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Large-scale nuclear structure calculations for spin-dependent WIMP scattering
with chiral effective field theory currents
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We perform state-of-the-art large-scale shell-model calculations of the structure factors for elastic spin-
dependent WIMP scattering off 12131 Xe, 1271, 3Ge, '°F, 2*Na, ?’Al, and *Si. This comprehensive survey
covers the nonzero-spin nuclei relevant to direct dark matter detection. We include a pedagogical
presentation of the formalism necessary to describe elastic and inelastic WIMP-nucleus scattering. The
valence spaces and nuclear interactions employed have been previously used in nuclear structure
calculations for these mass regions and yield a good spectroscopic description of these isotopes. We
use spin-dependent WIMP-nucleus currents based on chiral effective field theory at the one-body level and
including the leading long-range two-body currents due to pion exchange, which are predicted in chiral
effective field theory. Results for all structure factors are provided with theoretical error bands due to the

nuclear uncertainties of WIMP currents in nuclei.
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I. INTRODUCTION

About 25% of the energy density of our Universe
consists of dark matter, a form of matter that rarely
interacts with baryons and has eluded direct observation
so far [1,2]. This large-scale problem is closely connected
to new physics at the smallest scales, because dark matter
candidates arise naturally in extensions of the Standard
Model of particle physics [3]. Prominent dark matter
candidates are weakly interacting massive particles
(WIMPs). They are predicted in supersymmetric models,
as the lightest supersymmetric particles (typically neutra-
linos) and also in other Standard Model extensions like
models with extra dimensions. WIMPs are especially
promising candidates, because they account naturally for
the dark matter energy density established by observa-
tions [2]. Moreover, WIMPs interact with quarks, and
thus with baryonic matter, opening the door to direct
dark matter detection via elastic scattering off nuclei
[4]. Inferring properties of dark matter from direct detec-
tion therefore requires detailed knowledge of the structure
factors for WIMP scattering off strongly interacting
nuclei.

In this work, we focus on spin-dependent (SD) WIMP
scattering [5], which is relevant because WIMPs can carry
spin. In particular we assume spin 1/2 WIMPs, such as
neutralinos or other Majorana fermions. The detection of
elastic SD WIMP scattering has been the goal of several
past and ongoing experiments [6—12], using different
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nonzero-spin nuclei as target, but so far without evidence.
Evaluating the response of nuclei to WIMPs is challeng-
ing. First, it requires matching the WIMP-quark coup-
lings in a particular supersymmetric model to WIMP-
nucleon currents. Because quantum chromodynamics
(QCD) is nonperturbative at low energies, this is best
achieved using effective theories [13—16], in which spin-
independent and SD interactions generally enter in lead-
ing order. Second, the WIMP-nucleus response requires
reliable nuclear-structure calculations. This is especially
important for SD interactions, because the response de-
pends on how the spin of the nucleus is distributed among
nucleons (due to attractive interactions most of the nucle-
ons pair to spin zero). For the isotopes of interest [6—12],
this involves medium-mass to heavier nuclei and is a
challenging many-body problem. Previous calculations
of SD WIMP scattering off nuclei [5,17-23] have relied
on phenomenological WIMP-nucleon currents, and are
based on nuclear-structure calculations that can be im-
proved with recent advances in nuclear interactions and
computing capabilities. This work presents progress on
these fronts.

The typical momentum transfers involved in WIMP
scattering off nuclei are low and of order of the pion
mass. In addition, the typical momenta involved in low-
energy nuclear structure are similar. At these momentum
scales, chiral effective field theory (EFT) provides a sys-
tematic expansion in powers of momenta Q for nuclear
forces and for the coupling to external probes, based on the
symmetries of QCD [24,25]. In addition to the coupling
through one-body (1b) currents, generally at leading order,
two-body (2b) currents enter at higher order and are quan-
titatively important.
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In previous work [15] we have derived the currents for
SD WIMP scattering off nuclei based on chiral EFT,
including 1b currents and the leading long-range 2b cur-
rents due to pion exchange, which are predicted in chiral
EFT. As an application, we focused on the scattering off
129.131%e  as they provide the most stringent limits for
WIMP coupling to neutrons [26]. Our results have recently
been adopted as benchmark for the XENONI100 SD
WIMP-nucleon cross-section limits [12], and have also
been used in Ref. [27].

More generally, two-body contributions to weak neutral
currents have been shown to be key for providing accu-
rate predictions of neutrino-deuteron scattering at solar
neutrino energies for SNO [28,29]. Weak neutral cur-
rents based on chiral EFT have been explored for light
nuclei and neutrino breakup in core-collapse supernovae
[30-33], and 2b weak charged currents have been shown to
provide important contributions to Gamow-Teller transi-
tions and double-beta decays of medium-mass nuclei [34].
Following our previous work [15], Refs. [35,36] have
reported simple prescriptions to approximately include
the effects of chiral 2b currents in previous calculations
of SD WIMP-nucleus scattering.

This work expands Ref. [15] by presenting state-of-the-
art large-scale shell-model calculations that describe the
nonzero-spin states of all isotopes that are experimentally
relevant for SD WIMP direct detection: '2%131Xe, 1271
B3Ge, 19F, 23Na, 2’ Al, and 2°Si. The nuclear-structure cal-
culations are performed with interactions and valence
spaces that have been tested in these mass regions. Based
on the calculated ground states, we predict the structure
factors for elastic SD WIMP scattering, including chiral 1b
and 2b currents with an improved treatment of the
momentum-transfer dependence for higher momentum
transfers. We provide theoretical error bands due to the
uncertainties of WIMP currents in nuclei.

The outline of this article is as follows. In Sec. II, we
derive the WIMP currents in nuclei based on chiral EFT.
All microscopic inputs needed to compute the structure
factors of SD WIMP-nucleus scattering are discussed in
Sec. III. Combined with detailed appendixes, this includes
a pedagogical presentation of the formalism necessary to
describe elastic and inelastic WIMP-nucleus scattering. In
Sec. IV, we present large-scale nuclear-structure calcula-
tions that describe the nuclei relevant for SD WIMP direct
detection, and compare our results to experiment. We then
calculate the structure factors for elastic SD WIMP scat-
tering for all cases using chiral EFT currents. We discuss in
detail the role of 2b currents and their uncertainties; the
contributions of different multipole operators to the total
response; and the issue of proton/neutron versus isoscalar/
isovector decompositions of the structure factors. Finally,
we summarize in Sec. V and give an outlook for future
improvements of the nuclear physics of dark matter
detection.
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II. WIMP-NUCLEUS INTERACTIONS

A. Chiral EFT and WIMP currents

At the WIMP-quark level, the low-momentum-transfer
Lagrangian density £ for SD interactions is taken to be an
axial-vector—axial-vector coupling [5,37]:

L5 — f;/g [ Prjr () JA(r)

Gr _ -
= _ﬁ fd3r)(y75)('§Aqqus¢q, (D)

where G is the Fermi coupling constant, and J4 (r) and
Jj*(r) denote the hadronic current and the leptonic current
of the WIMP, respectively. y is the neutralino field, i, are
the fields of ¢ = u, d, s quarks, and Aq the neutralino-
quark coupling constants. The temporal components can
be neglected, because the velocities of WIMPs are
expected to be nonrelativistic with v/c ~ 1073. We also
neglect contributions to the Lagrangian density other than
axial-vector currents, such as polar-vector currents, which
are suppressed by the momentum transfer over the nucleon
mass p/m [5]. This approximation will be studied in a
future paper.

For the WIMP-nucleus response, the SD WIMP interac-
tion couples dominantly to a single nucleon, but also to
pairs of nucleons. At the one-nucleon level, the quark
currents are replaced by their expectation value in the
nucleon, leading to 1b axial-vector currents J;,. In the
nucleus, the currents are summed over all A nucleons:

A A
ZAq 17/q7’75 b= ZJi,]b = Z(ngb + J?,lb)’ )
q i=1 i=1

with the isoscalar J?,, and isovector J; |, parts.
The coupling of the isoscalar part is given by [5]

ay = (A, + Ay))(Au + Ad) + 2A,As, 3)

where Au, Ad, As are defined as ¢, yys¢, = Aqo/2,
with the nucleon spin o7/2. Therefore, J?,, = ayo/2, and
ag receives contributions from the isoscalar combination of
the # and d quarks to the spin of the nucleon, as well as
from the s quark. Analogously, the isovector coupling can
be written as

ay = (A, —A)Au—Ad) = (A, —A)ga, 4
where g, is the axial coupling constant. This shows that
the isovector part J?,, of the axial-vector WIMP-nucleon
coupling is identical, up to replacing a; by g4, to the axial-
vector part of the weak neutral current.

B. Coupling to one nucleon

The weak neutral current was derived within chiral
EFT for calculations of low-energy electroweak reactions.
At lowest orders Q° and Q2, there are only 1b currents.
For the isovector part of the axial-vector WIMP-nucleon
current, this leads to [15]
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where 7} denotes the isospin, p = p; — p’ the momentum
transfer from nucleons to neutralinos, and g,(p?) and
gp(p?) the axial and pseudoscalar couplings. The momen-
tum transfer dependence of g,(p?) and gp(p?) is due to
loop corrections and pion propagators. To order Q?, one
has [38]

2 2
gA(p):l_sz, ©)
8A AA
28 monF mgy
2y mpnt —4 i 7

with A, = 1040 MeV, pion mass m, = 138.04 MeV,
pion decay constant F, = 92.4 MeV, and g, = 13.05.
Chiral 1b currents are similar to the currents used in
previous calculations of WIMP scattering off nuclei [5].
The differences are that the 1/A% terms were neglected
and the Goldberger-Treiman relation was implicitly used to

write %{;) ~ m},L,ﬂ‘
but the former increases with momentum transfer.

