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We study dark matter, assumed to be composed of weak interacting massive particles (WIMPs), scattering
off ?H and *He nuclei. In order to parametrize the WIMP-nucleon interaction, the chiral effective field theory
approach is used. Considering only interactions invariant under parity, charge conjugation, and time reversal, we
examine five interaction types: scalar, pseudoscalar, vector, axial, and tensor. Scattering amplitudes between two
nucleons and a WIMP are determined up to second order of chiral perturbation theory. We apply this program
to calculate the interaction rate as a function of the WIMP mass and of the magnitude of the WIMP-quark
coupling constants. From our study, we conclude that the scalar nuclear response functions is much greater than
the others due to their large combination of low energy constants. We verify that the leading order contributions
are dominant in these low energy processes. We also provide an estimate for the background due to atmospheric

neutrinos.
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I. INTRODUCTION

A great number of gravitational anomalies have been de-
tected since the 1930s at galactic scales and beyond [1]. These
anomalies, which cannot be described by the standard cosmo-
logical model, suggest the existence of a new type of particles
whose properties are still unknown, forming the so-called dark
matter (DM). Nowadays, one of the most important challenges
of physics is to understand the nature of DM in the Universe.
The long-held hypothesis is that most DM is cold and made up
of some massive particles. The leading candidates of such par-
ticles are the weakly interacting massive particles (WIMPs),
still a viable and highly motivated possibility nowadays [2,3].
Another class of candidates with the requisite thermal relic
density are the so-called feebly interacting light particles [4].
While not WIMPs, feebly interacting particles with couplings
of g < 1 and masses of m < 1 GeV might be thought of as
variations of the WIMP paradigm.

Our purpose is to study the nuclear response to WIMP scat-
tering, assumed to be Dirac particles. This response is needed
to analyze the results of various direct detection experiments,
which are currently attempting to detect DM in experimental
laboratories all over the world [5,6]. Clearly, WIMPS are also
searched for in many experiments performed in high-energy
colliders, such as the Tevatron and the Large Hadron Col-
lider (LHC); see, for example, Refs. [7,8] for the constraints
imposed on the various models of DM. The WIMPs can be
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assumed to be nonrelativistic, since, in order to be gravita-
tionally bound in the galaxy halos, their velocity needs to be
below about 600 km/s. The typical WIMP velocity in the halo
is thus |UT?| ~ 1073. The maximal recoil momentum transfer
depends on the reduced mass of the WIMP-nucleus system
and on the range of recoil energies, Eg, that the experiments
are measuring. This recoil energy is usually in the range of a
few keV to few tens of keV [9], while the heaviest nuclei have
masses of my &~ 200 GeV. This gives a maximal momentum
transfer of gmax < 200MeV. This is also a typical size of the
momenta exchanged between the nucleons bound inside the
nucleus. Therefore, the nucleons remain nonrelativistic also
after scattering, and the nucleus does not break apart.

In order to describe this type of scattering, the chiral ef-
fective field theory (xEFT) approach to nuclear dynamics
can be used [10-14]. The Lagrangian interaction terms are
obtained by placing the WIMP as an external source in the
QCD Lagrangian [15-21]. In this way, we can define the
external currents in the SU(2) flavor space and, to take into
account some particular quark coupling of isoscalar-axial na-
ture, we extend the discussion in the flavor SU(3) space [12].
Considering only interactions invariant under parity, charge
conjugation, and time reversal, we examine all possible
WIMP and quark interaction types: scalar, pseudoscalar, vec-
tor, axial and tensorial. Then, within the framework of x EFT,
for each interaction type, the interaction vertices between
nucleons, pions, and WIMP can be obtained [16]. From the
vertices, we derive the amplitudes for nucleus-WIMP scat-
tering by taking contributions up to next-to-next-to-leading
order (N2LO) in the chiral perturbation theory (xPT). We
applied this program to study the H and “He responses to the
external sources and finally to calculate the interaction rate as
function of the WIMP mass and of the WIMP-quark coupling
constants (quantities clearly unknown). Theoretically, light
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nuclei are great testing laboratories as they can be described
from first principles to high accuracy, moreover helium iso-
topes are potential experimental targets as they are sensitive to
relatively light dark matter particles (mass < 10 GeV) [22].

Alternative approaches also used in the literature are pi-
onless effective field theory [23] and Galilean effective field
theory (GEFT) [24,25] frameworks, where all possible con-
tact WIMP-nucleon interactions allowed by the nonrelativistic
symmetries are taken into account. Several calculations within
GEFT approach have been reported already, setting con-
straints on WIMP-nuclei coupling and cross sections [26—29].
Here, as stated above, we derive the interaction using x EFT.
In this way, a more direct connection to WIMP-quark cou-
plings is achieved, and in addition, thanks to chiral power
counting, a direct hierarchy between the various operators
contributing to the current can be established. Moreover, as
shown in Ref. [30], the relations between x EFT and GEFT
operators show that the latter are not independent due to QCD
effects. With respect to other calculations of DM scattering off
light nuclei using x EFT [18,20,21], we have treated systemat-
ically the contributions of one-body and two-body currents for
five different interactions, providing a quantitative estimate of
the rate of the process in each case. In this framework, there
are already calculations for argon and xenon; see, for example,
Ref. [31]. Using x EFT we also provide an estimate for the rate
of nuclear recoils induced by atmospheric neutrinos, which
represents a background process.

This paper will be organized as follows. In Sec. II we will
introduce the x EFT framework and define the quark-WIMP
currents. In Sec. III we will use the x EFT to parametrize the
WIMP-nucleon interaction and compute the transition ampli-
tudes using the xPT. In Sec. IV the interaction rate between
nucleus and WIMP will be calculated using the multipolar
expansion of the currents. In Sec. V we will present the results,
in particular the nuclear responses to WIMP scattering and the
interaction rate for each interaction type. Finally, in Sec. VI
we will discuss the conclusions and perspectives of the
present work.

II. CHIRAL EFFECTIVE FIELD THEORY FRAMEWORK
AND DEFINITION OF EXTERNAL CURRENTS

The yEFT treatment of a general WIMP interaction has
been developed and employed in calculations in several
works [15-21], usually in the heavy-baryon approach. Here
we will start from the relativistic chiral Lagrangian and then
make a nonrelativistic expansion of the final amplitudes [32].

We start from the following general Lagrangian at ~1 GeV
energy scale:

Loep = L5 + a0y (va(0) + $v0() + v a,(0))q(x)
— () (s(x) — iy’ p(x))g(x)
+G(x)o" 1, (x)g(x), (D

where

g(x) = <28> )

u(x) and d(x) being the fields of the u and d quarks. Above,

ﬁé’é;o is the QCD Lagrangian for massless quarks, while s(x),

Pp(x), v(x),, vl(f)(x), a, (x), and 1,,,(x) are external currents, to
be specified below. As is well known, Ee’clgo is invariant under
the chiral group under independent unitary transformation of
the right and left components of the quark field g(x).

The Lagrangian given in Eq. (1) is written in such a way
to be invariant under local chiral transformations [11]. In
general, external source fields are Hermitian matrices in the
isospin space; the scalar (S) and pseudoscalar (P) charge den-
sities are written explicitly as

3 3
SO =) Tas" (), plx) =) Tap (%), 3)
a=0 a=0

where 1o =1 and t;, i = 1, 3, are the Pauli matrices. The
vector (V), axial (A), and tensor (T) current densities are
defined as

3
0@ =Y S, W@ =uPmn. @
a=1
3 T,
a,(x) =" 2 ), 5)
a=1
3 T,
() = D 1, (). (6)
a=0

An eventual isoscalar external axial current aﬁf)(x) would cou-
ple to the isoscalar axial quark current,

Gy Y q(x); 7

however, the latter quantity is not conserved due to the
anomaly of the U(1) group [33]. Therefore, it is not possible
to construct an invariant Lagrangian with a/(f)(x). This case
will be treated explicitly by considering the yEFT in the
SU(3) flavor space [12]; see below.

These external sources can be used to parametrize the
coupling of quarks to electroweak field, and also to WIMPs.
Moreover, they can be used to insert explicit violations of the
chiral symmetry in the Lagrangian. For example, the explicit
violation induced by the nonzero values of the quark masses
can be incorporated by assuming s(x) = M + - - -, where

m, O
) B
m,, and my being the u- and d-quark masses, respectively.

At hadronic level, it is then possible to write an effec-
tive Lagrangian involving nucleonic and pionic degrees of
freedom and the various external currents and charge densi-
ties [10,12,13]. The symmetries used to build this Lagrangian
are (i) the chiral symmetry, (if) the Lorentz invariance and
(eventually) (iii) the discrete symmetries of charge conjuga-
tion C and parity P. With these Lagrangians it is possible
to treat processes of momenta Q < Ay, with A, ~ 47 f; ~
1 GeV [34], where f, >~ 92.4 MeV is identified as the charged
pion decay constant [35]. If the chiral symmetry was an exact
symmetry of the theory, the momentum Q would be the only
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expansion parameter. As we have seen before, this is not true;
the chiral symmetry is explicitly broken by the mass term
of the quarks that generates the mass of the pion m,. This
quantity reappears in the x EFT as a new expansion parameter.
However also m,, is a small parameter compared to A, so we
have two expansion scales: Q/A, and m, /A, . From now, we
will indicate with Q both the typical momentum and the mass
of the pion. If we limit the range of Q between zero and the
mass difference between the baryon A(1232) and the nucleon,
we can take as effective degrees of freedom only the pions and
the nucleons, without including heavier mesons or baryons. In
constructing this effective Lagrangian, a number of coupling
constants appear, the so-called low-energy constants (LECs).
These coupling constants can be fixed from experimental data,
or from lattice calculations. The LECs entering this study will
be discussed in Appendix A 6.

Let us now consider a general Lagrangian describing the
interaction of quarks and the WIMP, the latter assumed to be
a Dirac fermion [15],

1 = ~ — . 7.
Ly = A3 Y [Chxxmsff +Cf xivsxmy fiysf]
7
1 _ ]
+ a3 2T Ry xfyuf +Crxy" ysx Fruysf]
7

(€ 70" x Foruf]. ©
f

where A is a high energy scale, x is the WIMP field, f the
field of quark of flavor f =u,d, ... and the Wilson coeffi-
cients C; are unknown parameters. They should in principle be
fixed by choosing a particular high energy WIMP model, thus
they parametrize the effect of new physics associated with
the energy scale A. This scale is assumed to be very large
(>>1 TeV) but clearly it is also unknown. To render the scalar
and pseudoscalar matrix elements renormalization-scale in-
variant, the quark masses m in the definition of the respective
operators has been explicitly included [15]. Note that we have
limited ourselves to consider interactions even under parity
and charge conjugation. The theory can be readily generalized
to treat other cases, as the inclusion of parity and/or charge
conjugation violating terms, or the cases of either the WIMP
being a scalar or a Majorana fermion [8,16]. These cases will
be considered in a forthcoming paper.

Since we are interested to interaction of the WIMP with
nuclei, so usually we can limit ourselves to include in the sum
in Eq. (9) only the quarks « and d, but in case of the axial term
we will include also the quark s (see below).

For the sake of simplicity, in the following we will define

cX 1 (Cfmu:l:Cgmd

AZT NS 2

e

), X=5P (10)

and
= s X = ‘/’ A’ Z s I

where the new parameter Ajy is inserted only for dimensional
reasons. Hereafter, we have taken Ag = 1 GeV. Adding the

Lagrangian £, to the QCD Lagrangian, the resultant La-
grangian can be cast in the form given in Eq. (1), where

1
s(x) = M — F(Cﬁ +CSt)xx, (12)
S
1 P P_ N5+
p0x) = 5 (C + Clr)riysy, (13)
S
1, 1 v
FU® = S CEXr (14)
S
Iz 1 Vo 5.1
V') = 5Cleay"x, (15)
S
1
" (x) = p(ci +Clr)xa" y, (16)
S

where in the scalar current s(x) we have included also the
quark mass term. Note that above we have not considered the
axial coupling. This case will be treated in the next subsection.

