝜉−, 𝜉+ ≈ −𝜉−, for each 𝑒− bunch

3. During the data taken flip spin of all bunches with high as possible 
frequency  

4. Count numbers of the 𝐽/𝜓 → hadrons events 𝑁+ and 𝑁− for the 
polarizations 𝜉+ and 𝜉−

𝑁± ∼ 1012, event rate ≈ 100 kHz

5. Calculate the cross sections and left-right asymmetry

𝜎± =
𝑁±

ℒ±𝜀det
, 𝐴𝐿𝑅 =

𝜎+ − 𝜎−
𝜎+ + 𝜎−

• Luminosity monitoring and backgrounds

Statistical precision 𝜎ℒ/ℒ ∼ 10−6 is needed
7



SCT collider
➢ Beam energy: from 1 to 3.5 GeV

➢ ℒ = 1035 cm−2s−1 @ 2 GeV

➢ Longitudinal polarization of the electron beam

➢ Crab-waist collisions

8see Tomorrow Alexey Petrenko

and Anton Bogomyagkov talks



Systematic errors suppression
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𝑑𝑁Ψ

𝑑𝑡

t

t

𝜉

෠𝑇

𝑡

𝛿𝐴𝐿𝑅
𝑆𝑦𝑠𝑡

=
Δ
𝑡

𝜏
𝐿
𝑛
𝐵
𝑇
𝑡𝑜𝑡
/ ෠𝑇

~ 10-6

Δ𝑡= 5 sec

෠𝑇= 300 sec

𝜏𝐿= 2000 sec 

n𝐵 = 300

T𝑡𝑜𝑡= 107 sec

- time interval between spin-flips

- duration of the single bunch data taking

- luminosity life time 

- number of bunches 

- time of measurement  

+1

-1

A measurement of spin-dependent effects requires periodic reversal of the  polarizations of 

the electron beams. As a rule this procedure does not effect other parameters of the beam.  



Spin motion in the storage ring

10
Spin response function to the flipper 

transverse magnetic field along the ring

Equilibrium spin direction along the 

ring. The spin turn is equal to half 

integer number. 



Spin flip
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𝜉

t
𝜔/𝜔𝑟

Aflip

.49 .50 .51

~1 𝑠𝑒𝑐
t

Result of the adiabatic resonant spin 

flip simulation

Spin Flipper RF-field amplitude 

variation with field frequency for 

adiabatic resonant spin flip 



Requirements to Detector
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1. Event time resolution is better than 1 nsec

2. High rate (>100 kHz ) event record capability 

3. High rate luminosity measurement at small angles

Requirements to Collider
1. High luminosity 

2. Electron beams with high degree of longitudinal polarization

3. Fast control bunch by bunch polarization

4. Adiabatic spin flip

5. Flexible beams injection 

6. Guaranty depolarization of the positrons (𝜉
||
<10-6 at the IP)



Forward - Backward asymmetry
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• Annihilation process 𝑒+𝑒− → 𝑓 ҧ𝑓

𝑑𝜎

𝑑 cos 𝜃
∝ 𝐴 1 + cos2 𝜃 + 𝐵 cos 𝜃

• Forward-backward asymmetry

𝐴𝐹𝐵
𝑓

≡
(𝜎𝐿𝐹−𝜎𝐿𝐵) − (𝜎𝑅𝐹−𝜎𝑅𝐵)

(𝜎𝐿𝐹+𝜎𝐿𝐵) + (𝜎𝑅𝐹+𝜎𝑅𝐵)
=
3

4
|𝜉|𝐴𝑓,

𝐴𝑓 ≡
2𝑔𝑣

𝑓
𝑔𝑎
𝑓

𝑔𝑎
𝑓 2

+ 𝑔𝑣
𝑓 2 =

1−4 𝑄𝑓 sin2 𝜃eff
𝑓

1−4 𝑄𝑓 sin2 𝜃
eff
𝑓
+8 𝑄𝑓 sin4 𝜃

eff
𝑓

𝑚𝐽/𝜓

𝑚𝑍

2

• Counting experiment



Forward - Backward asymmetry
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• Interference of 𝛾∗ and 𝑍∗ annihilation

• 𝐴𝐹𝐵
𝑓

≡
(𝜎𝐿𝐹−𝜎𝐿𝐵)−(𝜎𝑅𝐹−𝜎𝑅𝐵)

(𝜎𝐿𝐹+𝜎𝐿𝐵)+(𝜎𝑅𝐹+𝜎𝑅𝐵)
=

3/8−sin2 𝜃eff
𝑐

2 sin2 𝜃eff
𝑐 1−sin2 𝜃eff

𝑐

𝑚𝐽/𝜓

𝑚𝑍

2

𝜉

Parameters of the SCT experiment

 Luminosity 𝐿 = 1035 cm−2s−1

 Cross-section 𝜎 𝑒+𝑒− → 𝐽/𝜓 → 𝜇+𝜇− ≈ 0.2 × 10−30 cm2

 One data-taking season 𝑇𝑡𝑜𝑡 = 107 s

𝑑𝐴𝐹𝐵
𝑓

≈
2

𝐿𝜎𝑇𝑡𝑜𝑡
~5 × 𝑑𝐴𝐿𝑅 = 5 × 10

− 6

𝛿 sin2 𝜃eff
𝑐 ≈ 1.25 × 10−3

(A.Milstein)

