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Standard Model particle content
SM cannot explain

• All SM particles have been discovered!

Searching for new physics

• Dark matter

• Dark energy

• Matter-antimatter 
asymmetry of         
universe



High energy Low energy, high precision
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Large Hadron Collider, energies to 13 TeV

E = mc2
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Produce particles directly

Probe virtual processes, may reach >> TeV

�E�t ⇠ ~
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Lecture 1. How can atoms be used to test the SM and search for new physics?

• Atomic parity violation


Lecture 2. Time-reversal-violating electric dipole moments 

• Atomic EDMs, enhancement mechanisms 


Lecture 3. Precision atomic theory 

• Many-body methods, relativistic Hartree-Fock, QED in many-electron atoms 


Lecture 4. Adventures at the intersection of atomic and nuclear physics

• Case study in the hyperfine structure



Lecture 1.  
How can atoms be used to test the SM and search for new physics?



The atom as a laboratory for new physics searches

• Electromagnetic interaction
• Weak interaction
• Strong interaction

are present in atoms and may be probed and tested

The weak interaction does 
not conserve parity, r  -r 

The weak interaction may 
be isolated by studying 
parity-violating effects

→
The complexity/simplicity of the system 
may be varied by changing nuclear charge 
(Z), isotope, ionisation degree, state 


• Possibilities for enhancement

• May choose more theoretically tractable 

system



Searches for new physics in atomic experiments

Violation of fundamental 
symmetries P, CP, CPT

Tests of Lorentz symmetry, 
general relativity, gravitation,…  

Variation of fundamental constants

E.g., fine structure constant, proton-to-electron 
mass ratio, nuclear g-factors in clock experiments

remarkable achievement considering that the Cs atomic clock
transition has an intrinsic quality factor Q, defined as the ratio
of the absolute frequency of the transition to its natural
linewidth of Q ≈ 1010. The Q factors of optical atomic clocks
are 5 orders of magnitude higher than those of microwave
clocks, giving optical clocks a tremendous advantage in terms
of frequency stability (Poli et al., 2013; Ludlow et al., 2015).
Recent progress in the accuracy of the optical clocks has been
extraordinary, with the world’s best optical lattice atomic
clocks approaching fractional frequency uncertainties of 10−18

(Nicholson et al., 2015; Ushijima et al., 2015). The smallest
uncertainty attained to date is 2 × 10−18 in a strontium
(Sr, Z ¼ 38) optical lattice clock (Nicholson et al., 2015).
In 2016, a systematic uncertainty of 3 × 10−18 was reported in
a single-ion atomic clock based on the electric-octupole
transition in Ybþ (Huntemann et al., 2016). As a result,
the most rapid improvement in this field is expected to come
from optical to optical clock comparison, with optical to
microwave comparison being limited by the ultimate accuracy
of microwave clocks.
Results of experiments measuring the stability of two

optical clock-frequency ratios R ¼ ν2=ν1 are parametrized
by a simpler version of Eq. (11):

_R
R
¼ ðK2 − K1Þ

_α
α
; ð16Þ

where K1 and K2 are K sensitivity coefficients for clocks 1
and 2. Therefore, the sensitivity of optical clock-frequency
ratios to α variation is described by the difference in the
corresponding K values, i.e., ΔK ¼ jK2 − K1j. The K factors
are small (0.008–1.0, see Table I) for most clocks currently in
development: Mg, Alþ, Caþ, Srþ, Sr, Yb, Ybþ quadrupole
transition, and Hg. The K factors for Hgþ and Ybþ octupole
clock transitions are −3 and −6, making them the best
candidates for one member of a clock-comparison pair, with
the other member taken from the previous group. Recently

reported drastic reductions in the fractional frequency uncer-
tainty of the Ybþ octupole clock (Huntemann et al., 2016) are
expected to lead to a more accurate test of α variation, with the
second clock being perhaps Sr. Future prospects for the
development of optical atomic clocks are discussed in recent
reviews (Poli et al., 2013; Ludlow et al., 2015), which
envisage further decreases in atomic clock uncertainties
during the next decade. Comparison of different clock
frequencies beyond 10−18 accuracy will become more chal-
lenging due to the sensitivity to the environment, including
temperature and gravitational potential (Ludlow et al., 2015).
For example, a clock on the surface of the Earth that is higher
by just 1 cm than another identical clock runs faster by
δν=ν0 ≈ 10−18 (Ludlow et al., 2015). The blackbody radiation
(BBR) shift has a leading temperature dependence of T4,
making clock frequencies sensitive to the temperature fluc-
tuations. The BBR shift for a given temperature also varies
significantly, by orders of magnitude, between different clock
transitions. The strategies for reducing BBR shifts in current
clocks are discussed by Ludlow et al. (2015). Comparisons of
clocks based on two transitions in a single ion, such as Ybþ

quadrupole to octupole clock comparisons illustrated by Fig. 2
or with two ions held in the same trap, may be used to reduce
the environmental sensitivities of the clock ratios.