Axial current

Taking into account also the quark s, the field g(x) becomes

u(x)
gx)=[dx) ]. (17)
s(x)

Using the chiral limit (the masses of the quarks u, d and
s zero), we can find a relation between one of the currents
conserved in SU(3) and the isoscalar axial term. One has

(Nlay,y u+dy,y dIN) — (NIAPIN),  (18)
where the current Al(f) is [12]

A® = iy, v u+ dy,yd — 25y,7°s = N3Gy.y Mg,

(19)
and Ag is the Gell-Mann matrix
1 1 0 O
M=——|0 1 0 ]. (20)
Vilo o —2

Equation (18) is valid in the hypothesis that the content of the
strange quark in the nucleon vanishes,

(NI5y, ¥ sIN) = 0. 1)

With these premises, we can rewrite the axial current part of
the Lagrangian (9) in the SU(3) space as,

L2 =" ol qyuy kg v v X, 22)

where the constants oz{-‘ are zero except

A Ljchi—cpy 23)
ST 2 )Ty
1 [CA+C4 A
A u d _ +
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and the Gell-Mann matrix A3 is the SU(3) extension of 7,

1 0 O
=10 -1 0]. (25)
0 0 O

In the following we define the SU(3) external axial current
to be

= dPn =" o xvuy sk (26)
i i

3) () ishi
where only @;;” and a;;” are nonvanishing.

III. WIMP-NUCLEON INTERACTIONS

We use the EFT framework to write the WIMP-nucleon
interaction and compute the transition amplitudes using the
xPT. The nucleon-WIMP interaction terms will be obtained
from the WIMP-quark Lagrangian given in Eq. (9) using the
standard procedure [36].

We have examined all possible WIMP-quark vertex types:
scalar, pseudoscalar, vector, axial, and tensor. Now, within the
framework of xEFT, for each case, the interaction vertices
between nucleon and WIMP are derived. Among them, we
will take into account only the dominant ones and they will be
used to get the effective Hamiltonian. A fairly self-contained
summary of this derivation is provided in Appendix A for
completeness. Here we report a summary of the Lagrangian
terms taken into account:

s Cl o cs _
‘Cmt = _SBCCl FNNXX - 4BCCSFNTZNXX
S s
CS
+BCA_—;XXT[2’ 27
N
P
1m_2frr 2Xll/ X7,
S

c? _
— 2BCA—+2<d18 +2d19)Ny"y°N 3, (%iy>x)
S

cr .
2Bcpd18NV“y5aN A (Xiy %), (28)
S

Y, 0y (S C6 5 Ly
Ly = iNy* (T, —iv)N + Ve FiN

f2
(3, U"(iUv, — iv,U)),

+4 No"F)N 4+ &
(29)

a®

Ly, =D+ F)Ny"y*t.Na}) + (3F — D)Ny" ySNﬁ

1
—2f 0"m.a® + 7 —Ny"(% x #):Na,’, (30)

Ll = NaWA—émaci +28CT )N 3oy, (1)

where N(x) is the isodoublet of nucleon fields, 7 (x) the
triplet of pion fields, x the WIMP field, I', = %[uTauu +
FO = 0,00 — 8,09, Fyy =

LtZJMLff — iuTvﬂu — iuvuuT],

d,v, — 0,v,, M the nucleon mass, f the pion decay constant
and B, ¢y, ¢s, c6, 7, dig, di9, F, D, &1, ¢ are LECs.

Then, the amplitude for the elastic scattering of a WIMP
by a two nucleon system is obtained using the time-ordered
perturbation theory (TOPT) method [32]. It is given as a sum
of TOPT diagrams. Finally, we will make a nonrelativistic
expansion of the amplitude in power of Q/M ~ Q/A, . Using
the naive counting rule, each term will be characterized by a
chiral “order” QV, where v is an integer number. The terms
with the lowest value of v = vy, are denoted as the leading
order (LO) terms, those with v = vy, + 1 as the next-to-
leading order (NLO) terms, etc. In this study, we will consider
contributions up to N2LO.

The amplitude for the scatter of a WIMP by a two-nucleon
system has the following general form:

1
)]
Tfi = {5(Jm,aigp’l-kkﬂpﬁkaag,otz +Ja2 s sz-&-k p2+k3a Dll)

1 o
+ @Jo(u,)aifaz,aéalirkz,kk'} . Lk’r’,kr’ (32)

where €2 is the normalization volume, for the sake of simplic-
ity, in the following we will take 2 = 1, and «; = {p;, s;, t;}
indicate the state of nucleon i (s; and #; are the z projections
of the spin and isospin, respectively). Here the initial (final)
state of the WIMP is specified by a momentum k (k') and
spin projection r (r'). The initial (final) state of the nucleon i
is identified by the quantum numbers ¢; (ct;). The masses of
the pion, the nucleon, and the WIMP will be denoted as m,
M, and M,, respectively. Moreover, we define k; = p; — p;,
Ki=p;+p)/2,q=k—k',and Q = (k +k')/2. Clearly ¢
is the momentum transferred by the WIMP to the two nucleon
systems. In the following J" (J®) is the so-called one-body
(two-body) current, while L is the so-called WIMP current. To
determine eventual three-body transition currents, one should
consider the interaction of the WIMP with a three-nucleon
system. However, we will neglect this latter contribution. Note
that for the vector and axial interaction J"?) and L are four
vectors, so in Eq. (32) JOD L = Jl(tl’z)L“, while in the tensor
case all quantities are four tensors, so J(2 . L = J DL,
etc. Both nuclear currents J"? and L will be constructed at
N2LO, independently of each other (except for some cases).
We refer to the Appendix A for all details of the calculation
on the five examined interaction cases and for the values of
the LECs used in this work.

IV. THE INTERACTION RATE

Let us now calculate the cross-section for the elastic scat-
tering between a nucleus and the WIMP. The initial state i is
the state with an incoming WIMP of momentum k and nucleus
at rest in the laboratory. The energy of this initial state is

k2
Ei=Ms+M — 33
A+ X+2MX ( )

where My is the nucleus mass, M, the WIMP mass and
k = |k| is the absolute value of the initial WIMP momentum.
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The final state f has energy

2 k/2

P
Ef=My+ — +M, 34
7 A+2M + +2Mx (34)

where we have indicated with k' = |k’| the absolute value
of the final WIMP momentum and with P, = |P)| that of
the nucleus. The nonpolarized cross section for this process
is calculated from Fermi golden rule, by mediating over the
initial polarizations and summing over the final ones,

o = 2(2JA 1) ,ZZZZ o kP

rosisa kP,

k2 P/2 k/2
X | Tf,' | 2 8 - A _ P (3 5)
: M, 2M, 2M,

where J4 is the spin of the target nuclei and the Kronecker
delta in Eq. (35) fixes the final momentum of the WIMP to
be k' = k — P/, thus eliminating the sum over k’. Moreover,
v = k/M, is the velocity of the incoming WIMP.

We are going to compute the matrix elements T; using
the nucleus wave function \I"If"‘YA calculated in r-space (s4 is
the z component of the nuclear spin, which can assume the
values —Jy, ..., +J4). For that reason, we need to express the
currents in configuration space. In general, we can write

m- Y Y

X=S,PVAT a==%

x [ eruit b el ra 6o

where we have put in evidence the WIMP coupling constants.
Above c is an index which runs over the (eventual) Lorentz
indices of the currents for the case X, namely it takes into
account if the currents are scalar, four-vector, or four-tensor
quantities. The r-space currents JX(x) can be expressed as

Ty =Y TR W@Ds@ —F) + Y IO, )it — Rij),

i=1,A i<j
(37

where here the indexes i and j runs over the nucleons and
R j = (F; +¥;)/2. Note that in the previous expression 7; =

— Rcm, where Rey is the position of the nucleus center
of mass (CM). The quantities JX(!) and JX~® are written
in terms of operators which act on the nucleonic degrees of
freedom (as #;, o;, V;, etc). The dependence on Rcy has been
already integrated out to obtain the momentum conservation
delta in Eq. (35). The quantities Jix‘“(l) and L?jf"(z) are related to
the Fourier transforms of the one- and two-body currents de-
scribed in Appendix A. These Fourier transforms are obtained
without applying any cutoff in the momentum integrals. Note
that the WIMP currents (L*«)¢ are exactly those reported in
Appendix A. It is convenient now to perform a multipolar
expansion of the matrix elements. For simplicity, hereafter
we will concentrate in the case where only a single coupling
constant C¥ is different from zero. For the vector and axial

cases, the multipolar expression is given by

(Wi / OF X () (X Y de| W)

= (-1 ‘A(ZZzD 0(9, 0, —p)Vam

120 m=—1
x (JasiJa — sallm){LoX — L.X\"}

o0

1
=) Y D (.0, —p)V2

=1 m=—I r=%£1

x (JasihJa — sallm)L_ {Ax" +XZE}>, (38)

where X, XF, XF, and X} are the charge, longitudinal,
electric, and magnetlc reduced matrix elements (RMEs), re-
spectively. Above L, Ly, are defined with respect to a
reference system with Z = §. The corresponding expressions
for the scalar and pseudoscalar cases are obtained by retaining
the charge RMEs only, while for the tensor case the longitudi-
nal, electric and magnetic RMEs only. Above 6 and ¢ are the
spherical angles of g with respect to the laboratory system (to
be specified later).
Now, using the properties

Z(JASAJA — sallm)(JasyJa — sall'm’) = 818w, (39)
SAS)y
> DD =8 (40)

we obtain

ldoy; =

<k P, P/2>1
My 12

x {(4n) 3 [LoLo* (X[ + LoL:*|xF[?
120

r'r P

—2LoL.* Re (X X/*)]

+<4n>ZL|Lf(|sz|2+|xf|2>}, )

I>1

where we used the fact that LyL} = LjL, and L_|L* =
Ly1LY,. Above, u is the reduced mass of the WIMP-nucleus
system.

The RMEs are calculated evaluating the matrix elements
in a coordinate system where ¢ is along z (so that 6 = ¢ = 0),
and then reversing Eq. (38). Once the various RMEs have been
determined, they can be used in Eq. (38) to obtain the matrix
elements for a generic direction of the momentum transfer §.
From Eq. (41), in the continuous limit & — oo the sum on P,
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transforms in an integral, then

d’o . b/ (Cj()2
dE,dP,  (2Ja+1)2m)* Aj

P
ZMAS(U P - 2—A>
n

1
: ;{(471) > [l@Lo*|X,C|2 +L.LA X

=0

—2LyL.* Re (X,CX,L*)}

+ @) Y Ly (IXM + |X,E|2)}, 42)

>1

where E; = P;2/2M, is the recoiling nucleus kinetic energy.
The double-differential rate of interactions per second in-
duced by the WIMP will be given by [37],

2

3 d o
=N,Ny | d’vv f(v) -, (43)
dE}dP, |

d’R
dE}dP),

u?

o
N (27103)3

I(a,b,c,d) = /d3u

A2

where Ny is the number of nuclei in the target, N, the nu-
merical density of WIMPs, and f(v) the velocity distribution
for the incoming WIMP. We assume the standard halo model
(SHM) [6,37], i.e., a Maxwell-Boltzmann WIMP velocity dis-
tribution of width o,

1 _lvy
f0) = ———e 2w, (44)
(27103)3

where V is the earth velocity relative to galactic center.
It is now necessary to compute the factors ), L;L} with
i, j =0,z A in Eq. (42). To do this we will need to consider
explicitly the form of the currents obtained for each type of
interaction; however we will give here the most general result:

% DY LL=a+b-u+ci’+d-u’+0w), (45
where a, b, c, and d are parameters depending only on ¢, V,
and M,, and u = v+ V. In the expression above we have
used the fact that u ~ k/M, < 1. Therefore, substituting the
expression given in Eq. (45) into Egs. (42) and (43), we find
that we have to evaluate the following integrals (the so-called
Radon transform):

(a+b-u+ci*+d- -wsu-q—A)

— (a+b-gA +2co; + cA> +d*o) — (d - §)* (o] — A?)), (46)

J2mo?

where we used the condition P, =¢q and called A =V - § +
q

2u*
Finally, the general expression of the interaction rate when
only one coupling constant CX is different from zero is
PR NNaM, (CX)
dE\dP,  (2Ja+Dm Aj§

YOEN@IY, @D

a=1,4
where

=Y X[, (48)
1

Ff(g)= =) 2Re (X X}"). (49)

1

Fl o) =Y Xt (50)
1

F o =Y (1" + [XF) (51)

l

are the nuclear structure functions and I, the quantities calcu-
lated in Eq. (46) for each case. For the scalar and pseudoscalar
cases, we can assume F, 34 = 0, while, for the tensor case,
F1 = F, = 0. Actually, for the tensor case, we have the con-
tributions of currents J, and Jp, the first given by J¥ = €;;,J4
and the second given by J% = Ji; see Eqs. (A87) and (A8S).

