Quantum Monte Carlo calculations of dark
matter scattering off light nuclei

ECT*, Trento, ltaly

Based on Phys. Rev. C, 99:025501, Feb 2019.
L. A., V. Cirigliano, S. Gandolfi, F. Pederiva

Lorenzo Andreoli
April 16, 2019



https://journals.aps.org/prc/abstract/10.1103/PhysRevC.99.025501

Dark Matter and its direct detection

Interaction: from DM-quarks to DM-nucleons

Nuclear wave functions

e Results



Dark Matter



Dark Matter

Observations

o
8
e o

«

Gravitational lensing

Angular Scale
2 o 02

T Cross Power
pectrum

HI1)Cyf2x (1K?)
g 8

§

g

Structure formation CMB anisotropy



Particle candidates

Requirements:

e Stable on cosmological time
scales

e Very weakly interacting with
EM radiation

e Correct density
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Detection

Mainly three possible methods to detect WIMPs:
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Sensitivity

Great expertimental progress
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Sensitivity

From nucelar recoil on *He
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Nuclear recoil in liquid He
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Light nuclei

e Benchmark: accurate nuclear °H
calculations 3H
3He
“He
6Li

e Potential experimental targets: He

e More sensitive to relatively light dark
matter



Interaction



A solid theoretical control of nuclear effects is necessary to interpret

direct detection experiments
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A solid theoretical control of nuclear effects is necessary to interpret

direct detection experiments

A variety of approaches based on effective field theory have been
proposed:

non-relativistic DM-nucleus interactions®
2

non-relativistic DM-nucleon interactions

e DM-nucleon interactions derived from DM-quark and DM-gluon
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First principle, lattice-QCD calculations®
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Effective Lagrangian

Scalar case:

e Well motivated, e.g. Higgs and squark exchange mediate scalar
interactions
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Effective Lagrangian
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Effective Lagrangian
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NLO
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Effective Lagrangian
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NLO
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Effective Lagrangian
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NLO
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Nuclear Wave Functions




Cross section

End goal: calculate matrix elements for elastic scattering
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J(q) is the Fourier transform of the regularized one- and two-body
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Nuclear Wave Functions

Nuclear Hamiltonian: Argonne vig® + Urbana IX®
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Nuclear Wave Functions

Nuclear Hamiltonian: Argonne vig® + Urbana IX®
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Use nuclear wave functions that minimize the expectation value of E
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The evaluation is performed using Metropolis sampling
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Nuclear Wave Functions

Variational wave function for nucleus in J state:

A A
=STL 1+ Ui+ U] |T]F(ri) | [0(UMTT3)).

i<j ki j i<j
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Variational wave function for nucleus in J state:

A A
=S |1+ Ui+ D Un| [T] %) | 19(IMTT3)).

i<j ki j i<j

Two-body spin- and isospin-dependent correlations
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Results




Event rate: dN do

dEr 7% dER
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Event rate:
vent rate ﬂocq)@ﬂ
dEr dEr

Flux factor: DM local density and velocity distribution

& ~ nvf(v)
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Event rate:
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Event rate:
vent rate ﬂocq)@ﬂ
dEr dEr

Flux factor: DM local density and velocity distribution
& ~ nvf(v)
Wimp-nucleus cross section: particle physics x hadronic & nuclear

physics
do ~ Op & Rnuc/ear

Focus on the cross section
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Nuclear response function

It is convenient to expand the total cross section in terms of nuclear
response functions:
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Nuclear response function

It is convenient to expand the total cross section in terms of nuclear
response functions:

do C2 O’,n_NA2
dg? A6 47rv?

)
|FO(q%) + FO(@?) + F(g?) — 2 D

Cis 40N

i 9g2mm3 lqi| Gy Omp
J(l) i) = & OxN — A T F — == /IZ
=5 |7 damry \om )| " 4

18



Nuclear response function
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Nuclear response function

It is convenient to expand the total cross section in terms of nuclear
response functions:
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Additional couplings do not introduce independent nuclear responses
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Radius correction

We define a “radius correction” as the percentual contributio of the NLO
one-body current to the total cross section:
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Two-body correction

Similarly, for the two-body current:
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Two-body correction

Similarly, for the two-body current:
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Two-body correction
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Two-body correction

Sources of uncertainty:
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e Cutoff dependence

e Sigma term, tension between
dispersion relation and
lattice-QCD calculation
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Total cross section
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Total cross section
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Conclusions

DM-nucleus scattering calculations for light nuclei, using QMC

e Light nuclei, first calculation for two-body currents in A =4,6

e Overall size of NLO correction of the order of few %, even assigning
a conservative estimate on the two-body matrix elements

e Our results provide nuclear structure input needed to assess the
sensitivity of future experimental searches of light dark matter using
3He and “He targets.
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Future studies

e Other mediators - Vector and Axial-Vector
e Moving beyond the hybrid approach: chiral interactions + QMC

e Exploring consistency of Weinberg power counting
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Thank you!
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