2. Prospects for optical clocks with highly charged ions

Another pathway toward improved tests of α variation
with atomic clocks is the development of frequency standards
based on new systems, which have higher K sensitivities,
while still enabling highly accurate measurements of the
frequency ratios. Put simply, it is much easier to measure
large effects, so the search for high-sensitivity systems is a
major ongoing effort of AMO theory.
This brings us to a question: what are the requirements for

such new systems? If we want to build a clock with accuracy
at the present state-of-the-art level, we need at the very least a
system with a transition in a laser accessible range with very
high Q, at least Q ≈ 1015. The high-Q requirement means
that the upper state of the transition is metastable, i.e., long
lived. There are a number of other considerations to ensure
small frequency uncertainties by minimizing systematic
effects. The system also has to be amenable to cooling
and trapping. If we want to use our new clock to search for
α variation, the clock transition has to be between states of
different electronic configurations, i.e., not between fine- or
hyperfine-structure levels since the K factors for such states
are similar.
These requirements were formulated in the criteria for

good clock transitions proposed by Dzuba, Flambaum, and
Katori (2015):

• The transition is in the near-optical region (230 < λ <
2000 nm or 5000 < 1=λ < 43 000 cm−1) as such tran-
sitions are accessible with available laser systems.

• The lifetime of the clock state is between 100 and ≈104 s
as this enables high Q.

• There are other relatively strong optical transitions in the
same atomic system with a lifetime of the upper level on
the order of τ ≲ 1 ms, which may be useful for laser
cooling or optical pumping or probing.

FIG. 3. Evolution of fractional frequency uncertainties of
atomic frequency standards based on microwave (Cs clocks)
and optical transitions. Data points are from Poli et al. (2013),
Nicholson et al. (2015), and Huntemann et al. (2016).

M. S. Safronova et al.: Search for new physics with atoms and molecules

Rev. Mod. Phys., Vol. 90, No. 2, April–June 2018 025008-10

For a review, see Safronova et al., Rev. Mod. Phys. (2018)



Neutral weak currents
• Neutral weak currents were discovered at CERN (1973) in 

neutrino-nucleon and antineutrino-electron scattering 
experiments 

• First observation of neutral weak electron-nucleon 
interactions seen in atomic parity violation experiment 
with bismuth at Novosibirsk, Russia (1978)


• Neutral weak e-N interactions seen shortly after in 
scattering experiments of electrons off deuterons and 
protons at the Stanford linear collider (1978)

Hadronic neutral current event: neutrino-nucleon scattering

Leptonic neutral current event: antineutrino-electron scattering
https://cerncourier.com/a/neutral-currents-a-perfect-experimental-discovery/

• In 1983, weak  
bosons Z, W+, W- 

produced directly 
at CERN
https://cerncourier.com/
a/finding-the-w-and-z/



optical rotation animation

https://ja01.chem.buffalo.edu/
tutorials/opticalactivity.html

The discovery of a new kind of a parity nonconserving weak 
interaction of electrons with nucleons is an example of a 
situation when a branch of physics (in this case, atomic 
spectroscopy) long since believed to be classical, again proves 
to be at the forefront of our understanding of nature… 
Table-top apparatus has proved to be an important addition 
to the experimental methods traditional for elementary particle 
physics. I am convinced that this case is not the last and that 
the time of table-top experiments in studying fundamental 
properties of matter is far from over. 

                — I. B. Khriplovich 

Bismuth experiment

• e-N weak interaction produces optical activity

• Plane of polarisation of light is rotated on passing 

through bismuth vapour 
• Coherent, macroscopic parity-violating effect



Fermi’s four-fermion interaction

• Fermi (1934) constructed the first theory of the weak interaction

• Considered interaction to happen at a single point                

p
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γ

jμAμ = p̄γμp Aμ

product of charged nucleon and lepton currents                                

beta decay 
e.m. interaction with proton 

• In the general case, can also construct (scalar) interaction from products of scalar (e.g., ), pseudoscalar 
( ), axial-vector ( ), and antisymmetric tensor ( ) currents  

p̄n
p̄γ5n p̄γμγ5n p̄σμνn

p̄γμn ēγμνe



We can now write down all possible 
contributions to a neutral-weak electron-
nucleon interaction. Write explicitly for e-p: 


  


        








S - scalar;  P - pseudo scalar;  V - vector

A - axial vector;  T - tensor

Parity-violating (“P-odd”) terms are primed


P-odd, T-even            Atomic parity violation


P-odd, T-odd            Electric dipole moments


GSp̄p ēe + GPp̄γ5p ēγ5e + GVp̄γμp ēγμe

+GAp̄γμγ5p ēγμγ5e + GTp̄σμνp ēσμνe + G′ Vp̄γμp ēγμγ5e

+G′ Ap̄γμγ5p ēγμe + iG′ Sp̄p ēγ5e + iG′ Sp̄pēγ5e

+G′ Tϵμνρτp̄σμνp ēσρτe

Consider exchange of W boson:


          Amplitude  ∝ g2
W

q2 − M2
W gW

1
q2 − M2

W

gW

• At low energies,  , propagator                                                                                                                         
 appears as a point-like interaction


• Weak bosons are very heavy,  , so 
interaction range is very short, 


• Corresponds to an effective theory of the weak interaction

q2 ≪ M2
W

→

W±, Z0 ≈ 80 − 90 GeV/c2

ℏ/Mc ∼ 10−3 fm

1
q2 − M2

W
→ − 1

M2
W

GF Fermi weak interaction constant   :                                                                                                            GF

                                                                                            
GF

2
= g2

W

8M2
W



First observed in 1964 in decays of neutral K mesons. 


CP-violation necessary to produce matter-antimatter 
asymmetry of the universe! (Sakharov conditions)

The weak interaction violates fundamental 
symmetries parity P and the combined symmetry 
charge conjugation and parity (CP).

CP violation

CPT symmetry

First observed in 1957 in the beta decay of 60Co.

is an exact symmetry in SM.

Parity violation

Not enough CP violation in the SM!

Foundational to SM.

