UC San Diego
UC San Diego Previously Published Works

Title
Renormalization group effects in dark matter interactions

Permalink
https://escholarship.org/uc/item/7r34b4td

Journal
Journal of High Energy Physics, 2020(3)

ISSN
1126-6708

Authors

Bishara, Fady
Brod, Joachim
Grinstein, Benjamin

Publication Date
2020-03-01

DOI
10.1007/jhep03(2020)089

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/7r34b4tc
https://escholarship.org/uc/item/7r34b4tc#author
https://escholarship.org
http://www.cdlib.org/

arXiv:1809.03506v1 [hep-ph] 10 Sep 2018

DO-TH 18/01
Renormalization Group Effects in Dark Matter Interactions

Fady Bishara,""?'* Joachim Brod,*»* " Benjamin Grinstein,® ! and Jure Zupan*$

TRudolf Peierls Centre for Theoretical Physics,
University of Ozford OX1 3NP Ozford, United Kingdom
?Deutsches Elektronen-Synchrotron (DESY), D-22607 Hamburg, Germany
dFakultat fir Physik, TU Dortmund, D-44221 Dortmund, Germany
4 Department of Physics, University of Cincinnati, Cincinnati, Ohio 45221, USA
> Department of Physics, University of California-San Diego, La Jolla, CA 92093, USA
(Dated: September 12, 2018)

Abstract

We present a renormalization-group (RG) analysis of dark matter interactions with the standard
model, where dark matter is allowed to be a component of an electroweak multiplet, and has a
mass at or below the electroweak scale. We consider, in addition to the gauge interactions, the
complete set of effective operators for dark matter interactions with the standard model above
the weak scale, up to and including mass dimension six. We calculate the RG evolution of these
operators from the high scale A down to the weak scale, and perform the matching to the tower
of effective theories below the weak scale. We also summarize the RG evolution below the weak
scale and the matching to the nonrelativistic nuclear interactions. We present several numerical
examples and show that in certain cases the dark matter — nucleus scattering rate can change by

orders of magnitude when the electroweak running is included.
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I. INTRODUCTION

For a large class of dark matter (DM) models, the physics of direct detection experiments
can be described using Effective Field Theory (EFT) [1-27]. There are several scales that
enter the problem: the DM mass, m,, the scale of the mediators, A, through which the DM
interacts with the visible sector, and, finally, the standard model (SM) scales — the masses
of the SM particles and the scale of strong interactions, Aqcp. The EFT description of DM
direct detection is appropriate as long as the mediators are heavier than a few hundred MeV,
i.e., above the typical momentum exchange in direct detection experiments. Furthermore,
the EFT description is necessary in order to consistently treat the hadronic physics in the
scattering of DM on nuclei.

The EFT approach is especially appealing if one does not want to commit to a particular
DM model when interpreting the results of direct detection experiments. The direct detec-
tion bounds can be expressed as the bounds on the coefficients of local operators, which can
then be compared between different direct detection experiments in a model-independent
manner [16, 20, 21, 23, 27]. If the mediator scale is above the DM mass, A 2 m,, they can
also be compared to indirect detection bounds [28-34], and to colliders searches if A is above
the typical partonic momentum exchange in the collision [35-43]. At the LHC the typical
partonic momentum often does exceed the mediator scale, A, in which case one needs to
resort to simplified models [44-57].

In the present manuscript we are interested in the connection between the DM theory
at the mediator scale, A, and the EFT describing DM direct detection. To do so one needs
to run through a tower of EFTs that connects the UV scale A with the nuclear scale. We
assume that!

A>my, ~mg, (1)

where myz = 91.1876 GeV is the Z-boson mass. Fig. 1 depicts the resulting tower of EFTs.

At a particular scale p the appropriate EFT is constructed from the relevant propagating

! For A ~ m, one needs to match onto an EFT with non-relativistic DM, the Heavy Dark Matter EFT
(HDMET), already at the scale A.
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Figure 1: The tower of EFTs linking the UV scale A to the scale of interactions between the

nucleons and the DM.

degrees of freedom.

At p ~ A the propagating degrees of freedom are either the full theory of DM interac-
tions, presumably renormalizable, or a simplified model of DM interactions, including the
mediators. For p < A the mediators are integrated out, leading to an EFT with nonrenor-
malizable interactions between DM and the visible sector. At u ~ my the top quark, the
Higgs, and the W, Z bosons are integrated out. For u < my the DM interactions are there-
fore described by nonrenormalizable operators in an EFT that contains only DM (which, for
my ~ my, is now described by a nonrelativistic field), and the bottom-, charm-, strange-,
down-, and up-quark, as well as the leptons, gluons and photons. At u ~ m,; one integrates
out the bottom quark, and at g ~ m,. the charm quark. Finally, at u ~ O(1 GeV) a non-
perturbative matching to an EFT with pions and nucleons, i.e., a chiral effective theory, is
performed [18-21]. This is then used in a chiral EFT approach to nuclear forces together
with the nuclear response functions to obtain the hadronic matrix element for each of the
DM-nucleon interaction operators [9-13, 23, 34, 58, 59].