(

Correspondingly, two set of RMEs are calculated, XlL’M £
and XlL’M'E (B). The expression of the rate in this case reads

PR NNM, (C)
dE\dP,  (2Jx+1)m A§

Z 4[FQT,A (q)Io{',A

a=3,4

+E @l 28 @I ] (52)

where
EMg) = |xt@l’, (53)
1
EMg) =" |xt®)|, (54)
!
F*8(g) =0, (55)
Fl g =Y (%M@ + [XE@)), (56)
1
FPP @ =Y (XM @)+ [xEB)]), (57)

!
F4T,AB(q) _ Zlm [XIE(A)X,M(B)* + X[M(A)XIE(B)*]' (58)
1
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TABLE L. The RMEs X£, X}, X, and X} contributing to DM scattering off deuterons calculated for two widely used NN interactions,
the AV18 [38] and N4LO500 [39] potentials. Here ¢ = 0.05 fm~". In the fourth column, we report the order of the transition operator. Since
the deuteron has zero isospin, only the RMEs of the isoscalar operators are reported. For the S and V (P, A, and T) cases, X ¢ XL, and X¥ are
purely real (imaginary), while X* are purely imaginary (real). The notation X % Y is a shortcut for X 10*". The equation numbers reported in
the third column specify the operators from which these RMEs are calculated, as reported in detail in Appendix A.

Int. RME Operator Order AV18 N4LO500
S I=0 I=1 =2 =0 =1 =2
X£ Eq. (A14) LO —0.144 4- 02 —0.229-02 —0.144 402 —0.231 — 02
Eq.(A19) NLO  —0.218+00 +0.328 —03  —0.806 — 01 +0.336 — 03
Eq.(A16) N2LO  +0.153 +00 —-0.467-05 +0.103 + 00 —0.829 — 05
P I1=0 I=1 =2 =0 =1 1=2
X£ Eq. (A28) N2LO —0.367 — 01 —0.377 - 01
A% =0 =1 =2 =0 =1 =2
Xx£ Eq. (A49) LO —0.293 4- 01 —0.465—-03 —0.293 +01 —0.470 — 03
Eq. (A50) N2LO  +0.289 — 04 +0.320-05  +0.294 — 04 +0.320 — 05
XF Eq.(A51) NLO  —0.769 —02 —0.120—-05 —0.769 — 02 —0.120 — 05
xM Eq. (A51) NLO —0.150 — 01 —0.152 - 01
A =0 =1 =2 =0 =1 =2
x£ Eq. (A69)  NLO +0.593 — 03 +0.609 — 03
XF Eq. (A70) LO +0.226 + 00 +0.232 400
XxF Eq. (A71) N2LO —0.469 — 03 —0.781 — 03
XF Eq. (A70) LO —0.319 + 00 —0.328 4+ 00
XF Eq. (A71) N2LO +0.660 — 03 +0.110 — 02
T 1=0 =1 =2 =0 =1 =2
XEA)  Eq. (A90) LO —0.422 4+ 00 —0.433 400
XF(B) Eq.(A93) NLO  —0.280—02 —0.290 -03  —0.285 - 02 —0.314 - 03
XF(A)  Eq.(A91) N2LO +0.875 — 03 +0.687 — 03
XE(A)  Eq.(A90) LO +0.597 + 00 +0.613 4+ 00
XM(B) Eq.(A93) NLO +0.157 — 02 +0.161 — 02
XF(A) Eq.(A91) N2LO —0.124 — 03 —0.978 — 03

Note the extra factor 4 in Eq. (52), coming from the evalu-
ation of J#'L,,, and the presence of interference terms. The
expressions of all quantities IX are reported in Appendix B.

V. RESULTS

In this section, we report the results of the calculation
of the various quantities for the deuteron-DM and *“He-DM
scattering.

A. Deuteron-DM scattering

Since the deuteron has spin 1, then in the matrix elements
Ja = 1. Consequently, we can have RMEs of multipoles / =
0, 1, 2. However, due to the well-defined parity of the nuclear
ground state and of the multipolar transition operators, some
of the multipoles vanish. In Table I we report the nonvanishing
RME:s for the various cases and the various chiral orders. The
deuteron ground state wave functions have been calculated
using the Argonne V18 (AV18) potential [38] and a chiral
potential developed at next-to-next-to-next-to-next-to-leading
order (N4LO) in Ref. [39]. There are three versions of such
a potential, depending on the cutoff used to regularize it for
large momenta. In Table I, we have used the potential reg-
ularized with cutoff of 500 MeV, hereafter denoted as the
N4LO500 potential.

As it can be seen by inspecting the table, the LO transition
operators give the largest RMEs. The dependence of these
RMEs from the nuclear interaction is rather weak. The RMEs
coming from NLO and N2LO operators are noticeably sup-
pressed, although their dependence on the nuclear interaction
is more sizable. In any case, in the S, V, A, and T cases,
the cumulative RMEs are dominated by the LO contributions,
and therefore almost no dependence on the interaction is
observed. In the P case, the only contribution comes from a
N2LO operator, but the dependence on the NN interaction is
still weak. For the scalar case, we have also calculated the
RME coming from the operator given in Eq. (A17), which,
for the AV 18 interaction, turns out to be 1.922 x 1072, much
smaller than the LO, NLO, and N2LO values reported in
Table I. Therefore, also numerically, we have the confir-
mation that the contribution of this operator can be safely
neglected.

In Fig. 1, the various deuteron form factors calculated with
the AV18 potential and the transition currents at LO, NLO,
and N2LO are shown. The form factors are calculated for ¢
values up to g = 0.2 fm~! (corresponding to deuterons recoil-
ing with an energy of ¢*>/2M, ~ 390 keV). As it can be seen
from this figure, the effect of the NLO and N2LO components
in the transition operators are rather tiny, confirming what was
shown in Table I for the RMEs at ¢ = 0.05 fm~!. In the V
case the dominant form factor is Fj, while in the A case the
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FIG. 1. The cumulative deuteron form factors for the various
cases calculated with the AV18 potential [38]. Black dashed, solid
red, and solid green denote the form factors calculated at LO, NLO,
and N2LO, respectively.

dominant ones are F3 and Fjy. For the T case, the dominant
form factors are F3* and F}.

In Fig. 2 we report the same form factors calculated
with the N4LO450, N4LO500, and N4LO550 NN interac-
tions [39]. The N4LO450 and N4LO550 are NN potentials
derived at N4LO in the framework of y EFT, but regularized at
large momenta with cutoff 450 and 550 MeV, respectively. In
all cases, we have used the full transition currents up to N2LO
operators. All the results are shown as bands (some of them
very narrow), their widths reflecting the spread of theoretical
results using the three different cutoff values. Therefore, the
band width reflects our incomplete knowledge of the nuclear
dynamics and gives a first estimate of the associated theoreti-
cal uncertainty. Strictly speaking, such a procedure yields only
a lower bound on the theoretical uncertainty [40]. In future,
we plan to perform a better estimate of such a theoretical
uncertainty, in particular, using the calculations performed
with the interactions and transition currents at various chiral
orders and using the Bayesian procedure of Refs. [41-43].
At present we limit ourselves to noting that the band widths
are rather narrow, so this theoretical uncertainty seems to
be well under control in this kinematic regime of low ¢
values.

In Fig. 3 we report the numbers of scattered deuterons
per day as function of the angle between V and P) by a
100 ton target of deuterium, per unit of energy (keV) and
solid angle (sr). This quantity is calculated from Eq. (47)
multiplying by the number of seconds in a day. For all cases

250 : : : 0.15 —— : :
- Fl A
200F————o | I F l
S 0.1F —
150 -
100 -
50 -
0 —+——+——+——
- P
0.03 -
i i N ]
02} e
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6 - / 1
i 0.2 -
4 B - -
- F,x1000
2 A 0.1+ F, %1000
i Fx1000) /" _F, k1000
0 ——F b e T |
0 005 01 0I5 02 0 005 01 0I5 02
-1 -1
q[fm ] q[fm"]

FIG. 2. The deuteron form factors for the various cases calcu-
lated with the N4LO chiral potentials [39]. The results are presented
as bands; all the calculations are performed including the transition
operators up to N2LO.

we have taken M, = 10 GeV and ij = 10* for the sake
of comparison. Moreover, we have assumed Ny =~ 3 x 103!
and N, = 6 x 1072 cm™3 (calculated from the estimated local
energy density of DM, p, = 0.3 GeV cm~> [6]). Several
observations are in order: (1) there is a large dependence
on the angle § = cos™!(V -IA’;), coming from the quantity
A in the exponential in Eq. (46). The rates are peaked at
0 = 180 deg since a terrestrial target moves with average
velocity V in the (supposed) WIMP cloud: in the laboratory
most of the scattered deuterons would be observed to recoil in
the direction —V. (2) The number of events also depends crit-
ically on the kinetic energy of the detected recoiling deuteron,
smaller being better. (3) It also depends on the DM-quark
interaction type, assuming the same coupling constant C¥,
X = S,PVAT; the largest number of events would corre-
spond to a scalar coupling between WIMP and quarks; such
a type of interactions is already severely constrained by the
existing limits provided by the experiments. (4) The results
shown in the figure are actually bands; the bands gather the
rates calculated with the N4LO450, N4LO500, and N4LO550
NN interactions and, for each interaction, those obtained with
transition currents from LO to N2LO; therefore each band in-
cludes the results of nine different calculations (for the P case,
three calculations); due to the figure scale, the width of the
bands cannot be well appreciated, and this is a confirmation
that the results weakly depend on the NN interaction and that
the LO transition operators give the dominant contribution.
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FIG. 3. The number of scattered deuterons per day as function of the angle between V and P, by a 100 ton target of deuterium, per unit of
energy (keV) and solid angle (sr). For all cases we have taken M, = 10 GeV and C¥ = 10 for the sake of comparison. The left (right) panel
reports the number of events for scattered deuterons of recoil energy 30 (50) keV. All the results are presented as (very narrow) bands (see the

main text for more detail).

(5) We note that the number of events for the P case increases
relatively to the other cases at E; = 50 keV. This is due to the
fact that the RME for the P case increases as qz, while for the
other cases the dominant RMEs are only weakly dependent
on q.

Finally, in Fig. 4 we report the number of events for the
S-type interaction for three different values of the WIMP
mass M, . Clearly, for lighter WIMPs, the recoil deuterons
at a given energy decrease noticeably. This dependence on
the WIMP mass is particularly critical for light WIMPs, with
mass around 1 to 10 GeV. For mass greater than 10 GeV the
dependence is less relevant.