60
27Co →60

28 Ni + e− + ν̄e + 2γ

Fundamental symmetries



Precision atomic theory needed to extract fundamental parameters from atomic experiments for comparison with SM

Atomic parity violation (APV) Electric dipole moments (EDMs)

sociated to CP-violating, EDM-generating interactions.
One would naturally expect those phases, sometimes
called vA and vB, to be substantial, as is the phase angle d
in the standard model. The great puzzle—called the SUSY
CP problem—is why SUSY phases do not lead to EDMs
considerably larger than present limits exclude. We return
to this puzzle at the end of the article.

Theorists have expended considerable effort calcu-
lating the sizes of EDMs—for the electron, the neutron,
and various atomic nuclei—in SUSY and other theories
with spin-zero bosons.3, 6–8 Figure 2a shows a simple
Feynman diagram that would be part of a typical calcu-
lation. The physics behind the graph is that a fermionic
quark or electron is not a single, placid entity but one
that continually splits apart and comes back together
again, creating and reabsorbing bosons. As a result, the
fermion, instead of being viewed as a point charge, can
be seen as more like a cloud of charge. When T is vio-
lated, the process forming the cloud generates a net dis-
placement of charge along the spin axis—in other words,
an EDM. The larger the mass M of the boson, the smaller
the size of the cloud and the smaller the EDM. Calcula-
tions show3 the EDM scales as 1/M2. In the standard
model, a quark creates and reabsorbs W bosons, as shown
in figure 2b. In that case, splitting apart and coming back
together generate equal and opposite CP violation and no
net EDM. 

Electrons and nuclei in atoms and molecules
The simplest method, in principle, for detecting an EDM
is to apply an electric field and look for the energy shift 
⊗d ! E. That works for a neutral particle, but fails for a
charged particle, which is accelerated in the electric field.
Instead, one might attempt to detect the EDM of a charged
particle inside an atom by applying an electric field to the
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Figure 3. A spinning particle with an electric or magnetic di-
pole moment experiences a torque when subjected to paral-
lel external electric E and magnetic B fields. The particle pre-
cesses about the common field axis, much as a spinning top
precesses about a vertical axis due to the torque of gravity.

Parity- and time-reversal-violating

EPV = ξ QW

from atomic 
structure theory

nuclear weak 
charge

datom = ζS + Kde +…

from atomic 
structure theory nuclear Schiff 

moment

electron EDM

Violations of fundamental symmetries in atoms

APV amplitude: Atomic EDM:



Atomic parity violation and the nuclear weak charge

e e

u,d u,d

Z0

A

V
Gp
2
C1q

�
ē�µ�5e

��
q̄�µq

�

Standard model tree-level couplings

C1n = C1u + 2C1d = �1

2
C1p = 2C1u + C1d =

1

2

�
1� 4 sin2 ✓W

�

Axial vector coupling to electrons,                    
vector coupling to quarks

Leads to parity-violating interaction Hamiltonian for electrons

hPV = � G

2
p
2
QW ⇢(r)�5

Bouchiat, Bouchiat (1974)

hPV / � · p
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Parity operation:                      
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where  is nuclear weak charge.QW

Parity-violating nature

Non-relativistic limit:                   

Enhancement with Z 

EPV / R(Z)Z3

Parity-violating amplitude:

relativistic 
enhancement 
factor

nuclear charge

SM value known well,  QSM
W = − 73.23(1)



Atomic parity violation in cesium

E1

6̂S1/2

7̂S1/2

6S - 7S electric dipole (E1) transition amplitude  EPV

Weak interaction mixes opposite-parity states, e e

qq
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Experiment,       0.35% uncertainty

Carl Wieman group,     Wood et al., Science (1997)

| S̃1/2⟩ = |S1/2⟩ + ∑
n

⟨nP1/2 |HPV |S1/2⟩
E6S1/2 − EnP1/2

|nP1/2⟩

Dzuba, Flambaum, Ginges, PRD (2002); Flambaum, Ginges, PRA (2005)
Porsev, Beloy, Derevianko, PRL (2009); Dzuba, Berengut, Flambaum, Roberts, PRL (2012)

EPV = h7̂S1/2|Dz|6̂S1/2i
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n

h7S1/2|Dz|nP1/2ihnP1/2|HPV|6S1/2i
E6S1/2

� EnP1/2
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Tests of the standard model

Running of the Weinberg angle

• Experiment and theory: nuclear weak charge:      QW = − 73.07(28)(33) ⇒ QW − QSM
W = 0.16(43)
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Figure 1. Constraints on parity-violating, weak electron–quark couplings from electron scattering and APNC, showing their
complementarity; the red dot is the SM prediction, dashed circles show the remarkable sensitivity for ‘new’ physics at mass scales
Λ/g. Plot generated from data provided in [21].

Figure 2. Past and future measurements of the Weinberg angle. Data points for future experiments are arbitrarily centered on
the SM prediction (solid black line). Reproduced from [23]. CC BY 4.0. Chiral Belle from [24]. Scenarios with dark Z bosons for
mZd

of (a) 50 MeV, (b) and (c) 15 GeV (where area (c) is in tension with existing constraints) from [25, 26].

shown to be regular, for example by hf anomaly measurements [31, 32], it is an excellent candidate for
anapole studies [33].

4. Atomic parity non-conservation

The exchange of weak neutral currents between electrons and nucleons constitutes the main source of parity
violation in atomic transitions. The currents are of two kinds, depending on whether the electron or the
nucleon enters as the axial vector current.

