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Motivation & Introduction



Why Study Neutrino EM?

• Basic properties of elementary particles 

• Potential new physics

• Implication for astrophysics & cosmology 



EM Form Factors (spin-1/2)

• For 𝛎’s and q2=0:                                               
F1=mQ; F2=MM; FA=AM; FE=EDM;

• 𝛎 charge radius squared:                                                 
6 dF1/dq2=CR

anapole el. dipole

anomalous mag. dipole charge 



EM Form Factors (spin-1/2)

• 𝛎’s oscillate; when i=f “static”; i≠f “transition”                                               

• Static moments: Dirac 𝛎’s can have all; Majorana 
𝛎’s can only have anapole [Kayser, PRD, ’82]

anapole el. dipole

anomalous mag. dipole charge 

if



Neutrino EMs in the SM

• Charge: zero by construct

• Other moments: tiny from radiative corrections 

• If neutrinos are reported to be milli-charged or have 
anomaly big EM moments: something “new”, 
“wrong”, or “background”?! 



𝛎’s MM and EDM in the SM 
• Consider a Dirac neutrino case:

• Naive dimensional analysis

MM
EDM



AP and Cosmo. Implication

• Star (Sun, red giant, white dwarf etc.) cooling 

• Supernova explosion and neutron star cooling

• Big bang nucleosynthesis d.o.f.?

• What if a primordial magnetic field exists?

• What if a neutrino decay radiatively?



Exp. Searches & Status



Primary Detection Channel
• Electron recoil from neutrino-electron scattering               

• Analysis by change in diff. count rate 

• Electrons are bound, so in fact neutrino-ionization

• Binding effects could be important at low energies



Neutrino-Electron Scattering
• A notable feature:

• Sensitivities to MM and mQ gained by lowering the 
detector threshold

• Mainstream detectors
• Semi-cond. germanium: sub-keV — few keV
• Liquid xenon: ~ few keV
• Liquid scintillator: 100 keV — MeV
• Water Cherenkov: ~ few MeV

W,CR MM mQ



Differential Rate

• Need diff. cross section

• Need neutrino energy spectra from sources like
• reactor:  ~ MeV 
• solar: 100 keV — 20 MeV 
• accelerator: vary

• For long-baseline exps., oscillation effects needed 



Effective Neutrino EM Moments

 Because neutrinos oscillate and final-state 
neutrinos are not detected, experiments constrain 
effective EM moments, which are combinations of 
static and transition moments

•  e.g. effective MM:

• In scatteirng, MM & EDM; CR & AM are barely 
distinguishable at the m𝛎→0 limit



Direct Limits on MM 

[Giunti & Studenikin, RMP 87, 531(2015)]



Direct Limits on MM 

PDG (2017) adopted 



Direct Limits on MM 

Both use low-threshold Ge detector
 Threshold: 2.5 (GEMMA) and 5 (TEXONO) keV



Direct Limits on MM 

Water Cherenkov vs. Liquid Scintillator
Recent update to 3.1x10-11 using Borexino data [Cañas et al. ’16] 



Direct Limits on mQ 

All use data taken by low-threshold Ge detectors
Indirect astrophysical limits are generally stronger



Direct Limits on CR 

TEXONO data taken by CsI in 3-8 MeV range
Low-threshold detectors not competitive on CR



Future Improvements

• Bigger detector mass 

• Longer detecting time 

• Smaller background 

• More intense beam 

• Lower detector threshold



Case 1: LUX-ZEPLIN

• Turning a multi-ton-scale LXe detector for DM to a 
precision low-E neutrino detector 

• Search mode: electron recoil by 51Cr neutrinos

[Coloma et al. JHEP, ’14]



Case 2: COHERENT (SNS)

• Multi-detectors aim at measuring coherent elastic 
neutrino-nucleus scattering

• Search mode: nuclear recoil by stop-pion neutrinos

[Kosmas et al. PRD, ’15]in 10-10 𝝁B



Case 2: COHERENT (SNS)

• Challenge: Coh. SM b.g. vs. incoh. MM signal

• Might have a better shot with mQ (coherent)

• Calculation done with Ne

• Need sub-MeV threshold!