10 T | T T T
4B =30keV
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B. “He-DM scattering

In the case of the scattering off the “He nucleus, which
has spin 0, only the multipoles with / = 0 contribute. Dis-
regarding the very tiny components with negative parity of
their wave function, we are left with X and X} RMEs for
the S, V, and T cases. Furthermore, we disregard the RMEs of
the isovector operators, since the 4He wave function is with
a very good approximation of an almost pure state of total
isospin 7 = 0. In Table II we report the calculated RMEs at
g = 0.05 fm~'. The *He wave functions have been obtained
using two interactions: the first is given by the AV18 NN
potential augmented by the Urbana IX (UIX) three-nucleon

10!

10°

10"
10°
10°
10"
10°
6

8

E, =50 keV,

107
-9

A—a MX=10 GeV
MX:1OO GeV

LN

180 270
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FIG. 4. The number of scattered deuterons per day as function of the angle between V and P/, by a 100 ton target of deuterium, per unit of
energy (keV) and solid angle (sr), for three different values of the WIMP mass M, . Here we have considered the S interaction with Cfr' =107,
The left (right) panel reports the number of events for scattered deuterons of recoil energy 30 (50) keV. All the results are presented as (very

narrow) bands (see the main text for more detail).
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TABLE II. The RMEs X{ and X} contributing to DM scattering
off “He calculated for AV18/UIX and N4LO/N2LO500 interactions
(see the main text for details). Here g = 0.05 fm~'. In the fourth
column, we report the order of the transition operator. Since “He has
predominantly zero isospin, only the RMEs of the isoscalar operators
are reported. For the S and V (T) cases, X€ and X © are predominantly
real (imaginary), and therefore we have reported only those parts. As
in Table I, the equation numbers reported in the third column specify
the operators from which these RMEs are calculated, as reported in
detail in Appendix A.

Int. RME Operator Order AVI18/UIX N4LO/N2LO500
S 1=0 =0
Xt Eq.(Al149) LO —0.169 + 02 —0.168 + 02
Eq. (A19) NLO —0.273+400 +0.144 4+ 00
Eq. (A16) N2LO +0.521 + 00 +0.313 400
v =0 =0
Xt Eq.(A49) LO —0.343+01 —0.341 4+ 01
Eq. (A50) N2LO +0.325 —04 +0.336 — 04
XF  Eq.(A51) NLO —0.444 —02 —0.438 — 02
T =0 =0
XF(B) Eq.(A93) NLO —0.315-02 —0.325-02

(3N) interaction [44]; the second is given by the N4LO500
NN potential augmented by a N2LO 3N interaction, derived
in the framework of xEFT [45]. The two free parameters
in this N2LO 3N potential, usually denoted as cp and cg,
have been fixed in order to reproduce the experimental values
of the A = 3 binding energies and the Gamow-Teller matrix
element (GTME) of the tritium B decay [46,47]. These pa-
rameters have been determined in Ref. [48]. The cutoff in
this 3N interaction has been chosen to be consistent with the
corresponding value of the NN interaction, therefore the full
NN interaction will be denoted as N4LO/N2LO500. With
both interactions, AV18/UIX and N4LO/N2LO500, the ex-
perimental “He binding energy is well reproduced.

In Fig. 5, the various “He form factors calculated for ¢
values up to ¢ = 0.2 fm~! with the AV18 potential and the
transition currents at LO, NLO, and N2LO are shown. For
g = 0.2fm™!, the *He recoil energies are ¢>/2M4 ~ 195 keV.
As can be seen from this figure, for the S case, the effect of
the NLO and N2LO components in the transition operators are
more sizable, while in the V case they are rather tiny. The only
contribution for the T case now comes from a NLO transition
current, therefore the only nonvanishing form factor, F(q),
is very small and varying as ¢>. We expect therefore that the
rate for the T case to depend noticeably on the *He recoil
energy.

In Fig. 6 we report the same form factors calcu-
lated with the N4LO/N2LO450, N4LO/N2LO500, and
N4LO/N2LO550 NN interactions (as specified, for each
N4LO NN interaction we have added the N2LO 3N interac-
tion regularized with the same cutoff). As for the deuteron
case, we have used the transition currents up to N2LO and
the results are shown as band (some of them very narrow),
their widths reflecting the spread of theoretical results using
A = 450, 500, or 550 MeV cutoff values. The width for the
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200 |~ e
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R T R
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ol |
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FIG. 5. The same as Fig. 1 but for “He.

S case is sizable, while for all other cases they are practically
negligible.

In Fig. 7 we report the numbers of scattered “He per day
as function of the angle between V and P/, by a 100 ton target
of “He, per unit of energy (keV) and solid angle (sr). For all
cases we have taken M, = 10 GeV and C¥ = 10~* for the
sake of comparison. Now, Ny & 3 X 103!, while we have kept
N, =6 x 102 cm™3. A similar behavior is observed as in
Fig. 3, with the only difference being that now the rate for
the T case is suppressed, due to the previously discussed very
small size of the (only contributing) form factor F3%(g). In
this figure, we have also reported the number of scattered “He
per day due to the background neutrino flux of atmospheric
origin; see Sec. V C for more details. Furthermore, a compari-
son between the rates for deuteron and “He is shown in Fig 8.

C. Rate for v- *He scattering

An important background for DM experiments is that
given by the nuclear recoils due to the flux of neutrinos.
These neutrinos may have different origins. For nuclear re-
coils in the range 30-50 keV the most important flux is
due to atmospheric neutrinos [49]. The differential cross-
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FIG. 6. The same as Fig. 2 but for “He.

section for v- *“He can be calculated starting from the effective
Lagrangians

G
L=—=2jluk, (59)

V2

where Gy is the Fermi constant, jﬁ = Evyﬂ(l — ), the
leptonic neutrino current, and J,’V‘ the neutral nuclear current.
The latter quantity can be obtained using the x EFT approach,
following the same lines detailed in this paper. In the present
paper, we consider the neutral weak current derived at N4LO
in Refs [32,50,51]. The differential v-*He cross section is
given by

o _ Gy pyy [(1+ £ - )ICol?
dEdQ, 7 4 0

+ (1 —k -k +2k-gk' - gL
— (k- g+ k- §2Re(CoLIS(k — Ej — k),
(60)

TABLE III. Minimal values of the Wilson coefficients C} so that
the rate of recoiling *He nuclei with kinetic energy T due to DM be
greater than that due to the neutrino scattering. The calculations have
been performed using the N4LO/N2LO500 potential. Here we have
considered M, = 10 GeV.

T (keV) cs cY cr
30 45% 1078 2.1x 10712 7.0x 1077
50 1.6 x 1077 7.7 %1077 1.7 x 107!

where k (k') is the incoming (outgoing) neutrino momentum,
while Ej and P, = k — k' = q the kinetic energy and momen-
tum of the recoiling “He nucleus. Moreover, C, and Lg are the
RME:s calculated from the matrix elements (Wy|Jy |Wy). The
factors multiplying the combinations of RMEs comes from
the traces of the lepton currents over the neutrino spins. The
energy conservation imposes that k - P, = T (k + My), where
hereafter T = E. Typically the neutrino energies are in the
range of MeV, while T & keV. So, disregarding all terms
proportional to 7' /k and integrating over €2}, one obtains the
typical cross section for neutrino-nucleus scattering [49]

do Gy TM,
dT ~ 4w 2k2

where Fy (q)=4r |C0|2/(Q%V/4), and Qw=2(1— 4sin® 6y )—
2 is the “He “weak charge” [in this way Fy (0) & 1]. Above
Ow is the Weinberg angle, sin? Ow ~ 0.223.

The flux of atmospheric neutrinos is nearly isotropic, peaks
at k = ko ~ 30 MeV, and at k = 10> MeV is reduced by a
factor 100 [49,52]. Then, the rate of *He recoils due to the
flux of atmospheric neutrinos is given by

d*R dk kdqb(k) d*c

ards2, ) ax " dk dTd<)

M4Q§,<1 - )Fw<q), (61)

(62)

where N, is the number of “He nuclei in the target (we
assume as before to have a 100 ton target). Moreover, we
approximate d¢(k)/dk ~ ¢oexp[—(k — ko)*/(20,)*], where
¢o ~ 1072 cm2MeV~!s! [49] and o, = 226 MeV, so that
d¢(10° MeV)/dk = 10~2¢y. Note that the uncertainty on this
atmospheric neutrino flux is approximately 20% [49], there-
fore the rates calculated in the following have to be considered
as order-of-magnitude estimates.

The expected number of events due to the atmospheric
neutrinos in a day calculated for 7 = 30 and 50 keV have
been reported in Fig. 7. This number is clearly isotropic with
respect to the direction of V and it is of order of 10! events
per keV and per sr. From this number, we can estimate the
minimal values for the Wilson coefficients Cff which can be
measured in an experiment, asking that d’Rpy at 6§ = 180
deg be greater than d’R,. The obtained results are reported
in Table III.

VI. CONCLUSIONS

In this paper, we have studied the scattering of WIMPs
off some light nuclei. The aim is twofold. First of all, we
have explicitly written down most of the transition currents
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FIG. 7. The same as Fig. 3 but for “He. The horizontal blue lines denote the number of scattered “He per day due to the background

neutrino flux of atmospheric origin; see Sec. V C for more details.

for various types of DM-quark interactions, assuming DM is
composed of heavy Dirac particles. The transition currents,
developed up to N2LO in the framework of x EFT, have been
coded in a way to be used for a general nuclear system; for
example, using the shell model approach. Second, we have
set up the calculation directly for the rate of nuclear recoils,
in order to be ready for a direct comparison with (eventual)
experimental yields. We have also set up the calculation of
the rate induced by the flux of terrestrial or cosmological
neutrinos (in particular, atmospheric), calculating the matrix
elements of the nuclear neutral current.

We have performed calculations for two targets composed
either of deuterons or “He nuclei, the latter nucleus being
actually considered for an experiment [22]. The deuteron has
total isospin 7 = 0, and also the ground state of *He can
be well approximated to have total isospin 7" = 0. Therefore,

10°
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= 10
B 10
> 10
£ 10!
g 10
.10
g 10"
Z 10‘2
10
107
-8
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only the isoscalar transition currents play a role in these cases.
We have found that the scalar and vector interactions give
large values for the form factor Fj, deriving from the matrix
elements of the operator Y ._, €7/ (multiplied by some com-
binations of LECs). These matrix elements for small values
of g are therefore proportional to the number of nucleons A;
they are not difficult to be calculated also for large nuclei.
Clearly, in these cases, the rates would be rather large unless
the corresponding Wilson coefficients C%, CK are extremely
small. For other interactions, the rate is found to be suppressed
(in particular, for a purely pseudoscalar quark-DM interac-
tion). In those cases, the form factors derive from the matrix
elements of more complicated operators and therefore sophis-
ticated nuclear structure calculations would be necessary.
Regarding the construction of the nuclear wave functions,
we have limited ourselves to employ the AV 18 potential and
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E,’=50 keV
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FIG. 8. Comparison between the rates for deuteron and *He. For all cases we have taken M « =10 GeV and C¥ = 10™*. Full symbols:

“He rates; open symbols: deuteron rates.
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some chiral interactions differing for their cutoff value. In this
way we have explored the dependence of the results on the
nuclear interaction, giving a first idea of the theoretical uncer-
tainty related to our not complete knowledge of this quantity.
In future, we plan to perform more detailed study using
the Bayesian formalism [43]. Regarding the convergence of
the chiral expansion of the transition current, this appears to
be well under control, due to the low g values involved in the
processes.