The Hamiltonian for an infinitely heavy nucleon without radiative corrections is [11]

H =
G√

2
(κ1iγ5 − κnsd,iσn · α) δ(r), (2)

where G is the Fermi constant, γ5 and α are Dirac matrices, σn are Pauli matrices, and κ1i and κnsd,i are
constants of the interaction with i = p, n for a proton or a neutron and nsd = nuclear spin dependent. The
δ-function is a manifestation of the short range of the weak interaction. The SM tree level values for the nsi
constants are κ1p = 1

2 (1 − 4 sin2 θW) and κ1n = − 1
2 , with sin2 θW ≈ 0.23, and θW the Weinberg angle. In an

atom, the contribution from equation (2) for all the nucleons must be added. For the nsi part, we obtain for

3

New result for vector polarizability shifts APV result (red):         G. Toh et al., PRL (2019)
Figure from:   Gwinner and Orozco, Quantum Sci. Technol (2022)

Weinberg angle —  aka “weak mixing angle”


• fundamental parameter of SM

• Mixes W and B fields to produce the 

    massive Z0 and massless photon 

• At tree level:

sin2 ✓W = 1� m2
W

m2
Z
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Figure 1. Constraints on parity-violating, weak electron–quark couplings from electron scattering and APNC, showing their
complementarity; the red dot is the SM prediction, dashed circles show the remarkable sensitivity for ‘new’ physics at mass scales
Λ/g. Plot generated from data provided in [21].

Figure 2. Past and future measurements of the Weinberg angle. Data points for future experiments are arbitrarily centered on
the SM prediction (solid black line). Reproduced from [23]. CC BY 4.0. Chiral Belle from [24]. Scenarios with dark Z bosons for
mZd

of (a) 50 MeV, (b) and (c) 15 GeV (where area (c) is in tension with existing constraints) from [25, 26].

shown to be regular, for example by hf anomaly measurements [31, 32], it is an excellent candidate for
anapole studies [33].

4. Atomic parity non-conservation

The exchange of weak neutral currents between electrons and nucleons constitutes the main source of parity
violation in atomic transitions. The currents are of two kinds, depending on whether the electron or the
nucleon enters as the axial vector current.

The Hamiltonian for an infinitely heavy nucleon without radiative corrections is [11]

H =
G√

2
(κ1iγ5 − κnsd,iσn · α) δ(r), (2)

where G is the Fermi constant, γ5 and α are Dirac matrices, σn are Pauli matrices, and κ1i and κnsd,i are
constants of the interaction with i = p, n for a proton or a neutron and nsd = nuclear spin dependent. The
δ-function is a manifestation of the short range of the weak interaction. The SM tree level values for the nsi
constants are κ1p = 1

2 (1 − 4 sin2 θW) and κ1n = − 1
2 , with sin2 θW ≈ 0.23, and θW the Weinberg angle. In an

atom, the contribution from equation (2) for all the nucleons must be added. For the nsi part, we obtain for

3

New result for vector polarizability shifts APV result (red):         G. Toh et al., PRL (2019)
Figure from:   Gwinner and Orozco, Quantum Sci. Technol (2022)

Dark Z boson:  

(a) 50 MeV; (b) 15 MeV; (c) 15 MeV, in tension with expt.

QWEAK  -  electron-proton scattering     Ross Young
E158       -  electron-electron scattering @ SLAC
PVDIS     - parity-violation in deep inelastic scattering

-DIS       - neutrino deep inelastic scattering
Tevatron  -  proton-antiproton collider
LEP         -  Large Electron Positron collider
SLAC       -  Stanford Linear Collider, electron-positron collider 
LHC         -  Large Hadron Collider,  proton-proton collider

ν

• Experiment and theory: nuclear weak charge:      QW = − 73.07(28)(33) ⇒ QW − QSM
W = 0.16(43)
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Searches for new physics

e.g.

