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3N forces and exotic nuclei 
 
Nuclear physics for direct dark matter detection 
 
Nuclear physics for neutrinoless double-beta decay 



Three-body forces and magic numbers 

no N=28 magic number from microscopic NN forces 
Zuker, Poves,… 



no N=28 magic number from microscopic NN forces 
Zuker, Poves,… 

Three-body forces and magic numbers 

Hagen et al. (2012)  Holt et al. (2012, 2013) 

without 3N forces to 3rd order, 
2+ is higher in 54Ca 

Steppenbeck et al. 
RIBF: ~2 MeV 



repulsive 3N contributions also key for calcium ground-state energies 
Holt, Otsuka, AS, Suzuki (2012) 
 

mass measured to 52Ca 
shown to exist to 58Ca  
 
 
 
 
 

 
gs energy flat with N, 
continuum important 
for dripline location 

Evolution to neutron-rich calcium isotopes 

fit to experiment 

pf shell 



52Ca is 1.75 MeV more bound 
compared to atomic mass evaluation 
Gallant et al. (2012) 
 
 

behavior of 2n separation energy S2n 
agrees with NN+3N predictions 

new 51,52Ca TITAN measurements 
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53,54Ca masses measured 
at ISOLTRAP using new 
MR-TOF mass spectrometer 
 
establish prominent N=32 
shell closure in calcium 
 
excellent agreement with 
theoretical predictions 



shell gap of 4 MeV 
 
evolution to Z=20 
similar for N=28 and 32 



overall good agreement with 
density functional predictions 
 
but DF’s do not reproduce 
shell closures 
 
cf. N=50, 82, 126 “arches” 
Bender et al. (2005) 



3N forces and proton-rich nuclei Holt, Menendez, AS (2013) 

first results with 3N forces for ground and excited states of N=8, 20 

prediction for 20Mg agrees with new 
state observed at GSI Mukha, private comm. 

3N forces 



Tensor forces and exotic nuclei Otsuka et al. 

attractive tensor force decreases spin-orbit splitting of protons with N  
 
 
 
 
 
 
 
larger relative momentum 
decreases horizontal overlap: 
attractive   

figures from Otsuka, AS, Nuclear Physics News (2012) 
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Direct dark matter detection 

WIMP scattering off nuclei needs nuclear structure factors as input  
 
particularly sensitive to nuclear physics for spin-dependent couplings  
 
relevant momentum transfers ~ mπ 
 
calculate systematically 
with chiral effective field theory 
Menendez, Gazit, AS, PRD 86, 103511 (2012), 
Klos, Menendez, Gazit, AS, 1304.7684. 
 

dark matter response may have 
more complex couplings in nuclei 
Liam Fitzpatrick, Haxton et al. (2012) 

from CDMS collaboration 



Chiral EFT for WIMP currents in nuclei 
             NN  3N   4N one-body currents at Q0 and Q2 

 
 
 
 
 
 
+ two-body currents at Q3 

 
 
 
 
 
 
same couplings in forces and currents 
for spin-dependent interactions! 



Two-body currents and 3N forces 

weak axial currents and WIMP currents couple to spin, similar to pions 
spin-dep. WIMP-nucleon int. = isospin rotation of weak axial current 
 
two-body currents predicted by πN, NN, 3N couplings to N3LO 
Park et al., Phillips,… 
 
 
 
two-body analogue of Goldberger-Treiman relation  
 
explored in light nuclei, but not for larger systems 
 
dominant contribution to Gamow-Teller transitions, 
important in nuclei (Q~100 MeV) 
 
3N couplings predict quenching of gA (dominated by long-range part) 
and predict momentum dependence (weaker quenching for larger p) 
Menendez, Gazit, AS (2011) 



WIMP currents in nuclei and uncertainties 

one-body currents with isoscalar/isovector couplings a0/1 
 
 
 
 
 
Q2 similar to phenomenological currents, but slightly different p-dep.  
 
two-body currents at Q3 predicted by c3, c4 couplings from πN, NN, 3N  
 
 
 
 
 
 
due to interactions among nucleons, dominated by long-range part  
 
include as density-dependent one-body currents (normal ordering), 
uncertainties due to leading-order two-body currents reflected in c3, c4 



Nuclear structure for direct detection 

valence-shell Hamiltonian calculated from NN interactions + corrections 
to compensate for not including 3N forces (will improved in the future)  
 
valence spaces and interactions have been tested successfully in nuclear 
structure calculations, largest spaces used  
 
 
 
 
 
 
 
 
 
 
 
 
 
very good agreement for spectra; ordering and grouping well reproduced 
Menendez, Gazit, AS (201) 
 
connects WIMP direct detection with double-beta decay 



Nuclear structure II 
similar agreement for other nuclei relevant to direct detection 
Menendez, Klos, Gazit, AS (2013) 



Nuclear structure factors 

differential cross section for spin-dependent WIMP scattering 
~ axial-vector structure factor SA(p) 
 
 
 
 
 
decompose into longitudinal, transverse electric and transverse magnetic  
 
 
 
 
 
 
 
transverse magnetic multipoles vanish for elastic scattering  
 
can also decompose into isoscalar/isovector structure factors Sij(p) 



Xenon response with one-body currents 

129,131Xe are even Z, odd N, 
spin is carried mainly by neutrons  
 
at p=0 structure factors 
at the level of one-body currents 
dominated by “neutron”-only 

u=(pb)2/2 



Xenon response with 1+2-body currents 

u=(pb)2/2 

leading two-body currents 
renormalize isovector coupling: 
not “neutron”/“proton” only 
 
lead to reduction of axial current 
enhancement of pseudoscalar curr. 
 
transverse multipoles reduced; 
longitudinal reduced at low p, 
but enhanced at high p 
 
uncertainty band due to c3, c4 
and normal-ordering 



Xenon response with 1+2-body currents 

u=(pb)2/2 

two-body currents due to strong 
interactions among nucleons 
 
 
 
 
WIMPs couple to neutrons and 
protons at the same time 
 
enhances coupling to even species 
in all cases 
 
first calculations with chiral EFT 
currents and state-of-the-art 
nuclear interactions 



Limits on SD WIMP-neutron interactions 

best limits from XENON100 Aprile et al., PRL (2013) 
used our calculations with uncertainty bands for WIMP currents in nuclei 



Spin-dependent WIMP-nucleus response for 
19F, 23Na, 27Al, 29Si, 73Ge, 127I 

Klos, Menendez, Gazit, AS (2013) 
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Results from GERDA Phase I Agostini et al., 1307.4720 



Chiral EFT and 0νββ decay 

Nuclear matrix elements for 0νββ decay based on chiral EFT operator 
Menendez, Gazit, AS (2011) 
 

Modest quenching because 0νββ decay probes higher momentum transfer  



Thank you for a great 3 weeks!! 


