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How to turn things into Gold?

Chen-Yu Liu 2

King Midas & the 
Golden Touch

Issac Newton 
worked on 
Alchemy

197Au79 :79 protons; 118 neutrons

From Chris Wrede’s lectures yesterday

1. Add neutrons
2. Beta-decay



Topics I will cover:
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Lecture 1: beta-decay
• A brief history of the electroweak theory---the precursor to the Standard 

Model.
• Neutron decay to test the V-A theory & beyond the SM interactions
• Current status with neutron experiments on gA & lifetime
• Physics is Symmetries

Lecture 2: EDM
• CP violation
• Electric Dipole Moments: Highly sensitive low-energy probes of new Physics
• muon- g-2

Lecture 3: other symmetry violation measurements/tests
• Baryogenesis & symmetry violations
• Nnbar oscillation: B violation
• Hadronic weak interactions: P violation
• NOPTREX: T violation
• Neutron interferometry: Lorentz symmetry violation

Q: Why is beta-decay much slower than other nuclear processes?



Chen-Yu Liu 4

Larry Langer
(1914--2000)
IU: 1938-1979
Department chair: ‘65-’73Emil Konopinski

(1911 - 1990)
IU: 1938-1990
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Continuous* Beta spectrum
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J. Townsend, et al., PRB 79, 99 (1948)
“The Beta-Spectrum of Tritium and the Mass of the Neutrino,” L. M. Langer and R. J. D. Moffat, Phys. 
Rev. 88, 689 (1952)

*Crisis in the 1930s: Energy in beta-decays is not conserved!
Pauli proposed the (non-detectable) neutrino, which carries 
away the missing energy.

Konopinski & Ulenbeck (1935)

Fermi (1934)



Theory of Nuclear Beta-decay
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• Pauli showed 5 possible forms of Lorentz-invariant 
couplings:

0

For non-relativistic 
fermions in nuclear 
beta decay

Fermi (spin-preserving)

Gamow-Teller 
(spin-changing, I = ±1,0)



Spectral measurements (pre-1950)
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5x2x2 = 20 coupling constants

“Experiment, Right or Wrong” by Allen Franklin (Cambridge University Press, 1990)



1953

210Bi
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“Their 1953 Annual Review article on what was then known 
about beta decay was a world standard.”

--- Andrew Bacher, Robert Bent, Timothy Londergan, and 
Dan Miller (memorial resolution to the Bloomington Faculty 
Council)



Questions of Parity Conservation* in Weak Interactions 
(T.D. Lee & C.N. Yang 1956)

Chen-Yu Liu 9Lee, Yang, Phys. Rev. 104, 254 (1956)

Energy and angle distribution of the electron in an allowed 
transition:

Proposed to measure P-violating observables, such 
as

1݌ · 2݌ ൈ 3݌ , or
ߪ · ݌

(1) Beta asymmetry in oriented nucleus (Wu 1957)
(2) Circular polarization of gamma (Goldhaber 1958) 
(3) Hyperon decays to form 1݌ · 2݌ ൈ 3݌

Fierz interference

Electron-neutrino correlation

*Crisis in the 1950s: Parity is not conserved (the - puzzle)!

Total decay rate



Parity is violated in 60Co decay! (1957)

Chien-Shiung Wu (1912-1997)



Helicity of Neutrinos*
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Negative helicity (ߪ · ߪ) Negative helicity(݌ · (݌

K-shell electron

Right circularly polarized

*How to measure the helicity state of neutrinos, while they cannot be detected?

M. Goldhaber, L. Grodzins, A.W. Sunyar, Phys. Rev., 109, 1015 (1958) 



Helicity of Neutrinos*

Chen-Yu Liu 12M. Goldhaber, L. Grodzins, A.W. Sunyar, Phys. Rev., 109, 1015 (1958) 

Positive helicity (ߪ · ߪ) Positive helicity(݌ · (݌

K-shell electron

Left circularly polarized

*How to measure the helicity state of neutrinos, while they cannot be detected?