New tree-level physics

LPV = LSM
PV + Lnew

PV
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QW = QSM
W +�QW
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Probing mass scale:
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⇡ 30TeV
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strongly interacting               , weakly interacting  2 ⇠ 1
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<latexit sha1_base64="NqwfZBUaQ5xH9SYhh7yH2gt2V+o=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5IUQY9FLx4r2FZoYplst+3S3WTZ3Qgh1L/ixYMiXv0h3vw3btsctPXBwOO9GWbmRZIzbTzv2ymtrW9sbpW3Kzu7e/sH7uFRRyepIrRNEp6o+wg05SymbcMMp/dSURARp91ocj3zu49UaZbEdyaTNBQwitmQETBW6rvVYAJSwkMj0EzgALgcQ9+teXVvDrxK/ILUUIFW3/0KBglJBY0N4aB1z/ekCXNQhhFOp5Ug1VQCmcCI9iyNQVAd5vPjp/jUKgM8TJSt2OC5+nsiB6F1JiLbKcCM9bI3E//zeqkZXoY5i2VqaEwWi4YpxybBsyTwgClKDM8sAaKYvRWTMSggxuZVsSH4yy+vkk6j7nt1//a81rwq4iijY3SCzpCPLlAT3aAWaiOCMvSMXtGb8+S8OO/Ox6K15BQzVfQHzucPT2aUiQ==</latexit><latexit sha1_base64="NqwfZBUaQ5xH9SYhh7yH2gt2V+o=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5IUQY9FLx4r2FZoYplst+3S3WTZ3Qgh1L/ixYMiXv0h3vw3btsctPXBwOO9GWbmRZIzbTzv2ymtrW9sbpW3Kzu7e/sH7uFRRyepIrRNEp6o+wg05SymbcMMp/dSURARp91ocj3zu49UaZbEdyaTNBQwitmQETBW6rvVYAJSwkMj0EzgALgcQ9+teXVvDrxK/ILUUIFW3/0KBglJBY0N4aB1z/ekCXNQhhFOp5Ug1VQCmcCI9iyNQVAd5vPjp/jUKgM8TJSt2OC5+nsiB6F1JiLbKcCM9bI3E//zeqkZXoY5i2VqaEwWi4YpxybBsyTwgClKDM8sAaKYvRWTMSggxuZVsSH4yy+vkk6j7nt1//a81rwq4iijY3SCzpCPLlAT3aAWaiOCMvSMXtGb8+S8OO/Ox6K15BQzVfQHzucPT2aUiQ==</latexit><latexit sha1_base64="NqwfZBUaQ5xH9SYhh7yH2gt2V+o=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5IUQY9FLx4r2FZoYplst+3S3WTZ3Qgh1L/ixYMiXv0h3vw3btsctPXBwOO9GWbmRZIzbTzv2ymtrW9sbpW3Kzu7e/sH7uFRRyepIrRNEp6o+wg05SymbcMMp/dSURARp91ocj3zu49UaZbEdyaTNBQwitmQETBW6rvVYAJSwkMj0EzgALgcQ9+teXVvDrxK/ILUUIFW3/0KBglJBY0N4aB1z/ekCXNQhhFOp5Ug1VQCmcCI9iyNQVAd5vPjp/jUKgM8TJSt2OC5+nsiB6F1JiLbKcCM9bI3E//zeqkZXoY5i2VqaEwWi4YpxybBsyTwgClKDM8sAaKYvRWTMSggxuZVsSH4yy+vkk6j7nt1//a81rwq4iijY3SCzpCPLlAT3aAWaiOCMvSMXtGb8+S8OO/Ox6K15BQzVfQHzucPT2aUiQ==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="HjR9MjNQKCk55QTZBvzb+ET+4PI=">AAAB8XicbZBLSwMxFIXv+Ky16qhLN8EiuCoz3ehScOOygn1AZyx30kwbmpkJSUYYhvpX3LhQxD/jzn9j+lho64HAxzkJ9+ZEUnBtPO/b2djc2t7ZrexV92sHh0fuca2js1xR1qaZyFQvQs0ET1nbcCNYTyqGSSRYN5rczvLuE1OaZ+mDKSQLExylPOYUjbUG7mkwQSnxsRlonpAAhRzjwK17DW8usg7+EuqwVGvgfgXDjOYJSw0VqHXf96QJS1SGU8Gm1SDXTCKd4Ij1LaaYMB2W8+Wn5MI6QxJnyp7UkLn7+0WJidZFEtmbCZqxXs1m5n9ZPzfxdVjyVOaGpXQxKM4FMRmZNUGGXDFqRGEBqeJ2V0LHqJAa21fVluCvfnkdOs2G7zX8ew8qcAbncAk+XMEN3EEL2kChgBd4g3fn2Xl1PhZ1bTjL3k7gj5zPH+s6kyI=</latexit><latexit sha1_base64="HjR9MjNQKCk55QTZBvzb+ET+4PI=">AAAB8XicbZBLSwMxFIXv+Ky16qhLN8EiuCoz3ehScOOygn1AZyx30kwbmpkJSUYYhvpX3LhQxD/jzn9j+lho64HAxzkJ9+ZEUnBtPO/b2djc2t7ZrexV92sHh0fuca2js1xR1qaZyFQvQs0ET1nbcCNYTyqGSSRYN5rczvLuE1OaZ+mDKSQLExylPOYUjbUG7mkwQSnxsRlonpAAhRzjwK17DW8usg7+EuqwVGvgfgXDjOYJSw0VqHXf96QJS1SGU8Gm1SDXTCKd4Ij1LaaYMB2W8+Wn5MI6QxJnyp7UkLn7+0WJidZFEtmbCZqxXs1m5n9ZPzfxdVjyVOaGpXQxKM4FMRmZNUGGXDFqRGEBqeJ2V0LHqJAa21fVluCvfnkdOs2G7zX8ew8qcAbncAk+XMEN3EEL2kChgBd4g3fn2Xl1PhZ1bTjL3k7gj5zPH+s6kyI=</latexit><latexit sha1_base64="winBsYo0YCF0n4e+Hv+qRg0jsIo=">AAAB/HicbVBNS8NAEN3Ur1q/qj16WSyCp5L0oseiF48V7Ac0sUy2m3bpbrLsboQQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzQsmZNq777ZQ2Nre2d8q7lb39g8Oj6vFJVyepIrRDEp6ofgiachbTjmGG075UFETIaS+c3sz93iNVmiXxvckkDQSMYxYxAsZKw2rNn4KU8ND0NRPYBy4nMKzW3Ya7AF4nXkHqqEB7WP3yRwlJBY0N4aD1wHOlCXJQhhFOZxU/1VQCmcKYDiyNQVAd5IvjZ/jcKiMcJcpWbPBC/T2Rg9A6E6HtFGAmetWbi/95g9REV0HOYpkaGpPloijl2CR4ngQeMUWJ4ZklQBSzt2IyAQXE2LwqNgRv9eV10m02PLfh3bn11nURRxmdojN0gTx0iVroFrVRBxGUoWf0it6cJ+fFeXc+lq0lp5ipoT9wPn8ATiaUhQ==</latexit><latexit