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e Conclusions & Outlook



Dark matter

Dark matter makes up about 5/6 of the total matter in the Universe.

Evidence for dark matter

rotational curves of galaxies

e cosmic microwave background, large
structure formation

gravitational lensing, the Bullet Cluster

New type of particle provides simple
explanation. WIMP is a well motivated
candidate.

D. Gazda (Chalmers) Ab initio nuclear structure for dark matter searches 3



Dark matter

e particle with m, ~ 100 GeV

e interacts with Standard Model fields at ~ electroweak scale

WIMP dark matter searches

X X SM SM X SM
SM SM X X X SM
P_"OdUCtiO" annihilation scattering
collider searches indirect searches direct detection
v, v, CR telescopes deep underground detectors
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Dark matter direct detection & nuclear physics

Dark Matter Halo
®

Extent of Survey. \

around the Sun WIMPs and Neutrons
catter from the
- Atoric Naclfls
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Milky Way

taken from: CDMS collaboration
Typical (expected) nuclear recoil momentum can reach

1
g~200 MeV +— r~—=~1fm
q

Nuclear structure is resolved!
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Current status

e no signal — upper bounds on spin-independent cross section

c DAMA/Na XENONLIT Sensitivity in 2ty
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WIMP mass [GeV/c]
taken from: XENON collaboration, JCAP 1604, 027 (2016)
® 2017: XENONIT (run 0: arXiv:1705.06655 [astro-ph.CO], still collecting data),
PandaX-Il (arXiv:1708.06917 [astro-ph.CO])
® 2019: XENONNT, 2019+ LZ
® 2020+4: DARWIN (will reach the neutrino floor)
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e Quantify the impact of nuclear structure uncertainties on the
interpretation of data from dark matter searches.

e Apply ab initio methods in calculations WIMP scattering off:
e 3He, *He (detectors in R&D phase)

Jacobi-NCSM [Phys. Rev. D 95, 103011 (2017)]

e 160 (CRESST-II), °F (PICO experiment)
Slater-Derminant-NCSM

e Ge (SuperCDMS), Xe (XENON)
IM-SRG valence-space interactions + SM
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Dark matter — nucleus interaction

new physics ; Ayy — heavy mediators
__SM + DM EFT

vew — EW symmetry breaking

_5—flavor QCD + DM EFT

mc
3-flavor QCD + DM EFT

Aqcp — chiral symmetry breaking

heavy baryon chiral EFT + DM

mg
direct detection | NREFT
v
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Dark matter — nucleus interaction

new physics ; Ayy — heavy mediators
SM + DM EFT
vew — EW symmetry breaking

_5—flavor QCD + DM EFT L
Cirigliano et al.

(JHEP 1210, 25 (2012))

Menéndez, Gazit,
Schwenk, Klos et al.

| me (e.g. PRD 94, 063505 (2016))
3-flavor QCD + DM EFT

Aqcp — chiral symmetry breaking
heavy baryon chiral EFT + DM

Mz

direct detection § NREFT l Fitzpatrick, Haxton et al.
v ¥ ¥ (JCAP 1302, 4 (2013))
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Nonrelativistic EFT for DM—N(nucleus) interaction
Construct the most general form of dark matter—nucleon interaction.
(Fitzpatrick et al., JCAP 1302, 4 (2013))

e momentum conservation together with the requirement of Galilean
invariance identifies 4 basic operators:

iq, OJ‘ :\?‘f’ﬁ, SX’ SN
e all possible DM—N interaction terms (up to g2):

01 =1 Oy =8, - (3 x ;1)

O3 =i8y- (L x0t) Oro =iy - L

O =8, -8u On =iy o

Os =18, - (- xut) Oz =8, - (S x 0%)

0= (50 4) (3n- ) O =i(85*) (s34

O7 =8y -0t O =i (8- ;) (Sw-9+

O =8, -0t Ois == (8- L) [(Swxat) - 2]

No evidence to justify simple O1 + O, form!
e — DM-nucleus Hamlltonlan

A
:;ZZJ J()t()

J
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Nonrelativistic EFT for x — N/nucleus interaction

Rate of nuclear scattering events in direct detection experiments:

dR _ _rx

do
dg?

e astrophysics — my, py, f - dark matter mass, density, velocity distributions

/d3\7f(\7+ Ve)v

dg>  mam,

e particle and nuclear physics — 3—;’2
Scattering cross section:
di _ 1 Z ZRTT’ WTT/ + i Z RTT' WTT/
dq2 (2J + 1)V2 7 ! f/ é m%\l 1 " e é
7 Le=m' % (=0 " M,

' AAY

. ’ 2 ’
e dark matter response functions R" (v%z, ., cfcf)
N

e nuclear response functions W™ (¢?)
Uncertainties?
o py: £30%, f(¥): £? (important only for light DM), W/ ™" +777
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Nonrelativistic EFT for x nucleus interaction

e nuclear response functions:

WAT.‘;/(q2) = Z <J7 T, MTH AAL;T(q) HJv T, MT>(J7 T, MTH éL;‘r’(q) ||J7 T, MT>
[<2J

e A;.;, Bi.r — nuclear response operators:

