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▶... And Reflections on Mirror Symmetry in Nature



Parity Violation in Beta Decay of 60Co - Physical Review 105, 1413 (1957)

LETTERS TO TH E E D I TOR 1413

The branching ratio of the two modes of decay of Fm'",
i.e., E.C./n, was found to be about 8.5—which gives

89.5% decay by electron capture and 10.5% by
alpha emission. It was not possible to measure the
cross section for the Cf'"(n, 3n)Fm'" reaction because
Fm'" could also be produced from other californium
isotopes in the target.

A previous publication4 on a possible identification
of the Fm'" gave the values of 6.85&0.04 Mev for
the alpha-particle energy, and a half-life &10 days.

It is a pleasure to thank the crew of the 60-inch
cyclotron for their extremely careful and skillful oper-
ation of the machine during the bombardment. We
wish to thank Professor Glenn T. Seaborg for his
continued interest.

* On leave from the Israel Atomic Energy Commission, Weiz-
mann Institute of Science, Rehovoth, Israel.
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908 (1954).

~ Harvey, Chetham-Strode, Ghiorso, Choppin, and Thompson,
Phys. Rev. 104, 1315 (1956).

'Thompson, Harvey, Choppin, and Seaborg, J. Am. Chem.
Soc. 76, 6229 (1954); Choppin, Harvey, and Thompson, J.
Inorg. and Nuclear Chem. 2, 66 (1956).

4 Friedman, Gindler, Barnes, Sjoblom, and Fields, Phys. Rev.
102, 585 (1956).

Experimental Test of Parity Conservation
in Beta Decay*

C. S. WU, Cotumbia University, 1Vem York, %em York

AND
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(Received January 15, 1957)

' 'N a recent paper' on the question of parity in weak
~ - interactions, Lee and Yang critically surveyed the
experimental information concerning this question and
reached the conclusion that there is no existing evidence
either to support or to refute parity conservation in weak
interactions. They proposed a number of experiments on
beta decays and hyperon and meson decays which would
provide the necessary evidence for parity conservation
or nonconservation. In beta decay, one could measure
the angular distribution of the electrons coming from
beta decays of polarized nuclei. If an asymmetry in the
distribution between 8 and 180'—8 (where 8 is the angle
between the orientation of the parent nuclei and the
momentum of the electrons) is observed, it provides
unequivocal proof that parity is not conserved in beta
decay. This asymmetry effect has been observed in the
case of oriented Co~.

It has been known for some time that Co" nuclei can
be polarized by the Rose-Gorter method in cerium
magnesium (cobalt) nitrate, and the degree of polari-
zation detected by measuring the anisotropy of the
succeeding gamma rays. ' To apply this technique to the
present problem, two major difhculties had to be over-
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FrG. 1. Schematic drawing of the lower part of the cryostat.

come. The beta-particle counter should be placedi~side
the demagnetization cryostat, and the radioactive
nuclei must be located in a thin surface layer and
polarized. The schematic diagram of the cryostat is
shown in Fig. 1.

To detect beta particles, a thin anthracene crystal
—,'in. in diameter)& —,'6 in. thick is located inside the
vacuum chamber about 2 cm above the Co~ source.
The scintillations are transmitted through a glass
window and a Lucite light pipe 4 feet long to a photo-
multiplier (6292) which is located at the top of the
cryostat. The Lucite head is machined to a logarithmic
spiral shape for maximum light collection. Under this
condition, the Cs"' conversion line (624 kev) still
retains a resolution of 17%. The stability of the beta
counter was carefully checked for any magnetic or
temperature effects and none were found. To measure
the amount of polarization of Co", two additional NaI
gamma scintillation counters were installed, one in
the equatorial plane and one near the polar
position. The observed gamma-ray anisotropy was
used as a measure of polarization, and, effectively,
temperature. The bulk susceptibility was also mon-
itored but this is of secondary significance due
to surface heating effects, and the gamma-ray ani-
sotropy alone provides a reliable measure of nuclear
polarization. Specimens were made by taking good
single crystals of cerium magnesium nitrate and growing
on the upper surface only an additional crystalline layer
containing Co".One might point out here that since the
allowed beta decay of Co~ involves a change of spin of

▶T. D. Lee and C. N. Yang, Phys Rev 104, 204 (1956)
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FIG. 2. Gamma anisotropy and beta asymmetry for
polarizing field pointing up and pointing down.

one unit and no change of parity, it can be given only
by the Gamow-Teller interaction. This is almost im-
perative for this experiment. The thickness of the
radioactive layer used was about 0.002 inch and con-
tained a few microcuries of activity. Upon demagnetiza-
tion, the magnet is opened and a vertical solenoid is
raised around the lower part of the cryostat. The
whole process takes about 20 sec. The beta and gamma
counting is then started. The beta pulses are analyzed
on a 10-channel pulse-height analyzer with a counting
interval of 1 minute, and a recording interval of about
40 seconds. The two gamma counters are biased to
accept only the pulses from the photopeaks in order to
discriminate against pulses from Compton scattering.

A large beta asymmetry was observed. In Fig. 2 we
have plotted the gamma anisotropy and beta asym-
metry vs time for polarizing field pointing up and
pointing down. The time for disappearance of the beta
asymmetry coincides well with that of gamma ani-
sotropy. The warm-up time is generally about 6 minutes,
and the warm counting rates are independent of the
field direction. The observed beta asymmetry does not
change sign with reversal of the direction of the de-
magnetization field, indicating that it is not caused by
remanent magnetization in the sample.