sha1_base64="NqwfZBUaQ5xH9SYhh7yH2gt2V+o=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5IUQY9FLx4r2FZoYplst+3S3WTZ3Qgh1L/ixYMiXv0h3vw3btsctPXBwOO9GWbmRZIzbTzv2ymtrW9sbpW3Kzu7e/sH7uFRRyepIrRNEp6o+wg05SymbcMMp/dSURARp91ocj3zu49UaZbEdyaTNBQwitmQETBW6rvVYAJSwkMj0EzgALgcQ9+teXVvDrxK/ILUUIFW3/0KBglJBY0N4aB1z/ekCXNQhhFOp5Ug1VQCmcCI9iyNQVAd5vPjp/jUKgM8TJSt2OC5+nsiB6F1JiLbKcCM9bI3E//zeqkZXoY5i2VqaEwWi4YpxybBsyTwgClKDM8sAaKYvRWTMSggxuZVsSH4yy+vkk6j7nt1//a81rwq4iijY3SCzpCPLlAT3aAWaiOCMvSMXtGb8+S8OO/Ox6K15BQzVfQHzucPT2aUiQ==</latexit><latexit sha1_base64="NqwfZBUaQ5xH9SYhh7yH2gt2V+o=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5IUQY9FLx4r2FZoYplst+3S3WTZ3Qgh1L/ixYMiXv0h3vw3btsctPXBwOO9GWbmRZIzbTzv2ymtrW9sbpW3Kzu7e/sH7uFRRyepIrRNEp6o+wg05SymbcMMp/dSURARp91ocj3zu49UaZbEdyaTNBQwitmQETBW6rvVYAJSwkMj0EzgALgcQ9+teXVvDrxK/ILUUIFW3/0KBglJBY0N4aB1z/ekCXNQhhFOp5Ug1VQCmcCI9iyNQVAd5vPjp/jUKgM8TJSt2OC5+nsiB6F1JiLbKcCM9bI3E//zeqkZXoY5i2VqaEwWi4YpxybBsyTwgClKDM8sAaKYvRWTMSggxuZVsSH4yy+vkk6j7nt1//a81rwq4iijY3SCzpCPLlAT3aAWaiOCMvSMXtGb8+S8OO/Ox6K15BQzVfQHzucPT2aUiQ==</latexit><latexit sha1_base64="NqwfZBUaQ5xH9SYhh7yH2gt2V+o=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5IUQY9FLx4r2FZoYplst+3S3WTZ3Qgh1L/ixYMiXv0h3vw3btsctPXBwOO9GWbmRZIzbTzv2ymtrW9sbpW3Kzu7e/sH7uFRRyepIrRNEp6o+wg05SymbcMMp/dSURARp91ocj3zu49UaZbEdyaTNBQwitmQETBW6rvVYAJSwkMj0EzgALgcQ9+teXVvDrxK/ILUUIFW3/0KBglJBY0N4aB1z/ekCXNQhhFOp5Ug1VQCmcCI9iyNQVAd5vPjp/jUKgM8TJSt2OC5+nsiB6F1JiLbKcCM9bI3E//zeqkZXoY5i2VqaEwWi4YpxybBsyTwgClKDM8sAaKYvRWTMSggxuZVsSH4yy+vkk6j7nt1//a81rwq4iijY3SCzpCPLlAT3aAWaiOCMvSMXtGb8+S8OO/Ox6K15BQzVfQHzucPT2aUiQ==</latexit><latexit sha1_base64="NqwfZBUaQ5xH9SYhh7yH2gt2V+o=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5IUQY9FLx4r2FZoYplst+3S3WTZ3Qgh1L/ixYMiXv0h3vw3btsctPXBwOO9GWbmRZIzbTzv2ymtrW9sbpW3Kzu7e/sH7uFRRyepIrRNEp6o+wg05SymbcMMp/dSURARp91ocj3zu49UaZbEdyaTNBQwitmQETBW6rvVYAJSwkMj0EzgALgcQ9+teXVvDrxK/ILUUIFW3/0KBglJBY0N4aB1z/ekCXNQhhFOp5Ug1VQCmcCI9iyNQVAd5vPjp/jUKgM8TJSt2OC5+nsiB6F1JiLbKcCM9bI3E//zeqkZXoY5i2VqaEwWi4YpxybBsyTwgClKDM8sAaKYvRWTMSggxuZVsSH4yy+vkk6j7nt1//a81rwq4iijY3SCzpCPLlAT3aAWaiOCMvSMXtGb8+S8OO/Ox6K15BQzVfQHzucPT2aUiQ==</latexit><latexit sha1_base64="NqwfZBUaQ5xH9SYhh7yH2gt2V+o=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5IUQY9FLx4r2FZoYplst+3S3WTZ3Qgh1L/ixYMiXv0h3vw3btsctPXBwOO9GWbmRZIzbTzv2ymtrW9sbpW3Kzu7e/sH7uFRRyepIrRNEp6o+wg05SymbcMMp/dSURARp91ocj3zu49UaZbEdyaTNBQwitmQETBW6rvVYAJSwkMj0EzgALgcQ9+teXVvDrxK/ILUUIFW3/0KBglJBY0N4aB1z/ekCXNQhhFOp5Ug1VQCmcCI9iyNQVAd5vPjp/jUKgM8TJSt2OC5+nsiB6F1JiLbKcCM9bI3E//zeqkZXoY5i2VqaEwWi4YpxybBsyTwgClKDM8sAaKYvRWTMSggxuZVsSH4yy+vkk6j7nt1//a81rwq4iijY3SCzpCPLlAT3aAWaiOCMvSMXtGb8+S8OO/Ox6K15BQzVfQHzucPT2aUiQ==</latexit><latexit sha1_base64="NqwfZBUaQ5xH9SYhh7yH2gt2V+o=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5IUQY9FLx4r2FZoYplst+3S3WTZ3Qgh1L/ixYMiXv0h3vw3btsctPXBwOO9GWbmRZIzbTzv2ymtrW9sbpW3Kzu7e/sH7uFRRyepIrRNEp6o+wg05SymbcMMp/dSURARp91ocj3zu49UaZbEdyaTNBQwitmQETBW6rvVYAJSwkMj0EzgALgcQ9+teXVvDrxK/ILUUIFW3/0KBglJBY0N4aB1z/ekCXNQhhFOp5Ug1VQCmcCI9iyNQVAd5vPjp/jUKgM8TJSt2OC5+nsiB6F1JiLbKcCM9bI3E//zeqkZXoY5i2VqaEwWi4YpxybBsyTwgClKDM8sAaKYvRWTMSggxuZVsSH4yy+vkk6j7nt1//a81rwq4iijY3SCzpCPLlAT3aAWaiOCMvSMXtGb8+S8OO/Ox6K15BQzVfQHzucPT2aUiQ==</latexit>

