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Poincaré symmetry

• Quantum Lorentz transformations & translations Weinberg

➡ gauge invariance for m = 0 & h = ±1 (long range force)

➡ equivalence principle for m = 0 & h = ±2   

➡ local supersymmetry for m = 0 & h = ±3/2

➡ chiral symmetry for m = 0 & h = ±1/2

➡CPT symmetry

• no analog for h = 0 ⇒ hierarchy problem
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• P and CP for QED and pQCD by construction

• P violation through chiral fermion representation

• CP violation due to third chiral fermion generation

• P and T (CP) violation also through θQCD εμνρσ Gμν Gρσ

➡P a precision tool to study weak interaction (later)

➡CP a possible tool to discover new physics (EDMs)

• CPT a tool to access Planck scale physics (tomorrow)
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Flavor symmetries

• Baryon number: p decay, n-n̅ oscillations (ΔB = 2)

• Lepton number: 0νββ-decay, μ– Ti→e+ Ca, K+→π– µ+ e+

• Charged lepton flavor #: μ–→e– (γ), τ→3µ, H (Z)→µe

• Lepton universality: B→Kµµ < B→Kee @ 2.6σ (LHCb)

• Flavor changing neutral currents: b→sγ, K+→π+ νν̅
• Flavor changing charged currents: B→Dτν                       

(3.9σ high @ BaBar, Belle, LHCb)

6



The weak mixing angle (sin2θW)



The weak mixing angle (sin2θW)

• mixing of SU(2)L × U(1)Y

• W± = (W1 ∓ i W2)∕√2

• Z0 = cosθW W3 – sinθW B          A = sinθW W3 + cosθW B

• MW = ½ g v = cosθW MZ

• sin2θW = g′2∕(g2 + g′2) = 1 – MW2∕MZ2 (tree level)
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 update with Rodolfo Ferro in progress 
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(SLAC–E122, PVDIS, SoLID)

• polarized Møller scattering (SLAC–E158 & MOLLER)

• polarized elastic ēp (ēC?) scattering (Qweak & Mainz–P2)

• PV in isotope chains (Mainz & KVI Groningen)

• PV in single trapped Ra ions? (KVI Groningen)
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• |gefAV| = ½ − 2 |Qf| sin2θW               |gefVA| = ½ − 2 sin2θW

• f = e ⟹ |geeAV| = ½ − 2 sin2θW ≪ 1

➡ in SM: enhanced sensitivity to sin2θW                         
(compete with ultra-precise Z-pole determinations)

➡ Beyond SM: enhanced sensitivity to Λnew
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Figure 3: Partial cesium energy-level diagram including the splitting of the S states
by the magnetic field. The case of 540-nm light exciting the (F = 3,mF = 3) level
is shown. Diode lasers 1 and 2 optically pump all of the atoms into the (3,3) level,
and laser 3 drives the 6SF=4 (Fdet) to 6PF=5 transition to detect the 7S excitation.
PNC is also measured for excitation from the (3,-3), (4,4), and (4,-4) 6S levels.
The diode lasers excite different transitions for the latter two cases.

Then even more work must be invested to verify that the detected effect is truly
a violation of parity and not a spurious signal arising from systematic errors such
as imperfect reversals or alignments of the fields that define the handedness of the
experiment.

In the absence of electric fields or parity violating interactions, the electric dipole
(E1) transition between the 6S and 7S states of the cesium atom (Fig. 3) is
forbidden. As the nuclear spin of 133Cs is I = 7/2, these S1/2 levels combine with
the nuclear ground state to form hyperfine states of total angular momentum F =
4 and 3. A PNC interaction mixes a small amount (∼ 10−11) of the neighboring
6P3/2 and 7P3/2 states into the 6S and 7S states: the P3/2 hyperfine levels have
F = 2-5, so that PNC mixing with both the F = 3 and 4 hyperfine S states
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Atomic parity violation

• geqAV (coherent) Stark induced-
Z interference amplitude 
dominant (spin-independent)

• QW(133Cs) ~ 0.6% (incl. 
theory) C.S. Wood et al. 1997

• spin-dependent nuclear 
anapole moment through 
difference in hyperfine 
transitions
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Polarized DIS

• deuterium target (isoscalar 
and simple nucleus)