A

Mimir(@) = D Mim(api)tly,
e

’ A 1 M
(@) = =i [g?p; x MLL(qu)] RGYOE
=1

ATl

S (@) = [va;MLM(qP;)} F (i)t
[
AL 1

Apprir () = DM (ap)) - ﬁ’p, e
=
A

, 1 1 1
CTEOEDS [(;?p, x Mn(qpi))(&'(i) x ;?p/> + oML@ae) - 5|

> 2 (i)
A 1 1 T

®ir (@) = i; (59,,,. MLM(qp/))'(ﬁ(f) x ;?m) i)
p

e nuclear ground-state wave functions |J, T, M)
calculated within no-core shell model
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No-core shell model

e all particles are active (no rigid core)

e exact Pauli principle
e realistic internucleon interactions

e controllable approximations

e Hamiltonian is diagonalized in a finite A-particle harmonic oscillator
basis

e NCSM results converge to exact results
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Input Hamiltonians

Vnn and Vynn potentials derived from chiral EFT

e NNLO;,,, Hamiltonian family (Carlsson et al., PRX 6, 011019 (2016))

e parameters fitted to reproduce simultaneously 7N, NN, and NNN
low-energy observables

Tebmax <195 290 MeV

Aepr < 450.... 600 MeV }—>42 Hamiltonians

e all Hamiltonians give equally good description on the fit data

® NNLOgpt (A. Ekstrom et al., PRL 110, 192502 (2013))
optimized 2-nucleon Vy; found to minimize the effect of Vyny

e NNLOg,¢ (A. Ekstrom et al., PRC 91, 051301 (2015))
optimized to reproduce 7N, NN, NNN + binding energies and radii
of selected isotopes of carbon and oxygen
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*He nuclear response functions and recoil rates
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Figure: Isoscalar nuclear response Figure: Differential rate of nuclear recoil
functions of *He as functions of the events as a function of the recoil
recoil momentum ¢ calculated within ab direction.

initio NCSM.

o only W,S,O, W‘gg, and Wg?,M dueto J=T =0
o for g — 0: WX oc A2, W2 (ZIAI(i) o (i))?

D. Gazda (Chalmers) Ab initio nuclear structure for dark matter searches 14



*He nuclear response functions and recoil rates
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Figure: Isoscalar nuclear response Figure: Differential rate of nuclear recoil
functions of *He as functions of the events as a function of the recoil
recoil momentum g calculated within ab direction.

initio NCSM and NI-SM.

o only W,e,o, W‘gg, and Wg?,M dueto J=T =0
o for g — 0: WX oc A2, W2 (ZIAI(i) o (i))?
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*He nuclear response functions and recoil
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Figure: Isoscalar nuclear response Figure: Differential rate of nuclear recoil
functions of *He as functions of the events as a function of the recoil
recoil momentum ¢ calculated within ab direction.

initio NCSM and NI-SM.

o only W,e,o, W‘gg, and Wg?,M dueto J=T =0
o for g — 0: WX oc A2, W2 (ZIAI(i) o (i))?
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3He nuclear response functions and

recoil rates

©10-3
16 30210
14
nr'=0,0 25
12 /;v«,(um. -1
2
10 20
L 08 7.7 =0,1(1,0) 15
ts e = 0.1(10) $M
06 10
04
05
02
00 0o
035
00 01 02 03 04 05 06
4 (Gev)
3
Lg 210
12
10
08
b L1 06
0.4
02
0.0 A
i 02
00 01 02 03 04 05 06 00 01 02 03 04 05 06
4 (Gev) 4 (GeV)

1.2

1.0

0.8 K

Yday ')

\

dR/dcosO (kg

0.4

0.2

0.0
-1.0

-0.5

0.0
cos
Figure: Differential rate of nuclear recoil

events as a function of the recoil direction.
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Figure: Nuclear response functions of 3He as functions of the recoil momentum g

calculated within ab initio NCSM and NI-SM.

o for g — 00 W oc A2, W9 o (S21(1) - 0(1))2, W o (NP o ()2, W o (24 1(1))2
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180 nuclear response functions
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Figure: Isoscalar nuclear response functions W% and W’ of 1°0 as functions of

the recoil momentum g calculated within ab initio NCSM.

e only WP, W), and W), dueto J=T =0
e for g — 0: W oc A2, WS, o (X11(i) - o (i))?
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180 nuclear response functions
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Figure: Isoscalar nuclear response functions W% and W’ of 1°0 as functions of
the recoil momentum g calculated within ab initio NCSM.

e only WP, W), and W), dueto J=T =0
e for g — 0: W oc A2, WS, o (X11(i) - o (i))?
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180 nuclear response functions
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Figure: Isoscalar nuclear response functions W% and W’ of 1°0 as functions of
the recoil momentum g calculated within ab initio NCSM.

e only WP, W), and W), dueto J=T =0
e for g — 0: W oc A2, WS, o (X11(i) - o (i))?
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F nuclear response functions
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Figure: Isoscalar nuclear response functions W and WY, of 1°F as functions of
the recoil momentum g calculated within ab initio NCSM.

® for g — 0: Wﬁ? x A?, W§9, x (ZIA o(i))?
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F nuclear response functions

40 1

30

20 1

10 4

04

==«s NNLOgpt, hw=20, N,
\ — = NNLOgp, hw=20,

NNLOgpt, hw=20, .
\ e NNLOope, hw=16-24, Ninax=4

0.0

0.6
q (GeV)
Figure: Isoscalar nuclear response functions W and WY, of 1°F as functions of
the recoil momentum g calculated within ab initio NCSM.
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Conclusions

e Ab initio framework for computation of nuclear response functions for
dark matter scattering off nuclei have been developed.

e Certain nuclear response functions suffer from large uncertainties
which propagate into physical observables.

e Ab initio nuclear structure calculations result in additional response
functions not appearing in SM calculations.

Phys. Rev. D 95, 103011 (2017)

Outlook:
e Heavier nuclei (IM-SRG + SM), ...
e Inelastic scattering, two-body meson-exchange currents, . ..
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