Finally, it emerges the V—A theory!
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േ ହ

The helicity projection operator P— selects the LH particle

R. P. Feynman and M. Gell-Mann, Phys. Rev. 109, 193 (1958); 
E. C. G. Sudarshan and R. E. Marshak, Phys. Rev. 109, 1860 (1958)
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a (beta-neutrino correlation)
B (neutrino asymmetry)

pp
Jn

Proton
counter

beta
counter



Experimental supports for V—A (nuclear data)
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Superallowed 0+  0+

10C, 14O, etc.

6He, 8Li, …

Neutron,
Mirror Nuclei:

37K, 19Ne, 21Na, 35Ar

FV

GTA

Mg

Mg
x 

beta-neutrino 
correlation, a

“The Theory of Beta Radioactivity” by E. J. Konopinski, Oxford Clarendon Press (1966)



The Spatial Inversion Symmetry (or Parity) 
is Broken!

e-



LH particle

RH 
antiparticle

n p

n p

e-


LH 
antiparticle

Gamow-Teller
transition
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Mirror image



Girl before a mirror, 
Pablo Picasso (1932)
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The Museum of Modern Art 
(MoMA), New York



Neutron beta-decay (minimal V—A)
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ndupnpgV ||)(   

ndupnpgA ||)( 55   

= 1 (CVC)

Gerstein S. S. and Zeldovich Ya. B.: Zh. Eksp. Teor. Fiz. 29 (1955) 698.
Feynman R. P. and Gell-Mann M.: Phys. Rev. 109 (1958) 193.



Neutron beta-decay
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Neutron beta-decay & angular correlations
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A = 0

A = 0

A =-1

B = 0

B = 0

B = 1

a = 1

a = 1

a = -1

Beta 
asymmetry

beta-neutrino 
correlation

Neutrino 
asymmetry



More angular correlations
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Jackson, Treiman, Wyld, Phys. Rev. 106, 
517 (1957)

Oriented nucleus:

Electron polarization in non-oriented nucleus:

In oriented nucleus:
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Measurement of the Transverse Polarization of Electrons 
Emitted in Free-Neutron Decay
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A. Kozela, et al. PRL 102, 172301 (2009)
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N = 0.056 ± 0.011 ± 0.005,

R = 0.008± 0.015 ± 0.005.

Spin-electron polarization asymmetry

Spin-electron polarization-beta momentum (triple) corr.

Linear sensitivity to S & T
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Scalar and Tensor Couplings – beyond the Standard Model
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PNDME:  PRD 94, 054508 (2016)
PRD 92, 094511 (2015)

T. Bhattacharya et al., PRD 85, 054512 (2012)
V. Cirigliano, S. Gardner, and B. Holstein,  Prog. Part. Nucl. Phys. 71, 93 (2013)



Scalar and Tensor Couplings – beyond the Standard Model
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LHC:  pp  e + X

S :  0+  0+ Fierz bF
T :    e  

Future S , T :    Neutron b, b

Future T :          6He bTeV 13

TeV 7




T

S

T. Bhattacharya, V. Cirigliano, S.D. Cohen, R. Gupta, H.-W. Lin, and B. Yoon (PNDME Collaboration), 
PRD 94, 054508 (2016)

Scalar Currents:  bF
eeF Embf /1 1 22

1 1 Z 

)13(0014.02//  FVS bCC

Fierz interference
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(need f+(0) )

Slide: V. Cirigliano



27

(pi )

Slide: V. Cirigliano



Vud from Superallowed 0+  0+ Decays
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udFV VGG 
0.5% – 1.2%

~1.5%
2.361(38)%

52.0/2 

J.C. Hardy and I.S. Towner, PRC 91, 025501 (2015)



Vud from neutron decays
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To math the theoretical uncertainty: 4 10-4, it requires 
experimental uncertainties of: A/A = 4/ < 2 10-3 and 
/ = 4 10-4.