For the scalar case, for both the deuteron and “He targets,
we find that the NLO two-body currents modify the LO results
by a few percent only, as found in Ref. [21], and that their
contribution is rather dependent on the nuclear interaction
used to calculate the ground-state wave functions. A similar
result is again observed in Ref. [21], where the effect was
traced back to the dependence on the D-wave percentage of
the wave functions.

In perspective, we plan to apply this formalism to study
the rate of DM scattering off heavier nuclei like argon and
xenon, currently widely used in DM detectors. We plan also to
study other possible types of DM interactions, as direct cou-
plings to photons (for example, £ = xo,,xF"", F*' being
the electromagnetic field) [53]. The extension of the present
formalism to treat either scalar or Majorana WIMPs is also
possible [8,16].

Finally, in recent years, the idea of light DM has gained
more credit (see, for example, Ref. [4]). The only change in
our formalism is the calculation of the spin sums given in
Eq. (45), which for light DM can be performed directly using
the trace formalism, as for the neutrino case. Therefore, the
present study could be easily extended to treat such a case.
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APPENDIX A: WIMP-NUCLEON INTERACTIONS
1. Scalar interaction

The scalar interaction is characterized by an external cur-
rent s(x). The terms of the chiral Lagrangian containing this
quantity are [36]

L3, = ciN{E)N + csNELN

2
+ %(&(x)ufoo +U@E )+, (Al

where ¢; and ¢5 are LECs and

E, =u'tu +uttu, (A2)
§(x) = 2B, s(x), (A3)
Ux) = e 77, (A4)
u(x) = /U (x). (A5)

Above B, is another LEC related to the pion mass value.
In Eq. (Al) (---) indicates the trace of the matrices, A =
A— %(A) and the dots represent higher order terms which are

(a) (b) (c)

FIG. 9. Diagrams contributing to the one- and two-body transi-
tion operators for the scalar case. Solid, dashed, and wiggly lines
represents nucleons, pions, and WIMPs, respectively. Only one time-
ordering of each diagram has been reported.

negligible for our purposes. Explicitly, the WIMP contribu-
tion to the density s(x) is given by Eq (12). Expanding the
Lagrangian (A1) in powers of the pion field and keeping the
terms up to the order O(r?), as will be clear later, we only
need to consider the following Lagrangian terms:

cs cS _
Line = —8B.cy A—;NN ix — 4BccsA—_2NtzN ix
S S

¢,

+BL»FXXJT : (A0)
S

The interaction Hamiltonian can be obtained from the chiral

Lagrangian density using the procedure described in detail in

Ref. [32]. In most of the cases, the Hamiltonian terms are

simply given by

Hine(x) = —Line (%), (AT)

but in special cases there are correction terms to be taken into
account.
The WIMP current in this case is given by

123 - X
Lk'r’,kr = W Uy (A8)

where ] are Dirac four-spinors. Expanding these latter quan-
tities in powers of the momenta, we have

k +k')?
Lk/r’,kr = <1 - %>8nr’ -
X

ik xk) o,
4M? ’

(A9)

where o, denotes the matrix element of the Pauli matrices
between the WIMP spin states.

In Fig. 9, the diagrams contributing to the one- and
two-body transition operators for the scalar case have been
reported. The diagram depicted in panel (a) gives a LO
contribution of order Q=3 plus an additional N2LO con-
tribution of order Q~! coming from the expansion of the
Dirac four-spinors entering the NNWW vertex. The other
two diagrams contribute to NLO. Corrections to these two
diagrams due to the expansion of the Dirac four-spinors and
the energy denominators are at least of order Q° and therefore
we will neglect them. Considering all contributions up to
N2LO, the one- and two-body and the WIMP currents are
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given by

SBCCICS 4B, C5C,
J(l)/ = 7L31’1 + (Tt
oo A§ A2

[(l . (p+p/)2>85’5/ _ l(p/ XP) 'as’s]

8M? 4M?
C3 3¢%B.
_'58124—”;”}7 L at’tas’ss (AlO)
A 32w f 2my
Jo CS & (7.5 012 02
“fe? 2ot )
(A11)

where oy (t,,) is the matrix element of the Pauli matrix
i =x,y,z between nucleon spin (isospin) states. More-
over, hereafter we also use the notation 0| = ((rx«l,sl ), wr =

Vm? + k%, etc. Above, F(x) = w derives from
the dimensional regularization of the pion loop in panel (c) of
Fig. 9; see Ref. [18] and references therein.

For deuteron and “He scattering, only the isoscalar part of
the transition current will play a role, so let us write explicitly
its chiral components, order by order. Let us define

CS
(1) N § (1,v
Jaals_A2 Jaals ’
v=0,2

(A12)

6‘? ’9

where the subscript “’is” specifies that we are considering the
isoscalar part, only. It is also convenient to introduce the so-
called “o” term [18], defined as o,y = (N|gq|N). In xEFT,
oy is given by [18]

™ 9 2
O _ e 4 8im (4
My 4(4m f)* \2my,

>+---, (A13)

where the “- - - denotes high order terms in x PT and A(x) =
%F (x) — 1. The LO, NLO, and N2LO one-body isoscalar
components can be recast in the form [18]

20:NB.
Jf; 015 = ”Z 85,580, (A14)
Jeate =0, (A15)
g2 _ 20xNB. (p +P/)28 i(p) X p)- oy 5
a0l is T m72r - 8M2 s,s" T 4M2 1t
(A16)

The NLO term coming from the last term of Eq. (A10) has
been absorbed in the definition of oy, while the rest, propor-
tional to A(x), gives a term which reads

9¢4 B,

g2 98B (4 N\ g
@,olis 647 f2 2my, )

However, this term is of third order, as A(x) ~ x?, and

therefore it will be neglected in this work (see also later).
The isoscalar two-body current can be decomposed in the

7,
b7
4 o, 1,
L , R 1
\ﬁ\x \V\ w ) . \\

(a) (b) (c)

FIG. 10. The same as in Fig. 9 but for the pseudoscalar interaction.

same way
(2) _ E (2) v
Jalaz,a’l,a’z,is - 2 aray,of,o,is’ (A18)
As v=0,2
@1 G . o iki-0yiky - 0)
oy, ,o,is = _B52 21"1 "2 2 2 ’ (A19)
’ Ik Wy, Wy,

and clearly J®0 = J®2 =0,

2. Pseudoscalar interaction

The pseudoscalar external current p(x), given in Eq. (13),
enters the effective nucleonic Lagrangian through the follow-
ing operators [36]:

& = 2iB.p(x),
Er=u'tu +uttu.

(A20)
(A21)

The interaction Lagrangian is given explicitly as [36]

2 .
Liy = L <$(x)UT(X)+ U(x)§ >+d18N%V“VS[3,u€—]N

+d19N5y“y5[aw (ENNA+--- . (A22)

Expanding the above Lagrangian in powers of the pion field,
we obtain

P

A2 —X lV Xz

A

P

C
2(d18+2d19)N7/ YN 9, (Xiv’x)
Ay

1m - 2f7‘f

ct )
2B~ disNy" v TN 0,(Riy’ ), (A23)
s
where dig, d9 are LECs.
The WIMP current in this case is given by
Ly e = uk, 1y ukr, (A24)

and, expanding the Dirac four-spinors in powers of the mo-
menta,

arr q
2M

Ly sy = T (A25)
We note that Ly, 4, is at least of order Q.

The relevant diagrams are reported in Fig. 10. The LO
contribution is given by the diagram depicted in panel (a)
where the WIMP is scattered after absorbing a pion in flight.
It brings a contribution of order Q~3 (hereafter we include in
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the counting one Q coming from L/, ;,), plus corrections at
order Q! coming from the expansion of the vertex functions
and energy denominators. However, these latter terms are
neglected here since they correspond to isovector transition
operators, whose contribution vanishes in the deuteron (for
“He the pseudoscalar coupling does not give any contribu-
tion). Here, we keep pseudoscalar isosvector operators at LO
only. The diagram of panel (b) gives again an isovector transi-
tion operator of order Q~!, therefore in this work we neglect
it as well.

The diagram of panel (c) derives from the vertex with the
dyg and dj9 LECs. It is of order Q~', but it has an isoscalar
term, so we take it into account. Other diagrams contribute at
order O(Q") or higher. The final expression of the transition
density we will consider is therefore

| cr c?
Jit = (2B dis (o + 2Be(dis + 2di0) b Jioy g
AS S

(A26)

while, as explained above, we neglect the pseudoscalar two-
body current in this study.
The isoscalar part, relevant in this study, is rewritten as

CP
@1 _ =+ (1),v
Ja,ot’,is - F Z Ja.at’,is’ (A27)
S v=0,2
Tk = 2Bo(dis + 2d19)iogs - q 8, (A28)

while J0 = JO1 — o,

3. Vector interaction

In the case of vector interaction, the WIMP field con-
tributes to the quantities v’ and v,, entering the following
Lagrangian terms [36]:

Ly, = iNy" (T, —iv)N
Co -~ C7
—~No"™FIN+ —

e N Ty

2
b

No"FSN

7”<3MU*(1'UUM —iv,U)+---  (A29)
with
T, = udu+ud,u’ — i’ v,u —iuv,u'], (A30)
FS) = 8,0 — 9,0, (A31)
Fuv = 8,0y — 3y, (A32)

Above we have neglected all terms quadratic in v, because
we suppose that the coupling constants Cy 4 are very small.
The LECs c¢ and c; are related to the anomalous magnetic
moment of the nucleons. In the present case J, J@, and L
are four-vectors, the chiral order of their “time” and “space”
parts being different. Explicitly, the WIMP current in this case
is given by

(A33)

I3 — X Mo, X
Lk’r/,kr = UV Uy

>
P
f, s 77/%
X . o
o
o s o
(a) (b) (c)
7 77
T, :
! 7 \\
. ;@\\ Vo
4 7 T
\v\
3
(d) (e)

FIG. 11. The same as in Fig. 9 but for the vector interaction.

which can be expanded up to order Q? as follows:

2 .7
= (k X k) “Oyr
Liv i) =1--L 1|5, +° . (A34
Ly gr) [ SM)ZJ PvE (A34)
=i (k/ + k)l (lq S Gr’r)i
Ly, o )= = 8, , A35
( k'r ,kr) 2MX + ZMX ( )

for i = x, y, z. It can be seen that (L, 4, )*=° ~ O(Q"), while
(Lk'r’,kr)MZI ~ 0(Q).

The relevant diagrams for the vector interaction are re-
ported in Fig. 11. The WIMP-nucleon vertex appearing in
the diagram of panel (a) derives from the interaction terms
reported in the first two lines of Eq. (29). The minimal order
of the “time” component of J!) associated to this diagram is
~ Q~3, while the space part is ~ Q2.

