Fundamental Symmetries in Nuclear Physics:
Theoretical Overview

Outline:

- Standard Model: surviving all attempts to replace it by anything "Beyond”
* nothing seen at LHC
* muon g-2 discrepancy seems to have dramatically decreased
* proton radius puzzle seems to have been solved

- Symmetry-violation searches : may be the best chance to find New Physics
* P:neutral currents;
e CP: electric dipole moments: electron; neutron;
* Beta decays

- Conclusions
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From an LHC talk by Andre Sopczak, last month:

Conclusions - ATLAS
. Highlights of Higgs physics Beyond the SM

Q Very successful LHC Run-2 operation, over 160 fb! (Run-1 and Run-2)
Q Precision measurements of
= Higgs boson decay branching fractions and total width
= Relation of coupling to mass
= CP-invariance
= rare decays, LFV, dark photons, exotics (searches)
O No indication for BSM physics: enhanced production modes
= Associated production of single top and Higgs
= Self-coupling HHH, di-Higgs production
O Limits on new Higgs bosons and unexpected decays
= Additional Higgs bosons decaying to taus, and photons
= Heavy Higgs bosons in VHH and ttH/A
= Single and doubly charged Higgs bosons
Outlook
O Combinations of ATLAS and CMS results to double statistics

O LHC Run-3 started anticipated to add 300 fb! (2022 to 2025),
HL-LHC approved for 3000 fb! (2029 - ): new era of measurement precision

O Strong and approved LHC programme for new discoveries

A.Sopczak , 23 May 2023 57



Muon g-2 after BMW and CMD3

Expected precision of final FNAL Run1..6 a, measurement in 2025
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New in 2023: role of General Relativity
in low/medium-energy physics
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PHASES Towards distinguishing Dirac from Majorana

OFe MATTER"® neutrino mass with gravitational waves
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Beta-decays
isospin; new charged gauge bosons;

dark matter; CKM unitarity, ...
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Neutral currents and parity violation

See talks later today:
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Neutral currents: PV in Moller scattering

Last measured at E158, SLAC

—— G

Liquid H,

Very small asymmetry, 5 mrad

A, ~1-4sin’* 0,

Suppressed vector coupling of Z
to leptons and the proton.
The same factor in ep: Qweak

Opportunity for effects of new
gauge bosons Z’; ;V
interference with dark photons.



Neutral currents and APV: the weak charge Qy,

Qy characterizes Z-boson’s vector coupling; simplifies at s2= 1/4:
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To a good approximation, Qy of a nucleus = - number of neutrons

Weak charge: Q, =p [—N +7Z (1 —4sin’ Oy )]
' Cs: Standard Model: Q" = -73.19(13)  Marciano & Rosner

Boulder measurement: Q" = —72.74 (29)exp (36) "



Running of the weak mixing angle

Large, 40% corrections to asymmetry A,
dominated by mixing,

Energy-dependent = running.

Tend to decrease the SM asymmetry.

0.2401 lm 58
a 0.2384
M—v s
Eq); 0.236- Caesium
i
v (0.2341
0.232"
CERN/SLAC
> > = = => >
(0] () Q () () L
O O O O O ==
= = = o o 2
) o = ')
D —
E
0.243 T
- Qweak 2019 E158
0241 1 G. smith {n(ee)
0239 + T
0237 § Qﬁea"r\
3 [ APV (€p)
A= : : .
C 0235 f ('*Cs) PVDIS
@ 0233 § (ed)
NC :
Iz 0.231 Tevatron\@is| ¢ }LHC
0229 Projected Uncertainties of Future Expt.s I *
0227 E I P2/Mesa ¥ S5
< MOLLER ¥ i
0.0001 0.01 1 100 10000

Q (GeV)



An aside: atomic parity in politics




Optical activity: rotation of the polarization

propagation

helical
scatterer \

Equivalent point of view: birefringence:
different speed of right- and left-handed photons.



Optical activity: rotation of the polarization

propagation

Z-boson exchange generates a helical structure in an atom

Example:
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Anapole moment violates P

SV
G

spin opposite to
the momentum

spin along
the momentum

Note: anapole moment preserves T-symmetry:
both the momentum and the spin reverse.



P violation but not CP violation

The P-violating correction to the wave function we found is ~ P-wave

T T T (+.. )

Since the correction has an imaginary coefficient, the resulting density is symmetric up-down,
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CP-violating effects: EDM
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Electric dipole moments (EDM)

Dedicated talks:

Atomic EDM: Pear-Shaped Nuclei in the FRIB Era
Jaideep Singh
Oatom = CS + Kde +... EDM
P \ radioactive molecules
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——— Mark McCrea World’s highest-density
structure theory nuclear Schiff Sean Vanbergen ultracold neutrons (UCN)
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Neutron EDM
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Neutron and deuteron EDM: old predictions
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Electron EDM: old predi

ctions
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Charged currents: beta decay

Neutron Spin

For details, see these talks:
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ga from neutron decay: crucial for solar physics

Recent determinations: from correlations of electron or neutrino momenta
with the neutron spin.

Nab experiment: different observable: 0 ? Q\ ?

. . \ /
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Recent progress in Radiative Corrections

Dispersion relation analysis of the radiative corrections to g4 in the neutron 3-decay

Mikhail Gorchtein' and Chien-Yeah Seng? 2 1 06 09 1 8 5

Precision better than 10-4. Matches anticipated precision of Nab.



Summary

Collider experiments have not found New Physics yet
- Precision tests of fundamental symmetries are likely our best hope

- Canada has a vigorous and multifaceted program in precision measurements
(and theory)

- EDMs exist and Lepton Flavors are not conserved
even in the Standard Model;
its extensions greatly enhance them;
let’s find them!



Determining the gluonic grawtatlonal form
factors ofthe proton

Nature | Vol 615 | 30 March 2023 | 813

e

HMS spectrometer

- Beyond earlier studies of the charge and spin distributions in the proton;
- New parameter: proton mass radius 0.52(3) fm.



What does the muon g-2 tell us about the new physics and
the EDM?
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Similar encouragement for lepton flavor violation.



