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Neutrino and Dark Matter are 
Portals to New Physics 





Neutrino: Challenges and 
Opportunities 

•  Mass: hierarchy and absolute values 
•  Dirac or Majorana? 
•  CP phase(s) 
•  Sterile neutrinos?  
•  Electromagnetic properties: magnetic 

moments? Charge Radius?... 

      Those are probes of new physics! 
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How neutrino magnetic moment  
arises in SM? 

νi νj 

l 

W 
γ

νi νj 

l 

W 

γ

⎟
⎠
⎞

⎜
⎝
⎛⋅µ≈µ ν−

ν eV 1
10 19 m

B

        A probe of new physics! 
 
(Larger NMM favors Majorana,Bell, Cirigliano, Ramsey-Musolf, Vogel, Wise)
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Should go for low T (energy transferred)! 
Mini-charge term: 1/T2 dependence!



Dark Matter (DM) 
•  Bigger density than the visible Universe 
•  Its existence hints that there might be a dark 

sector 



Portals to the Dark Sector 

•  Other dark matter candidates include 
    MACHOs: MAssive Compact Halo Objects 
    WIMPs: Weakly Interacting Massive Particles 





Why Atomic Physics? 



Why Atomic Physics? 
•  Energy scales: Atomic (~ eV) Reactor neutrino 

(~ MeV) WIMP (~ GeV) 
•  Neutrino: NNM atomic ionization signal larger 

at lower energy scattering (current Ge detector 
threshold 0.1 keV)    

•  DM: direct detection, velocity slow (~ 1/1000), 
max energy 1 keV for mass 1 GeV DM.  

•  Opportunity: Applying atomic physics at keV 
(low for nuclear physics but high for atomic 
physics) 

       

       



Neutrino Atomic Ionization 

•  The complete set of neutrino electromagnetic 
form factors is:  
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Ge atomic ionization:  
ab initio MCRRPA Theory

•  MCRRPA:  multiconfiguration relativistic random phase approx. 
    
 

    
Reducing the N-body problem to a 1-body 
problem by solving the 1-body effective potential 
self consistently. 

Hartree-Fock :

RPA: 

RRPA: 

  MCRRPA: 

↓	
Including 2 particle 2 hole excitations 

↓	
Correcting the relativistic effect 

↓	
More than one configurations in Hartree-Fock;                   
Important for open shell system like Ge where the 
energy gap is smaller than the closed shell case 



MCRRPA Theory 

( ) ( )t H V t= +H
N-electron relativistic Hamiltonian 

Dirac Hamiltonian + 
Coulomb interaction 

The rest of EM interaction 

Solve initial wavefucntion of atom  Solve final wavefunction 
by time evolution 

↓ ↓



Benchmark: Ge Photoionization

Exp. data: Ge solid 

Theory: Ge atom (gas) 

Above 100 eV error under 5%. 

 



JWC et. al.  
arXiv: 1311.5294



Ge atomic ionization with 
ab initio MCRRPA Theory 

       

JWC et. al.  
1411.0574



       

JWC et. al. arXiv: 1411.0574



Large LXe detectors as a (solar) 
neutrino detectors 

 

       

       



Solar Neutrino Flux



Benchmark: Xe Photoionization

JWC et. al.1610.04177



Xe atomic ionization with 
ab initio MCRRPA Theory 

       

CC Hsieh et. al. 1903.06085



CC Hsieh et. al. 1903.06085



A solar neutrino background  
in LXe detectors 

 
•  Electron recoil (ER) from solar neutrinos is 

faking the nuclear recoil signals (not the 
neutrino floor) 

 

       

       



Electron Recoil Background for
 DARWIN (LXe) 2-30 keV, Error 2-3% 

99.5% ER  
Rejection,   
50% NR  
acceptance  
 
JWC et. al. 
1610.04177



Direct Light Dark Matter 
Detection 

MK Pandey et. al. 1903.06085



Bounds on Short Range Spin
 Independent DM-e Coupling 



Bounds on Long Range Spin
 Independent DM-e Coupling 



Summary 

•  Ab initio atomic tool indispensible to study 
DM detector response to light DM signal and 
neutrino background. 

•  Multi-ton LXe detectors could be very good 
solar neutrino detectors to measure pp flux to a 
few percent accuracy (limited by theory error) 
and constrain exotic neutrino electromagnetic 
properties with high precision. 

       





Backup slides 



JWC et. al. arXiv: 1903.06085



Two Popular Approximations      
 
 
Equivalent Photon Approx. Free Electron Approx.

binding momentum of hydrogen: αme
↓



Benchmark: Xe Photoionization 
2-30 keV, Error 2-3% 

JWC et. al.1610.04177
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Should go for low T (energy transferred)! 
Mini-charge term: 1/T2 dependence!



Neutrino Magnetic Moment (NMM) 
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A probe of new physics!



WIMP-electron  Differential Cross 
section In these figure, we show some results of Averaged velocity-

weighted differential cross sections for ionization of Ge and Xe 
atoms by LDM of various masses with the effective short-range 
(up) and long-range (down) interactions

First, the sharp edges correspond to ionization thresholds 
of specific atomic shells. They clearly indicate the effect 
of atomic structure, and the peak values sensitively 
depend on atomic calculations. If direct DM detectors 
have good enough energy resolution, these peaks can 
serve as powerful statistical hot spots.

