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PDG “Neutrino Masses, Mixing, and Oscillations”...
14.2 Extending the Standard Model to Introduce Massive Neutrinos; From 
the above discussion we conclude that it is not possible to construct a 
renormalizable mass term for the neutrinos with the fermionic content and 
gauge symmetry of the SM. The obvious consequence is that in order to 
introduce a neutrino mass in the theory one must extend the particle content 
of the model, depart from gauge invariance and/or do both. 

HOWEVER...
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Standard Model Weak Interactions
Quarks:                                             Leptons:

● Strong lepton-
quark analogy

● But no “Sterile” 
(right handed 
singlet) neutrinos 
(Sν) in SM!

● Needed for ν 
mass terms!

● Sν can also allow 
to explain matter-
antimatter 
asymmetry

● And provide a 
“warm dark 
matter” candidate
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Sterile Neutrino Interactions III

● Even β decay can be affected!

● Oscillation into a massive Sν state => subset of 
decays with reduced Qβ

● Gives a kink in beta decay spectrum with amplitude 
~ sin2(θ).  

● Remember the “17 keV neutrino”? 

● Laboratory limits in keV mass range sin2(θ)>~.01
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The HUNTER Experiment
After a venerable suggestion... (R. E. Shrock, 
Phys. Lett. B96, 159 (1980)) 

Consider the decay A+ →ℓ+ + νℓ . 
● For  a massless neutrino, the produced 

lepton has unique

● If the neutrino can oscillate into a state with 
small but nonzero mass mx, a second lepton 

   momentum peak appears at

● Classically, A = π+, K+, etc. 
 
● HOWEVER - to discover small mx, small 

energy release Q = mA-mB is best.   
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 for a sensitive keV-mass sterile neutrino search with low energy nuclear decays:

Magneto Optical Trap (MOT) => thinnest possible radioactive source
● Density >1010/cm3 (~10-15 bar within cold atom cloud)
● Radius  (1 - few) mm 
● 108-1011  Trapped atoms (102-105 Bq for t½=10 days)
● Trapped atoms temperature ~ few μK to mK 

MOT  + Reaction Ion Microscope Spectroscopy = MOTRIMS
● Electro-magnetostatic spectrometers, MCP detection
● High accuracy momentum measurements for low-energy charged particles

Large-area x-ray detector with high spatial- and energy-resolution
● Segmented readout of thin YAP scintillators

 

Key technologies:
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Important considerations for initial experiment:
● Want EC-only decay 

● low energy visible products (no β+/-) => E/p by TOF
● no 511 keV or other gammas to disrupt reconstruction or 

               require expensive shielding
● Want 10 days >t1/2> 1 day (stock isotope in our own lab)
● Must be MO-Trappable
● Consider isotope availability (medical)

Criteria result in essentially unique choice: 131Cs.

Choice of Isotope
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131Cs

● t1/2=9.7 da,  EC 100%,  QEC=355 keV

● 131Cs -> 131Xe (stable)
           + x-ray (4-35 keV)
           + Auger e-'s (3-150 eV)

● No penetrating radiation, stable 131-Xe  daughter.

● Commercially available 
(IsoRay brachytherapy source- mfr will load our 
atomic beam source!)
$10K/order + $1K/Ci 



      HUNTER Sterile ν Search         C. J. Martoff    2022-07-13        16

MOT- Laser Cooling and Trapping

● 3 red-detuned laser pairs => 3-D damping, cooling
● Add Zeeman-shifting B-field gradient and CP light 
=> “MOT” with 3-D restoring force 
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Not just on paper...

133Cs in HUNTER loading MOT

<-- Preparing to pump out (now at 1e-7 mbar)
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Simulation Results 

● Plot shows std dev of TOF for tracks 
originating at random points within
a 1 mm radius MOT, with varying elevation 
angles. 

● Note: minimum timing width (“time focus”) 
occurs at the same position for all angles 
and is not greatly broadened by MOT size.  
(“double focusing” not easy to achieve)  

● Timing width matches 1 ns resolution of x-ray 
detectors.
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Magnetic Shielding

● Electrons must be confined by
6G axial field and protected
from lab stray fields.

● Borrowed octagonal design
from E. Wodey et al 2020* 
(all flat parts)

● 2-layer shield gives reduction
factor > 200 while carrying
return flux of 6G solenoid. 

*http://arxiv.org/abs/https://doi.org/10.1063/1.5141340



      HUNTER Sterile ν Search         C. J. Martoff    2022-07-13        25

Simulated mν2 Reconstruction

● This is “high acceptance” mode  
       (4π for ions onto 120 mm MCP)
● A “high resolution” mode also exists 
       with σ=100 (keV/c2)2 and 1/8 the
       acceptance
● Limit arises from resolution/diameter
       of MCP- larger ones becoming available. 

(Simulation)
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Physics Backgrounds 

● Many physics backgrounds discussed at more length in https://doi.org/10.1088/1367-
2630/ab1502 and Quantum Sci. Tech. 6, 024008 (2021)

 
● Most important is ion-atom scattering of Xe+ by Cs (induced dipole- Langevin)

◦ Broadens zero-mass peak and contributes flat-ish background
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Rates, acceptance, efficiency
108 trapped atoms, t1/2 = 14 d → 80 Hz of decays => 0.85x80 = 68 Hz of K-captures

 ⟹ ~150,000 events per year of livetime
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40 sterile neutrino events giving a 
5σ peak at mν = 60 keV/c2 with 
sin2θ = 3×10-4 , using the best estimates 
of backgrounds and a 1-year-livetime 
data sample.

HUNTER mass range:
                    20 <  mν < 300 MeV/c2

   resolution                                          Q-value

                       

SimulatedSimulated discovery
 spectrum
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Anticipated Results: Phase I and Upgrades 

(θμ4)

sin2θ 4𝑒  = probability that ν𝑒 is measured as ν4
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(K. K. Vos, H. W. Wilschut, and R. G. E. Timmermans, Phys. Rev.C 91, 038501 (2015))
● Lorentz and CPT invariance violated in some unifying theories 
● Parametrize Lorentz violation by adding a complex tensor χμν to the metric
● Results in additional spin asymmetries 
● Some terms of  χμν are experimentally unconstrained

Lorentz Violation in EC

s
k = neutrino momentum 
I = initial nuclear spin
P  Polarization, B∝

An azimuthal asymmetry that rotates at sidereal rate!
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Vacuum vessel- now at 1e-7 mbar Loading MOT- now trapping 133Cs

HUNTER assembly at UCLA
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Upgrades for later Phases of HUNTER:

● More atoms in trap  107 -> 1011

● More x-ray detector coverage 8.5% -> 45%
● Accept more x-ray transitions  2.5% -> 15%
● Different isotope with shorter halflife-
requires online operation at isotope separator
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Current Plan:
 
Preliminary leak-check & pumpdown now underway
July-September: Clean, assemble, insert spectrometers,

x-ray detector, main MOT
September-October Bake-out
October-November Add coils & magnetic shield
December 2022- first stable 133Cs fill & calibration,

then 131Cs fill

This mounting & integration time is an exciting time for
HUNTER.  

We are always seeking additional collaborators with
expertise and new ideas!
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● No one has MO-Trapped Be
● the only possible cycling transition is in UV- hard to generate & handle
● two-photon absorption on cycling-transition => ionization & escape from trap

●  No x-ray for t=0 TOF trigger 
● 478 keV gamma I=10% but hard to detect with requisite angle resolution
● could possibly develop an Auger or shake-off trigger 

● Not commercially available in mCi quantities

Note: why don’t we use 7Be?
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