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2BCs— FINITE MOMENTUM TRANSFER: -

Gysbers et al., Nat. Phys. 15, 428 (2019)
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For calculation without approximating 2BCs in medium-mass or heavy nuclei:
Multipole decomposition of 2BCs helpful
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Nuclear theory crucial for extraction of BSM physics

— we need to include 2BCs at 6 + O/J Q
scattered Q %

neutrino

b nuclear
OSO rec0|l
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Engel and Vogel. Physics 11, 30 (2018) Del Castello, arXiv:2302.02843 (2023)
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Image credit: Artistic rendering by Christopher Dessert, Nicholas L. Rodd,
Benjamin R. Safdi, Zosia Rostomian (Berkeley Lab), based on data from the
Fermi Large Area Telescope.
https://www.space.com/dark-matter-haloes-ancient-galaxy-1st-weight-
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Takayuki Miyagi derived and implemented multipole decomposed 2BCs for inclusion at finite

momentum transfer — first application to M1 transitions

Miyagi et al., Phys. Rev. Lett. 132, 232503 (2024)
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DARK MATTER SCATTERING OFF NUCLEI

Dark matter candidate: weakly interacting massive particle (WIMP)

WIMP-nucleus interaction at low energies Relevant detector nuclei:

19F, 23Na,27AI,29Si,73Ge,127I and 129, 131)(e

Spin-ind 'd t (S Spin-dependent (SD
pin-independent (SI) P P (D) * Apply 2BCs at finite momentum transfer

Coherent contribution Response scaled by spin

of all nucleons in nucleus expectation of unpaired « multipole decomposition for 2BCs:
Response proportional to A? nucleon ground-state spin determines up to which
rank the multipole decomposed 2BCs need
WIMP Target Nucleus WIMP to be generated

from galactic halo in laboratory Elastic collision

..................

v~220 km/s v~0 km/s 1 Or
Er~30 keVr

« Bold nuclei: 1/2%7 — only rank 1 needed

Cooley, SciPost Phys. Lect. Notes 55 (2022)
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EXPERIMENTS

& SD WIMP-nucleus interaction

Many experimental efforts for direct detection

using different detector nuclei, e.g.

xenonexperiment.org
Xe: XENON, LZ, PandaX, ... 250 .
Sl SuperCDMS, . « « Supercdms.slac.stanford.edu

F PICO, .« s picoexperiment.com

For the video go to

xenonexperiment.org/time-
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Experimentalists model rate for events to search for
excess events (candidates for WIMP events)

2
Nuclear response needs to be knownto 40 _ _ 8Gr
model the rate for WIMP-nucleus dQ? (QJ+ 1p?

scattering events

5A(0%)

Electro

projection-chamber

Charge Signal

40 60
Light Signal

Figure taken from xenonexperiment.org/time-projection-chamber


http://xenonexperiment.org/time-projection-chamber
http://xenonexperiment.org/time-projection-chamber
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STRUCTURE FACTORS (SF) - 50

Decomposed into different contributions: _
withay = *a; =1

« Isoscalar (IS) and isovector (IV) contributions
o) S\(0) = a2,Son(Q) + gy Sy (Q) + a2S,(0)

Standard used in experiment

5a(Q) = Sp0(Q) — S01(Q) + 5;,(Q), neutron SF !
5,(Q) = Sp0(Q) + 51(Q) + 5;,(Q), proton SF Soo = 18 Sor = 1S -1V Sy =1v?

 Multipole decomposed contributions (L. = rank of operator) Each multipole can have IS and IV contributions

Leading 2BCs are purely 1V

Fermi-Gas
approximation

560 = Y |z + X ||

L>0 L>1

Multipole decomposed
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FERMI GAS (FG) APPROXIMATION

Hoferichter et al. Phys. Rev. D 94, 063505 (2016)

One-body current (1BC), IV part: Normal-ordered one-body part of 2BCs:
1 G(Q?) _
5 =57 6leMe- 222 @ 0)Q Ji2y = Z (= PpJ;
’ 2 dmg

J, (. Q) —gA @c +E<Q-ai>0

0a dependence:

o LECs: ¢y, C3, Cy, Cp, Cg

e Density: p = 21{;/(3%2) =0.09 ... 0.011 fm™ Analytical, can be easily added to 1BC

e Momentum transfer Q

2 _ P 4 c c _l _ 1 4 _
6a(Q”) —% l3 (31 (p, QD =17 (p, |Q|)> 3 <C3 4mN>I (p,1Q1)— c6(,0 Q) 4gA/\;(]
2