The axial-vector part of the weak neutral currents is
isovector in the Standard Model, neglecting the strange
quark contribution to a in Eq. (3). Therefore, higher-order
0? contributions to the isoscalar WIMP-nucleon current
J? 1, = apo/2 depend on models of currents in the
nucleon. To order Q2, these lead to 1b currents with a
form-factor mass-scale ~A, [39] and without pion
propagator contributions. Because the isovector 1/A3%
terms contribute at the few percent level for the typical
momentum transfers in WIMP scattering, we chose
to neglect higher-order isoscalar current contributions,
as opposed to introducing a model dependence at
this level.

Both present few percent corrections,

3
J5 (0,0, P) =

22F2 3

1
3

# (o) et 1o = o) B

12m
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C. Coupling to two nucleons

At order Q3, 2b currents enter in chiral EFT [40]. We
consider their long-range parts due to pion exchange,
which are predicted in chiral EFT, and for medium-mass
nuclei were found to dominate over the short-range parts
[15]. Because of their pion-exchange nature, the axial-
vector part of the weak neutral 2b current is isovector,

sz = Zt</ Jl], Wlth
8a o)k
Jh = _ﬁ(ﬂ X 7'2)3(7’”% y [( ¢y t+ = )(0'1 X Kk,)

+ip1+pq+(1+é6)(o-1><q)—(1<—>2)])

4 12m
84 [73 (o) kDky | (o kz)kz] )
F2 el m%, + k% 2 m%, + k% ’

where k; = p/ —p;, and q = k; + k,. This improves
the treatment of the momentum-transfer dependence
compared to our previous work [15], as it does not make
the approximation of low-momentum transfers in the
currents [40]. As a result, two momentum transfers appear,
k, and k,, and also a new term proportional to 1 + &g,
which vanishes in the limit of zero momentum transfer.

As in Ref. [15], we take into account the normal-ordered
one-body part of chiral 2b currents. This is obtained by
summing the second nucleon j over occupied states in a
spin and isospin symmetric reference state or core which
we take as a Fermi gas: J¢5 =3 (1 — ) . The ex-
change operator P;; includes all two-body exchange con-
tributions. Normal ordering is expected to be a very good
approximation for medium-mass and heavy nuclei, be-
cause of phase-space restrictions of normal Fermi systems
at low energies [41].

The resulting effective 2b currents J¢%, are derived in
detail in Appendix A. We find that the leading long-range
2b currents lead to three different contributions. First, there
is a renormalization of the axial coupling [15],

T3 1 1
— gt P ( ( s +m)[li’(p, P — pl) + 17(p, [P + pl)]

+3(ea+ 5315, 1P = pl) = 17(0P = pI) + 318, 1P + pl) ~ 17(P + pI)]

L pl)w]), ©)

p)’ (P +p)?

which depends on the density p, the momentum transfer p and the total momentum P = p, + p/ (due to the exchange
terms). Such renormalization was also found considering chiral three-nucleon forces as density-dependent two-body
interactions [42]. Second, there is a contribution to the pseudoscalar coupling,

2¢ IP(p, P = pl) + I (p, IP + pl)
ff, P z 3 y s
I (p,p,P) = —ga— (p )P 2 (W - g(c3 + ¢4) 2
1+ é\[1 P- I P+
N ( 65)[ (o, | 2p|) n 6(p, | 2p|)i|)’ (10)
12m (P—p) (P+p)
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and third, chiral 2b currents induce pseudoscalar-type
currents depending on the total momentum,

I o p. )~gA—(p o)P, (11)
£f, P2 7}

lezb (pxp»P)~gA2f(P 0’)p> (12)
IS5 (0. p. P) ~ g4 '(P o,)P, (13)

whose analytical expressions can be found in Appendix A.
The functions I{(p, Q), I{(p, Q), I (p, Q), and 14(p, Q)
are given by integrals due to the summation over occupied
states in the exchange terms. They can be evaluated
analytically, and the explicit expressions are given in
Appendix A.

The contributions from 2b currents in Egs. (9)-(13)
depend on the density of the reference state p =
2k /(37%) (kg is the Fermi momentum) and on the low-
energy couplings c3, ¢4, and . For the density p we take
the range p = 0.10...0.12 fm~3, appropriate for the
nuclei considered (see also Ref. [34]). The low-energy
couplings c3 and ¢, also enter pion-nucleon and nucleon-
nucleon interactions and have been determined from data.
Here, we consider the c3, ¢4 values from the next-to-next-
to-next-to-leading order (N3LO) nucleon-nucleon (NN)
potentials of Entem and Machleidt (EM) [43] and
Epelbaum-Glockle-Meiliner (EGM) [44], as well as from
the NN partial wave analysis (PWA) [45]. To be con-
servative, we also consider the estimated uncertainty in
these values expected from higher-order contributions,
dcy = —8c, =1 GeV™! [24]. The resulting c; and ¢,
values are given in Tables I and II. We take &g = 5.83
from Ref. [46].

In Table I, we study the P dependence of the 2b current
contribution to the axial coupling, which we write as

3
?fsz(r(P’ P) = ng'i% F%J”(P, P), at p=0. We com-

TABLE I. Comparison of J?(p, P), which describes the axial
contribution at p = 0 from the normal-ordered one- body part of
—840:%5 #17(p, P),
evaluated at the Fermi gas mean value P2 = 6k%/5 and at P = 0
for a density p = 0.10 fm~3. The variation is shown for all c3, ¢4
sets considered, and the relative variation AJ?/J“ between the
Fermi gas mean value and P = 0 is given. The c¢; and J” values
are in GeV ™.

the long-range 2b currents, J$5 (p, P) =

s cs J°(p,P) J(p,P=0) AJO/J°
EM —-32 54 3.20 2.84 0.11
EM + éc¢; —22 44 2.57 2.26 0.12
EGM —-34 34 2.29 2.10 0.08
EGM + 6¢; —24 24 1.66 1.53 0.08
PWA —4.78 3.96 2.78 2.59 0.07
PWA + 6¢c; —3.78 296 2.15 2.01 0.06
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TABLE II. Values for all c¢3, ¢4 sets considered of the
long-range 2b current contributions 8a;(p = 0) (axial) and
daf(p = m,) (pseudoscalar) for the density range p =
0.10...0.12 fm™3. The c; values are in GeV ™.

c3 Cy da,(p=0)  8ai(p=m,)
EM -32 54 —(0.26...0.32) 0.29...035
EM + dc; -22 44 —(0.20...0.25)  0.23...0.29
EGM -34 34 —(0.19...0.24)  0.22...0.27
EGM + 6¢; —24 24 —(0.14...0.17)  0.16...0.20
PWA —478 396 —(0.23...0.29) 0.26...0.32
PWA + &¢; —3.78 296 —(0.18...0.23)  021...0.25

pare J(p, P) for the Fermi gas mean value P?> = 6k2/5
and P = 0 at a density p = 0.10 fm~3 and for the different
c3, ¢4 sets considered. Table I shows that the P dependence
is very weak: J7(p, 0) varies by less than 12% over the
relevant P range. For other densities in the range p =
0.10...0.12 fm™3 this variation is even smaller. Because
2b currents are a correction to the leading 1b currents, we
therefore set P = 0 in the axial 2b current contribution,
Eq. (9). As the contributions from Egs. (11)—(13) are
expected to be weaker, we therefore consistently set
P =0, so that only the standard pseudoscalar part,
Eq. (10), contributes. Finally to connect to our previous

work, for p = P = 0, both I{ and I lead to [15]

17(p,p=P=0)=I{(p,p=P=0)=1I5(p,p=P=0)
=1- %—i— Bk; arctan (:li), (14)

where I7(p,p = P =0) =0.58...0.60 depends only

weakly on the density in the range p = 0.10...0.12 fm 3.

For P = 0, the 2b current contribution to the axial part,
Eq. (9), can be written as a momentum- and density-
dependent renormalization 8a ( p),

IO = gaoi =+ aal(m (15)
with
P[] U \rag0 o
da\(p) = — F_2|:§ (C4 + E)Blz (p, p) — I{ (p, p)]
1 1 1+ &
+(=cy +—)17(p, p) — Ls(p, p) |.
3( c3 4m) 7(p, p) ( o ) o(p p)]

(16)

Similarly, we write the 2b-current contribution to the pseu-
doscalar coupling, Eq. (10), as a momentum- and density-
dependent renormalization Saf (p),

3
JetP = 7i

daf (p)
i,2b AE(P'O'I‘)P 12 )

7)

with
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p[—23p> c3+c
6af(p)=F—2[m2 +3p2 33 21%(p, p)
w w
1+¢
e, p)]. (18)

The ranges of da,(p) and daf (p) are given in Table II for
the c3, ¢4 values and the density range considered. We find
that 8a, (p) reduces the axial part of the current by 14%. ..
32% at p = 0. The momentum transfer dependence is
mild, as the reduction is 15%...36% at p =2m,.
Moreover, 8af(p) increases the pseudoscalar part of the
current by 16%...35% at p = m,.. At lower momentum
transfers this enhancement is weaker, while it is more
significant for higher p. These results are consistent with
studies of Gamow-Teller transitions and double-beta de-
cays [34]. As discussed in Ref. [15], in addition to the long-
range 2b pion-exchange currents, there are short-range 2b
currents for the isoscalar and isovector parts, which are
included as contact terms in chiral EFT. The isovector
short-range 2b parts only lead to small contributions [34].
Therefore, we neglect short-range 2b currents at this level,
which is also consistent with neglecting higher-order
(short-range) 1b isoscalar currents; see Sec. I B.

