
Nuclear Searches
for Physics Beyond the Standard Model

• Experimental Searches 
– What are the experiments
– Where to do experiments

• Nuclear and neutron beta decay
• Neutrons for Searches Beyond the 

Standard Model
– Ultra-Cold Neutrons (UCN)



Neutral Weak Phenomena - sin2θW

• Coupling constants in Standard Model 
are a function of the energy that it is 
being probed 
– Running of the couplings 

• Standard Model predicts this energy 
dependence

• Can study by measuring neutral weak 
cross sections vs energy 
– e+ - e- ,neutrino-nucleus, electron-nucleus
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sin2θW
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Neutral Weak Phenomena - sin2θW



Muon Decay Distributions

• Energy dependence
• Angular dependence
• Called Michel parameters
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Summary of Michel 
Parameters
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Short-distance Gravity
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US Facilities for Fundamenal
Physics (not Neutrons)

• Low Energy Facilities
– ATLAS, HRIBF, NSCL, ISAC, LBNL, 

Stoneybrook & TAMU for 0+-0+ & other β-decay 
& EDM

• Medium Energy Facilities
– JLAB for Qweak, DIS-Parity 

• Heavy-Ion Facilities
– BNL for (g-2)µ and EDM 
– High Energy Facilities e.g. SLAC for Moeller 

asymmetry



Cold and Ultra-Cold 
Neutrons

• Cold neutrons ~ 4
– High flux from Cold Moderator (20K)

• Ultra-Cold Neutrons (UCN) ~ 500
– Boltzmann tail from Reactor cold 

moderator
– Superthermal Converters

• LHe, SD2

o
A

o
A

What good are UCN?
• Can be trapped in certain materials
• Can be easily polarized (B = 6T)
• Allow precision measurements with 

free neutrons



US Facilities for Fundamenal
Physics (with Neutrons)

• LANSCE
– Flight Path 12 (FP12) - Pulsed Cold Neutrons 
– Area B - UCN

• NIST
– NG6 - Cold Neutron Lines

• SNS
– Fundamental Neutron Physics Beamline (FNPB)

• Other Initiatives
– PULSTAR Reactor @ NCSU
– LENS Cold neutrons @ IUCF



Non-US Neutron Facilities

• ILL(Institut Laue-Langevain) – Cold & Ultra-
Cold neutrons
– Improved EDM experiment (Cryo-EDM)
– Improved correlation experiments (<.5%)

• PSI – Spallation SD2 UCN source 
– Proposal for EDM exists

• Germany - FRM-II 20MW research reactor
– Working on SD2 source insert for UCN

• Japan
– Osaka UCN, JPARC?



• PULSTAR is a 1MW research reactor on NCSU campus 

• UCN source expected to provide densities > 1,000/cm3

• Dedicated to nuclear physics research

• Source construction funded by NSF (1.2M$), operational by Jan. 2007

• Reactor operations funded by State of North Carolina, upgrades may be funded 
through DOE, INIE program

NCSU PULSTAR UCN Source



Low Energy Neutron Source
(LENS) at Indiana

13 MeV Proton 
beam

SANS

<10 K CH4
moderator

Spin echo 
SANS/diffraction

Be target and H2O 
reflector

Radiography/
Instrument
Development

Poly/Pb
Shielding

University-based pulsed cold neutron source
Vertical UCN beam possible, replace CH4 ! CH4+solid O2



Neutron & Nuclear Beta Decay
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Weak Decays
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• Consider muon decay

• Can calculate muon lifetime
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Weak Decays
• Ignoring small kinematic corrections

• Key feature of Electroweak Standard Model is 
UNIVERSALITY - lepton and quark weak interactions 
are identical ... modulo the CKM matrix. Thus
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Neutron Decay in the 
Standard Model
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GA = Axial vector weak coupling constant
GV = Vector weak coupling constant

GF = Fermi Constant (known from µ decay)
Vud = up-down quark weak coupling (more later)

f   = phase space integral
∆R = Electroweak radiative correction

Note: Z0 Boson (M=91 GeV) gives 2% correction!