2 2 2 2
PO L | oien—nenMaQ” L L\ (o _2_aMi _ 9 (S P S (o P _ 310 __v QO
sat(0?))= 72 l 2(c3 2c1)(M2 B <¢3+c4 4m1v>] (p,1QD <12 3210 Iee(p.1Q1) - 2ioE |3 (Il(p,IQI)+I1 (p,IQI)>+ 3 (Il(p,|Q|)+I (p,IQI)) 37(p,1QD) Ggal, M2+ 0
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10—41 -
F (A): SI DM-nucleon scattering
24si 258i 10_42 '-
29a:. PR
- . Si: odd neutron g -
14 —~ 10743
.2“ 24Mg 25Mg 26Mg - ..-l- é) é
21Na 23Na 25Na i a § Lo-44 I PandaX-4T S2-only (2023)
20Ne 21Ne 22Ne W) CHRPLICY 19 Té ;
. s 10745 |
= | oF: 0dd proton = 1077
10-46 e neutrino fog
F O’Hare (2021)
4 6 8 10 12
DM mass [GeV/c?]
10736 | .
F (C): SD DM-neutron scattering
= 107 |
£ F
L
128Xe 129Xe 130Xe 131Xe 132Xe 6% 10_38 é-
o o
S [
5 10739 F
(] E
133Te ;
A 10740
132sp ‘1 3
129,1?41)(6 Odd neutron 129sn 130sn 131Sn|132sn 10741

DM mass [GeV/c?]
Figure modified from www.nndc.bnl.gov/nudat3

} Aprile et al., Phys. Rev. Lett. 134, 111802 (2025)
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SD-WIMP SCATTERING OFF NUCLEI

Klos et al., Phys. Rev. D 89, 029901 (2014) 10-41 ¢
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OUR WORK — INPUT AND METHOD

—.+-

E— Structure factors for
I SD dark mattering scattering off nuclei

19F, 29Si, 129% e and 131Xe
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RESULTS — °F AND %°Si
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Hoferichter et al.

— Full 2BC §, —— Full 2BC S, FG 2BC S, /74 FG 2BC S, Hu et al.
1.8/2.0 (EM) AN?LO¢o (394) | o 1.8/2.0 (EM) [3 AN?LOgo (394)
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WHAT IS INCLUDED IN EACH?
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—— Full 2BC S,

 VS-IMSRG
 LECs as in Hamiltonian
 Two interactions

— Full 2BC S5,

» Uncertainty (for Xe isotopes):

*XInteractions
*e€,,.x Variation

*hw variation
*Basis variation (HF and NAT)

¢ VS-IMSRG
« LECs as in Hamiltonian
 Two interactions

* NO2BC FG approx.

7777) FG 2BC S,

74 FG 2BC 5,

 Uncertainty:

*Interactions
x*e

* M@ variation

max variation

*Density range p

Hoterichter et al.

 Large scale shell model
* NO2BC FG approx.

» Uncertainty:
*LECs from yEFT
*Density range p

Hoferichter et al. Phys. Rev. D 94, 063505 (2016)
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Hu et al.

* VS-IMSRG
« NO2BC FG approx.
* LECs as in Hamiltonian Density range p

Hu et al., Phys. Rev. Lett. 128, 072502 (2022)

« Uncertainty:
*Interactions
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[ Full 2BC S, [ Full 2BC S, FG 2BC S, FG 2BC S, Hu et al. Hoferichter et al.
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FULL 2BC — MODEL-SPACE UNC.

=== HF, hw =12, epay =8  ====== HF, hw = 16, epax = 8 ————- NAT, hw = 16 for ?Xe and hw = 12 for ' Xe, epax = 10
= HF, hw = 12, epax = 10 == HF, hw = 16, enax = 10

——————10"}
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CONTRIBUTIONS FROM 2BCS — 12%Xe

2BCs contribution dominated by

1BC C3 c1/cq = 7cl5  |nteractions show stronger
B Tl 2BC I n - D differences for O > 100 MeV
10—1 L I s | 1I29}I< | I | 1I29>I<8I
; 1.8/2.0 (EM) AN2LOGo (394)
1072 ¢

(e [|[Orv]] /i)

200 50



SUMMARY
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Full 2BCs included in structure factors in 1°F, 2°Si, 12°Xe and 1’1 Xe
I31%e: strong cancellation for AN2LOgo(394) at low momenta

In lighter nuclei less differences between interactions OUTLOOK

¢z and ¢, dominate 2BCs at low momenta Apply our structure factors to
latest experimental results

[/ Full 2BC S, 1 Full 2BC S, FG 2BC S, 72771 FG 2BC S, Hu et al. Hoferichter et al.

1.8/2.0 (EM) | AN?LOg¢o (394)

Uncertainty quantification: yEFT
truncation, Bayesian analysis

Other nuclei:

. SN 18:3 23Na, 27A|, 7368, 127|
: 1.8/2.0 (EM— AN2LOGo (394)
e 1103

Coherent elastic neutrino-
}10 nucleus scattering

w1073

4 10—5

, : Spin-independent nucleus -
10745 100 100 200 0 100 0 100 5000 WIMP Scattering
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