D. Combined response

Combining the 1b and the long-range 2b currents to
order Q3 in chiral EFT (replacing g, by a, for the latter),
the isovector part of the axial-vector WIMP current at the
normal-ordered one-body level is given by [15]

J21b+2b :% Ti [(gA(p ) + 5”1(17))

84
_ge(p?)  Saf(p)\
(- 2 e ap] a9

III. WIMP-NUCLEUS SCATTERING AND
STRUCTURE FACTORS

A. WIMP-nucleus scattering

The differential cross section for SD WIMP elastic
scattering off a nucleus in the initial state |i) to the final
state | f) can be obtained from the low-momentum-transfer
Lagrangian density of Eq. (1). A detailed derivation is
performed in Appendix B. The final result is [5]

do
—— [KFILIPIDI?
ap? @, +1) QWZYM/Z AE
$G2 (20)
=W Sa(p),

where the sum s;, s5; = *1 /2 is over neutralino spin
projections, and the sum M, M; is over the projections
of the total angular momentum of the final and initial states
J, J;, respectively; v is the WIMP velocity, and S,(p) the

PHYSICAL REVIEW D 88, 083516 (2013)

axial-vector structure factor. The structure factor can be
decomposed as a sum over multipoles L with reduced
matrix elements of the longitudinal L3 transverse electric

) 5 L.
T3, and transverse magnetic 7 ;% projections of the
axial-vector currents:

Sa(p) = D KIALININ + D (AN TN

L=0 L=1

+ AT PENTHP). 1)

The multipole contributions are obtained from the WIMP-
nucleus currents JA(r). At the effective one-body level,
chiral 1b and 2b currents lead to (see Appendix B for the
definition of the multipole operators and details of the
derivation)

i &l
li(p)=mi_zlz[ao+aﬂ <1+5a1(l?)

28 mpnF D’
s 2 : 2 +8af(p))]
2mg(p* +m7)

X[VEF My L1 (pr) +VEML 1 (pr)] (22)

el5 —
T (P) = \/2L+1

« Zl 1 [ao +ar (1 — 2A— + Sal(p)>]

X [_\/ZML,L—H(pri) + VL + 1ML,L—1(pri)]v
(23)

TS () = Z;[ao fapr (1 - 2A— + 5a1(p)>]

i=1
X My (pr;). (24)

The matrix elements of the operator M; ;/(pr;) =
Ju(pr)lY (%) o ]F (with L’ and o coupled to L) are given
in Appendix C.

B. Parity constraints

The different multipoles in Egs. (22)-(24) have
well-defined parity II, which can be deduced from the
definitions given in Appendix B, Egs. (B6)—(B8), and the
transformations under parity of

H(YLM) =(— 1)L,

and the parity of axial-vector one-body currents IT(J4) =
+1. For elastic scattering, where the initial and final states
of the nucleus are identical (J = J; = J;), only the multi-
poles with positive parity (II = +1) contribute to the
structure factor, so that we have

I(V)=—1, H(YL“)_(_I)L:
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ML) = (—1)- = L odd,
M(T5) = (— 1)+ = L odd,
I(T"®) = (—1)L = L even.

Hence, for elastic scattering only the odd-L multipoles of
the longitudinal and transverse electric operators and only
the even-L multipoles of the transverse magnetic operator
contribute. This is also the case for inelastic scattering
between initial and final states of the same parity. For
inelastic scattering involving different parity states, the
above constraints get reversed.

C. Time-reversal constraints

For elastic scattering, time-reversal invariance also con-
strains the multipoles that contribute to the structure factor.
We can write the reduced matrix elements of the sum over
one-body operators Oy (i) as [13]

A
I 0L ~ S W,G, NGO
i=1 /‘,j’

+ (=GO, 25)

where W;(j, j') denotes the one-body density matrix, and
the sum is over single-particle total angular momenta j, j/
(for simplicity, we have suppressed the sums over radial
quantum numbers 7, n’ and orbital angular momenta [, I').
Therefore, the symmetry properties of the matrix elements
under exchange of initial and final states determine the
allowed L contributions to elastic scattering. The relevant
operator for SD WIMP-nucleus scattering is M, ;/,
whose matrix elements are given in Appendix C. They
transform as

1, 1,
<n’l’EJ’IIML,L(pri)IInl§J>

1 L
= (0 (3 IMy (ol 5 5). 26)

1 1
"= j My g« Nnl=j
(w0330 (et )

- 1. 1,
= O (S AIMy e (ol 5 7). 27

Therefore, from Eq. (25) it follows that only the multipoles
with M; ;+, contribute to elastic scattering. Considering
the different multipoles in Egs. (22)—(24), we thus have

JNT™) gy = 0, (28)

so that the transverse magnetic multipoles do not contrib-
ute to elastic scattering.

PHYSICAL REVIEW D 88, 083516 (2013)

D. Structure factor for elastic SD scattering

As a result, the structure factor for elastic SD WIMP
scattering off nuclei is given by [5]

Sa(p) = > (TNLLPIDP + KINTS(pINP),  (29)

L odd

and only odd-L longitudinal and electric transverse
multipoles contribute.

IV. RESULTS
A. Spectra

The calculation of the structure factors requires a reli-
able description of the nuclei involved in the scattering
process. We perform state-of-the-art large-scale shell-
model calculations of the nuclear states using the code
ANTOINE [47]. For each nucleus, we solve the many-body
problem in an appropriate valence space, which depends on
the nuclear mass region. In all calculations, we use nuclear
interactions that have been previously employed in nuclear
structure and decay studies. To test the quality of the
structure calculations, we first compare the theoretical
with the experimental spectra for all relevant isotopes.

1. 129X€, 131X6, 127I

For the heaviest nuclei for SD WIMP scattering, '*°Xe,
131Xe and '?7I, the valence space for both protons and
neutrons comprises the 0g7,,, 1ds;, 1d3/, 25,7, and
0h, /, orbitals on top of a '%Sn core. For *'Xe we perform
an exact diagonalization in this space. However, in order to
make the calculations feasible for '2Xe, the number of
particle excitations from the lower-lying 0g7/,, 1ds/, orbi-
tals into the 1ds,,, 25,5, and Oh;;/, orbitals was limited
to three. With these restrictions the matrix dimension for
this space is 3.5 X 10%. Similarly, for '?’I the number of
excitations into the 1d3/,, 2s;/,, and Oh,;/, orbitals was
limited to four, leading to a matrix dimension of 4.3 X 108,
For this valence space we have used the so-called
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> 700 512, 32" =
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S E 12 12 ]
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100 32 . e — -
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i) 12" _ 32" 32" =
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FIG. 1 (color online). Comparison of calculated spectra of
129Xe and '3' Xe with experiment.
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FIG. 2 (color online). Comparison of the calculated '*’I
spectrum with experiment.

GCNS5082 interaction [48,49], which is based on a
G-matrix with empirical adjustments, mainly in the mono-
pole part, to describe nuclei within this region. The same
interaction and valence space have been used to study
nuclear structure and double-beta decays in Refs. [48-51].
Figure 1 shows the excitation energies of the lowest-
lying states of '?Xe and '3!Xe in comparison with experi-
ment (all energies are measured from the ground state).
These spectra have been previously presented in Ref. [15].
In Fig. 2, we show the spectrum of '?’I. For all three cases,
the experimental ground state and the overall ordering of
the excited states are very well described. This represents
a clear improvement with respect to previous work [23],
and validates the interaction and valence space used. Note
that for '>’I the spin and parity assignment for some
experimental states are not known. These states are absent
in our calculated spectra, which suggests that they have
significant contributions from orbitals lying outside the
valence space considered in the present calculations.

2. 13Ge

For 3Ge, the valence space for both protons and neu-
trons comprises the 1ps/5, 0fs/2, 1p1/2, and 0gg/, orbitals
on top of a **Ni core. The calculations are performed in the
complete space. We compare results for two different
interactions, the so-called GCN2850 interaction [48,49]
(Int. 1 in the following) and the RG interaction [52]
(Int. 2). Both are also based on a G-matrix, with mainly
monopole empirical adjustments for this region. They have
been employed in beta and double-beta decay studies,
Refs. [48,49] for Int. 1 and Refs. [52,53] for Int. 2. The
former was also used in a smaller valence space for the
description of 73Ge in Ref. [13].