[Scholberg, PRD ’06]



Example 3: JUNO/DUNE

• Both multi-purpose neutrino experiments 

• MM of solar neutrinos (JUNO)

• Search for core collapse supernova neutrinos 
(JUNO/DUNE), which indirectly put limits on MM



Future Improvements

• Bigger detector mass 

• Longer detecting time 

• Smaller background 

• More intense beam 

• Lower detector threshold!



Important Physical Scales

• For reactor/solar/supernova neutrinos:                                               
E𝛎 ~ 100 keV - 20 MeV

• Max. energy deposition by m𝛎 to mA:                          
2E𝛎

2/(mA+2E𝛎) < 10 keV (if elastic)

• Atomic scales with effective charge Zeff (shell-dep.):       
pe ~ Zeff me𝛂, E𝝌 ~ Zeff me𝛂2, me𝛂 = 3.7 keV

• Atomic effects important for low-E neutrino detection!



Many-Body Physics 
(needed in Low-E Exp.)



What Are Needed?

• Differential cross sections: d𝝈/dT for weak and EM 
interactions (MM, mQ, CR)

• Most difficult: transition matrix elements            
where both i and f are many-body states

• Are there good approximations or MB problems 
need to be solved?



Free Electron Approximation

• No atomic calculation needed (almost)

• Validity at sub-keV regimes needs justification  

FEA

T>Bi atomic shell open free scat.



Equivalent Photon Approximation

• AP built-in in exp. data

• MM sensitivity gain? 

• Not really

• Reason: improper N𝜸(T)

from exps. from kinematics
EPA

Wong et al., arXiv:1001.2074

Voloshin ’10; …

Chen, CPL, et al, ’13



Many-Body Calculations

• Hartree-Fock (fitted local ex.)

Fayans, et al., ’92; ’01; Kopeikin, et al., ’97; ’03

• FEA + WKB + 2e correlation

Kouzakov, Studenikin, et al., ’11; ’12; ’14 

• Multi-configuration radom phase approximation

Chen, Chi, CPL, et al., ’14; ’15



Our Method: MCRRPA

An ab initio method based on Hatree-Fock (full ex. 
treatment) with refinements:

• MC [multi-configuration]: open-shell atoms have 
more than one g-s configuration                             
for Ge: 

• R [relativistic]: Zα~1/4 for Ge                                                     

• RPA [random phase approximation]: residual 2e 
correlation is important for atomic excited states (in 
our case Ge+ + e-)



Our Results for Ge
• Chen et al., Phys. Rev. D 88, 033006 (2013)

• Chen et al., Phys. Lett. B 731, 159 (2014) 

• Chen et al., Phys. Rev. D 90, 011301(R) (2014) 

• Chen et al., Phys. Rev. D 91, 013005 (2015) 

Collaborators: J.-W. Chen, H.-C. Chi, K.-N. Huang, H.-B. Li, C.-F. Liu, H.-T. Shiao, 
L. Singh, H. T. Wong, C.-L. Wu, C.-P. Wu 



Benchmark I: Ge Ground State

• First ion. E: 7.899 eV (exp) vs. 7.856 eV (th.) 

• Single particle energies of  subshells: 

• To test Ge ex. states, we chose photoionization

MC is needed!

Rel. effect



Benchmark II: Ge 
Photoionization
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Ge AI by MM

FEA works o.k.FEA overshoots

typical for reactor 𝛎’s  MM: 2.9×10-11𝝁B



Ge AI by mQ

FEA works o.k.FEA overshoots

typical for reactor 𝛎’s  

FEA under!

FEA better

EPA works o.k.

mQ = 1.0×10-12e



Implication

Compared with FEA, atomic effects of Ge at keV lead 
to  

• a slightly weaker limit on MM (but more reliable)

• a much stronger upper limit on mQ

★ (Low-E) Ge data not competitive to CsI data in CR 



Recent Work on Xe

• Chen et al., arXiv:1610.04177



Benchmark: Xe Photoionization
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Solar Neutrino-Xenon Scattering

under revision !



Low-E Solar Neutrino Rate

Assume 1-ton liquid xenon & 1-year exposure

FE overestimate!

under revision !



Summary



Conclusions

• Neutrino EM properties could be windows for new 
physics.

• Low-threshold detectors is an efficient way to 
increase sensitivity.  

• Atomic binding effects are important at low energies 
and can be calculated reliably. 

• Similar studies can be applied to light dark matter 
detection.