)3(

9.17.4908
||

2
2

AVn
ud gg

s
V







From -decay: 0.6 ppm (MuLan 2011)

f: Phase space factor=1.6886
(Fermi function, nuclear mass, size, 
recoil)

Marciano & Sirlin, PRL 96, 032002 (2006)



Vud from neutron decays
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22 3 VA gg 

VA g/g

Vg

Neutron Decay Correlations

Nuclear O+ → O+  Decays,
CKM Unitarity

gV

gA

???

n Lifetime

How thick are the 
bands and do they 

overlap ?



The confusing situation of gA, gV & Vud
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VA gg /

)3(||

9.17.4908
22
AVud

n ggV

s






Figure Credit: M. A.-P. Brown



Ultracold Neutrons (UCN)
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Kinetic 
Energy

~350 neV ~50 μeV ~25 meV ~500 keV

ultracold very cold cold epithermal fast

thermal

cold moderationDownscatter

7 m/s

UCN 
storage

R. Golub and J.M. Pendlebury, PLA 53, 133 (1975)

R. Golub and J.M. Pendlebury, PLA 62, 337 (1977)

C.L. Morris et al., PRL 89, 272501 (2002)

C.M. Lavelle et al., PRC 82, 015502 (2010)

F. Atchinson et al., PRL 95, 182502 (2005)

superthermal production:
UCN can be accumulated to a density higher 
than the Boltzmann factor, ݁ି∆ா/௞்



Different ways to manipulate UCN

Chen-Yu Liu 3333

• Nuclear force (max: 350neV)

• Gravitational force 
(100neV/m)

• Magnetic force (60neV/T)
High field seeker

Low field seekers

magnetic 
quadruple 
trap

g

Low field seeker



Low background
Long storage time
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J. Liu et al. (UCNA Collaboration)
Phys. Rev. Lett. 105, 181803

Store for 1.5 hour

UCN improve data quality

UCNtau
Background !

UCNA



However, the values of the Beta asymmetry and Neutron 
lifetime are changing…
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“Pre-2002”

“Post-2002”

4.2/2 

~0.1% Result for A0
would remove older 
results from 2

Beam and UCN measurements disagree 
by 10 s!



The History of Neutron Lifetime Measurement
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PDG averageExperiments1st UCN bottle lifetime 
experiment



gA From Lattice QCD
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C.C. Chang et al., arXiv:1710.06523
1.33% Result for gA !

Cirigliano, Gardner, Holstein,
Prog. Part. Nucl. Phys. 71, 93 (2013):

  VAR gg /21 Experiments: 
AgLattice:



Big-Bang Nucleosynthesis:
a sensitive probe to early universe (1000 s after the BB)

38

The ingredients:
protons & neutrons
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Big Bang Nucleosynthesis (BBN): 
Neutron lifetime & the primordial 4He abundance (Yp)
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BBN (with n=880 s) 

Astrophysical Observations

CMB

R. H. Cyburt, B.D. Fields, K.A. Olive, T-H Yeh, Rev. Mod. Phys. 88, 015004 
(2016)
L. Salvati et al. JCAP 1603 (2016) no.03, 055



Two ways to measure the neutron lifetime n
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Fill Store Count

Time

Number 
Observed

Cold 
Neutron 

Beam

Ultracold 
Neutron 

(UCN)
Bottle

௡
ିሺ௧మି௧భሻ

୪௡ሺಿమ
ಿభ

ሻ

n+6Li +t



Halbach Array Completion: Dec 2012

First UCN storage, D. Salvat, Phys. Rev. C 89, 052501 (2014)Chen-Yu Liu 42



An in-situ UCN (dagger) detector
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7Li
4He

7Li+4He

n + 10B  7Li  + 

Z. Wang et al., NIMA 798, 30 (2015).
C. Morris et al., RSI 88, 053508 (2017)



Multi-step UCN detection control over-threshold UCN
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Lifetime measurements better than 10-3 are challenging
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• In UCNtau, we store N1=25,000 neutrons, and count N2=6000 neutrons after 
storing them for t2-t1=1000 s. 
100 neutrons unaccounted for (due to upscatter, spin flip, or heating) will 
decrease the measured neutron lifetime by 10 s.