The sign of the asymmetry coeAicient, o., is negative,
that is, the emission of beta particles is more favored in
the direction opposit. e to that of the nuclear spin. This
naturally implies that the sign for Cr and Cr' (parity
conserved and pa. rity not conserved) must be opposite.
The exact evaluation of o. is difficult because of the
many eA'ects involved. The lower limit of n can be
estimated roughly, however, from the observed value
of asymmetry corrected for backscattering. AL velocity
v(c=0.6, the value of n is about 0.4. The value of
(I,)/I can be calculated from the observed anisotropy
of the gamma radiation to be about 0.6. These two
quantities give the lower limit of the asymmetry
parameter P(n P(=I,)/I) approximately equal to 0.7.
In order to evaluate o, accurately, many supplementary
experiments must be carried out to determine the
various correction factors. It is estimated here only to
show the large asymmetry effect. According to I-ee and
Yang' the present experiment indicates not only that
conservation of parity is violated but also that invari-
ance under charge conjugation is violated. 4 Further-
more, the invariance under time reversal can also be
decided from the momentum dependence of the asym-
metry parameter P. This effect will be studied later.

The double nitrate cooling salt has a highly aniso-
tropic g value. If the symmetry axis of a crysial is not
set parallel to the polarizing field, a small magnetic
field vill be produced perpendicular to the latter. To
check whether the beta asymmetry could be caused by
such a magnetic field distortion, we allowed a drop of
CoC12 solution to dry on a thin plastic disk and cemented
the disk to the bottom of the same housing. In this way
the cobalt nuclei should not be cooled su%ciently to
produce an appreciable nuclear polarization, whereas
the housing will behave as before. The large beta asym-
mef. ry was not observed. Furthermore, to investigate
possible internal magnetic effects on the paths of the
electrons as they find their way to the surface of the
crystal, we prepared another source by rubbing CoC1&

solution on the surface of the cooling salt until a
reasonable amount of the crystal was dissolved. AVe then
allowed the solution to dry. No beta asymmetry was
observed with this specimen.

3lore rigorous experimental checks are being initi-

ated, but in view of the important implications of these
observations, we report them now in the hope that they
Diay stimulate and encourage further experimental
investigations on the parity question in either beta or
hyperon and meson decays.

The inspiring discussions held with Professor T. D.
Lee and Professor C. N. Yang by one of us (C. S. Ku)
are gratefully acknowledged.

* YVork partially supported by the U. S. Atomic Energy
Commission.

' T. D. Lee and C. N. Yang, Phys. Rev. 104, 254 (1956).
~ Ambler, Grace, Halban, Kurti, Durand, and Johnson, Phil.

Mag. 44, 216 (1953).' Lee, Oehme, and Yang, Phys. Rev. (to be published' ).

▶Current of Beta electrons is (anti)
correlated with the Spin of the 60Co nucleus.

⟨S⃗ · p⃗⟩ ≠ 0⇝ Parity violation



Chiral Quantum Matter

Molecular Chiral Enantiomers

Handedness: Broken Mirror Symmetry

Chiral Diatomic Molecules

Ψ(r) = f(r) (x+ iy)

Mirror

Broken Mirror Symmetries

ΠzxΨ(r) = f(r) (x− iy)

Broken Time-Reversal Symmetry

TΨ(r) = f(r) (x− iy)

Signatures: Chiral, Edge Fermions ⇝ Anomalous Hall Transport

Realized in Superfluid 3He-A & possibly the ground states in unconventional superconductors

▶P.W. Anderson & P. Morel, Phys. Rev. Lett. 1960
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Broken Symmetry, Phase Transitions and Long-Range Order
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▶ The Superfluid Phases of Liquid Helium Exhibit all of these Broken Symmetries!
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Helium

(1s)2 - closed electronic shell

• chemically inert

Nucleus

4He Snuclear = 0

Snuclear =   

2 neutrons 

2 protons 

3He 2 protons 
1 neutron 

Quantum Statistics Important for T < T * ~ 1 K

• Selectronic = 0

Boson

Fermion



Helium Liquids
 Indistinguishability of identical particles becomes important …

3He  
	

 Fermi Liquid
	

 BCS Superfluid
	

 T < Tc = 2 x 10-3 K

4He  
Bose Liquid
Superfluid

T < Tλ = 2.2 K

λ =
�
p
≈ �√

2m kB T
> a =

3

�
V

N
≈ Å

T < T∗ =
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2m kB a2
≈ 3K



Helium Three Phase Diagram for 3He
 Permanent liquid at 

      P < 34 atm 

 ... superfluidity below 

 Tc ~ 2 x 10-3 K

 Smooth crossover 
near T* = Ef ~ 2 K 

D. Osheroff, R. Richardson, D. Lee (1972)

2 Nobel Prizes: 1996 & 2006

A. J. Leggett (1973)
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S = 1 “spin triplet”L = 1 “p-wave”



Discovery - NMR Shift in Liquid 3He-A



NMR Shift ⇝ Broken Spin-Orbit Symmetry

ω2 = (γH)2 +Ω2(T ) −→ ω ≃ γH +
Ω2(T )

2γH
∝ (1− T/Tc)

Ω2 = −2γ2

χ
⟨Ψ |HD|Ψ ⟩ Ω ̸= 0 =⇒ Broken relative Spin-Orbit Rotation Symmetry



NMR frequency shift and Magnetic Susceptibility

J. Pollanen et al. PRL 107, 195301 (2011)
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Maximal Symmetry of 3He: G = SO(3)S × SO(3)L × U(1)N × P× T

BCS Condensate of Bound Spin 1/2 Fermions
⇓

Cooper Pairs with Total Spin, S = 1 and Orbital Angular Momentum, L = 1

J. Wiman & J. A. Sauls, PRB 92, 144515 (2015)
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Maximal Symmetry of 3He: G = SO(3)S × SO(3)L × U(1)N × P× T

BCS Condensate of Bound Spin 1/2 Fermions
⇓

Cooper Pairs with Total Spin, S = 1 and Orbital Angular Momentum, L = 1
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Realization of Broken Time-Reversal and Mirror Symmetry by the Ground State of 3He Films

▶Length Scale for Strong Confinement:

ξ0 = ℏvf/2πkBTc ≈ 20− 80 nm
▶L. Levitov et al., Science 340, 6134 (2013)

▶A. Vorontsov & J. A. Sauls, PRL 98, 045301 (2007)
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⟨L̂z⟩ =
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ℏ ?