The EFT operators mix under the renormalization-group (RG) evolution when going
from A to mgz, from my to my, etc. The primary purpose of this paper is to calculate
the anomalous dimensions for the RG running from A to my for the case of Dirac fermion

DM in an arbitrary electroweak multiplet. This RG running can be phenomenologically
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Figure 2: Representative one-loop (left and middle) and two-loop (right) diagrams contributing to

the direct detection scattering of DM that is part of an electroweak multiplet.

important since it can mix operators that are velocity suppressed in the nonrelativistic limit
with operators that are not velocity suppressed (see Refs. [22, 60-67] for further examples
of relevant loop corrections in DM interactions). In addition, we also perform the rest of
the running and matching down to the nuclear level and give several numerical examples.

The possibility that DM is part of an electroweak multiplet is allowed by direct detection
constraints as long as DM does not couple to the Z boson at tree level (for instance, this is the
case if the DM multiplet has odd dimensionality and does not carry hypercharge). The ex-
changes of W, Z, h bosons with a quark current then generate a contribution to DM-nucleon
scattering at one-loop and two-loop level, see Fig. 2 and Refs. [68, 69]. Since these contribu-
tions are loop-suppressed and result in either a chirality flip or spin-dependent scattering, it
is quite possible that the leading contribution is due to exchanges of heavy mediators. This
is illustrated in Fig. 3 where we show for several non-renormalizable interactions at which
values of the mediator mass, Aequal, the non-renormalizable and renormalizable contributions
to scattering on Xenon are equal. For mediators lighter than Acqua the scattering rates are
dominated by the non-renormalizable interactions. Even if the mediators are very heavy,
many orders of magnitude heavier than the weak scale, they can still give the leading effect
in spin-independent scattering. Furthermore, the operators that lead to velocity-suppressed
contributions, such as vector-axial interactions, are only poorly constrained. A mixing into
velocity unsuppressed, coherently enhanced operators at one-loop, two-loop, or potentially
even three-loop can therefore still be the leading contribution to the scattering rate. This
motivates both the use of the complete tower of EFTs and the calculation of the leading-
logarithmic effects captured by RG running.

In our analysis we cover both the case of DM with electroweak-scale mass, m, ~ mz, and



light DM, m, < mz. Note that we do not require DM to be a thermal relic, and therefore
allow for a large range of DM masses and interactions. Above the electroweak scale we
limit our analysis to a basis of operators with mass dimension five and six, and work to
one-loop order for the anomalous dimensions. The matching corrections are calculated at
tree level, except for the cases where one-loop contributions can be numerically important,
for instance, if the matching generates gluonic operators. The subsequent RG evolution
below the electroweak scale has been described in detail in Refs. [16, 21]; see also Ref. [23]
for a computer code that implements the running numerically. Several interesting cases are
left for future work, such as the case of several DM multiplets, the case of scalar DM, the
case of very heavy DM, m, > my, as well as the analysis of higher dimension operators.
The paper is organized as follows. In Section IT we give the complete basis of dimension-
five and dimension-six operators for DM interacting with the SM, valid above the electroweak
scale. The anomalous dimensions describing the mixing of these operators are presented in
Section III, while in Section IV we give the matchings to the tower of EFTs below the
electroweak symmetry breaking scale, and collect the results on the running down to the
hadronic scale, along with the subsequent nonperturbative matching to the chiral EFT
and the nuclear responses. Section V contains illustrative examples showcasing the effects
of operator mixing on DM direct detection phenomenology. The conclusions are given in
Section VI. Appendix A contains our notation and conventions, Appendix B the mixing with
the pure SM operators, Appendix C the mixing with the pure dark sector, and Appendix D

a list of unphysical operators used in the calculation.