The diagrams (b) and (c) give the contribution of the one-
pion exchanges. The time part of these diagrams is always
of order Q. The spatial parts of the corresponding J and
J? are of order Q~!, so we take into account them. The
spatial parts of the diagrams in panels (d) and (e) are of order
Q~!, as well. Since they give the first contribution to the form
factors of the nucleon, we include them by inserting the “phe-
nomenological” electric and magnetic form factors G¢(g) and
Guy(g) in our transition currents. In this way, we take into
account also high order contributions. The final expression of
the transition densities we will consider is

=0 -
(D)= = —hy (@)8ss — (20 () — hy ()]
2 Py
q l(p X p) c Oy
- 8v’v s A36
* ( VR M2 > (A36)
=i +p)i - i(g X 0y5);
J(l), p=i _ _h (p— A ’ A37
Vo) V(@ @ (A3D)
and
U )™ =0, (A38)
o],00,00,0,
\4
@ n=i _ 84 €2 ky -0,
(Ja],ai,otg,aé) - T}?A—g(nxn)z . [ s iog1+ (1< 2)
ki ok -
%i(kl - kz)], (A39)
a)la)2
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where as usual i = x, y, zand w; = Vv mi + kf, etc. Above we
have introduced

3CYGy(q)8: + CY Gy (q) ()i

hy(q) = e , (A40)
S

- 3CVGS 8 +CVGY /

Fiv(q) = + (@)t j;z — M(q)(fz)lt’ (A41)
S

where G (q), G (q), Gj;(q), and G),(g) are the isoscalar and
isovector electric and magnetic form factors of the nucleons.
They are normalized so that

Gp(0) = Gp(0) =1,
Gy (0) =1+ kp — kn,

Gy(0) =14k, + «y,
(A42)

where «, and «, are the anomalous magnetic moments of
the nucleons. In fact, as explained in Appendix A 6 we can
identify ¢7 = «, + k,, and ¢g = K, — k,. Some comments are
in order. (1) The correction given by the form factors is ap-
plied only to the one-body current, the two-body current being
already at N2LO. (2) For simplicity we have used the well-
known dipole parametrization of the form factors, namely we
have taken

Gx(q9) = Gy () +Gx(q), X =E.M, (A43)

Gy(q) = GY(q) — Gx(q9), X =E.M, (Ad4)
. 2 Gplg)

GL(q) = Gplg). GlL(q) = —xnfﬁ 1 i :]"7 (A45)

Gh(q) = (1+k,)Gp(q), Gy(q) = kuGp(q), (A46)

Gp(q) = (A47)

(1+£&)
where Ay = 0.84 GeV has been extracted from fits of elastic
electron scattering data off the proton and deuteron [54,55].
(3) Usually the form factors are expressed in terms of the
quantity Q%> = ¢> — w?, where w is the energy transfer. How-
ever, in the present case, w = (K> —k?)/2M, < q, so we
have assumed Q = ¢. (4) As discussed before, we need the
form factors at values of g rather small, where the dipole
parametrization is a sufficiently good approximation.

As usual, we report below the decomposition for the
isoscalar operators:

CV
1) I (1),v \M
Voreris)" = 55 D Vacas) (A43)
S v=0,2
0,0 _ S
'Oa,ot’,is - _SGE(Q)Ss,s’St,t’a (A49)
i = =326y (@) — Gy (@)]dr.
2 Ly
q i(p)xp)-o
- , (A50
Rl R
s, ptP
Jt(xl,l;’l,zs = _3GE(q)W8s,s’81,z/
S i(q X O'S’s)
+ SGM(CI)Tsz,z/, (A51)
@ wo_
(Jm,otj,az,aé,is) =0, (A52)

: M1 _ gM,0 _ g(1),2
while pa.a’,is — Ja.a’,is — Jot.a’,is

the notation J* = (p, J).

= 0. Here, we have adopted

4. Axial interaction

In order to describe the axial interaction we consider the
chiral Lagrangian in SU(3) space, which reads [56]

_ F_
Lin = TVI:B(Z')/MDM — Mo)B — EBV“VS[MW B]
Do us fi i
+ EBJ/M)/ {u,,, B} | + T<V/LUVMU )+, (AS3)

where D, F, and fj; are LECs and the dots stand for other
contributions not relevant for this study. The quantities B, U,
and u, are now 3 x 3 matrices of the various baryon and
meson fields,

2 A +
V2 " Vo 202 A
o g° 24
NG
and U = ¢/ where
EARI + +
R
— - _T_ -
o = T Atz K . (A55)
K- K’ il
NG
Moreover, u = +/U as usual, and
u, = i[uTBMu — MBMMT - iuTaMu - iuauuT], (A56)

and q,, is the SU(3) axial current given in Eq. (26).

We can again expand the Lagrangian in the mesons field ®.
Since we expect the coupling constants C44 to be small, we
will neglect the terms of the expansion that are quadratic in a,,.
Developing the traces (and retaining only the terms involving
nucleons and pions), we get

_ _ a®
Ly, = (D + F)Ny"y t.Na})) + 3F — D)Ny"y’N-=

V3

1
—2fr0"m.a}) + f—Ny"(f x 7).Na) + - (A57)
b

In these terms we have identified fj; = f,. The Hamiltonian
density can be obtained using the Legendre transformation,
but particular attention has to be paid to the last term. The
interaction term appearing finally in the Hamiltonian after the
transformation reads

I = 0= =
HA — ... — ?Nyo(r X n)ZNa(()3)

nt
g

1,
- Y #).Na® + - (AS8)

T

Now J, J@ and L are again four-vectors, the chiral order
of their “time” and “space” parts being different. Explicitly,
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FIG. 12. The same as in Fig. 9 but for the axial interaction.

the WIMP current in this case is given by

L = vy ug, (A59)
which, expanded up to order Q?, is given by
_ K +k)-o
Ly i) = ———) A60
( k'r ,kr) ( ZMX . ( )
_ (k' 4 k)*o; ,
L /ol =t = i k
Ly kr) |:<7 82 4M2( (0-k)
+ki(o- k) — ik’ x k)i):| (A61)

The relevant diagrams for the axial interaction are re-
ported in Fig. 12. The WIMP-nucleon vertex appearing in
the diagram of panel (a) derives from the interaction terms
reported in the first line of Eq. (30). The minimal order of
the space component of JI) associated with this diagram is
~ 03, while the time part is & 0~2. Therefore, we include
the corrections coming from the expansion of the four-spinors
entering the vertex only in the space component. The contri-
butions of the diagram in panel (b) (the “pion-pole” diagram)
behaves analogously. In this case, only isovector transition
operators are obtained.

The diagrams (c) and (d) give the contribution of the one-
pion exchanges. The time part of these diagrams is of order
0!, so we will take into account it. The WWNNm vertex
derives from the interaction Hamiltonian given in Eq. (A58).
On the other hand the spatial parts of the corresponding J®
are of order Q°, so they will be neglected here. Finally, the
diagrams in panels (e) and (f) (and many others) contribute to
the axial form factor of the nucleon. These two give a pure
isovector contribution, so we will take them into account (and
many others) by including in the isovector part of the current
the phenomenological axial form factor. The corresponding
isoscalar part is not well known, so we will not include it
(in any case it appears at least at the O(Q° order). The fi-
nal expression of the transition densities we will consider is

therefore
=0 K- o
vy = mo(57),
C (t) (K -0
~Ga@) 53 : ”(7)”, (A62)
(1) \u=i 26
(‘Iot,a’) = _hA(Q)[Gi - 2M2 4M2 (p (O' P)
+pi(a-p') —i(p' x p)i)}
AT
+GA(q) Zzllq
w
q
X [(q : or)s’s + _4M2 <2K . qK -0
2 1,
—2Kq~a—§qq-or , (A63)
@ =0 _ g4 C1 (T x D).
( az,aém,a;) f2 A2 w—g k2 07, (A64)
(2) w=i _
(Jaz,vtéal,oti) - O’ (A65)
where K = (p + p')/2 and
3F —D)C48,, + G CA(T)y
/’lA(q)Z( ) +0r't 2 4(g)C2( z)tt’ (AG6)
Aj
8A
Galg) = (A67)

(1+4£)°

Note that D + F = g4. Here we assume Ay =1 GeV, as
determined from an analysis of pion electroproduction and
neutrino scattering data [57,58] (again, we can safely assume
that Q =~ ¢). Uncertainties in the value of A4 do not sig-
nificantly impact predictions for the WIMP cross-section as
q < Ay4. In the pion-pole contribution, usually there should
appear the pseudoscalar form factor Gps(g). From our chiral
analysis, we obtain Gps(q) = Ga(q)/ (m,ZT + ¢?) (the pole con-
tribution), well verified by the experimental data [59].

As usual, we report below the decomposition of the
isoscalar operators:

Vo) = 75 Z )" (A68)
As v=0,2
K -
Pararis = —(F — D)<—a> LI (A69)
M s's

chtl,z);?ls = _(3F - D)os’sat’ta (A70)

JI2 — _(3F —D)| — K_z" 1 v p

o, ,1s 2 4M2
+plo-p)—i(p x p))} 8, (AT1)
s's

(J(Z) ) . )M =0, (A72)

ay,a],02,0),is

1,0 _ (1).2
o, is = Paalis =

while p J(()[llezy =0. Again J* = (p, J).
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5. Tensor interaction

In the case of tensor interaction it is necessary to start
from the construction of the nucleon Lagrangian where the
current t* appears (notice that such terms are thought to be
rather suppressed [16]). The hadronic Lagrangian for a tensor
current has been constructed in Refs. [60-62]; however, here
we will briefly recall the steps. We have previously seen that
the quark Lagrangian with external tensor current reads

L = go,,t"q. (A73)
Since t#¥ = t*¥ ¥, this term can be rewritten as
L™ = grout™ qi + qrouwt™ qr. (A74)

Assuming that #*¥ transforms under chiral transformations as
(A75)
(A76)

" — Re*LT
" — Le"TRT

where L (R) represents a local rotation in the isospin space
of the left (right) components, and remembering that un-
der these transformations the nucleon field N (a doublet in
isospin space) and the pionic unitary matrix U = ¢@®)7//x
transform as

N — hN, (A77)
U — RulL', (A78)
u — Ruh' = huL", (A79)

where u = /U and h is a SU(2) matrix depending in a com-
plicate way on L, R, and 7 (x), it can be seen that Lagrangian
terms invariant under chiral transformations to the lowest or-
der are No,,,T/'"N, where

T = wt™ u+ u't*u’. (A80)
In fact, it is easy to prove that
T/ — hT/"h'. (A81)

Considering that among the two operators (A81) only T/
is invariant under parity, charge, and Hermitian conjugation,
we obtain the result that the lowest order Lagrangian of the
nucleons will be

Lr

L =& N0, (T!")N + &No,, TIN, (A82)

where ¢; and &, are new LECs. Higher order terms can be
constructed combining 7" with u,,, etc. Here for simplicity
we consider only the lowest order term given above.
Expanding T/ in powers of the pion fields and con-
sidering only the lowest order terms, the nucleon-WIMP
interaction Lagrangian becomes
Lr

1nt

_ 1
= Naﬂvp(%lci +256CTT)No™ x + -+ . (A83)
S
We remember that in this case the nucleonic and WIMP
currents are four-tensors, and clearly only the off-diagonal
elements are different from zero. The WIMP tensor in this
case is given by

v =X v X
L Uy 0" Up

K'r kr = k (A84)

FIG. 13. The same as in Fig. 9 but for the tensor interaction.

which, expanded up to order Q?, reads

(Levx )0,‘ _ ( iq; _ (@ x 0')1’)
ke wm, o, ),
2
i q (q-0)
Lo ) = e .1
(L ger) 6,,(3(0@ O'ZSM)% +qe 82
Q- 0) .(qXQ)z)
-0y —i . (A8)5)
iz ae ),

where Q = (k +k')/2.

The only diagram we consider here for the tensor inter-
action is that reported in Fig. 13. The WIMP-nucleon vertex
appearing in the diagram of panel (a) derives from the inter-
action terms reported in Eq. (31). The minimal order of the
time-space component of J(I associated to this diagram is
~ Q~2, while the space-space part is &~ Q3. Since L’ is of
order Q, the product Jél)Lo is nominally of order Q~!. There-
fore, we include the corrections coming from the expansion
of the four-spinors entering the vertex only in the space-space
component.

The final expressions for the antisymmetric single nucleon
operator (Ja(ul,)a )Y can be written in terms of two current vec-
tors as

(Jéfi/)ij = €ijl (Jfa/)lv (JOE};,)"" = (Jf;f)iv (A86)
where
cr cT
I, = 481580 + 28— ()
<\ T
2
q (0-9)
X (a 08M2 + Ve
(0-K)  i(gxK)
- K A87
o e it
cr cr
B _ a4z, £, + 26 —=(1.),
S < €1 A% v+ CzAg('ﬁ)tr)
j K
w(-ta _Kxo)) (A88)
2M M ),

As usual, we report below the decomposition of the
isoscalar operators:

CT

Tovs =5 2o Jew (A89)
As v=0,2

J LALOIY = 4¢1(0)ys0r1 (A90)
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TABLE IV. LECs values used in this work.