Open Question
▶J. A. Sauls, Phys. Rev. B 84, 214509 (2011)
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Signatures of Broken T and P Symmetry in 3He-A

Evidence for the Chirality of Superfluid 3He-A

⇓

Broken T and P ⇝ Zero-Field Hall Effect for Electrons Moving in 3He-A

Broken Symmetries ⇝ Topology of 3He-A

Chirality + Topology ⇝ Chiral Edge States



Real-Space vs. Momentum-Space Topology

Topology in Real Space
Ψ(r) = |Ψ(r)| eiϑ(r)

C

Phase Winding

NC =
1

2π

∮
C

d⃗l· 1

|Ψ| Im[∇Ψ] ∈ {0,±1,±2, . . .}

▶Massless Fermions confined in the
Vortex Core

Chiral Symmetry ⇝
Topology in Momentum Space

Ψ(p) = ∆(px ± ipy) ∼ e±iφp
Topological Quantum Number: Lz = ±1

N2D =
1

2π

∮
dp· 1

|Ψ(p)| Im[∇pΨ(p)] = Lz

▶Massless Chiral Fermions
▶Nodal Fermions in 3D
▶Edge Fermions in 2D
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Chiral Edge Current Circulating a Hole or Defect in a Chiral Superfluid

y

z

J

x

l
^

~ (p  + i p )

R

∆
x y

▶ R≫ ξ0 ≈ 100 nm

▶ Sheet Current :

J ≡
∫
dx Jφ(x)

▶ Quantized Sheet Current:
1

4
n ℏ (n = N/V = 3He density)

▶ Edge Current Counter-Circulates: J = −1

4
n ℏ w.r.t. Chirality: l̂ = +z

▶ Angular Momentum: Lz = 2π hR2 × (−1

4
n ℏ) = −(Nhole/2) ℏ

Nhole/2 = Number of 3He Cooper Pairs excluded from the Hole

∴ An object in 3He-A inherits angular momentum from the Condensate of Chiral Pairs!

▶ J. A. Sauls, Phys. Rev. B 84, 214509 (2011)
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Electron bubbles in the Normal Fermi liquid phase of 3He

▶ Bubble with R ≃ 1.5 nm,
0.1 nm ≃ λf ≪ R≪ ξ0 ≃ 80 nm

▶ Effective mass M ≃ 100m3

(m3 – atomic mass of 3He)

▶ QPs mean free path l≫ R

▶ Mobility of 3He is independent of T for
Tc < T < 50 mK

B. Josephson and J. Leckner, PRL 23, 111 (1969)



Electron bubbles in chiral superfluid 3He-A ∆(k̂) = ∆(k̂x + ik̂y) = ∆ eiϕk

quasiparticle

▶ Current: v =

vE︷︸︸︷
µ⊥E +

vAH︷ ︸︸ ︷
µAHE × l̂ R. Salmelin, M. Salomaa & V. Mineev, PRL 63, 868 (1989)

▶ Hall ratio: • tanα = vAH/vE = |µAH/µ⊥|



Detection of Broken Time-Reversal & Mirror Symmetry in 3He-A

electron 
bubbles
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Theory of Electrons in Chiral Superfluids

▶Structure of Electrons in Superfluid 3He-A

▶Forces of Moving Electrons in Superfluid 3He-A

⇓

▶Scattering Theory of 3He Quasiparticles by Electron Bubbles



Forces on the Electron bubble in 3He-A:

▶ M
dv

dt
= eE + FQP, FQP – force from quasiparticle collisions

▶ FQP = −↔
η · v, ↔

η – generalized Stokes tensor

▶ ↔
η =




η⊥ ηAH 0

− ηAH η⊥ 0

0 0 η∥


 for broken P & T symmetries with l̂ ∥ ez

▶ M
dv

dt
= eE − η⊥v +

e

c
v × Beff , for E ⊥ l̂

▶ Beff = −c

e
ηAHl̂ Beff ≃ 103 − 104 T !!!

▶ Mobility: v =
↔
µE, where

↔
µ = e

↔
η
−1

▶O. Shevtsov and JAS, Phys. Rev. B 96, 064511 (2016)
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Differential cross section for Bogoliubov QP-Ion Scattering kfR = 11.17

▶O. Shevtsov and JAS, Phys. Rev. B 96, 064511 (2016)



Comparison between Theory and Experiment for the Drag and Transverse Forces
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▶ µ⊥ = e
η⊥

η2⊥ + η2AH

▶ µAH = −e ηAH
η2⊥ + η2AH

▶ tanα =

∣∣∣∣µAH

µ⊥

∣∣∣∣ = ηAH
η⊥

▶ Electron Bubble Radius:
kfR = 11.17

▶O. Shevtsov and JAS, Phys. Rev. B 96, 064511 (2016) ▶O. Shevtsov and JAS, JLTP 187, 340–353 (2017)