In Fig. 3 we compare the resulting spectra with experi-
ment. We find that the ground state and the overall ordering
of states is much better reproduced by the Int. 2 interaction.
In particular, the structure of three of the lowest-lying
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FIG. 3 (color online). Comparison of calculated 73Ge spectra,
using Int. 1 and Int. 2 interactions (for details see text), with
experiment.

states and the gap between them and the higher-lying states
are well described. In contrast, the Int. 1 interaction pre-
dicts a 1/27 ground state, in disagreement with experi-
ment, and the general spacing of the spectrum is not well
described. Consequently, the Int. 2 interaction will be the
preferred one in this work. Nevertheless, we will also keep
the Int. 1 case, in order to study the sensitivity of the
structure factor to the different nuclear interactions. It is
important to note that the first excited state, which is a
5/27 state, is at too high excitation energy in both calcu-
lations. This suggests that an extended valence space,
probably including the higher-lying 1ds/, orbital, is needed
to account for this state. This was also observed in
Ref. [17]. A reliable description of the 5/2% state will be
crucial for the study of inelastic scattering off 3Ge.

3. F, BNa, YAl ¥Si

The valence space of the four lighter nuclei '°F, 2*Na,
27Al, and ?°Si is the sd shell, which comprises the 0ds 5,
Lsy/», and 0d3, orbitals, with a 160 core. Full calculations
in this valence space are easily performed. In previous
works [13,17,18,20,21], the USD interaction [54] was
employed. This interaction consists of a best fit to selected
nuclei in this mass region. Here, we use the more recent
USDB interaction [55], which is an improved version of
USD. The difference between the two interactions is small;
see Sec. IV B. In Figs. 4 and 5 the positive-parity excited
states of all four nuclei are shown compared to experiment
(in the sd shell only positive-parity states can be obtained).
The agreement with experiment is very good in all cases,
both for the ordering and the quantitative reproduction of
the excitation energies.

B. Spin expectation values

In the limit of low momentum transfer, p = 0, the
structure factor for elastic SD WIMP scattering is given
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by the proton and neutron spins S, = >%,0:/2 and
S, = XN, /2 in the nucleus [5]:

1
Sa(0) = El(ao +a)UIIS, I + (ag — ap)IIS, NP
(30)

=(2J+ DNJ+1)

4] G

(ag +a})(8,) + (ag — a}){SI%
where a} = a,(1 + 8a,(0)) includes the effects from
chiral 2b currents. The spin expectation values are defined
as (S, ,) = IM=1JIS; |IM = J).

We list our calculated spin expectation values (S,, ,) in
Table III in comparison to previous calculations. As ex-
pected for odd-mass nuclei with even number of protons
(122B1Xe, BGe, and Si) KS,)| > [(S,)|, while for
odd-mass nuclei with an even number of neutrons
("F, #Na, Al and ") [{S,)| < [(S,)]. As a result,
the WIMP coupling to the even species will be suppressed.

PHYSICAL REVIEW D 88, 083516 (2013)
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FIG. 5 (color online). Comparison of calculated spectra
?7Al and ?°Si with experiment.

Moreover, the sensitivity to the precise value of the even
species spin is very weak when chiral 2b currents are
included. This is shown in Sec. IV C. Chiral 2b currents
lead to an interaction of neutrons and protons that over-
whelms the direct WIMP coupling to the suppressed spin
expectation value, so that the structure factors are almost
entirely determined by the dominant (S,,,,) (for odd neu-
tron/proton isotopes).

The spin expectation values of the lighter nuclei, '°F,
23Na, ?’Al, and ?°Si in Table III are very close to those of
Refs. [13,17,18,20,21] due to the similarity of the USD
and USDB interactions. This indicates that the structure
for these nuclei is under good control. For 7*Ge we find a
weak sensitivity of the dominant (S,) value comparing
the preferred Int. 2 interaction (““This work’) to the Int.
1 interaction. This range is smaller than the one in
previous calculations of Refs. [13,17,19,22], suggesting
that the latter may have an even larger variation in
the spectra due to truncations or deficiencies in the
interactions used. Also for the heavier nuclei, 2>131Xe,

TABLE III.  Calculated spin expectation values for protons (S,) and neutrons (S,,) of 123! Xe, 1271, Ge, #Si, ’Al, »*Na, and '°F,

compared to the previous calculations of Refs. [13,17-23].

129)(e 131)(e 1271 73Ge 29Si 27A1 23Na 19F

S,) S,y (S S,) S Sy S (S, S (S, (S (S, S S S Sy
This work 0329 0.010 —0.272 —-0.009 0.031 0342 0.439 0.031 0.156 0.016 0.038 0.326 0.024 0224 —0.002 0.478
(Int. 1) 0.450 0.006
[20] (Bonn A) 0.359 0.028 —0.227 —0.009 0.075 0.309 0.020 0.248
[20] (Nijm. IT) 0.300 0.013 -0.217 —0.012 0.064 0.354
[18] 0.030 0.343
[17] 0468 0.011 0.13 -0.002
[19] 0.378 0.030
[23] 0273 —0.002 —0.125 —7 X 107* 0.030 0.418
[22] 0.038 0.330 0.407 0.005 0.020 0.248
[21] 0.133 —0.002 0.020 0.248 —0.009 0.475
[13] 0248 0.007 —0.199 —0.005 0.066 0.264 0.475 0.008 0.020 0.248 —0.009 0.475
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and '?’1, we have performed calculations in the largest
spaces to date and with tested interactions. For 12131 Xe,
the comparison to previous results is discussed in detail
in Ref. [15]. For the dominant (S, ) values for '2>131Xe,
and the dominant (S,) value for '?I, the difference to
previous calculations of Refs. [13,20,22,23] is about 25%
(and 55% for 131Xe). We attribute these differences to the
sizable truncations of the valence spaces in those calcu-
lations and because the interactions used have not been
as well tested.

C. Structure factors
1. Isoscalar/isovector versus proton/neutron

The structure factor S,(p) can be decomposed in terms
of its isoscalar and isovector parts S;;(p), characterized by
the isoscalar and isovector couplings a, and a;:

Sa(p) = a3Soo(p) + apa;Sei(p) + atSy(p). (32)

However, it is common in the literature to use the struc-
ture factors S,(p) and S,(p), which are referred to as
“proton-only” and ‘‘neutron-only,” respectively. They
are defined by the couplings ay, =a; =1 (“proton-

only”) and ay; = —a; = 1 (“‘neutron-only”’) and are thus

related to the isoscalar and isovector structure factors by
S,(p) = Soo(p) + So1(p) + S11(p), (33)
Sx(p) = Soo(p) = So1(p) + S11(p). (34)

The origin of the ‘“proton/neutron-only” structure factors
can be understood from Eq. (31). When 2b currents are
neglected, at p = 0 the “proton/neutron-only” structure
factors are determined entirely by the proton/neutron spin
expectation values. Moreover, when the higher-order iso-
vector parts in 1b currents are neglected, this separation
also holds for p > 0. Because for odd-mass nuclei there is
a clear hierarchy of the spin expectation values (with either
IS, ) > [(S,)| or [KS,)] > [(S,)I), the proton/neutron
decomposition is useful to capture the dominant parts of
S4(p). For this reason, and because it is common experi-
mentally, we will also largely consider the proton/neutron
decomposition here. This is merely a convenient choice of
ag, a; couplings, but the notation *““proton/neutron-only” is
misleading, because it does not imply that the coupling is
to protons/neutrons only. Strong interactions between nu-
cleons in 2b currents, as well as the isovector nature of
pseudoscalar and other Q% 1b currents, mean that WIMPs
effectively couple to protons and neutrons in nuclei. In fact,
with 2b currents, both S,(p) and S, (p) are determined by
the spin distribution of the odd species.

In the following, we present structure factors as a
function of u = p?b*/2 with harmonic-oscillator length
b= (h/mw)/? and hw = (45473 — 25472/3) MeV.
When 2b currents are included, we provide theoretical error

PHYSICAL REVIEW D 88, 083516 (2013)
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FIG. 6 (color online). Structure factors S p(u) (solid lines) and
S, () (dashed) for '?°Xe (top panel) and '3'Xe (bottom panel) as
a function of u = p?b?/2. The harmonic-oscillator lengths are
b = 2.2853 fm and b = 2.2905 fm for '**Xe and '3 Xe, respec-
tively. Results are shown at the 1b current level, and also include
2b currents. The estimated theoretical uncertainty is given by the
red [S,(u)] and blue [S,(u)] bands.

bands due to the uncertainties in WIMP currents in nuclei;
see Table II. This takes into account the uncertainties in
the low-energy couplings c3, ¢4 and in the density range
p=0.10...0.12 fm 3.

For '»Xe and '3'Xe the predicted isoscalar/isovector
structure factors Sgo(u), So;(u), and S;,(u) were discus-
sed in detail in Ref. [15], and they were compared to the
previous calculations of Refs. [20,23] (see also Sec. IV B).
Here, we present in Fig. 6 the proton/neutron structure
factors S,(u). At the 1b current level, the results at
p = 0 are determined by the spin expectation values.
Chiral 2b currents provide important contributions to the
structure factors, especially for p < 100 MeV, where we
find in Fig. 6 a significant increase of S, (). This is because
with 2b currents, neutrons can contribute to the ‘““proton-
only” (ag = a; = 1) coupling due to the axial da,(p)
contribution in Eq. (31). For S,(u), 2b currents lead to a
small reduction in the structure factor, depending on the
momentum transfer. This is caused by the combined
effect of the axial 8a;(p) and the pseudoscalar daf(p)
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FIG. 7 (color online). Decomposition of the isovector structure
factor S;,(u) for 3'Xe. At the 1b current level, the full result
(solid, black lines) and the contributions from transverse electric
(dashed, blue) and from longitudinal (dot-dashed, green) multi-
poles are shown. The top panel gives also the full 1b plus 2b
current result (red band), while the middle/bottom panels show
the 1b plus 2b results when only transverse/longitudinal
multipoles are included (blue/green band). The bands give the
estimated 2b-current uncertainty.

contributions. To better understand how these different
contributions enter, we study a multipole decomposition
of the structure factors.