LEC Value

ga 1.27 MeV™!
fe 92.4 MeV™!
B. 2.40 GeV~!
o 3.71GeV ™2
7 —0.12GeV ™2
dis + 2dy9 1.00 GeV~2
D 0.86 GeV ™2
F 0.39 GeV 2
4¢ 0.58 GeV ™2

2
W2 _ x4 (0-9)
Jat,ot’,zs C|< USMZ +q 8M2
(0-K) ilgxK)
K =) b (A9
J(B) _ CI J(B),v A92
a,ais T F Z a,ais’ ( )
S/ v=0,2
i K xo
J(()f;;,lls 4c (_ % - M ) Syt (A93)

while J! = J®0 = g B2 —0.

oo is oo is oo is

6. Values of the LECs

We report the values of the LECs entering our calculation
in Table IV. The value of B, is related to the quark condensate
in vacuum. We have already discussed that this parameter is
also related to the pion mass. In fact, expanding the chiral
Lagrangian in terms of the pion field, and looking to the
terms proportional to the pion field square, we can identify
mi = 2myB., where m, is the average between the mass of u
and d quarks. Adopting the value m, = 3.45 MeV [63], we
can estimate B, &~ 2.78 GeV. Note that the relation between
m2 and B, will have higher order corrections coming from
LW etc. Other estimates of B, come from the Gell-Mann-
Oakes-Rennes relation between the mass of pseudoscalar
mesons [64], or directly from lattice calculations. The more
precise estimate obtained for B. using the latter method is
B. =2.40 +£0.03 GeV [65] (see also Ref. [66] for a more
recent estimate). In our work we have adopted the value of
Ref. [65], representing an average of the results of different
lattice calculations.

The scalar current has been written in terms of o,y
constant. Here we will assume o, = —59.1 & 3.5 MeV, as
extracted from a Roy-Steiner analysis of pion-nucleon scat-
tering [67] (in the following, we do not take into account the
small associated error).

The LECs d;s and dj9 entering the pseudoscalar La-
grangian are not well known. Since the pseudoscalar inter-
action will produce a very small reaction rate, we will take
dig +2djg = 1 GeV~2, namely a sort of “natural” value.

For the vector current, the LECs ¢¢ and c¢; are simply
related to the anomalous magnetic moment of the nucleons.
In fact, assuming that the vector external current is given by
the electromagnetic field, then the one-body nuclear current
would be given by

J(l) u=i (P+P/): (1 + Tz) (q X (7)[
( ota’)EM M 2 -t 2M

: (1 ZTZ +2 2“”) , (A94)

from which we can identify [54]
C6 =Kp—Kn, C7=Kp~+Ky, (A95)
where «, = 1.793 (k, = —1.913) are the anomalous magnetic

moments of the proton (neutron) in unit of the nuclear magne-
ton. The values reported in Table IV are obtained from these
relations.

The values for the LECs D and F, which enter the axial
current in the SU(3) formalism, are taken from Ref. [68]. Note
that F + D = 1.26 ~ g4 [68].

Finally, the values of the LECs & and ¢, entering the
tensor case can be obtained from the results of a recent lattice
calculation on the tensor charges of the nucleons [69]. We
have found

4¢) = gi™ = 0.582 £ 0.016,

28, = g4 = 1.004 £ 0.021, (A96)

where the quantities g”Tid were calculated in Ref. [69].

As already stated, the values of the LECs used in this work
are summarized in Table IV. Note that here we have not tried
to quantify the propagation of the error with which these LECs
are known to the DM rates. This task will be deferred to a
successive work.

APPENDIX B: THE QUANTITIES I(a, b, ¢, d)

In this Appendix we list the quantities /(a, b, ¢, d) entering
the expression of the rate (47) for the various cases.

(i) Scalar interaction

V. 2
1f=11<1—vz— L . 2V+i,—1,0>.

M,  AMZ’ M,
B
(i) Pseudoscalar interaction
e
I =1{-—-+,0,0,0). (B2)
4M)2(
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(iii) Vector interaction

X
~ q n
=1 -V-§——,4,0,0),
2 ( q M, q )
v o V-q 612
L =1V C])+M +M’
x X (B3)
— 24|V -G+ -L104).
oM,
1% 1 > N2 42
Iy =1 E[V -V-9l+ .
X
V+gV-g ! 'é)
_ .
q QZ \/E

(iv) Axial interaction

V. 2
1f:1<v2+—q . —2V—i,1,0>,

M, — AMZ° M,

. q
B=I-V.-6———,4,0,0),
2 ( q 2M, q )
A 2 2 ‘12
B=I14+WV-§*=V>==_2V —=24(V-§),
3 <+( q) a2 qV - q)

_15 q>a

1 1 V. 2
B=11-vi-_w.gr-24_ 1
2 2 M, 4M?
~ A, 4 1. g
VAGV -G+ —, —=, i— ). B4
xV+4q q+MX 5 2) (B4)
(v) Tensor interaction
Vg ¢
I=11—-w. g - ————,
3 ( V-a) M,  4M2
24|V -4+ —-|,0,ig), (BS)
2M,,
mai(i- vy ly o 2
4 2 20T T
VG g é) (B6)
q Q7 Z’ﬁ E)
T.B 2 2 qz
B =p(v:—(V. -4+ ——,
=2V +24(V-9), 1, ici), (B7)
2 A\2 2
V-9 V-q gq
I ,
i3+ T, o
U qg 1 ¢
-V -4V )——,—,—),
qv -4 M, 2 5
IT’Ale(—V g— -2 ,Q,0,0). (B8)
4 2M,

[1] See for example, G. Bertone et al., A New Era in the Quest for
Dark Matter, J. Cosmol. Astropart. Phys. 03 (2018) 026, and
references therein.

[2] J. L. Feng, The WIMP paradigm: Theme and variations, SciPost
Phys. Lect. Notes 71 (2023).

[3] S. Bottaro et al., Closing the window on WIMP Dark Matter,
Eur. Phys. J. C 82, 31 (2022); The last complex WIMPs stand-
ing, 82, 992 (2022).

[4] C. Antel et al., Feebly interacting particles: FIPs 2022 workshop
report, arXiv:2305.01715.

[5] L. Baudis, Dark matter detection, J. Phys. G 43, 044001 (2016).

[6] J. Cooley, Dark Matter direct detection of classical WIMPs,
SciPost Phys. Lect. Notes 55 (2022).

[7] J. Goodman, M. Ibe, A. Rajaraman, W. Shepherd, T. M. P. Tait,
and H. B. Yu, Constraints on dark matter from colliders, Phys.
Rev. D 82, 116010 (2010).

[8] J. Goodman, M. Ibe, A. Rajaraman, W. Shepherd, and T. M. P.
Tait, Constraints on light Majorana dark matter from colliders,
Phys. Lett. B 695, 185-188 (2011).

[9] G. Bertone et al., Particle dark matter: Evidence, candidates and
constraints, Phys. Rep. 405, 279 (2005).

[10] S. Weinberg, Nonlinear realizations of chiral symmetry, Phys.
Rev. 166, 1568 (1968).

[11] J. Gasser and H. Leutwyler, Chiral perturbation theory to one
loop, Ann. Phys. (NY) 158, 142 (1984).

[12] S. Scherer, Introduction to chiral perturbation theory, in Ad-
vances in Nuclear Physics, edited by J. W. Negele and E. W.
Vogt (Kluwer Academic/Plenum, New York, 1986), Vol. 27.

[13] S. Weinberg, Nuclear forces from chiral lagrangians, Phys. Lett.
B 251, 288 (1990); Effective chiral lagrangians for nucleon-
pion interactions and nuclear forces, Nucl. Phys. B 363, 3
(1991); Three-body interactions among nucleons and pions,
Phys. Lett. B 295, 114 (1992).

[14] V. Bernard, N. Kaiser, and U.-G. Meissner, Chiral dynamics in
nucleons and nuclei, Int. J. Mod. Phys. E 04, 193 (1995).

[15] P. Klos, J. Menendez, D. Gazit, and A. Schwenk, Large-scale
nuclear structure calculations for spin-dependent WIMP scat-
tering with chiral effective field theory currents, Phys. Rev. D
88, 083516 (2013).

[16] F. Bishara, J. Brod, B. Grinstein, and J. Zupan, Chiral effective
theory of dark matter direct detection, J. Cosmol. Astropart.
Phys. 02 (2017) 009.

[17] D. Gazda, R. Catena, and C. Forssén, Ab initio nuclear response
functions for dark matter searches, Phys. Rev. D 95, 103011
(2017).

[18] C. Korber, A. Nogga, and J. de Vries, First-principle calcula-
tions of dark matter scattering off light nuclei, Phys. Rev. C 96,
035805 (2017).

[19] A. Fieguth, M. Hoferichter, P. Klos, J. Menéndez, A. Schwenk,
and C. Weinheimer, Discriminating WIMP-nucleus response

034002-20


https://doi.org/10.1088/1475-7516/2018/03/026
https://doi.org/10.21468/SciPostPhysLectNotes.71
https://doi.org/10.1140/epjc/s10052-021-09917-9
https://doi.org/10.1140/epjc/s10052-022-10918-5
https://arxiv.org/abs/2305.01715
https://doi.org/10.1088/0954-3899/43/4/044001
https://doi.org/10.21468/SciPostPhysLectNotes.55
https://doi.org/10.1103/PhysRevD.82.116010
https://doi.org/10.1016/j.physletb.2010.11.009
https://doi.org/10.1016/j.physrep.2004.08.031
https://doi.org/10.1103/PhysRev.166.1568
https://doi.org/10.1016/0003-4916(84)90242-2
https://doi.org/10.1016/0370-2693(90)90938-3
https://doi.org/10.1016/0550-3213(91)90231-L
https://doi.org/10.1016/0370-2693(92)90099-P
https://doi.org/10.1142/S0218301395000092
https://doi.org/10.1103/PhysRevD.88.083516
https://doi.org/10.1088/1475-7516/2017/02/009
https://doi.org/10.1103/PhysRevD.95.103011
https://doi.org/10.1103/PhysRevC.96.035805

DARK MATTER SCATTERING OFF 2H AND “He ...

PHYSICAL REVIEW C 110, 034002 (2024)

functions in present and future XENON-like direct detection
experiments, Phys. Rev. D 97, 103532 (2018).

[20] L. Andreoli, V. Cirigliano, S. Gandolfi, and F. Pederiva, Quan-
tum Monte Carlo calculations of dark matter scattering off light
nuclei, Phys. Rev. C 99, 025501 (2019).

[21] J. de Vries, C. Korber, A. Nogga, and S. Shain, Dark
matter scattering off “He in chiral effective field theory,
arXiv:2310.11343.

[22] W. Guo and D. N. McKinsey, Concept for a dark matter detector
using liquid helium-4, Phys. Rev. D 87, 115001 (2013).

[23] T. R. Richardson, X. Lin, and S. T. Nguyen, Large-N, con-
straints for elastic dark matter-light nucleus scattering in
pionless effective field theory, Phys. Rev. C 106, 044003
(2022).

[24] A. L. Fitzpatrick, W. Haxton, E. Katz, N. Lubbers, and Y.
Xu, The effective field theory of dark matter direct detection,
J. Cosmol. Astropart. Phys. 02 (2013) 004.

[25] N. Anand, A. L. Fitzpatrick, and W. C. Haxton, Weakly interact-
ing massive particle-nucleus elastic scattering response, Phys.
Rev. C 89, 065501 (2014).

[26] P. Agnes et al. (DarkSide-50 Collaboration), Effective field
theory interactions for liquid argon target in DarkSide-50 ex-
periment, Phys. Rev. D 101, 062002 (2020).