Summary

▶ Electrons in 3He-A are “dressed” by a spectrum of Chiral Fermions

▶ Electrons are “Left handed” in a Right-handed Chiral Vacuum ⇝ Lz ≈ −100 ℏ

▶ Experiment: RIKEN mobility experiments ⇝ Observation an AHE in 3He-A

▶ Origin: Broken Mirror & Time-Reversal Symmetry

▶ Theory: Scattering of Bogoliubov QPs by the dressed Ion ⇝
• Drag Force (−η⊥v) • Transverse Force (

e

c
v ×Beff)

▶ Anomalous Hall Field: • Beff ≈
Φ0

3π2
k2f (kfR)2

(
ηAH

ηN

)
l ≃ 103 − 104 T l



Fundamental Connections between Physics at Different Scales



Fundamental Connections between Physics at Different Scales

Dynamical Consequences of Spontaneous Symmetry Breaking

New Bosonic Excitations

• ”It is only slightly overstating the case to say that physics is the study of symmetry” – P. W. Anderson



Dynamical Consequences of Spontaneous Symmetry Breaking
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Dynamical Consequences of Spontaneous Symmetry Breaking

Scalar Higgs Boson (spin J = 0) [P. Higgs, PRL 13, 508 1964]

Energy Functional for the Higgs Field

U [∆] =

∫
dV
{
α |∆|2 + β |∆|4 + 1

2
c2 |∇∆|2

}
▶Broken Symmetry State: ∆ =

√
|α|/2β
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α > 0

Space-Time Fluctuations about the Broken Symmetry Vacuum State

∆(r, t) = ∆+D(r, t) ▶Eigenmodes: D(±) = D ±D∗ (Conjugation Parity)

• L =

∫
d3r

{
1

2
[(Ḋ(+))2 + (Ḋ(−))2]− 2∆2 (D(+))2 − 1

2
[c2(∇D(+))2 + c2(∇D(−))2]

}

▶ ∂2
tD

(−) − c2∇2D(−) = 0

Massless Nambu-Goldstone Mode

▶ ∂2
tD

(+) − c2∇2D(+) + 4∆2 D(+) = 0

Massive Higgs Mode: M = 2∆



Dynamical Consequences of Spontaneous Symmetry Breaking

BCS Condensation of Spin-Singlet (S = 0), S-wave (L = 0) “Scalar” Cooper Pairs

Ginzburg-Landau Functional

F [∆] =

∫
dV
{
α |∆|2 + β |∆|4 + κ |∇∆|2

}
▶Order Parameter: ∆ =

√
|α|/2β

ReΨ

−0.5
0.0

0.5
1.0

Im
Ψ

−1.0

−0.5

0.0
0.5

−0.4
−0.3
−0.2
−0.1
0.0
0.1
0.2
0.3
0.4

F [Ψ]

α < 0

α > 0

Space-Time Fluctuations of the Condensate Order Parameter

∆(r, t) = ∆+D(r, t) ▶Eigenmodes: D(±) = D ±D∗ (Fermion “Charge” Parity)

• L =

∫
d3r

{
1

2
[(Ḋ(+))2 + (Ḋ(−))2]− 2∆2 (D(+))2 − 1

2
[v2(∇D(+))2 + v2(∇D(−))2]

}

▶ ∂2
tD

(−) − v2∇2D(−) = 0

Anderson-Bogoliubov Mode

▶ ∂2
tD

(+) − v2∇2D(+) + 4∆2 D(+) = 0

Amplitude Higgs Mode: M = 2∆



Dynamical Consequences of Spontaneous Symmetry Breaking
▶ Observation of Higgs Modes in Superfluid 3He-B

▶Retrospective (1961 - 2022) on the impact of this discovery:

J. A. Sauls, J.Low Temp. Phys. 208, 1/2, 87-118 (2022).



Field Theory of the Bosonic Excitations of Superfluid 3He-B

3He-B: Bαi =
1√
3
∆ δαi L = 1 , S = 1 ⇝ J = 0 C = +1

▶ Symmetry of 3He-B: H = SO(3)
J
× T

▶ Fluctuations: Dαi(r, t) = Aαi(r, t)−Bαi =
∑

J,m

DJ,m(r, t) t
(J,m)
αi

▶ Lagrangian:

L =

∫
d3r

{
τ Tr

{
ḊḊ†

}
−αTr

{
DD†

}
−

5∑

p=1

βp up(D)−
3∑

l=1

Kl vl(∂D)

}

∂2
tD

(C)
J,m + E

(C)
J,m(q)2D

(C)
J,m =

1

τ
η
(C)
J,m

with J = {0, 1, 2} ,m = −J . . .+ J , C = ±1

▶Nambu’s Boson-Fermion Mass Relations for 3He-B: JAS & T. Mizushima, Phys. Rev. B 95, 094515 (2017)



Spectrum of Bosonic Modes of Superfluid 3He-B : Condensate is JC = 0+

▶4 Nambu-Goldstone Modes & 14 Higgs modes

E
(C)
J,m(q) =

√
M 2

J,C +
(
c
(C)
J,|m||q|

)2

Mode Symmetry Mass Name

D
(+)
0,m J = 0, C = +1 2∆ Amplitude Higgs

D
(−)
0,m J = 0, C = −1 0 NG Phase Mode

D
(+)
1,m J = 1, C = +1 0 NG Spin-Orbit Modes

D
(−)
1,m J = 1, C = −1 2∆ Spin-Orbit Higgs Modes

D
(+)
2,m J = 2, C = +1

√
8
5∆ 2+ Higgs Modes

D
(−)
2,m J = 2, C = −1

√
12
5 ∆ 2− Higgs Modes

▶Vdovin, Maki, Wölfle, Serene, Nagai, Schopohl, JAS, Volovik, R. Fishman, R. McKenzie, G. Moores, ...