II. EFFECTIVE LAGRANGIAN ABOVE THE ELECTROWEAK SCALE

We extend the SM by a single Dirac fermion, a Z,-odd electroweak multiplet of dimension
dy, = 21, + 1, hypercharge Y, and mass m,, whose electrically neutral component is the
DM. Here I, is the weak isospin of the DM multiplet (see App. A for our conventions). One-
loop electroweak corrections split the multiplet components, so that the charged particles
are heavier than DM and decay in the early universe (see Refs. [7, 70]). In the numerical
examples in Section V we set Y, = 0, so that the phenomenologically dangerous tree-level
vectorial Z couplings are absent. In the calculation of anomalous dimension in this section

we do, however, keep the Y, dependence, as this may prove useful in other applications of
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Figure 3: The contribution from the non-renormalizable operator, di), dominates in direct de-
tection scattering over the renormalizable contributions, if the suppression scale A is below the
corresponding solid line (i.e., for A = A¢qual the non-renormalizable and the renormalizable con-
tributions are of the same size). Examples shown are for triplet Dirac fermion DM with Y, = 0
scattering on a Xenon target, so that the contributions from renormalizable interactions start at
one-loop. The dashed gray lines denote the electroweak scale, mz, and the scales roughly n loop
factors above it, (47)?"my on the left and (47)"mz on the right. Dimension-five operators are

shown in the left panel, dimension-six operators in the right panel.

our results.

Within our set-up there are two types of DM interactions with the visible sector: either
through the exchanges of SM particles, or through new states — the mediators. In general
both of these contributions are present. Our default assumption is that DM has electroweak
scale mass, while the mediators are much heavier, with masses of order A > my . We thus

have the following hierarchy of scales,
A>my ~mz> Aqep 2 4, (2)

where ¢ ~ O(100 MeV) is the typical momentum transfer in DM scattering on nuclei. We
will also discuss the case of light DM, m, < mg.
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When one considers processes at energy scales below the mass of the mediators, p < A,
the mediators can be integrated out. The effective DM Lagrangian, valid for A > p > my,
is given by

Lo=LY 4+ 40+ (3)

where the superscripts denote the dimensionality of the operators in the Lagrangian. The

renormalizable part of the effective Lagrangian is, for a Dirac-fermion DM multiplet,

LY =Xiy" Dyx — myxx . (4)

The covariant derivative comprises the interactions with the electroweak gauge bosons Wy
and B,; see App. A for further details on our notation. For 1 > my ~ m, the mass
parameter m, can effectively be set to zero.

The non-renormalizable terms in the effective Lagrangian (3),
0(5) 0(6)
(5) — 2 0B (6) _ )
EX—E AQ“’ [,X—E AQQ‘I’ (5)

arise from integrating out the mediators. Depending on the mediator model it is possible
that only £§f’) or only £§f) are generated, but in general both will be present. We truncate the
expansion at dimension six since most mediator models generate nonzero Wilson coefficients,
Cc(ld), in at least one of the two effective Lagrangians, E;S), [,§<6) (for exceptions where the
first contributions arise only at dimension seven, see, e.g., Ref. [71, 72]; the complete basis
at dimension seven has been presented in Ref. [26]). When writing the basis we assume that
there is a conserved global dark U(1)p quantum number, which forbids currents of the form
XT'x, where x¢ is the charge-conjugated DM field, and I" denotes a generic string of Dirac
matrices. (This assumption is to be relaxed in a follow-up work, where we plan to extend

our analysis to the case of Majorana fermions and more than one multiplet.)

A. Dimension-five operator basis

The CP-conserving dimension-five operators are

g — v g — vV ~a a
QY = ¢ 50" X) B Q) = S (xo W, (6)
QY = (v (H'H), QY = (v x)(H'r°H) (7)



while the CP-odd operators have an extra insertion of ~s,

g1 g2 v~
Q?) 87r2 (XU“ 275X>B,u1/7 Qg)) = S_(XJN T 275X)W (8)
QY = (vivsx)(HTH), QY = (x#ivsx)(HIT"H) . 9)

Here and below, H is the SM Higgs doublet, and the SU(2) generators 7, 7* are defined
in App. A. All non-displayed SU(2) (and, below, also color) indices are assumed to be
contracted within the brackets. Note that if x is a SU(2) singlet, the operators Q(5) (5),
Qé5), and QS) are absent. In a perturbative UV theory the operators Ql, and Q56 are
generated at one loop, while the operators Qé‘i’i and Qg‘f’; are typically generated at tree

level. This expectation is reflected in our normalization of the operators.

B. Dimension-six operator basis

At dimension six there are many more operators. We do not consider flavor-violating
operators, keeping our discussion minimal. For each SM fermion generation, i = 1,2, 3,

there are then eight operators that are products of DM currents and quark currents,

= (VP (@' TQ%) QY = (s 0@ T°QL),  (10)
= (V1) Q" QL) | ) = (Xn0)(@"QL) (11)
(6) = (X7 X) (WY ) O = xvmx) (@), (12)
= (X9X) (dy"dy) ) = v (dydy) (13)

Here @)1, denotes the left-handed quark doublet, and ug, dr the right-handed up- and down-

type quark singlets, respectively. The analogous operators involving lepton currents are