Z’ boson: mZ0 & 1TeV
<latexit sha1_base64="GKWLpi1g7mGIGXpglNZAgWNnhtE=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYVgQFWCkGCsYGEsUl+iiSLHdVqrthPZDlIVZWDhV1gYQIiVj2Djb3DbDNByJEtH55yr63vChFGlHefbKq2srq1vlDcrW9s7u3v2/kFHxanEpI1jFsteiBRhVJC2ppqRXiIJ4iEj3XB8M/W7D0QqGouWniTE52goaEQx0kYK7CoPsvuT3Btqk+HQ9c5g5kkOW6STB3bNqTszwGXiFqQGCjQD+8sbxDjlRGjMkFJ910m0nyGpKWYkr3ipIgnCYzQkfUMF4kT52eyIHB4bZQCjWJonNJypvycyxJWa8NAkOdIjtehNxf+8fqqjKz+jIkk1EXi+KEoZ1DGcNgIHVBKs2cQQhCU1f4V4hCTC2vRWMSW4iycvk8553XXq7t1FrXFd1FEGVXAEToELLkED3IImaAMMHsEzeAVv1pP1Yr1bH/NoySpmDsEfWJ8/bYSXSw==</latexit><latexit sha1_base64="GKWLpi1g7mGIGXpglNZAgWNnhtE=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYVgQFWCkGCsYGEsUl+iiSLHdVqrthPZDlIVZWDhV1gYQIiVj2Djb3DbDNByJEtH55yr63vChFGlHefbKq2srq1vlDcrW9s7u3v2/kFHxanEpI1jFsteiBRhVJC2ppqRXiIJ4iEj3XB8M/W7D0QqGouWniTE52goaEQx0kYK7CoPsvuT3Btqk+HQ9c5g5kkOW6STB3bNqTszwGXiFqQGCjQD+8sbxDjlRGjMkFJ910m0nyGpKWYkr3ipIgnCYzQkfUMF4kT52eyIHB4bZQCjWJonNJypvycyxJWa8NAkOdIjtehNxf+8fqqjKz+jIkk1EXi+KEoZ1DGcNgIHVBKs2cQQhCU1f4V4hCTC2vRWMSW4iycvk8553XXq7t1FrXFd1FEGVXAEToELLkED3IImaAMMHsEzeAVv1pP1Yr1bH/NoySpmDsEfWJ8/bYSXSw==</latexit><latexit sha1_base64="GKWLpi1g7mGIGXpglNZAgWNnhtE=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYVgQFWCkGCsYGEsUl+iiSLHdVqrthPZDlIVZWDhV1gYQIiVj2Djb3DbDNByJEtH55yr63vChFGlHefbKq2srq1vlDcrW9s7u3v2/kFHxanEpI1jFsteiBRhVJC2ppqRXiIJ4iEj3XB8M/W7D0QqGouWniTE52goaEQx0kYK7CoPsvuT3Btqk+HQ9c5g5kkOW6STB3bNqTszwGXiFqQGCjQD+8sbxDjlRGjMkFJ910m0nyGpKWYkr3ipIgnCYzQkfUMF4kT52eyIHB4bZQCjWJonNJypvycyxJWa8NAkOdIjtehNxf+8fqqjKz+jIkk1EXi+KEoZ1DGcNgIHVBKs2cQQhCU1f4V4hCTC2vRWMSW4iycvk8553XXq7t1FrXFd1FEGVXAEToELLkED3IImaAMMHsEzeAVv1pP1Yr1bH/NoySpmDsEfWJ8/bYSXSw==</latexit><latexit sha1_base64="GKWLpi1g7mGIGXpglNZAgWNnhtE=">AAACBHicbVC7TsMwFHXKq5RXgLGLRYVgQFWCkGCsYGEsUl+iiSLHdVqrthPZDlIVZWDhV1gYQIiVj2Djb3DbDNByJEtH55yr63vChFGlHefbKq2srq1vlDcrW9s7u3v2/kFHxanEpI1jFsteiBRhVJC2ppqRXiIJ4iEj3XB8M/W7D0QqGouWniTE52goaEQx0kYK7CoPsvuT3Btqk+HQ9c5g5kkOW6STB3bNqTszwGXiFqQGCjQD+8sbxDjlRGjMkFJ910m0nyGpKWYkr3ipIgnCYzQkfUMF4kT52eyIHB4bZQCjWJonNJypvycyxJWa8NAkOdIjtehNxf+8fqqjKz+jIkk1EXi+KEoZ1DGcNgIHVBKs2cQQhCU1f4V4hCTC2vRWMSW4iycvk8553XXq7t1FrXFd1FEGVXAEToELLkED3IImaAMMHsEzeAVv1pP1Yr1bH/NoySpmDsEfWJ8/bYSXSw==</latexit>