▶Broken Symmetry & Nonequilibrium Superfluid 3He, Les Houches Lectures, arXiv:cond-mat/9910260 (1999), J.A. Sauls



Bosonic Mode Spectrum for 3He-B

M



Dynamical Consequences of Spontaneous Symmetry Breaking
Higgs Mode with mass: M = 500 neV and spin J = 2 at Cornell & Northwestern

▶R. Giannetta et al., PRL 45, 262 (1980) ▶D. Mast et al. Phys. Rev. Lett. 45, 266 (1980)



Vacuum Polarization ⇝ Mass shift of the JC = 2+ Higgs Mode in 3He-B

0.25 0.50 0.75 1.00
T/Tc

1.00
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M
2

+
/∆

(T
)

x−1
3 = 0.00

x−1
3 = −0.03

x−1
3 = −0.07

x−1
3 = −0.10

x−1
3 = −0.13

x−1
3 = −0.17

x−1
3 = −0.20

un-renormalized

√
8/5 ≃ 1.265 ▶ Measurements: D. Mast et al. PRL 45, 266 (1980)

▶ Vacuum polarization in both ph and pp Channels

▶ Exchange p-h channel: F a
2 = −0.88

R. Fishman and JAS PRB B 33, 6068, 1986.

▶ Attractive f-wave pairing interaction
⇓

▶ Higgs Modes with J = 4± with M ≲ 2∆!

⇓

Discovery of an Excited Pair State in 3He-B
J. Davis et al., Nature Physics 4, 571 (2008).

▶JAS and J. W. Serene, Coupling of Order-Parameter Modes with L>1 to Zero Sound in 3He-B, Phys. Rev. B 23, 4798 (1982)

▶JAS and T. Mizushima, On Nambu’s Boson-Fermion Mass Relations, Phys. Rev. B 95, 094515 (2017)



Transverse Sound in Superfluid 3He

• Liquid Helium flows without resistance


• … but also behaves like a solid !


• Sound waves propagate like polarized light

• Emergence of quanta that 
transport momentum & angular 
momentum


• Spin=2 Higgs Boson of the 
Superfluid Vacuum


▶“Electromagnetic Absorption in Anisotropic Superconductors”, P. Hirschfeld et al., PRB 40, 6695 (1989)



Propagating Transverse Currents in Superfluid 3He-B

Yoonseok Lee

Florida

Bill Halperin

Northwestern

Low Temperature Physic Group

Northwestern University

Lee et al. 

Nature 400, 431 (1999).

Tom Haard

Berkeley

Transverse Sound Waves Propagate in Superfluid  3He



J = 2−, m = ±1 Higgs Modes Transport Mass and Spin
▶“Transverse Waves in Superfluid 3He-B”, G. Moores and JAS, JLTP 91, 13 (1993)

▶“Electromagnetic Absorption in Anisotropic Superconductors”, P. Hirschfeld et al., PRB 40, 6695 (1989)

Ct(ω) =

√
F s
1

15
vf

[
ρn(ω) +

2

5
ρs(ω)

{
ω2

(ω + iΓ)2 − 12
5
∆2 − 2

5
(q2v2f )

}] 1
2

︸ ︷︷ ︸
D

(−)
2,±1

Transverse Zero Sound Propagation in Superfluid 3He-B: Cavity Oscillations of TZS

▶Y. Lee et al. Nature 400 (1999) B −−−−−−−−−−−→



Faraday Rotation: Magneto-Acoustic Birefringence of Transverse Currents
▶“Magneto-Acoustic Rotation of Transverse Waves in 3He-B”, J. A. Sauls et al., Physica B, 284,267 (2000)

CRCP
LCP

(ω) = vf

F s
1

15
ρn(ω) +

2F s
1

75
ρs(ω)

 ω2

(ω + iΓ)2 − Ω
(−)
2,±(q)




1
2

︸ ︷︷ ︸
D

(−)
2,±1

Ω
(−)
2,±(q) =

√
12
5
∆ ± g2− γHeff

▶ Circular Birefringence =⇒ CRCP ̸= CLCP =⇒ Faraday Rotation(
CRCP − CLCP

Ct

)
≃ g2−

(
γHeff

ω

)

▶ Faraday Rotation Period (γHeff ≪ (ω − Ω
(−)
2 )): Λ ≃ 4πCt

g2−γH
≃ 500µm , H = 200G

▶ Discovery of the acoustic Faraday effect in superfluid 3He-B, Y. Lee, et al. Nature 400, 431 (1999)



Faraday Rotation: Magneto-Acoustic Birefringence of Transverse Currents
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▶“Broken Symmetry & Non-Equilibrium Superfluid 3He”, J. A. Sauls, Lecture Notes - Les Houches 1999, Eds. H. Godfrin & Y. Bunkov, Elsievier (2000)



Large Faraday Rotations vs. ``Blue Tuning’’

C. Collett et al., Phys. Rev. B 87, 024502 (2013) 
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Why I came and built a career in Physics at Northwestern



Lake Michigan

Physics

The Reason Northwestern is a Great Place to Pursue Research in Physics

But there are other reasons !
Balmy weather @ T = 27 F = 270 K !

Northwestern is a really Cool Place



Northwestern Ultra-Low Temperature Lab

The Coldest Place in North America is in the Basement of Tech!