-
೘೐ೌ ഁ

+
ೌ್

+ 
ೠ೛

+ 
ೞ೑ ೓೐ೌ೟ ೜್

• In the beam experiment, underestimating the proton efficiency (storage, transport, 
detection) by 1 % will increase the measured neutron lifetime by 8 s.

To reach 1 s, we can miss no more than 10 neutrons (per run).
To reach 0.1 s, no more than 1 neutron.



Are neutrons disappearing at a rate faster than 
the rate of beta-decay?
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INT workshop on Neutron-Antineutron Oscillations: Appearance, 
Disappearance, and Baryogenesis (Oct 2017)

Mirror matters
T. D. Lee and C. N. Yang, Phys. Rev. 104, 254 (1956);
I. Y. Kobzarev, L. B. Okun and I. Y. Pomeranchuk, Yad.
Fiz. 3, 1154 (1966); R. Foot, H. Lew and R. R. Volkas,
Phys. Lett. B 272 (1991) 67. For a historical overview,
see L. B. Okun, Phys. Usp. 50, 380 (2007)or DM* scattering

*Crisis in 2000: mass density is dominated by 
unidentified dark matter & dark energy

JPARC TPC experiment (preliminary)

Serebrov’s large Gravitrap experiment 
(manuscript in preparation)

UCNtau experiment (submitted to Science)



Summary on neutron beta-decay experiments
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• SM tests:
• A single parameter yields   gA/gV, multiple angular 

correlations yield Vud (and S, T couplings)
• New measurements on both A and n have been shifting 

values.
• CKM unitarity: Do neutrons and super-allowed beta decays 

agree? 

• Searches for BSM new physics 
• right-handed currents  (250 GeV limit from n decay)
• Scalar and tensor couplings from B and b

• Neutron lifetime discrepancy 
• Neutron decays (bottle experiments) faster than the rate of beta-

decay (beam experiments)

SM

1σ,2σ,3
σ

excluded

allowed 

Holeczek et al., Acta Phys.Polon. B42 (2011) 2493-2499; arxiv 1303.5295 (2013)
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String theory, quantum gravity, non-commutative geometry,…

Energy

Physics is Symmetries
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String theory, quantum gravity, non-commutative geometry,…

Energy

Question:
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Pa
rit

y

CP CP
T

& Discrete Symmetries
Energy

Question:
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P 
V

CP
 V

CP
T

L-R Symmetric; 
CP symmetric

& Discrete Symmetries
Energy

Question:



Phase Transitions
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52

Symmetry is broken (at low T), 
after phase transition(s).



Spontaneous Symmetry Breaking
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The simplest interacting QFT involves a Lorentz scalar field:

L-R symmetry is broken

The (L-R) symmetry is respected in the Lagrangian, 
but the (L-R) symmetry is broken in the particular solution.

Symmetry is broken (at low T), 
after phase transition(s).
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P 
V

CP
 V

CP
T

L-R Symmetric; 
CP symmetric

Ba
ry

on
 #

Le
pt

io
n

#

T 
V

& Discrete Symmetries
Energy

Answer: Symmetry violations (at low E-scales) are evidences, pointing to new 
physics that unifies all forces at high E-scales. 

Question:
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P 
V

CP
 V

CP
T

L-R Symmetric; 
CP symmetric

Ba
ry

on
 #

Le
pt

io
n

#

T 
V

& Discrete Symmetries
Energy

Answer: Symmetry violations (at low E-scales) are evidences, pointing to new 
physics that unifies all forces at high E-scales. 

Question:



Questions?
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