[27] D. S. Akerib et al. (LUX Collaboration), Constraints on effec-
tive field theory couplings using 311.2 days of LUX data, Phys.
Rev. D 104, 062005 (2021).

[28] I. Jeong, S. Kang, S. Scopel, and G. Tomar, WimPyDD: An
object—oriented Python code for the calculation of WIMP di-
rect detection signals, Comput. Phys. Commun. 276, 108342
(2022).

[29] D. J. Heimsoth, B. Lem, A. M. Suliga, C. W. Johnson, A. B.
Balantekin, and S. N. Coppersmith, Uncertainties on the EFT
coupling limits for direct dark matter detection experiments
stemming from uncertainties of target properties, Phys. Rev. D
108, 103031 (2023).

[30] M. Hoferichter, P. Klos, and A. Schwenk, Chiral power count-
ing of one- and two-body currents in direct detection of dark
matter, Phys. Lett. B 746, 410 (2015).

[31] E. Aprile et al. (XENON Collaboration), Effective field theory
and inelastic dark matter results from XENONI1T, Phys. Rev. D
109, 112017 (2024).

[32] A. Baroni, L. Girlanda, S. Pastore, R. Schiavilla, and M.
Viviani, Nuclear axial currents in chiral effective field theory,
Phys. Rev. C 93, 015501 (2016); 93, 049902(E) (2016).

[33] See, for example, M. E. Peskin and D. V. Schroeder, An Intro-
duction to Quantum Field Theory (Addison-Wesley, Reading,
MA, 1995).

[34] H. Georgi, Weak Interactions and Modern Particle Theory
(Dover, New York, 2009).

[35] F. Gross, Relativistic Quantum Mechanics and Field Theory
(Wiley-VHC, Weinheim, 2004).

[36] See, for example, N. Fettes, Ulf-G. Meissner, M. Mojzis, and
S. Steininger, The chiral effective pion-nucleon Lagrangian
of order p*, Ann. Phys. (NY) 283, 273 (2000); 288, 249(E)
(2001).

[37] M. Cadeddu et al., Directional dark matter detection sensitivity
of a two-phase liquid argon detector, J. Cosmol. Astropart.
Phys. 01 (2019) 014.

[38] R. B. Wiringa, V. G. J. Stoks, and R. Schiavilla, Accurate
nucleon-nucleon potential with charge-independence breaking,
Phys. Rev. C 51, 38 (1995).

[39] D. R. Entem, R. Machleidt, and Y. Nosyk, High-quality two-
nucleon potentials up to fifth order of the chiral expansion,
Phys. Rev. C 96, 024004 (2017).

[40] R.J. Furnstahl, D. R. Phillips, and S. Wesolowski, A recipe for
EFT uncertainty quantification in nuclear physics, J. Phys. G:
Nucl. Part. Phys. 42, 034028 (2015).

[41] R. J. Furnstahl, N. Klco, D. R. Phillips, and S. Wesolowski,
Quantifying truncation errors in effective field theory, Phys.
Rev. C 92, 024005 (2015).

[42] S. Wesolowski, N. Klco, R. J. Furnstahl, D. R. Phillips, and
A. Thapaliya, Bayesian parameter estimation for effective field
theories, J. Phys. G: Nucl. Part. Phys. 43, 074001 (2016).

[43] S. Wesolowski, 1. Svensson, A. Ekstrom, C. Forssen, R. J.
Furnstahl, J. A. Melendez, and D. R. Phillips, Rigorous con-
straints on three-nucleon forces in chiral effective field theory
from fast and accurate calculations of few-body observables,
Phys. Rev. C 104, 064001 (2021).

[44] B. S. Pudliner, V. R. Pandharipande, J. Carlson, S. C. Pieper,
and R. B. Wiringa, Quantum Monte Carlo calculations of nuclei
with A < 7, Phys. Rev. C 56, 1720 (1997).

[45] E. Epelbaum, A. Nogga, W. Glockle, H. Kamada, Ulf-G.
Meissner, and H. Witala, Three-nucleon forces from chiral ef-
fective field theory, Phys. Rev. C 66, 064001 (2002).

[46] A. Gardestig and D. R. Phillips, How low-energy weak
reactions can constrain three-nucleon forces and the neutron-
neutron scattering length, Phys. Rev. Lett. 96, 232301
(2006).

[47] D. Gazit, S. Quaglioni, and P. Navratil, Three-nucleon low-
energy constants from the consistency of interactions and
currents in chiral effective field theory, Phys. Rev. Lett. 103,
102502 (2009).

[48] L. E. Marcucci, F. Sammarruca, M. Viviani, and R. Machleidt,
Momentum distributions and short-range correlations in the
deuteron and *He with modern chiral potentials, Phys. Rev. C
99, 034003 (2019).

[49] M. Abdullah et al., Coherent elastic neutrino-nucleus scattering:
Terrestrial and astrophysical applications, arXiv:2203.07361.

[50] S. Pastore, L. Girlanda, R. Schiavilla, M. Viviani, and R. B.
Wiringa, Electromagnetic currents and magnetic moments in
(xEFT), Phys. Rev. C 80, 034004 (2009).

[51] G. Shen, L. E. Marcucci, J. Carlson, S. Gandolfi, and R.
Schiavilla, Inclusive neutrino scattering off deuteron from
threshold to GeV energies, Phys. Rev. C 86, 035503 (2012).

[52] J. L. Newstead, R. F. Lang, and L. E. Strigari, Atmospheric
neutrinos in next-generation xenon and argon dark matter ex-
periments, Phys. Rev. D 104, 115022 (2021).

[53] P. Panci (private communication).

[54] J. Carlson and R. Schiavilla, Structure and dynamics of few-
nucleon systems, Rev. Mod. Phys. 70, 743 (1998).

[55] C. E. Hyde-Wright and K. de Jager, Electromagnetic form fac-
tors of the nucleon and Compton scattering, Annu. Rev. Nucl.
Part. Sci. 54, 217 (2004).

[56] J. A. Oller, M. Verbeni, and J. Prades, Meson-baryon effective
chiral Lagrangians to o(¢g’), J. High Energy Phys. 09 (2006)
079.

[57] A. Bodek, S. Avvakumov, R. Bradford, and H. S. Budd, Vector
and axial nucleon form factors: A duality constrained parame-
terization, Eur. Phys. J. C 53, 349 (2008).

[58] G. D. Megias, S. Bolognesi, M. B. Barbaro, and E. Tomasi-
Gustafsson, New evaluation of the axial nucleon form factor
from electron- and neutrino-scattering data and impact on

034002-21


https://doi.org/10.1103/PhysRevD.97.103532
https://doi.org/10.1103/PhysRevC.99.025501
https://arxiv.org/abs/2310.11343
https://doi.org/10.1103/PhysRevD.87.115001
https://doi.org/10.1103/PhysRevC.106.044003
https://doi.org/10.1088/1475-7516/2013/02/004
https://doi.org/10.1103/PhysRevC.89.065501
https://doi.org/10.1103/PhysRevD.101.062002
https://doi.org/10.1103/PhysRevD.104.062005
https://doi.org/10.1016/j.cpc.2022.108342
https://doi.org/10.1103/PhysRevD.108.103031
https://doi.org/10.1016/j.physletb.2015.05.041
https://doi.org/10.1103/PhysRevD.109.112017
https://doi.org/10.1103/PhysRevC.93.015501
https://doi.org/10.1103/PhysRevC.93.049902
https://doi.org/10.1006/aphy.2000.6059
https://doi.org/10.1006/aphy.2001.6134
https://doi.org/10.1088/1475-7516/2019/01/014
https://doi.org/10.1103/PhysRevC.51.38
https://doi.org/10.1103/PhysRevC.96.024004
https://doi.org/10.1088/0954-3899/42/3/034028
https://doi.org/10.1103/PhysRevC.92.024005
https://doi.org/10.1088/0954-3899/43/7/074001
https://doi.org/10.1103/PhysRevC.104.064001
https://doi.org/10.1103/PhysRevC.56.1720
https://doi.org/10.1103/PhysRevC.66.064001
https://doi.org/10.1103/PhysRevLett.96.232301
https://doi.org/10.1103/PhysRevLett.103.102502
https://doi.org/10.1103/PhysRevC.99.034003
https://arxiv.org/abs/2203.07361
https://doi.org/10.1103/PhysRevC.80.034004
https://doi.org/10.1103/PhysRevC.86.035503
https://doi.org/10.1103/PhysRevD.104.115022
https://doi.org/10.1103/RevModPhys.70.743
https://doi.org/10.1146/annurev.nucl.53.041002.110443
https://doi.org/10.1088/1126-6708/2006/09/079
https://doi.org/10.1140/epjc/s10052-007-0491-4

ELENA FILANDRI AND MICHELE VIVIANI

PHYSICAL REVIEW C 110, 034002 (2024)

neutrino-nucleus cross-section, Phys. Rev. C 101, 025501
(2020).

[59] R. J. Hill, P. Kammel, W. J. Marciano, and A. Sirlin, Nucleon
axial radius and muonic hydrogen—A new analysis and review,
Rep. Prog. Phys. 81, 096301 (2018).

[60] O. Cata and V. Mateu, Chiral perturbation theory with tensor
sources, J. High Energy Phys. 09 (2007) 078.

[61] A. Glick-Magid, Non-relativistic nuclear reduction for tensor
couplings in dark matter direct detection and u — e conversion,
arXiv:2312.08339.

[62] J. H. Liang, Y. Liao, X. D. Ma, and H. L. Wang, Comprehensive
constraints on fermionic dark matter-quark tensor interactions
in direct detection experiments, arXiv:2401.05005.

[63] C. Patrignani et al. (Particle Data Group), Review of particle
physics, Chin. Phys. C 40, 100001 (2016).

[64] M. Gell-Mann, R. J. Oakes, and B. Renner, Behavior of
current divergences under SU; x SUs, Phys. Rev. 175, 2195
(1968).

[65] S. Aoki et al. (FLAG Collaboration), Review of lattice results
concerning low-energy particle physics, Eur. Phys. J. C 77, 112
(2017).

[66] C. Wang et al., Quark chiral condensate from the overlap quark
propagator, Chin. Phys. C 41, 053102 (2017).

[67] M. Hoferichter, J. Ruiz de Elvira, B. Kubis, and Ulf-G.
Meissner, High-precision determination of the pion-nucleon o
term from Roy-Steiner equations, Phys. Rev. Lett. 115, 092301
(2015).

[68] A. Hosaka, T. Myo, H. Nagahiro, and K. Nawa, in Hadron and
Nuclear Physics 09: Osaka University, Japan, 16-19 November
2009 (World Scientific, 2010).

[69] C. Alexandrou, M. Constantinou, P. Dimopoulos, R. Frezzotti,
K. Hadjiyiannakou, K. Jansen, C. Kallidonis, B. Kostrzewa,
G. Koutsou, M. Mangin-Brinet, A. VaqueroAviles-Casco, and
U. Wenger, Erratum: Nucleon scalar and tensor charges using
lattice QCD simulations at the physical value of the pion mass,
Phys. Rev. D 96, 099906(E) (2017).

034002-22


https://doi.org/10.1103/PhysRevC.101.025501
https://doi.org/10.1088/1361-6633/aac190
https://doi.org/10.1088/1126-6708/2007/09/078
https://arxiv.org/abs/2312.08339
https://arxiv.org/abs/2401.05005
https://doi.org/10.1088/1674-1137/40/10/100001
https://doi.org/10.1103/PhysRev.175.2195
https://doi.org/10.1140/epjc/s10052-016-4509-7
https://doi.org/10.1088/1674-1137/41/5/053102
https://doi.org/10.1103/PhysRevLett.115.092301
https://doi.org/10.1103/PhysRevD.96.099906