T = 0.0003 K !
Low Temperatures enable the Frontier in Quantum Physics 


Quantum Materials, Sensing and Computing

Bill Halperin’s Laboratory



Low Temperatures Enable New Physics and Technologies

Low Temperatures enable 


Technologies 


From 


High Energy Accelerators 


To


Quantum Sensors and Quantum Computers



Superconducting Quantum Computers

~ 4 * 10-5 eV

Superconducting Qubits & Quantum Circuits

Engineered ``Atoms’’ you can hold in your hand!

Superconducting Qubit

Coupled to Microwave Resonator

Photo: Man Nugyen

 The 

Qubit

Tuning parameter:
    External magnetic 6ux
     Gate voltage

Quantized Energy Levels

 f ~ 10 GHz

T < 0.5 Kelvin

Microwave Photons

Device: Rob Schoelkopf (Yale)

Jens Koch



From Acclerator Physics to Superconducting Quantum Hardware

NU-Fermi Center for Applied Physics & Superconducting Technologies

Quantum Computing with SRF Technology

3D SRF architecture for 

long coherence Qubits

SRF cavities coupled to

Josephson junctions

Alex Romanenko

State of the art Blue Fors Cryogenic platforms: 

 “push button” T = 6 mK

Understand SRF cavities

Operating at the single 

photon level

SRF cavities at ULT for 

Dark Matter detection

Anna Grassellino

superconducting Niobium 

RF cavities

Q =  4 x 1011

Wave Ngampruetikorn 

CAPST

Nik Zhelev



Recent Members of the Theory Group

Wei-Ting Hikaru Jason

Robert

MehdiAzizPriya



Kathy Burgess



Thank You!

The End
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Bardeen-Cooper-Schrieffer (BCS) Theory from 10−9 K to 10+9 K

T[K]

10+12

10+9
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10+3

100
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10−6

10−9

Degeneracy of Hadronic Matter

Degeneracy of White Dwarf Stars

Electron Degeneracy in Metals

Superconductivity in Metals

BCS pairing in Neutron Stars

Rotational Dynamics of Pulsars

BCS Superfluidity in Liquid 3He

BEC in Atomic Gases

Pairing in Fermi Gases

T[K]

10+12

10+9

10+6

10+3

100

10−3

10−6

10−9

Degeneracy of Hadronic Matter

Degeneracy of White Dwarf Stars

Electron Degeneracy in Metals

Superconductivity in Metals

BCS pairing in Neutron Stars

Rotational Dynamics of Pulsars

BCS Superfluidity in Liquid 3He

BEC in Atomic Gases

Pairing in Fermi Gases

Key Discoveries

1908 Helium is liquified

1911 Superconductivity is discovered in Hg
1933 Diamagnetism - Meissner Effect
1935 London’s Theory
1950 Ginzburg-Landau Theory

1956 Copper Instability
1957 BCS Pairing Theory
1957 Landau Fermi Liquid Theory
1957 Abrikosov’s Theory of Type II SC
1958 Pairing in Nuclei and Nuclear Matter
1959 Gauge-Invariant Pairing Theory
1959 Field Theory formulation of BCS Theory
1961 Theory of Spin-Triplet Pairing
1962 Josephson Effect

1967 Pulsars discovered - Hewish & Bell
1969 Pulsar Glitches observed in Vela
1980 Superfluid hydrodynamics of NS

1972 Discovery of Triplet, P-wave Superfluid 3He
1979 Discovery of Heavy Electron Superconductors
1982 Exotic Pairing in U-based Heavy Fermions
1986 High Tc CuO Superconductivity
1994 Exotic Pairing discovered in Sr2RuO4
1995 D-wave Pairing identified in YBa2Cu3O7-x
2001 Co-existent Ferromagnetism & Superconductivty
2008 Fe-based Superconductors discovered

1995 Discovery of BEC in cold atomic 87Rb
1998 Degeneracy of Cold Fermionic Gases: 6Li
2007 BEC-BCS Condensation in 6Li, 40K

2008 Topological Superfluids & Superconductors



Dynamical Consequences of Spontaneous Symmetry Breaking

Observation of the Higgs Mode in a BCS Superdonductor



Dynamical Consequences of Spontaneous Symmetry Breaking

Higgs Mode with mass: M = 3 meV and spin J = 0 in NbSe2

Raman Absorption in NbSe2

R. Sooyakumar & M. Klein, PRL 45, 660 (1980)
M. Meásson et al. PRB B 89, 060503(R) (2014)

▶ ℏωγ1 = ℏωγ2 + 2∆

▶ Amplitude Higgs - CDW Phonon Coupling

▶Theory: P. Littlewood & C. Varma, PRL 47, 811 (1981)



Parity Violation in a Superfluid Vacuum of Liquid 3He

Chiral P-wave BCS Condensate

|ΨN ⟩ =
[∫∫

dr1dr2 Ψs1s2(r1 − r2) ψ
†
s1(r1)ψ

†
s2(r2)

]N/2

| vac ⟩

Ψs1s2(r) = f(|r|/ξ) (x+ iy) χ(1,0)
s1s2

▶P.W. Anderson & P. Morel, Phys. Rev. 123, 1911 (1961)

SO(3)S × SO(3)L × U(1)N × T × P −→ SO(2)S × U(1)N-Lz × Z2

Realized as the Ground State of Superfluid 3He



Momentum-Space Topology of Nambu-Bogoliubov Hamiltonian

Fermionic Hamiltonian for 2D Chiral Superfluid (3He-A Thin Film & Sr2RuO4?):

Ĥ =

(
(|p|2/2m∗ − µ) c(px + ipy)

c(px − ipy) −(|p|2/2m∗ − µ)