2. Multipole decomposition

In Fig. 7 we show the transverse/longitudinal decom-
position of the results with 1b as well as 1b plus 2b
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FIG. 8 (color online). Structure factors S, («) (top panel) and
S,(u) (bottom panel) for '3'Xe. At the 1b current level, the full
results (solid, black lines) are compared with the contributions
from transverse electric (dashed, blue) and from longitudinal
(dot-dashed, green) multipoles.

currents for the isovector structure factor S;;(u) of '3'Xe
(the long-range 2b currents are isovector). The different
2b current contributions can be clearly seen in Fig. 7.
In the middle panel, where only the transverse electric
multipoles are taken into account, 2b currents reduce the
1b result due to the negative axial Sa;(p) values in
Table II. We observe that the relative reduction depends
on u# and becomes more important at higher momentum
transfer. The bottom panel shows the longitudinal multi-
poles, where both axial 8a;(p) and pseudoscalar daf(p)
2b current contributions enter. At zero momentum trans-
fer we find a reduction of the structure factor, driven by
Sa,(p), but at u ~ 0.7, p ~ 100 MeV, this turns into an
enhancement due to da¥(p). In the upper panel, the full
1b plus 2b band is given, where the final reduction or
enhancement over the 1b result, for a given u value,
depends on the relative impact of the transverse electric
and longitudinal multipoles.

It is interesting to study the transverse/longitudinal de-
composition at the 1b level, as shown in Fig. 8 for S, (u)
and S,(u) of ¥'Xe. While both multipoles contribute to
S, (u) (their relative importance depends on u), S,(u) is
completely dominated by the longitudinal multipoles
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FIG. 9 (color online). Decomposition at the 1b current level
of the ¥'Xe structure factor S,(u) (solid, black line) in
L =1 (dashed, violet) and L =3 (dot-dashed, orange)
multipoles.

except at p = 0. In 131 Xe almost all of the spin is carried by
neutrons, so S, (0) is very small at the 1b level. However,
for p > 0 the (isovector) pseudoscalar currents allow neu-
trons to contribute to S ,,(u), leading to a steep increase in
the longitudinal contribution to S p(u). Because pseudosca-
lar currents only contribute to the longitudinal multipoles,
the transverse part from the protons also remains very
small for p > 0.

Another way to decompose the structure factors is in
terms of the different L values of the multipoles.
Because the ground state of '»°Xe is 1/2", only L = 1
contributes. For 3!'Xe, with a 3/2" ground state, L = 1
and L = 3 multipoles enter (even-L multipoles are for-
bidden due to parity; see Sec. III B). The L decomposi-
tion of the 3'Xe structure factor S,(u) is shown in
Fig. 9, for simplicity at the 1b current level. We observe
that the L = 3 multipoles dominate for 1.5 = u < 5. As
a result, the structure factors fall off considerably more
slowly for '3!'Xe compared to '*Xe, where only L = 1
contributes.

3. 3Ge

Figure 10 shows the structure factors for 3Ge for the
different Int. 1 and Int. 2 interactions (the latter is preferred
based on the spectra; see Fig. 3). The structure factor S,,(u)
differs by less than 10% between the two interactions.
At the 1b current level, S, (u) for low momentum transfers
is substantially smaller for Int. 1, due to the very small (S p>
value. However, when 2b currents are included, also for
S p(u) the contributions from neutrons are dominant, which
translates to similar structure factors for the two interac-
tions. This is because of the similar (S,) values (see
Table IIT) combined with the neutron-proton coupling
through 2b currents.
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FIG. 10 (color online).  Structure factors S p(u) (solid lines) and
S, (1) (dashed) for 3Ge calculated using the Int. 1 (GCN5028,
top panel) and the Int. 2 interaction (RG, bottom panel) as a
function of u = p?b?/2 with b = 2.1058 fm. Results are shown
at the 1b current level, and also including 2b currents. The
estimated theoretical uncertainty is given by the red [S,(u)]
and blue [S,(u)] bands.

4. 1271’ 191::’ 23Na, 27Al, 29Si

In Figs. 11-13, we show the structure factors S, (u) and
S, (u) for 1271, 1°F, *Na, *’Al, and *°Si at the 1b current
level and including 2b currents. The dominant structure
factor is the one for the odd species. Therefore, for 2°Si
S, (u) dominates, while for the other isotopes S ,(u) is the
main component. All the features discussed for '3!Xe in
Sec. IV C2 translate to these isotopes as well: the structure
factors for the nondominant “proton/neutron-only” cou-
plings are strongly increased when 2b currents are in-
cluded. For the dominant structure factor, 2b currents
produce a reduction, by about 10%-30% at low momen-
tum transfers, which at large u can turn into a weak
enhancement due to the 2b current contribution to the
pseudoscalar currents. This is most clearly seen for '°F in
the top panel of Fig. 12, where we also show the isoscalar/
isovector structure factors Sqo(u), So;(u), and S;;(u). Note
that the structure factor Sy, («) vanishes at the point where
S, (u) and S, (u) cross.
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FIG. 12 (color online). Structure factors for '°F as a function
of u = p?b?/2 with b = 1.7608 fm. Top panel: Isoscalar/iso-
vector Sgo(u) (solid line), So;(u) (dashed), and S;;(x) (dot-
dashed) decomposition. Bottom panel: Proton/neutron Sp(u)
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currents. The estimated theoretical uncertainty is given by the
red [Sy;(u), S,(u)] and blue [Sy;(u), S,(«)] bands.

PHYSICAL REVIEW D 88, 083516 (2013)

———— 7 T T
- _ Sp(u) 1b currents
0.1 Na -- S, () 1b currents =
- Sp(u) 1b + 2b currents ]
= S (W 1b + 2b currents |
= o001 .
a ]
0001E  TTm---%
P U S S B
1 3 4 ]
— S (u) 1b currents 1
27 P
Al -- S, (u) 1b currents
0.1 == S (u) b+ 2b currents 3
- Sn(u) 1b + 2b currents
S
o
0.01
0.001
M I R R R
0.1 3
— S (u) 1b currents
29.. P
Si -~ S (u) 1b currents
- Sp(u) 1b + 2b currents
0.01 == S (u) 1b + 2b currents
z
=
0.001
0.0001
0 1 2 3 4 5
u

FIG. 13 (color online). Structure factors S p(u) (solid lines) and
S, (1) (dashed) for *Na (top panel), 2’ Al (middle panel), and
29Si (bottom panel) as a function of u = p?b?/2, with harmonic-
oscillator lengths » = 1.8032 fm (**Na), b = 1.8405 fm (*’Al),
and b = 1.8575 fm (®Si). Results are shown at the 1b current
level, and also including 2b currents. The estimated theoretical
uncertainty is given by the red [S, ()] and blue [S,(u)] bands.

V. CONCLUSIONS AND OUTLOOK

This work presents a comprehensive derivation of SD
WIMP scattering off nuclei based on chiral EFT, including
one-body currents to order Q” and the long-range Q3 two-
body currents due to pion exchange, which are predicted in
chiral EFT. Two-body currents are the leading corrections
to the couplings of WIMPs to single nucleons, assumed in
all previous studies. Combined with detailed appendixes,
we have presented the general formalism necessary to
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describe both elastic and inelastic WIMP-nucleus
scattering.

We have performed state-of-the-art large-scale shell-
model calculations for all nonzero-spin nuclei relevant to
direct dark matter detection, using the largest valence
spaces accessible with nuclear interactions that have
been tested in nuclear structure and decay studies. The
comparison of theoretical and experimental spectra dem-
onstrate a good description of these isotopes. We have
calculated the structure factors for elastic SD WIMP scat-
tering for all cases using chiral EFT currents, including
theoretical error bands due to the nuclear uncertainties of
WIMP currents in nuclei. Fits for the structure factors are
available upon request.

We have studied in detail the role of two-body currents,
the contributions of different multipole operators, and the
issue of proton/neutron versus isoscalar/isovector decom-
positions of the structure factors. The long-range two-body
currents reduce the isovector parts of the structure factor at
low momentum transfer, while they can lead to a weak
enhancement at higher momentum transfers. Moreover, we
have shown that for odd-neutron (odd-proton) nuclei, two-
body currents lead to a significant increase of the “‘proton-
only” (“neutron-only’”) structure factors, because of
strong interactions between nucleons through two-body
currents that allow the odd species carrying most of the
spin to contribute. This implies that WIMPs effectively
couple to protons and neutrons in nuclei, so that the nota-
tion “‘proton/neutron-only”’ is misleading. In fact, with 2b
currents, both “proton/neutron-only” structure factors are
determined by the spin distribution of the odd species.