GA/GV from parity violating 
decay asymmetry in n decay 
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Polarized Neutron decay  
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• Γn =1/τntotal decay rate (depends on GA and GV)
• Correlations a, A and B depend on GA and GV
• Coefficient b requires S or T interaction
• Correlation D violates Time Reversal Invariance

Must measure two observables to extract GA
and GV (eg. Gn and A) 
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Precision neutron decay 
measurements

• Neutron lifetime essential in Big-Bang 
Nucleosynthesis Calculations

• Can provide most precise measurement of Vud

• < 0.3% measurements can be sensitive to new 
physics (from loops in electroweak field theory)
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Single complex phase
is possible 

(gives “CP” Violation
-more later) 

a.k.a. Radiative Corrections



Particle Data Group

Primordial He Abundance



Neutron Lifetime versus Year

Serebrov et al.,
Phys. Lett. B 605, 72 (2005)

(878.5 ± 0.7 ± 0.3) seconds

Data points used by 
Particle Data Group (PDG) 

2004 for averaging



Big-Bang Nucleosynthesis Constraints
WMAP

New neutron lifetime

New Lifetime 
Experiment using our 

Solid Deuterium 
Source

is under development



Neutron τn
@ NIST
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UCN @ ILL



Vud from β-decay

• GV is related to Fermi coupling GF via Vud

• GV measured in β-decay (u!d)
• 0+-0+ nuclear decay (must include nuclear 

corrections)
• neutron decay (must extract GV and GA) 
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Sensitivity to New Physics?
Kurylov&Ramsey-Musolf

Phys. Rev. Lett. 88, 071804 (2002)

• Vud in Standard Model
(from µ vs. β-decay)
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• Supersymmetric particles 
produce loop corrections



Nuclear 
β-Decay

0+ - 0+

f = phase space
t = half-life

2
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Including 
Nuclear 
Corrections



Uncertainties in Vud

Electroweak corrections
(Z0 and hadron loops) Improved neutron

Experiments needed
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Ultra-Cold Neutrons (UCN) 
(Fermi/Zeldovich)

• What are UCN ?
– Very slow neutrons 

(v < 8 m/s " λ > 500 Å )
that cannot penetrate into 
certain materials
Neutrons can be 
trapped in bottles
or by magnetic 
field



But… nuclear force is attractive at low 
energies. Where does repulsion come from?

Recall (for short-range potential):
At low energies (kr0<<1; eg s-wave) elastic 
scattering determined solely by scattering 

length a

For k 0

σelas = 4πa2
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Fermi Pseudopotential
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Then for many nuclei 
in a solid:

And if ai = a and 
l >> atomic spacing:

Fermi Pseudopotential



Potential step analogous to index of
refraction in optics
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Fermi Pseudo-potential
V(r)
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The coherent nuclear potential can lead to repulsive 

pseudopotential (Fermi potential) for a > 0

For EUCN < VF, UCN are trapped

Attractive potential can also lead to neutron absorption 
but often Lmfp >> λn (~10-5 probability per bounce) 



Typical Fermi Potentials

188Stainless Steel

180Graphite

282Diamond-like 
Carbon

- 48Ti

35058Ni

54Al
VF (neV)Material

neutron velocity
vn ~ 8 m/s



• B-field and neutron magnet moment   
produces a potential

• Thus can produce a 3D potential well 
at a B-field minimum 

Magnetic Bottles 
also possible

 0)   :(Note       BV <⋅−= nµµ
""

Traps one spin state: 
“Low field seekers”

Spin anti-aligned with 
magnetic field

Ioffe Trap

For For vvnn<8 <8 m/sm/s need B<6Tneed B<6T



UCN Properties
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How to make UCN?
• Conventional Approach:

– Start with neutrons from nuclear
reactor core

– Use collisions with nuclei to slow down 
neutrons

m/s10 4 v
MeV 105E
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n
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Some of neutron�s energy lost
to nuclear recoil in each collision 

Gives a Maxwell-Boltzmann Distribution



UCN

After 20-100 collisions En ~ 1/40 eV (Room 
Temp)
Slowing down takes ~ 100 µs

Maxwell-Boltzmann Distribution
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But…
– Only small 

fraction of 
neutron 
distribution is 
UCN
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– Can improve some via gravity 
and moving turbines

– Previous record density 
at Institut Laue-Langevin
(ILL) reactor in 
Grenoble

bottle in stored UCN/cm  40 3≈
(1971)

Best vacuum on earth
~104 atoms/cm3

Can we make more?
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