)
= m⃗(p) · ̂⃗τ

m⃗ = ( cpx , ∓cpy , ξ(p)) with |m⃗(p)|2 =
(
|p|2/2m− µ

)2
+ c2|p|2 > 0 , µ ̸= 0

▶Topological Invariant for 2D chiral SC ↔ QED in d = 2+1 [G.E. Volovik, JETP 1988]:

NC =

∫
d2p

4π
m̂(p) ·

(
∂m̂

∂px
× ∂m̂

∂py

)
=

{
±1 ; µ > 0 and∆ ̸= 0

0 ; µ < 0 or∆ = 0

“Vacuum” (∆ = 0) & NC = 0

∣∣∣∣∣
3He-A (∆ ̸= 0)withNC = 1

Zero Energy Fermions ↑ Confined on the Edge



Massless Chiral Fermions in the 2D 3He-A Films

Edge Fermions: GR
edge(p, ε;x) =

π∆|px|
ε+ iγ − εbs(p||)

e−x/ξ∆ ξ∆ = ℏvf/2∆ ≈ 102 Å ≫ ℏ/pf

▶ εbs = −c p|| with c = ∆/pf ≪ vf ▶ Broken P & T ⇝ Edge Current

V
a
cu
u
m

Unoccupied

Occupied

▶ M. Stone, R. Roy, PRB 69, 184511 (2004) ▶ J. A. Sauls, Phys. Rev. B 84, 214509 (2011)



T-matrix description of Quasiparticle-Ion scattering

▶ Lippmann-Schwinger equation for the T -matrix (ε = E + iη ; η → 0+):

T̂R
S (k′,k, E)= T̂R

N (k′,k) +

∫
d3k′′

(2π)3
T̂R
N (k′,k′′)

[
ĜR

S (k
′′, E)− ĜR

N (k′′, E)
]
T̂R
S (k′′,k, E)

ĜR
S (k, E) =

1

ε2 − E2
k

 ε+ ξk −∆(k̂)

−∆†(k̂) ε− ξk

, Ek =

√
ξ2k + |∆(k̂)|2, ξk =

ℏ2k2

2m∗ − µ

▶ Normal-state T -matrix:

T̂R
N (k̂′, k̂) =

(
tRN (k̂′, k̂) 0

0 −[tRN (−k̂′,−k̂)]†
)

in p-h (Nambu) space, where

tRN (k̂′, k̂) = − 1

πNf

∞∑
l=0

(2l + 1)eiδl sin δlPl(k̂
′ · k̂), Pl(x) – Legendre function

▶Hard-sphere potential ⇝ tan δl = jl(kfR)/nl(kfR) – spherical Bessel functions

▶ kfR – determined by the Normal-State Mobility ⇝ kfR = 11.17 (R = 1.42 nm)



Weyl Fermion Spectrum bound to the Electron Bubble
µN =

e

n3pfσtr
N

⇐ µexp
N = 1.7× 10−6 m

2

V s

tan δl = jl(kfR)/nl(kfR) ⇒ σtr
N =

4π

k2f

∞∑
l=0

(l + 1) sin2(δl+1 − δl) ⇝ kfR = 11.17

N(r, E) =

lmax∑
m=−lmax

Nm(r, E), lmax ≃ kfR



Current bound to an electron bubble (kfR = 11.17)

=⇒
y

z

J

x

l
^

~ (p  + i p )

R

∆
x y

j(r)/vfNfkBTc = jϕ(r)êϕ

▶O. Shevtsov and JAS, Phys. Rev. B 96, 064511 (2016)

=⇒

L(T → 0) ≈ −ℏNbubble/2 l̂ ≈ −100 ℏ l̂



Angular momentum of an electron bubble in 3He-A (kfR = 11.17)

L(T → 0) ≈ −ℏNbubblêl/2 ; Nbubble = n3
4π

3
R3 ≈ 200 3He atoms
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Determination of the Stokes Tensor from the QP-Ion T-matrix

(i) Fermi’s golden rule and the QP scattering rate:

Γ(k′,k) =
2π

ℏ
W (k̂′, k̂)δ(Ek′ − Ek), W (k̂′, k̂) =

1

2

∑
τ ′σ′;τσ

|

outgoing︷ ︸︸ ︷
⟨k′, σ′, τ ′ | T̂S

incoming︷ ︸︸ ︷
|k, σ, τ ⟩ |2

(ii) Drag force from QP-ion collisions (linear in v): ▶Baym et al. PRL 22, 20 (1969)

FQP = −
∑
k,k′

ℏ(k′ − k)

[
ℏk′vfk

(
−∂fk′

∂E

)
− ℏkv(1− fk′)

(
−∂fk
∂E

)]
Γ(k′,k)

(iii) Microscopic reversibility condition: W (k̂′, k̂ : +l) =W (k̂, k̂′ : −l)

Broken T and mirror symmetries in 3He-A ⇒ fixed l̂ ⇝ W (k̂′, k̂) ̸=W (k̂, k̂′)

(iv) Generalized Stokes tensor:

FQP = −↔η · v ⇝ ηij = n3pf

∫ ∞

0

dE

(
−2 ∂f

∂E

)
σij(E) ,

↔
η =

 η⊥ ηAH 0
−ηAH η⊥ 0
0 0 η∥


n3 =

k3f
3π2

– 3He particle density, σij(E) – transport scattering cross section,

f(E) = [exp(E/kBT ) + 1]−1 – Fermi Distribution



Mirror-symmetric scattering ⇒ longitudinal drag force

FQP = −↔η · v, ηij = n3pf

∫ ∞

0

dE

(
−2 ∂f

∂E

)
σij(E)

Subdivide by mirror symmetry:

W (k̂′, k̂) = W (+)(k̂′, k̂) +W (−)(k̂′, k̂),

σij(E) = σ
(+)
ij (E) + σ

(−)
ij (E),

σ
(+)
ij (E)=

3

4

∫
E≥|∆(k̂′)|

dΩk′

∫
E≥|∆(k̂)|

dΩk

4π
[(k̂′

i − k̂i)(k̂
′
j − k̂j)]

dσ(+)

dΩk′
(k̂′, k̂;E)

Mirror-symmetric cross section: W (+)(k̂′, k̂) = [W (k̂′, k̂) +W (k̂, k̂′)]/2

dσ(+)

dΩk′
(k̂′, k̂;E) =

(
m∗

2πℏ2

)2
E√

E2 − |∆(k̂′)|2
W (+)(k̂′, k̂)

E√
E2 − |∆(k̂)|2

⇝ Stokes Drag η(+)
xx = η(+)

yy ≡ η⊥, η(+)
zz ≡ η∥ , No transverse force

[
η
(+)
ij

]
i ̸=j

= 0



Mirror-antisymmetric scattering ⇒ transverse force
FQP = −↔η · v, ηij = n3pf

∫ ∞

0

dE

(
−2 ∂f

∂E

)
σij(E)

Subdivide by mirror symmetry:

W (k̂′, k̂) =W (+)(k̂′, k̂) + W (−)(k̂′, k̂) ,

σij(E) = σ
(+)
ij (E) + σ

(−)
ij (E) ,

σ
(−)
ij (E)=

3

4

∫
E≥|∆(k̂′)|

dΩk′

∫
E≥|∆(k̂)|

dΩk

4π
[ϵijk(k̂

′ × k̂)k]
dσ(−)

dΩk′
(k̂′, k̂;E)

[
f(E)− 1

2

]

Mirror-antisymmetric cross section: W (−)(k̂′, k̂) = [W (k̂′, k̂)−W (k̂, k̂′)]/2

dσ(−)

dΩk′
(k̂′, k̂;E) =

(
m∗

2πℏ2

)2
E√

E2 − |∆(k̂′)|2
W (−)(k̂′, k̂)

E√
E2 − |∆(k̂)|2

Transverse force η(−)
xy = −η(−)

yx ≡ ηAH ⇒ anomalous Hall effect

▶O. Shevtsov and JAS, Phys. Rev. B 96, 064511 (2016)



Theoretical Results for the Drag and Transverse Forces
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/η
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▶ ∆px ≈ pf σtr
xx ≈ σtr

N ≈ πR2

▶ Fx ≈ n vx ∆px σtr
xx

≈ n vx pf σtr
N

▶ ∆py ≈ ℏ/R σtr
xy ≈ (∆(T )/kBTc)

2σtr
N

▶ Fy ≈ n vx ∆py σtr
xy

≈ n vx (ℏ/R)σtr
N(∆(T )/kBTc)

2

|Fy/Fx| ≈
ℏ
pfR

(∆(T )/kBTc)
2 kfR = 11.17 Branch Conversion Scattering in a Chiral Condensate

▶O. Shevtsov and JAS, Phys. Rev. B 96, 064511 (2016)



Comparison between Theory and Experiment for the Drag and Transverse Forces
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▶ µ⊥ = e
η⊥

η2⊥ + η2AH

▶ µAH = −e ηAH
η2⊥ + η2AH

▶ tanα =

∣∣∣∣µAH

µ⊥

∣∣∣∣ = ηAH
η⊥

▶ Electron Bubble Radius:
kfR = 11.17

▶O. Shevtsov and JAS, Phys. Rev. B 96, 064511 (2016) ▶O. Shevtsov and JAS, JLTP 187, 340–353 (2017)



Anomalous Hall Effect of e− in Superfluid 3He-A

FH

3He-A

quasiparticle

Anomalous Hall Effect for Electron Transport in 3He-A

Ikegami, Tsutsumi & Kono, Science 341, 59 (2013) O. Shevtsov & J. A. Sauls, Phys. Rev. B, 94, 064511, (2016) 

<latexit sha1_base64="qM8FTWko+H3NXNbRLR48fRuXvQM="></latexit>

~v = µ|| ~E + µAH
~E ⇥ l̂

R. Salmalin, M. Salomaa, V. Mineev, Phys. Rev. Lett.63, 868, (1989) 

Resonant QP Skew Scattering by Chiral Edge States



Vanishing of the Effective Magnetic Field for T → 0 Breakdown of Laminar Flow

BW = 5.9× 105 T

(
ηxy
ηN

)
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]

×104

∼ T 4 ∼ Tc − T →

ηxy/ηN|T=0.8Tc ≈
ℏ
pfR

Re = ReN

(
ηN
η

)3/2

−−−→
T→0

∼
(
Tc

T

)9/2

ReN = 6.7× 10−6

Generation of a Turbulent Tangle of Quantized Vortices from the Chiral Vacuum



Breakdown of Scattering Theory for T → 0

Electron Bubble Velocity
▶ VN = µNEN = 1.01× 10−4m/s

▶ V = µNEN

√
ηN
η

Maximum Landau critical velocity

▶ V max
c ≈ 155× 10−4m/s

∆A(T )

kbTc

Nodal Superfluids:

▶ Vc = ∆(p)/pf → 0 for p→ pnode

▶Radiation Dominated Damping: T ≲ 0.1Tc

Radiation of Weyl Fermions from the Chiral Vacuum



Radiation Damping - Pair-Breaking at T → 0

Is their a transverse component of the radiation backaction?

Stochastic Radiative Dynamics

Quasiparticle Radiation

⇝ Asymmetry in the Radiation of Chiral Fermions from a Chiral Vacuum