New radiative corrections

f
Z

<latexit sha1_base64="GVcMqvlue25tqa0uw4YcPnBW1rQ=">AAAB6Hic bVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae2oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHst7M0nQj+hQ8pAzaqzUeOiXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBuMGM3g==</latexit><latexit sha1_base64="GVcMqvlue25tqa0uw4YcPnBW1rQ=">AAAB6Hic bVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae2oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHst7M0nQj+hQ8pAzaqzUeOiXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBuMGM3g==</latexit><latexit sha1_base64="GVcMqvlue25tqa0uw4YcPnBW1rQ=">AAAB6Hic bVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae2oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHst7M0nQj+hQ8pAzaqzUeOiXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBuMGM3g==</latexit><latexit sha1_base64="GVcMqvlue25tqa0uw4YcPnBW1rQ=">AAAB6Hic bVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae2oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHst7M0nQj+hQ8pAzaqzUeOiXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBuMGM3g==</latexit>

Z
<latexit sha1_base64="GVcMqvlue25tqa0uw4YcPnBW1rQ=">AAAB6Hic bVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae2oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHst7M0nQj+hQ8pAzaqzUeOiXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBuMGM3g==</latexit><latexit sha1_base64="GVcMqvlue25tqa0uw4YcPnBW1rQ=">AAAB6Hic bVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae2oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHst7M0nQj+hQ8pAzaqzUeOiXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBuMGM3g==</latexit><latexit sha1_base64="GVcMqvlue25tqa0uw4YcPnBW1rQ=">AAAB6Hic bVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae2oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHst7M0nQj+hQ8pAzaqzUeOiXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBuMGM3g==</latexit><latexit sha1_base64="GVcMqvlue25tqa0uw4YcPnBW1rQ=">AAAB6Hic bVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cW7Ae2oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHst7M0nQj+hQ8pAzaqzUeOiXK27VnYOsEi8nFchR75e/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/ND52SM6sMSBgrW9KQufp7IqOR1pMosJ0RNSO97M3E/7xuasJrP+MySQ1KtlgUpoKYmMy+JgOukBkxsYQyxe2thI2ooszYbEo2BG/55VXSuqh6btVrXFZqN3kcRTiBUzgHD66gBndQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwBuMGM3g==</latexit>
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only, are in excellent agreement with the SM values of zero. Fixing U = 0 (as is also done
in Fig. 10.6) moves S and T slightly upwards,

S = 0.07 ± 0.08,

T = 0.10 ± 0.07, (10.73)

with T showing a 1.5 σ deviation from zero. Using Eq. (10.68), the value of ρ0
corresponding to T in Eq. (10.72) is 1.0006 ± 0.0009, while the one corresponding to
Eq. (10.73) is 1.0008 ± 0.0005.

There is a strong correlation (91%) between the S and T parameters. The U parameter
is −61% (−82%) anti-correlated with S (T ). The allowed regions in S–T are shown in
Fig. 10.6. From Eqs. (10.72) one obtains S < 0.22 and T < 0.27 at 95% CL, where the
former puts the constraint MKK ! 2.9 TeV on the masses of KK gauge bosons in warped
extra dimensions.
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Figure 10.6: 1 σ constraints (39.35% for the closed contours and 68% for the
others) on S and T (for U = 0) from various inputs combined with MZ . S and T
represent the contributions of new physics only. Data sets not involving MW or ΓW
are insensitive to U . With the exception of the fit to all data, we fix αs = 0.1182.
The black dot indicates the Standard Model values S = T = 0.

The S parameter can also be used to constrain the number of fermion families, under
the assumption that there are no new contributions to T or U and therefore that any
new families are degenerate; then an extra generation of SM fermions is excluded at
the 7 σ level corresponding to NF = 2.83 ± 0.17. This can be compared to the fit to
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(new APV results now centred around SM value)
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for 0.5%



Experiments in preparation/progress

Neutral atoms: Cs (Purdue) ; Fr (TRIUMF; Tokyo)
Singly-ionized atoms: Ba+ (Seattle) ; Ra+ (Groningen)

• Our precision atomic theory group at UQ is 
aiming towards 0.1% uncertainty in APV  
calculations 

Related studies:

• Atomic parity violation along an isotope chain

• What about couplings arising from , Z-
boson exchange with axial vector coupling to 
quarks and vector coupling to electrons?

- Leads to nuclear-spin-dependent effects 
in atoms

C2q

- Another effect from a different mechanism 
dominates — the nuclear                        
anapole moment, arising                                               
from parity                                              
violation within                                              
the nucleus



To consider: Resources:

Homochirality of biological molecules:

DNA is right-handed;

Amino acids are left-handed;

Sugars are right-handed.


Could the weak 
interaction play a 
role in the 
preferred 
production of 
molecules of one 
handedness over 
another?

Ginges and Flambaum, Violations of fundamental symmetries 
and tests of unification theories of elementary particles, Phys. 
Rep. 397, 63 (2004)


Safronova et al., Search for new physics with atoms and 
molecules, Rev. Mod. Phys. 90, 025008 (2018)


Ramsey-Musolf, Low-energy parity violation and new physics, 
Phys. Rev. C. 60, 015501 (1999)


Khriplovich, Parity nonconservation in atomic phenomena, Phys. 
Rev. C. 60, 015501 (Gordon and Breach, Philadelphia, 1991)



Summary

Lecture 1. How can atoms be used to test the SM and search for new physics?

• Atomic parity violation

Next lecture. Time-reversal-violating electric dipole moments 

• Atomic EDMs, enhancement mechanisms 