Second, away from these edges, the comparison 
between Ge and Xe cases do point out that the latter has 
a larger cross section, but the enhancement is not as 
strong as Z 2 for coherent scattering nor Z for incoherent 
sum of free electrons. 

Third, the long-range interaction has a larger inverse 
energy dependence than the short-range one. As a 
result, lowering threshold can effectively boost a 
detector’s sensitivity to the long-range DM-electron 
interaction. 

Important observations



Comparison of Velocity-averaged differential cross section for a Xe atom

Plots of the velocity averaged differential 
cross-sections for 10 GeV WIMP masses 
fo r sho r t range(upper ) and long 
range(down) types are presented in these 
figures. We find very good agreement with 
similar  calculations by B. M. Roberts and 
V. V. Flambaum for Xe atoms.

arXiv:1904.07127, B. M. Roberts, V. V. Flambaum



WIMP-electron  Short Range  

First, the lowest reach of a direct search experiment in 
LDM mass is determined by its energy threshold. 
According to what we set for CDMSlite, XENON100, 
and XENON10: 80, 56, and 13.8 eV, the lightest DM 
masses can be probed are ∼ 50, 30, and 10 MeV, 
respectively.

Important observations

The exclusion limits on DM-electron interaction 
s t reng ths depend on severa l fac to rs : 
Experimentally, detector species, energy 
resolution, background, and exposure mass-time.

For the contact interaction, where the DM-Xe differential 
cross section is universally bigger than the DM-Ge one, 
XENON100 gives a better limit than CDMSlite is mainly 
due to its larger exposure mass-time.

On the other hand, the very low threshold of XENON10 
not only makes it able to constrain the lower-mass 
region where XENON100 has no observable electron 
recoil signals 

Also results in a slightly better limit than XENON100, 
despite a smaller exposure mass-time by almost three 
orders of magnitude. 



WIMP-electron  Long Range 
Important observations

Differential cross section has a sharper energy 
dependence and weights more at low T, this explains 
why XENON10’s constraint is much better than others 
in the entire plot

Also for the low-energy weighting, the finer energy 
resolution and lower background of CDMSlite makes its 
power to constrain d1 better than XENON100.

In above two Figure, the exclusion limits derived in Ref., using the same XENON10 and 
XENON100 data, are compared. The differences in the overall exclusion curves are 
obvious and most likely of theoretical origins. 



Comparisons of expected event numbers as a function of 
ionized electron number  

For both types of interactions, our results are comparatively 
smaller at small ne but bigger at large ne. This provides a 
qualitative explanation for the overall differences observed in 
the exclusion curves.

The larger the DM mass mχ, the larger its kinetic energy and 
hence the increasing chance of higher energy scattering that 
produces more ne. Therefore, our calculations yield tighter 
constraints on c1 for heavier DM particles, but looser for 
lighter DM particles.

As for the long-range interaction, the low-energy cross 
section is so dominant that the derivation of exclusion limit is 
dictated by the one-electron event, i.e., the first bin. As a 
result, the larger event number (by about one order of 
magnitude) predicted in Ref. leads to a better constraint on d1 
by a similar size.

Comparisons of expected event numbers as a function of ionized 
electron number derived in this work (red lines) and from Ref. (black 
lines) for Xe detectors with 1000 kg-year exposure, assuming DM mass 
mχ = 500 MeV, and DM-electron interaction strengths (up) c1 = 5.28 × 
10−4 GeV−2 and (Down) d1 = 4.89 × 10−11 (equivalent to σe = 9 × 
10−42 cm2 and σ¯e = 4 × 10−34 cm2 , respectively in Ref.



Comparisons of expected event numbers as a function of ionized electron number for the NR approach 
with Zeff to be R independent. Similar like DarkSide-50 paper. 

 
(The DarkSide Collaboration) PHYSICAL REVIEW LETTERS 121, 111303 (2018)



Comparisons of expected event numbers as a function of ionized electron number 
for the NR approach with Zeff to be R independent. Similar like DarkSide-50 paper. 





Punch Line…. 
 
 
Care must be taken to perform the calculations of such processes correctly. 
 
Because,  
 
The relativistic effects are very important for large q, and the corrections continue 
grow with increasing q
 
 
 Secondly, it is common to calculate such processes using analytic hydrogen-like 
wave functions, with an effective nuclear charge, which is chosen to reproduce 
experimental binding energies. While such functions give a reasonable 
approximation for low q, for the large q values important for this work, they 
drastically underestimate the cross-section. This is because such functions have 
incorrect scaling at distances close to the nucleus, which is the only part of the 
electron wave function that can contribute enough momentum transfer. 



Summary 
•  Dark matter particles are portals to new physics and their properties can be 

constrained by direct detection. 
•  Ab initio atomic tool indispensable to study DM detector response to light 

DM signal. 
•  We have investigated the atomic many-body effects in the dark matter

 scattering amplitudes, which play important roles when the recoil energies
 of detector go lower to keV scale. 

•  We derive new upper limits on parameter space spanned by dark matter
 effective coupling strengths and mass using the superCDMSlite, low
 energy XENON10 and XENON100 ionization-only data. 

•  The relativistic effects are very important for large q, and the corrections
 continue grow with increasing q 

•  Meanwhile, given the important implication of these calculations, the
 theoretical discrepancy we report in this paper should be known to the
 communities and further investigation of related atomic many-body
 problems warrantey 

       


