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Lecture 3:
• Time-reversal (=CP) Violation
• Properties Nuclear matter
• Dark matter searches



Charge conjugation Violation



Charge conjugation Violation

1957: Garavin, Lederman, Weinrich

Π+μ+ γμ

-> Observation of C-violation in pion decays

Phys. Rev. 105, 1415 (1957)
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Π-μ- γμ-
Not observed:



Time-reversal Violation



Baryon Asymmetry

•B violation 

•C and CP-violation 

•Deviation from thermal equilibrium

Sakharov (1967): Conditions to achieve matter-antimatter 
asymmetry via baryogenesis:



Baryon Asymmetry

Particle Data Group), PTEP 2020, 083C01 (2020)



Time-reversal Violation in the SM

Without CP violation:

However, Observed -> CP violation

• 1964: Cronin and Fitch discovered CP violation Phys. Rev. Lett. 13, 138 (1964)

N1 :     K0L -> π+ + e- + ν e

• Kaon decays 
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Without CP violation:

However, Observed -> CP violation

• 1964: Cronin and Fitch discovered CP violation Phys. Rev. Lett. 13, 138 (1964)

N1 :     K0L -> π+ + e- + ν e
N2:      K0

L -> π- + e+ + ν e

• Kaon decays 

N1/N2 ~ 3 x 10-3



• Cabibbo–Kobayashi–Maskawa matrix (CKM matrix)

2008 Nobel Prize
Kobayashi & Maskawa

Probability of a transition from one flavour j quark to another flavour i quark. These transitions are proportional to |Vij|2.

Time-reversal Violation in the SM

• Pontecorvo–Maki–Nakagawa–Sakata matrix (PMNS matrix)
Neutrino mixing matrix between mass and flavor

• Strong CP-problem



Dipole Moments

Observation of a non-zero value of an EDM requires PT 
violation (CP) violation!

Magnetic dipole moment:

Electric dipole moment (EDM):



EDM experiments

Rev. Mod. Phys. 91, 015001 (2019)
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Σ

Molecules

|de| ≤ 1.1 x 10-29 e · cm

[ACME, Nature 562, 355 (2018)]
[Baron et al. Science 343, 269 (2014)]
[Sandars Phys. Rev. Lett. 18, 1396 (1967)]
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[Source: D. DeMille. Manipulating Quantum Systems: An Assessment of Atomic,Molecular, and Optical Physics in the United States (2019)]
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[Jungmann et al. Ann. Phys. 525, 550 (2013)]



Symmetry-Violating Nuclear Properties
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Symmetry-Violating Nuclear Properties
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Slide from  L. Gaffney 

Nuclear Schiff Moment

S ~ZaAbβ2β3 /(E+
N- E-

N)

Phys. Rev. Lett. 121, 232501 (2018)



Hmol = He+ Hvib+ Hrot+ … + Hhfs+ HPV+ HPTV

eV ~ 2 10-2 10-5 10-8 <10-12 <10-18

~ONucl Fmol
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~ ONuclFmol

Atom/moleculeNuclear

Experiment

~Za Abβ2β3 /(E+
N- E-N) ~Zc /(E+

N- E-N)

Molecule > 103

Nuclear amplification > 103

225Ra

ü Large Z, A
ü Nuclear spin I >0
ü β2 β3 > 0

Nuclear X Molecule

●

RaF molecules=> Best of all worlds! 

[Gaffney et al. Nature 497, 199 (2013)]

E+
N- E-N  ~ 10-5 smaller 

in molecules

Radioactive Molecules



Recent Results (RaF)

He Hvib Hrot Hhfs

Hmol e= H + Hvib rot+ H + … + Hhfs+ H + HPV PTV

10-2 10-5 10-8eV ~ 2 <10-12 <10-15

7 S. Udrescu A. Brinson S. Wilkins



Neutralization  
Cell

Detector

Mass separator

Collinear resonance ionization spectroscopy of RaF molecules

Gas-filled  
Ion trap~2000 oC

Recent Results (RaF)

[Garcia Ruiz et al. Nature 581, 396 (2020)]8

[Garcia Ruiz, Berger et al. Nature 581, 396 (2020)]
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Neutralization  
Cell

Detector

?

Collinear resonance ionization spectroscopy of RaF molecules

Mass separator

? ?
Neutral

Gas-filled
Ion trap~2000 oC

Recent Results (RaF)

8

[Garcia Ruiz, Berger et al. Nature 581, 396 (2020)]

?



Experimental details



I. Low-lying structure
II. Feasibility of laser cooling?

1. Dominant f00? → f00/fij> 0.97
2. Short-lived excited state (T1/2)?→T1/2< 50 ns
3. Electronic states of lower energy (E)?

Recent Results (RaF)

[Garcia Ruiz, Berger et al. Nature 581, 396 (2020)]9



“Hot” molecules can be super cool!

Recent Results (RaF)

10

Hmol e= H + Hvib rot+ H + … + Hhfs+ H + HPV PTV

10-2 10-5 10-8eV ~ 2 <10-12 <10-15

S. Udrescu A. Brinson S. Wilkins



S. Udrescu

New opportunities for nuclear structure studies 
of the heaviest elements (e.g. ThO, PaO,...)

[Udrescu et al. Phys. Rev. Lett. 127, 033001 (2021)]

Recent Results (RaF)

A. Brinson

223RaF
224RaF

225RaF
226RaF

228RaF

S. Wilkins

11
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226Ra(I=0)F

Hyperfine structure
226Ra(I=0)F

223Ra(I=3/2)F

300 MHz

Recent results: Sub-Doppler spectroscopy (RaF)

Rotational Structure

Graduate students @ MIT

~ 15 GHz

A. Brinson S. Udrescu12 Hmol= He+ Hvib+ Hrot+ ...+Hhfs+ HPV+ HPTV



Summary



Radii of mirror nuclei & equation of state

Can we use the properties of nuclei to 
constraint the properties of neutron stars?

E.g. PREX: neutron skin thickness of 208Pb
[Adhikari et al. Phys. Rev. Lett. 126, 172502 (2021)]



Phys. Rev. Lett. 126, 172502 (2021)

PV Asymmetry and Neutron Skin

Phys. Rev. Lett. 126, 172503 (2021)



Ni54

Radii of mirror nuclei & equation of state

28 26Fe54
26 28

[S. Pineda Accepted in Phys. Rev. Lett (2021)]

[Brown. Phys. Rev. Lett. 119, 122502 (2017)]
[Yang & Piekarewicz, PRC 97, 014314 (2018)]



Ni54

Radii of mirror nuclei & equation of state

28 26Fe54
26 28

Skyrme EDF
CODF 

[S. Pineda Accepted in Phys. Rev. Lett (2021)]

[Brown. Phys. Rev. Lett. 119, 122502 (2017)]
[Yang & Piekarewicz, PRC 97, 014314 (2018)]



38Sr 37Rb 36Kr74 74 74

Isospin Symmetry?

Isobar: same A
Isotope: same Z
Isotone: same N



Nature 580, 2 (2020)
38Sr 37Rb 36Kr74 74 74
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Phys. Rev. Lett. 128, 163201 (2022)

Dark Matter Searches

Phys. Rev. Lett. 120, 091801 (2018)
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[Phys Rev Lett 120, 142501 (2018)]

[ThO: Nature 562, 355 (2018)]

Can we achieve efficient cooling & trapping?

[HfF+: PRL 119, 153001 (2017)]