Future improvements of the nuclear physics of dark
matter detection includes developing shell-model interac-
tions based on chiral EFT, where the present frontiers are
semimagic nuclei up to the calcium region [56-61],
ab initio benchmarks for the lightest isotope '°F, and
expanding the valence spaces (especially for germanium).
In addition, a full treatment of the one- and two-body
currents would require us to renormalize them to the
valence space of the many-body calculation, which can
lead to additional contributions to the currents. This and
going beyond the normal-ordering approximation will be
pursued in future work. Moreover, we plan to investigate

PHYSICAL REVIEW D 88, 083516 (2013)

other responses [13] based on the same large-scale nuclear-
structure calculations presented here.
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APPENDIX A: CALCULATION OF THE
EFFECTIVE ONE-BODY CURRENT Jffsz

We calculate the normal-ordered 1b part of 2b currents
by summing the second nucleon over occupied states of a
spin and isospin symmetric reference state or core, which
we take as a Fermi gas:

?fob = Z(l - Plj)Jlj’ (Al)
where the sum is over occupied states, J is the 2b current
defined in Eq. (8), and P;; is the exchange operator. In this
approximation, the momenta k; and k, in the direct (d)
and exchange (ex) contributions are given by

ki =p;—p;=-p, (A2)
ket = Phid = p, — ?, (A3)
ki=p/ —p;=0, (A4)

where we have used that the initial and final momenta of

the nucleon in the occupied state are identical, p; = p}.

The nonvanishing contributions to J¢&3, can be grouped

into five terms, arising from Eq. (8): the direct (d) and
exchange (ex) terms of the c; term, as well as from the
exchange c4, pi, and ¢4 terms. They read

3 3

ff.d ga 7 1 ke c3 _ 8AP T; (p-o;)p

;czb (6'3 tem) 2F72,. 3 (277_)3 [0 m%T + p2 (p : o'i)pdSPj - F%- E C3 m%r + p2 ’ (A6)
eff X (01 term) = _8a T 4 1 I:/kF 3 (kS - o )k dp; + [kF 3 (K - o, K ]
Jiop (c3 F2 2 @ar2l)o mE+ (k)2 AN Y o mZ+ (k) j i)Kjap;

_gp Tl o, _ P _ Y. - -

=T m 2 663[11 (p, 1P —pho; + I"(p, IP —p)(P —p) - o)(P —p) + I{(p, |P + pl)o;
+1%(p, [P + p))(P + p) - )(P + p)], (A7)
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3
ff, 8A T; 1 4 1 ke 1 3
I egterm) = 2 2 (e ) e, T e KT X @ kD

ke 1
+ | —5—5k® X (o; X k) ]
_/(.) m%T-i-(kj")2 e 74P

73
— 8P T 1<C4 + ﬁ)[(ﬂg(p, [P —pl) — I{(p, IP —pl) + 315 (p, [P + pl) — I{(p, [P + p|))o;
—IP(p, [P — p)(P—p) - )(P—p) — I’(p, IP + p)(P + p) - &)(P + p)], (A8)

3 ke (p; + T (g, - k& ke (p; + EP)(o; - kY
ftszex(l’l term) = g—ﬁ I " \3 _I:f (p] 2 2 )(Ul 2 l )d3pj - f (pj 2 : ! 2 ’ )d3pj]
F22 2o sl)o — mi+ (k%) o my+(k§)

g’;’;;;‘[l”(p,lP pho; + I (p. IP = p(P=p) - )P = p) + (p. [P = p(P=p) - 7)(D)

~ L 1£(p. 1P = (P D) )BT p) + 17 (o, [P + plir, + I{(p, [P + PP T p) - ) (P T p)

= o, 1P+ )T D) - 0)B) — 1 1£(p, P+ DD T D) )P p)] (A9)

Jeitex ga T (1 + c6> 4 1[ko p X (o; X k& + ik¢) [kF p X (o; X k§* = ik§") ]
t -t — a’p; + ad’p;
Jiop (g term) = F2 2( ) 2 2 T (k)2 p m2 + (k;x)Z P;

_8ap T 1+ & [ Les(p, [P — pl)p X (0; X (P —p))  ile(p, [P —pDp X P
mF22 4 6 (P—p) (P —p)?
Ls(p, [P+ pl)p X (o7, X (P + i1o(p, [P+ pl)p X P
_I(p, P+ pl)p (¢2r (P+p)  ils(p, | plz)p ] (A10)
(P +p) (P +p)
where the integrals I{ (p, ), I{(p, Q), I (p, Q). I}, 4,(p, Q), and I 4(p, Q) are given by the following expressions:

k 4(1 — cos?6
oo = [ T dpacess
k4 tm% + p* +2 — pQcos 6

1

o _ 12
my ki
= W(SkFQ[“-SU{% + m%r)Q + 32(k - 31’}’[2 )P2 - 3Q4] + 768m Pgarccot[TﬂkF]

_9
T 3[16(K2 + m2)? — 8(k2 — Sm2)Q? + Q*T4™KE + m2) — 0]lo [WD (Al1)
F

ke P+ 2L — p30cosh
I3 (p, Q) = b dpdcos 0
2 k3 2 2 2,0
~Imz + p~+%— pQcosb

1 m Q2 _ k2 m2 + (kF _ Q)Z
k 2](2 + 24 t[i]‘i‘ 21412 — 0% + 4m2 11 I:W—zil)
16k]3:Q<8 F( 3m%)Q m> Qarcco . 3m2[4h% — O m2Tlog e
(A12)
ke 4(6@0526 2)  4p? cost‘)+ 2
I"(p, Q)__3_f [ dpdcos@
ke 8 tm; +P +Q — pQcosf
- _ﬁ@(g"FQ[“S“‘% + m2)? = 32(kE — 3m2)Q% — 30°] + 3[4(KE + m2) — Q%[ dm2 + (242 — 0]
F
4m2 + (2kg — Q)?)
X 4 2 + 2k2+ 2 1 [ T F ]>’ A13
e Gl OOlog| 4 ke 7 0) (A13)
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kp 4
I7(p, Q)= 3f f p dpdcosf,
dark 1m2 + p? +Q — pQcosf
ke p>Qcosh
P —
L(p, Q) 47Tk3/;) /_1 5 o dpdcosé,
F mz + p=+4-— pQcosd
ke (1 20? 1
1e.0=1 s [ - dpdcost,  17(p,0)~ 15(p, Q)+ ;I5(p.0)="(p, Q). (Al4)
4mke Jo J-1m2 + p*+Z — pQcosh 4

L (p. Q)= 2——dpdcos
6 213 2 24 @
2k ~Imy + p~+%5-— pQcosd

. ([32k Q + 32kpgm?2.Q + 8kp Q3]+ [16(k2 + m2)* + 8(m2 — k2) Q% + Q4]10g[

128k3 e ])

4mZ + (kg + Q)?
(A15)

APPENDIX B: DERIVATION OF THE STRUCTURE FACTOR S, (p)

We start from the Lagrangian density for spin-dependent WIMP-nucleus scattering Eq. (1). WIMPs are expected to be
nonrelativistic with velocities of the order v/c ~ 1073, so the time components of the currents can be neglected.
Evaluating the Lagrangian density between initial and final states leads to

G .
(FIL3Ply = — T; [d3re_’9'r}f~y'ys)(iJ/f*[(r), (B1)

where e Ty ¥y x; = (x1j(r)| x;) represents the matrix element of the leptonic current of the WIMP and J%,(r) that of
the hadronic current.
We can expand the leptonic current in terms of spherical unit vectors [62]:

XYY xie Pr=1le T =% [elePr, (B2)
A=0,%1
with spherical unit vectors with a z axis in the direction of p

1 p

ey = :\/—-2—(%1 * ie,) ey = oI’ (B3)
=% 2il) L=l (B4)
7

We can also expand the product e:{e*il"r in Eq. (B2) in a multipole expansion [62]. This leads to

(f1 L) = f<Jfo|(z\/4w<zL+1(—szgﬁzo(m— SVERRLA(-0" T LTS () + AT 75 (p)] )it
L=0 L=1 A=*1
(B5)

where |J;M;), |J;M) denote the initial and final states of the nucleus and p = |p|. The electric longitudinal, electric
transverse, and magnetic transverse multipole operators are defined by [62]

L) = [ VDY@ 30, ®6)

T5%(p) = [ Pr[V X j (pr) Y, (Q)] - JA(r), (B7)
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TF) = [ e ¥l @) 1), (B8)
with spherical Bessel function j; (pr). The vector spherical harmonics are given by
Y¥, (Q,) = Y (L'mIAIL'ILM)Y 11, (0, )e,. (B9)
ma
Since JA(r) = ¥4, JA(r)8(r — r;), the multipole operators can be written as a sum of one-body operators:

i A
£2M(P) = ; Z[VUL(Pri)YLM(ri)]] - Ji ()

i=1

A
= \/ﬁ Z[VL + 1jL+1(Pri)Y2/I(L+1)1(I'i) + \/ZjL—l(pri)Yi/I(L_l)l(ri)] - Ji(ry), (B10)
i=1

in(p) = » Z[V X jr(pro Yy, (e)] - Ji(r)

i=1
A
- Jﬁ SIVEF Lioa(proY¥, ) = VLjia(proY¥, ) (e)] - JA,), (B11)
i=1

THe(p) = Zmpr DYM (r;) - JA(r). (B12)

The structure factor S, (p) is obtained from [(f] L3P|i)|* by summing over the final neutralino spin and over the nucleus
final-state angular momentum projections, and by averaging over the initial configurations. It is thus useful to work with
reduced matrix elements that do not depend on projection numbers:

J, L
T MAO M = (—1) M7 JANO I B13
M OpylIiM;) = (= 1) (—Mf Iy M><f” i), (B13)
with 3 coefficients and where O is a tensor operator of rank L. This gives for the sum and average [62]
TN * 5 2 * el5 mag5 2
2(2] . sZst KA L1 T(ZJ H)st(goww ALIIR+ 3 1403 3270 T5 AT ) )
18iMpM r
_Gi z(zz BIOALP+ 3 [ 01 = BT 1P
4(2J+1) p AR AR < ) SRS L
ma; i % ma; %
AT TP =S AX 1RGN TE AT W) ) B14)

where we have assumed that the neutralino spin is 1/2, and the cross terms vanish due to the orthogonalization properties
of the 3 coefficients. For the sum over neutralino spin projections one has for u, v =1, 2, 3

=35 =Y 2 )y X () X (p) Y Y X (py),

SpSf SpSy
= > S PIX PV )apX 5P X5 PV Y")ys),
§; Sj
= Tr(y*y5y5y") = —48H7, (B15)
which follows from the completeness relation
puYttm
S E5(r) = (— ) = b B16)
P ap

valid for nonrelativistic WIMPs. Combined, this gives the final result:
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2
3,12 2 P = [ S AR+ 5 00T PR - AT MR | 17
Spsi My, M L=0 L=1

The specific form of the multipoles depends on the form of the WIMP currents J4 (r). They contain either axial-vector terms
[o;] or pseudoscalar ones [(p - o;)p]. For axial-vector currents, the response will be proportional to the following operator:

M%L/(Pri) = ju(pr) Y, (x) - o,
= jL’(pri)Z<L/m1/\|Ll1LM>YL’m(ri)0',U’ = ju(prilYy(r)o]". (B13)
mA
Pseudoscalar currents, which are proportional to the momentum transfer p, only contribute to the longitudinal multipoles
[see Eq. (B5)]. Moreover, in these we can replace (p - o;)p by p*o;, because of
(p-oy)p = p’o; +pX(p X0, (B19)

and the second term is perpendicular to p, so it vanishes for the longitudinal multipoles. As a result, pseudoscalar currents

can also be expressed in terms of M}’ M (pr,).
In summary, including chiral 2b currents at the normal-ordered one-body level in Eq. (19), we have for the multipoles

. A
S(p) = 1[ ( ng’"—ﬂp P )]
L;(p) IS I:ZI ap + ay7i( 1+ da,(p) — g, (p? + m2) + ay (p)

X [VL + 1My 11 (pr;) + VLM - (pr)], (B20)

: 4 2
T55(p) = \/ﬁ Z*[ao + ale’(l - 2% + 5“1(P))][_\/ZML,L+1(P1‘1') + VL + 1My (pry)] (B21)
i=1

ma; 1
T (p) = Z 2[“0 ta; <1 - 2A— + 5Cll(P))]ML,L(PI',')- (B22)
i=1
Note that the p?/A3 terms cancel in the longitudinal response and only contribute to the transverse multipoles.

APPENDIX C: REDUCED MATRIX ELEMENTS OF M, ;/(pr;)

To calculate the structure factor, we need the matrix elements of the one-body operator M, ;.(pr;) = j.(pr;) X
[Y,/(§;)o;]- between the single-particle states of the many-body basis used for the description of the nuclear states.
The reduced matrix elements can be obtained as a function of 3j and 9 symbols and matrix elements of the spherical

Bessel functions j;/,

' 1 L
1 1 . I I\ .. .

<’”’5 i TS e J>= z<n/1/||]L,YL,||n~z~><n~z~E o nl§>[(21+1)(2]'+1)(2L+ DR Lo
" joiL

1 Y

. I\ . '
= <n’l’|]L,|nl)<n’l’||YL/||nl><§||0'i|I§>[(2] + 1)) + DL + 1)} R
jiL

= <n/l/|ju(l’ri)|nl>(—1)”\/%[(21/ + 1)@+ D@+ D2j+ DL + DL + 1}

llL/

D AN R

Lo 0 o)1 2 't (C1)
i L

083516-17



P. KLOS et al.

(1]
(2]

(3]
(4]
(5]

R.J. Gaitskell, Annu. Rev. Nucl. Part. Sci. 54, 315 (2004).
G. Bertone, D. Hooper, and J. Silk, Phys. Rep. 405, 279
(2005).

J.L. Feng, Annu. Rev. Astron. Astrophys. 48, 495 (2010).
L. Baudis, Phys. Dark Univ. 1, 94 (2012).

J. Engel, S. Pittel, and P. Vogel, Int. J. Mod. Phys. E 01, 1
(1992).

J. Angle et al. (XENONI10 Collaboration), Phys. Rev. Lett.
101, 091301 (2008).

V.N. Lebedenko et al. (ZEPLIN-III Collaboration), Phys.
Rev. Lett. 103, 151302 (2009).

E. Behnke et al. (COUPP Collaboration), Phys. Rev. Lett.
106, 021303 (2011).

S. Archambault et al. (PICASSO Collaboration), Phys.
Lett. B 711, 153 (2012).

S. Kim et al. (KIMS Collaboration), Phys. Rev. Lett. 108,
181301 (2012).

M. Felizardo et al. (SIMPLE Collaboration), Phys. Rev.
Lett. 108, 201302 (2012).

E. Aprile er al. (XENONI100 Collaboration), Phys. Rev.
Lett. 111, 021301 (2013).

A. L. Fitzpatrick, W. C. Haxton, E. Katz, N. Lubbers, and
Y. Xu, J. Cosmol. Astropart. Phys. 02 (2013) 004.

V. Cirigliano, M. L. Graesser, and G. Ovanesyan, J. High
Energy Phys. 10 (2012) 025.

J. Menéndez, D. Gazit, and A. Schwenk, Phys. Rev. D 86,
103511 (2012).

A. L. Fitzpatrick, W. C. Haxton, E. Katz, N. Lubbers, and
Y. Xu, arXiv:1211.2818.

M. T. Ressell, M. B. Aufderheide, S.D. Bloom, K. Griest,
G.J. Mathews, and D. A. Resler, Phys. Rev. D 48, 5519
(1993).

J. Engel, M. T. Ressell, 1. S. Towner, and W.E. Ormand,
Phys. Rev. C 52, 2216 (1995).

V.1. Dimitrov, J. Engel, and S. Pittel, Phys. Rev. D 51,
R291 (1995).

M.T. Ressell and D.J. Dean, Phys. Rev. C 56, 535 (1997).
P.C. Divari, T.S. Kosmas, J.D. Vergados, and L.D.
Skouras, Phys. Rev. C 61, 054612 (2000).

M. Kortelainen, T.S. Kosmas, J. Suhonen, and J.
Toivanen, Phys. Lett. B 632, 226 (20006).

P. Toivanen, M. Kortelainen, J. Suhonen, and J. Toivanen,
Phys. Rev. C 79, 044302 (2009).

E. Epelbaum, H.-W. Hammer, and U.-G. MeiBner, Rev.
Mod. Phys. 81, 1773 (2009).

H.-W. Hammer, A. Nogga, and A. Schwenk, Rev. Mod.
Phys. 85, 197 (2013).

E. Aprile et al. (XENON100 Collaboration), Phys. Rev.
Lett. 109, 181301 (2012).

D. G. Cerdefio, M. Fornasa, J. H. Huh, and M. Peird, Phys.
Rev. D 87, 023512 (2013).

M. Butler, J.-W. Chen, and X. Kong, Phys. Rev. C 63,
035501 (2001).

S. Nakamura, T. Sato, V.P. Gudkov, and K. Kubodera,
Phys. Rev. C 63, 034617 (2001).

D. Gazit, Ph.D. thesis, Hebrew University of Jerusalem,
2007.

D. Gazitand N. Barnea, Phys. Rev. Lett. 98, 192501 (2007).
E. O’Connor, D. Gazit, C.J. Horowitz, A. Schwenk, and
N. Barnea, Phys. Rev. C 75, 055803 (2007).

(33]

[34]
(35]
(36]
(37]
(38]
(39]

[40]

[41]

[42]
[43]
[44]
[45]
[46]
[47]
(48]
[49]
[50]
[51]
[52]
[53]
[54]
[55]
[56]
[57]
(58]

[59]
[60]

[61]

[62]

083516-18

PHYSICAL REVIEW D 88, 083516 (2013)

A. Arcones, G. Martinez-Pinedo, E. O’Connor, A.
Schwenk, H.-T. Janka, C.J. Horowitz, and K. Langanke,
Phys. Rev. C 78, 015806 (2008).

J. Menéndez, D. Gazit, and A. Schwenk, Phys. Rev. Lett.
107, 062501 (2011).

M. Cannoni, Phys. Rev. D 87, 075014 (2013).

P.C. Divari and J. D. Vergados, arXiv:1301.1457.

G. Jungman, M. Kamionkowski, and K. Griest, Phys. Rep.
267, 195 (1996).

V. Bernard, L. Elouadrhiri, and U.-G. Meifiner, J. Phys. G
28, R1 (2002).

C.E. Carlson and J.L. Poor, Phys. Rev. D 36, 2169
(1987).

T.S. Park, L. E. Marcucci, R. Schiavilla, M. Viviani, A.
Kievsky, S. Rosati, K. Kubodera, D.-P. Min, and M. Rho,
Phys. Rev. C 67, 055206 (2003).

