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Motivations



Why an effective theory approach to dark matter?

> |t only relies on basic symmetries describing the system in analysis, and
not on the unknown underlying theory

> It is therefore an ideal framework for model independent analyses of
upcoming dark matter experiments

» This generality comes at the price of many model parameters to explore

e However, modern programs make this approach feasible



What is the effective theory for dark matter-nucleon interactions?

> We are interested in interactions occurring in the Galaxy, where dark
matter is non-relativistic

» The relevant basic symmetries are therefore
e Galilean invariance

e Energy-momentum conservation

> We restrict to interactions mediated by a heavy spin-0 or spin-1 particle

» With these restrictions, the theory comprises
e 14 isoscalar interactions

e 14 isovector interactions



How can we probe this effective theory?

» The clustering of dark matter has inspired complementary strategies to
detect the particles forming the galactic halo

> Relevant for this talk
e Direct detection technique

e Indirect detection via energetic neutrinos from the Sun

> Observable/key quantities

e Rate of scattering events in a direct detection experiment
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Effective theory of DM-nucleon interactions



Building blocks

» The amplitude for dark matter-nucleon elastic scattering is restricted by

e Energy and momentum conservation — p, k, q
e Galilean invariance — v = p/m, — k/my

> |t also depends on the dark matter particle and nucleon spins, S, and Sy

» Any non-relativistic Hamiltonian leading to such a scattering amplitude
can be expressed as a combination of 5 Hermitian operators
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Hamiltonian for dark matter-nucleon interactions

> Only 14 linearly independent operators can be constructed, if we demand
that they are at most linear in Sy, S and ¥+

» The most general Hamiltonian density is therefore
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Hamiltonian for dark matter-nucleus interactions

» Assuming one-body dark matter-nucleon interactions, the Hamiltonian
density for dark matter-nucleus interactions is the sum of A terms:
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Transition amplitude

» The transition amplitude for dark matter-nucleus scattering is
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Multipole expansion

» The multipole expansion of the nuclear spin current for instance is
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e Overall, there are 6 nuclear response operators: M, ¥/, ¥/, & &' A



Transition probability (|M|?)spins

> |Intermediate steps:
e Assume that nuclear ground states are eigenstates of P and CP

e Sum (average) |M|? over final (intial) spin configurations

»> The result factorizes: “dark matter response” X ‘“nuclear response”
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Nuclear response functions

» Nuclear response functions are defined as follows
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e Overall, there are 8 isotope-dependent nuclear response functions

> Reduction || via Wigner-Eckart theorem
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Nuclear matrix element calculation

> Intermediate step:

e Consider a basis of single-particle states labelled by |

» The result factorizes: “many-body” x “one-body”
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Dark matter-nucleus scattering cross section

» The dark matter-nucleus scattering cross-section is
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> Remember that dor/dEr determines
e The rate of scattering events in a direct detection experiment

e The rate of dark matter capture by the Sun



Predictions of the theory



Two complementary analyses

1 Analysis of current (and future) direct detection experiments
o Key result: exclusion limits for ¢/, including correlations

e Focus on multidimensional statistical analysis
Catena and Gondolo 2014, 2 X Catena 2014

Fitzpatrick et al. 2013, Del Nobile et al. 2013, Anand et al. 2014, Panci 2014, Gresham et al. 2014

2 Analysis of the rate of dark matter capture by the Sun
e Key result: nuclear responses of the most abundant elements in the Sun

e Focus on nuclear physics
Catena and Schwabe 2015
Liang et al. 2014



Part |: analysis of direct detection data



Direct detection data

» Experimental data included in the fit:

e LUX
o XENON100
e XENON10

e CDMS-Ge
e CDMS-LT
e SuperCDMS
e CDMSlite

e PICASSO
e SIMPLE
e COUPP



Statistical framework

» We use both a Bayesian and a frequentist approach
»> Bayesian approach — marginal posterior probability density functions
Prnarg (61, 62]d) /d03...d9m79(@|d).

o Relatively small number of Likelihood evaluations
e Subject to prior and volume effects

» Frequentist approach — profile Likelihoods

Lyprot (d]61, 02) o ,max £(d|O®).
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e Computationally expensive (exact coverage?)
e Insensitive to prior and volume effects



An important example: LUX

R. Catena and P. Gondolo, JCAP 1409 (2014) 045
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Global limits: mass vs interaction strengths

R. Catena and P. Gondolo, JCAP 1409 (2014) 045
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c? vs ¢ correlation (2D profile likelihood)

R. Catena and P. Gondolo, JCAP 1409 (2014) 045
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Prospects (benchmark points)

R. Catena, JCAP 1407 (2014) 055

0,
3
o

2
Iogm(mv c,
o

)
N

0,
" g

2

Iogm(m

-4

1 3
0 ~ 2
S s
P o 1
R & o
8 3 P 8 S
" PO e -1 2
-5 -2
1 2 3 4 1 2 3 4
Iogm(mX/GeV) Iogm(ml/GeV)
4 4 3 4 oY
0P PPy 3 PAPDPO
sw» 2| P2 s 2 popo sw 2 1220
PP o PP e o e e
0 i
PP e E o E o E o
o 17 e S 2
=) =3 =)
< 2 < 2 < 2
-4 -4 -4
1 2 3 1 2 3 4 1 2 3 4 1 2 3
\ogm(mx/GeV) Iog‘o(mX/Ge\/) Iogw(ml/GeV) \ogm(mx/GeV)
4 4 4
& 2| e 2 2| ee 3 2
po. o POBL s T pop e
popo s 0 E o0 15 23 £ o0
RREY o e 2 po
S 5 g g )
16 24
-4 -4 -4
1 2 3 1 2 3 4 1 2 3 4 1 2 3
\ogw(mx/GeV) Iogm(mx/GeV) Iogw(mx/GeV) \ogm(mz/GeV)




Prospects (m, =50 GeV; c?, ¢, )

R. Catena, JCAP 1407 (2014) 055
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Theoretical bias (1)

R. Catena, JCAP 1409 (2014) 049
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Theoretical bias (I

)
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Part Il: dark matter capture by the Sun



Overview of our capture rate analysis

» For the 16 most abundant elements in the Sun, we calculate the
associated p/;l"g‘lm

> This is a shell-model calculation, performed with Nushell@MSU
Brown B A and Rae W D M 2007 MSU-NSCL report

> We convert 1/1‘6;;”5‘ into the 8 nuclear response functions, W, of the
general effective theory using the numerical package in
Anand N, Fitzpatrick A L and Haxton W 2014 Phys.Rev. C89 065501

» We use our nuclear response functions to compute C



Nuclear response functions vs. darksusy

R. Catena and B. Schwabe arXiv:1501.03729
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Selected capture rates: variety of different behaviors

R. Catena and B. Schwabe arXiv:1501.03729
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spin-spin vs. momentum-spin coupling

R. Catena and B. Schwabe arXiv:1501.03729
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Conclusions

» Current direct detection data contain sufficient information to
simultaneously constrain all dark matter-nucleon interaction operators

> In presence of a signal, multidimensional statistical analyses allow to
extract the correct dark matter-nucleon interaction from the data directly

> We calculated the 8 nuclear response functions generated in elastic dark
matter-nucleus scatterings for the 16 most abundant elements in the Sun

» \We computed the rate of dark matter capture by the Sun for all dark
matter-nucleon isoscalar and isovector interactions.