• ALR ≡ σL – σR / σL + σR ∝ Q2

• large Q2 ⟹ ALR(d) ~ 10–4

• large y ⟹ geqAV and geqAV

• Qq weighted                          
(γ-Z interference)
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Polarized Møller scattering

• ALR ~ 3 ×10–8

• purely leptonic 

➡ very clean theoretically

➡ ultra-high precision

➡ need at least one 2-loop 
electroweak calculation 
S. Barkanova & A. Aleksejevs 
(Memorial University of 
Newfoundland)
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Polarized elastic scattering

• ALR ∝ QW(p) + Q2 B(Q2, θ)

• Qweak: Q2 = 0.025 GeV2

• extrapolation to Q2 = 0

• large γ-Z box Gorchtein,                                                            
Horowitz, Ramsey-Musolf;                                                            
Rislow, Carlson; Hall, Blunden, Melnitchouk, Thomas, Young

• P2: Q2 = 0.0045 GeV2 (ALR ~ 10–8)

• γ-Z box correction (error) factor of 8 (5) smaller

19



Beyond the Standard Model



New physics discrimination

Z-pole MW, ΓZ, 
AFB@Belle II

ZH-threshold
PVES APV

oblique contactmixing portal

2121



22

-1 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0

[2 geu- ged]AV

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

[geu+ 2 ged]AV

APV
Qweak
eDIS
all data
SM

-0.76 -0.74 -0.72 -0.70 -0.68

0.46

0.48

0.50

0.52

PV (axial)-electron (vector)-quark couplings



23

-1 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0

[2 geu- ged]AV

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

[geu+ 2 ged]AV

APV
Qweak
eDIS
all data
SM

-0.76 -0.74 -0.72 -0.70 -0.68

0.46

0.48

0.50

0.52

-1 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0

[2 geu- ged]AV

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5

[2 geu- ged]VA

Qweak + APV
SLAC-E122
JLab-Hall A
all data
SM

-0.76 -0.74 -0.72 -0.70 -0.68

-0.22

-0.20

-0.18

-0.16

-0.14

-0.12

-0.10

-0.08



24

-1 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0

[2 geu- ged]AV

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

[geu+ 2 ged]AV

APV
Qweak
eDIS
all data
SM

-0.76 -0.74 -0.72 -0.70 -0.68

0.46

0.48

0.50

0.52

-1 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0

[2 geu- ged]AV

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5

[2 geu- ged]VA

Qweak + APV
SLAC-E122
JLab-Hall A
all data
SM

-0.76 -0.74 -0.72 -0.70 -0.68

-0.22

-0.20

-0.18

-0.16

-0.14

-0.12

-0.10

-0.08

[2 geu - ged]AV

[geu + 2 ged]AV

[2 geu - ged]VA

10 TeV

20 TeV

30 TeV

40 TeV

50 TeV

SLAC-E122
JLab-Hall A
SoLID
PVES (p)
PVES (C)
APV (Cs)
APV (Ra)
APV (isotope ratios)

Compositeness 
Scales



25

-1 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0

[2 geu- ged]AV

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5

[2 geu- ged]VA

Qweak + APV
SLAC-E122
JLab-Hall A
all data
SM

-0.76 -0.74 -0.72 -0.70 -0.68

-0.22

-0.20

-0.18

-0.16

-0.14

-0.12

-0.10

-0.08

-1 -0.9 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0

[2 geu- ged]AV

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0.5

[2 geu- ged]VA

Qweak + APV
SLAC-E122
JLab-Hall A
all published
SM
SoLID (proposal)

-0.76 -0.74 -0.72 -0.70 -0.68
-0.22

-0.20

-0.18

-0.16

-0.14

-0.12

-0.10

-0.08

-0.06



Summary

26

precision sin2θW Λnew

APV Cs-133 0.58 % 0.0019 32.3 TeV
E158 14 % 0.0013 17.0 TeV

Qweak I 19 % 0.0030 17.0 TeV
PVDIS 4.5 % 0.0051 7.6 TeV

Qweak final 4.5 % 0.0008 33 TeV
SoLID 0.6 % 0.00057 22 TeV

MOLLER 2.3 % 0.00026 39 TeV
P2 2.0 % 0.00036 49 TeV

PVES 12C 0.3 % 0.0007 49 TeV
APV 225Ra 0.5 % 0.0018 34 TeV

APV 213Ra / 225Ra 0.1 % 0.0037 16 TeV
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