B. Friman and A. Schwenk, in From Nuclei to Stars,
Festschrift in Honor of Gerald E. Brown, edited by S.
Lee (World Scientific, Singapore, 2011).

J.W. Holt, N. Kaiser, and W. Weise, Phys. Rev. C 79,
054331 (2009); 81, 024002 (2010).

D.R. Entem and R. Machleidt, Phys. Rev. C 68, 041001
(R) (2003).

E. Epelbaum, W. Glockle, and U.-G. Meifiner, Nucl. Phys.
A747, 362 (2005).

M. C. M. Rentmeester, R. G. E. Timmermans, and J.J. de
Swart, Phys. Rev. C 67, 044001 (2003).

V. Bernard, N. Kaiser, and U.-G. Meifiner, Nucl. Phys.
A615, 483 (1997).

E. Caurier, G. Martinez-Pinedo, F. Nowacki, A. Poves,
and A.P. Zuker, Rev. Mod. Phys. 77, 427 (2005).

E. Caurier, J. Menéndez, F. Nowacki, and A. Poves, Phys.
Rev. Lett. 100, 052503 (2008).

J. Menéndez, A. Poves, E. Caurier, and F. Nowacki, Nucl.
Phys. A818, 139 (2009).

K. Sieja, G. Martinez-Pinedo, L. Coquard, and N.
Pietralla, Phys. Rev. C 80, 054311 (2009).

E. Caurier, F. Nowacki, A. Poves, and K. Sieja, Phys. Rev.
C 82, 064304 (2010).

J. Menéndez, A. Poves, E. Caurier, and F. Nowacki, Phys.
Rev. C 80, 048501 (2009).

Q. Zhi, K. Langanke, G. Martinez-Pinedo, F. Nowacki,
and K. Sieja, Nucl. Phys. A859, 172 (2011).

B. A. Brown and B. H. Wildenthal, Annu. Rev. Nucl. Part.
Sci. 38, 29 (1988).

B. A. Brown and W. A. Richter, Phys. Rev. C 74, 034315
(2000).

T. Otsuka, T. Suzuki, J.D. Holt, A. Schwenk, and Y.
Akaishi, Phys. Rev. Lett. 105, 032501 (2010).

J.D. Holt, T. Otsuka, A. Schwenk, and T. Suzuki, J. Phys.
G 39, 085111 (2012).

A.T. Gallant et al., Phys. Rev. Lett. 109, 032506
(2012).

F. Wienholtz et al., Nature (London) 498, 346 (2013).
J.D. Holt, J. Menéndez, and A. Schwenk, Phys. Rev. Lett.
110, 022502 (2013).

J.D. Holt, J. Menéndez, and A. Schwenk, Eur. Phys. J. A
49, 39 (2013).

J.D. Walecka, Theoretical Nuclear and Subnuclear
Physics (Oxford University Press, New York, 1995).


http://dx.doi.org/10.1146/annurev.nucl.54.070103.181244
http://dx.doi.org/10.1016/j.physrep.2004.08.031
http://dx.doi.org/10.1016/j.physrep.2004.08.031
http://dx.doi.org/10.1146/annurev-astro-082708-101659
http://dx.doi.org/10.1016/j.dark.2012.10.006
http://dx.doi.org/10.1142/S0218301392000023
http://dx.doi.org/10.1142/S0218301392000023
http://dx.doi.org/10.1103/PhysRevLett.101.091301
http://dx.doi.org/10.1103/PhysRevLett.101.091301
http://dx.doi.org/10.1103/PhysRevLett.103.151302
http://dx.doi.org/10.1103/PhysRevLett.103.151302
http://dx.doi.org/10.1103/PhysRevLett.106.021303
http://dx.doi.org/10.1103/PhysRevLett.106.021303
http://dx.doi.org/10.1016/j.physletb.2012.03.078
http://dx.doi.org/10.1016/j.physletb.2012.03.078
http://dx.doi.org/10.1103/PhysRevLett.108.181301
http://dx.doi.org/10.1103/PhysRevLett.108.181301
http://dx.doi.org/10.1103/PhysRevLett.108.201302
http://dx.doi.org/10.1103/PhysRevLett.108.201302
http://dx.doi.org/10.1103/PhysRevLett.111.021301
http://dx.doi.org/10.1103/PhysRevLett.111.021301
http://dx.doi.org/10.1088/1475-7516/2013/02/004
http://dx.doi.org/10.1007/JHEP10(2012)025
http://dx.doi.org/10.1007/JHEP10(2012)025
http://dx.doi.org/10.1103/PhysRevD.86.103511
http://dx.doi.org/10.1103/PhysRevD.86.103511
http://arXiv.org/abs/1211.2818
http://dx.doi.org/10.1103/PhysRevD.48.5519
http://dx.doi.org/10.1103/PhysRevD.48.5519
http://dx.doi.org/10.1103/PhysRevC.52.2216
http://dx.doi.org/10.1103/PhysRevD.51.R291
http://dx.doi.org/10.1103/PhysRevD.51.R291
http://dx.doi.org/10.1103/PhysRevC.56.535
http://dx.doi.org/10.1103/PhysRevC.61.054612
http://dx.doi.org/10.1016/j.physletb.2005.10.057
http://dx.doi.org/10.1103/PhysRevC.79.044302
http://dx.doi.org/10.1103/RevModPhys.81.1773
http://dx.doi.org/10.1103/RevModPhys.81.1773
http://dx.doi.org/10.1103/RevModPhys.85.197
http://dx.doi.org/10.1103/RevModPhys.85.197
http://dx.doi.org/10.1103/PhysRevLett.109.181301
http://dx.doi.org/10.1103/PhysRevLett.109.181301
http://dx.doi.org/10.1103/PhysRevD.87.023512
http://dx.doi.org/10.1103/PhysRevD.87.023512
http://dx.doi.org/10.1103/PhysRevC.63.035501
http://dx.doi.org/10.1103/PhysRevC.63.035501
http://dx.doi.org/10.1103/PhysRevC.63.034617
http://dx.doi.org/10.1103/PhysRevLett.98.192501
http://dx.doi.org/10.1103/PhysRevC.75.055803
http://dx.doi.org/10.1103/PhysRevC.78.015806
http://dx.doi.org/10.1103/PhysRevLett.107.062501
http://dx.doi.org/10.1103/PhysRevLett.107.062501
http://dx.doi.org/10.1103/PhysRevD.87.075014
http://arXiv.org/abs/1301.1457
http://dx.doi.org/10.1016/0370-1573(95)00058-5
http://dx.doi.org/10.1016/0370-1573(95)00058-5
http://dx.doi.org/10.1088/0954-3899/28/1/201
http://dx.doi.org/10.1088/0954-3899/28/1/201
http://dx.doi.org/10.1103/PhysRevD.36.2169
http://dx.doi.org/10.1103/PhysRevD.36.2169
http://dx.doi.org/10.1103/PhysRevC.67.055206
http://dx.doi.org/10.1103/PhysRevC.79.054331
http://dx.doi.org/10.1103/PhysRevC.79.054331
http://dx.doi.org/10.1103/PhysRevC.81.024002
http://dx.doi.org/10.1103/PhysRevC.68.041001
http://dx.doi.org/10.1103/PhysRevC.68.041001
http://dx.doi.org/10.1016/j.nuclphysa.2004.09.107
http://dx.doi.org/10.1016/j.nuclphysa.2004.09.107
http://dx.doi.org/10.1103/PhysRevC.67.044001
http://dx.doi.org/10.1016/S0375-9474(97)00021-3
http://dx.doi.org/10.1016/S0375-9474(97)00021-3
http://dx.doi.org/10.1103/RevModPhys.77.427
http://dx.doi.org/10.1103/PhysRevLett.100.052503
http://dx.doi.org/10.1103/PhysRevLett.100.052503
http://dx.doi.org/10.1016/j.nuclphysa.2008.12.005
http://dx.doi.org/10.1016/j.nuclphysa.2008.12.005
http://dx.doi.org/10.1103/PhysRevC.80.054311
http://dx.doi.org/10.1103/PhysRevC.82.064304
http://dx.doi.org/10.1103/PhysRevC.82.064304
http://dx.doi.org/10.1103/PhysRevC.80.048501
http://dx.doi.org/10.1103/PhysRevC.80.048501
http://dx.doi.org/10.1016/j.nuclphysa.2011.04.010
http://dx.doi.org/10.1146/annurev.ns.38.120188.000333
http://dx.doi.org/10.1146/annurev.ns.38.120188.000333
http://dx.doi.org/10.1103/PhysRevC.74.034315
http://dx.doi.org/10.1103/PhysRevC.74.034315
http://dx.doi.org/10.1103/PhysRevLett.105.032501
http://dx.doi.org/10.1088/0954-3899/39/8/085111
http://dx.doi.org/10.1088/0954-3899/39/8/085111
http://dx.doi.org/10.1103/PhysRevLett.109.032506
http://dx.doi.org/10.1103/PhysRevLett.109.032506
http://dx.doi.org/10.1038/nature12226
http://dx.doi.org/10.1103/PhysRevLett.110.022502
http://dx.doi.org/10.1103/PhysRevLett.110.022502
http://dx.doi.org/10.1140/epja/i2013-13039-2
http://dx.doi.org/10.1140/epja/i2013-13039-2