5 times less statistical sensitivity, but much less systematic error



Conclusions
1. SCT with polarized electron beam is a unique 

experiment to study neutral weak coupling of the charm 

quark and to measure sin2 𝜃eff
𝑓

2. The decay 𝐽/𝜓 → ΛഥΛ can be used as a precise monitor of 
the average polarization of electrons

3. Spin “gymnastics” radically suppresses systematic 
uncertainties in measuring  asymmetry of 𝐴𝐿𝑅

4. Measurement of forward backward asymmetry in the 
𝐽/𝜓 → μതμ even more free from possible systematic errors

15

Thus, it can be conclude that 
precision measurement of sin2qw at 

Super C-Tau factory could be feasible 



Backup
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Luminosity monitoring

𝜎± =
𝑁±

ℒ±𝜀eff

• Statistical precision 𝜎ℒ/ℒ ∼ 10−6 is needed

 Multiplicative biases vanish in asymmetry

• ℒ monitoring with Bhabha events

𝜎 𝑒+𝑒− → 𝑒+𝑒− 𝜃>10∘ ≈ 1 × 10−30 cm2 ≈ 𝜎 𝑒+𝑒− → 𝐽/𝜓

 Bhabha events statistics will limit precision

• ℒ monitoring with dedicated device at low angle

 Would provide good support for the sin2 𝜃eff measurement

 The device should be able to measure bunch-by-bunch luminosity
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𝑨𝑭𝑩 at LEP
• Annihilation process 𝑒+𝑒− → 𝑍 → 𝑓 ҧ𝑓, unpolarized cross-section

𝑑𝜎

𝑑 cos 𝜃
∝ 𝐴 1 + cos2 𝜃 + 𝐵 cos 𝜃

• Forward-backward asymmetry

𝐴𝐹𝐵
𝑓

≡
𝜎𝐹 − 𝜎𝐵
𝜎𝐹 + 𝜎𝐵

=
3

4
𝐴𝑒𝐴𝑓,

𝐴𝑓 ≡
2𝑔𝑣

𝑓
𝑔𝑎
𝑓

𝑔𝑎
𝑓

2
+ 𝑔𝑣

𝑓
2 =

1 − 4 𝑄𝑓 sin2 𝜃eff
𝑓

1 − 4 𝑄𝑓 sin2 𝜃eff
𝑓
+ 8 𝑄𝑓 sin4 𝜃eff

𝑓

• Counting experiment
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𝐬𝐢𝐧𝟐 𝜽𝐞𝐟𝐟 at colliders
1. LEP

 Unpolarized 𝑒+𝑒− beams near the 𝑍 pole, 17 × 106 Zs

 Forward-backward asymmetry

2. SLAC Large Detector (SLD)

 Polarized 𝑒+𝑒− beams near the 𝑍 pole, 50 × 103 𝑍s

 Average beam polarization of 60%

 Combinations of the forward-backward and left-right 
asymmetries

3. LHC: ATLAS, CMS, LHCb

 Unpolarized proton beams

 Tests of the 𝑍 → 𝑙 ҧ𝑙 couplings and measurement of the sin2 𝜃eff
𝑙

 Model-dependent
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SLC Experiment
• Polarized beam gives access to the left-right asymmetry

𝐴𝐿𝑅 ≡
𝜎+ − 𝜎−
𝜎+ + 𝜎−

= 𝐴𝑒𝜉

𝜉 is the average polarization of the electron beam

• Forward-backward asymmetry with polarized beam

𝐴𝐹𝐵
𝑓

=
3

4
𝐴𝑓

𝐴𝑒 + 𝜉

1 + 𝐴𝑒𝜉

• Left-right forward-backward cross-section ratio

𝐴𝑓 =
4

3

𝜎𝐿𝐹
𝑓
+ 𝜎𝑅𝐵

𝑓
− 𝜎𝐿𝐵

𝑓
− 𝜎𝑅𝐹

𝑓

𝜎𝐿𝐹
𝑓
+ 𝜎𝑅𝐵

𝑓
+ 𝜎𝐿𝐵

𝑓
+ 𝜎𝑅𝐹

𝑓

Counting experiment with direct measurement of 𝐴𝑓
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Global 
EW fit

https://doi.org/10.1016/j.ppnp.2019.02.007

𝑝-value is 0.24
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Polarized electron source
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S – focusing solenoids

BM – bending magnets

EB – electrostatic deflectors

CM – beam current monitor

EM – beam profile monitor

C – RF buncher/acceleration 

cavities

• Beam polarization                        80 %

• Cathode voltage (pulsed)            -100 kV

• Photocathode type                       Strained InGaAsP

• Laser type                                     Ti – Sapphire

• Light wavelength                          700 – 850 nm

• Laser power in a pulse                  200 W

• Pulse duration                              2.1 s

• Repetition rate                               1 Hz

• Maximum current from a gun         150 mA

• Operational current                        15 – 20 mA

• Photocathode recesiation time 

(depends on laser power)               190 – 560 hours