Q) = (v, 7 X) (LiA 7oL, Q') = ConrsTX)(Lin 7oLt ) (14)
Qi = (vrux)(LLA"LY), Q). = vy ) (L L) (15)
Q'Y = (01x) (Fery™ ) s = Crarsx) @) (16)

where L denotes the left-handed lepton doublet, and ¢z the right-handed down-type lepton

singlet. Finally, there are four dimension-six operators involving Higgs currents,

©) = (xy#7)(H'i D, H ©) = (xyhys7x) (H'i D%, H 17
Q15 = (X' 7"x)(H" D%, H), Q7 = (V" s7*Xx)(H" D*, H), (17)



© — (xyx)(H'i D, H O — (xy"ysx)(H'i D, H 18
Qi = (XY*X)(H" Dy H), Qs = (X\v"5x)(H'i D H). (18)

The Higgs currents are defined in terms of hermitian combinations of the covariant deriva-
tives, Bu =D,— BL and 5“ W= 1D, — BL 7% Additional operators with covariant deriva-
tives acting on the DM fields vanish via the DM equations of motion, up to total derivatives.
As in the case of dimension-five operators, the basis simplifies if DM is a SU(2) singlet. In
this case, the operators Q(1(,5¢)7 g?j, Qg;), Qg),i, 5?7 and Q(l(;) vanish and should be dropped
from the basis.

While the operators (6)-(9) and (10)-(18) mix under RG running, they do not yet form a
closed set under renormalization; for this we also need to include the pure SM operators (see
App. B) and the operators with only DM fields. To the extent that we neglect the mixing

of the pure DM operators among themselves, we need only four operators for our purposes,

which we can choose as

DY = (X300 (11"X) DY = (0335 x) (X1"X) (19)

DY = (Xm0 ("7X) DY = (X057 X) (X1"7°X) (20)

III. RENORMALIZATION GROUP RUNNING

The RG running proceeds through several sequential steps, A — pugw — tp — e, With
matching thresholds at the electroweak scale, ugw, the bottom-quark mass scale, pup, and
the charm-quark mass scale, u.. We first review briefly each of the steps, and then give the
details in this and the subsequent section.

Running from the mediator scale, A, to the EW scale, upw ~ mz ~ m,, results in the
mixing of the operators in the effective DM Lagrangian, Eq. (3). We perform the calculation
of the RG running using dimensional regularization in d = 4 — 2¢ dimensions. Following the
conventions in Ref. [73], we define the anomalous dimension matrix v by

d = A
M@C(M) =7 C(n), (21)
where C is a vector of Wilson coefficients?, and the superscript 7' denotes matrix transposi-

tion. The anomalous dimension matrix receives a number of different contributions that we

2 For dimension-five operators some Wilson coefficients need to be redefined to have simple forms of anoma-

lous dimensions, see Eq. (28).

10



treat separately, so that

©) (0) o), ... 29

Here, we defined oy = y7 /471 and a = A/4m, where y; is the Yukawa coupling of the fermion
f and A the Higgs quartic coupling (for normalizations see Appendix A), while the other
parameters are defined in terms of the gauge couplings in the usual way, a; = g?/4w. The
ellipsis denotes higher-order contributions. Note that the anomalous dimension above the
EW scale does not depend on the QCD coupling constant, since DM does not carry color,
while all the DM—quark operators in (10)-(13) contain conserved quark currents in the limit
of zero quark masses. The situation is different below the EW scale.
The solution to the RG evolution equation (21) gives the Wilson coefficients at any scale
pEw < <A,
Cp) = U, A)C(A), (23)
where U (u, A) is the evolution operator from A to u, obtained by solving (21), or equivalently

d

dln,uU(’u’ A) = ’}/TU(/% A)’ (24)

with the initial condition U(A, A) = 1. The leading-order RG evolution effectively sums the
terms of the form o log"(A/ugw) to all orders. Since some of the anomalous dimensions
are large, we count «;log(A/ugw) ~ O(1). We work to leading-logarithmic order and thus
include all terms that are O(1). This means that the matching conditions are calculated to
the same order, i.e., are obtained at tree level. Matching is done at one-loop, if the tree level
contribution vanishes and the one-loop contribution is numerically important, for details see
below.

The first matching arises at the EW scale, pugw ~ mgz, where one integrates out the
top quark, Higgs, W and Z. For u < pugw the propagating degrees of freedom are then
the photon, the gluons, ny = 5 quark flavors, and the leptons. The RG running in the
five-flavor theory is given by the anomalous dimension matrix 7. It receives QCD and

electromagnetic contributions, so that at one loop order,
_ % 0 (0)
ry["f] - E’Y[nf],s + 4_7[nf] e + - ) (25>

where o, and « are the strong and electromagnetic coupling constants. At u, ~ m; the

bottom quark is integrated out. The resulting four flavor EFT has as the propagating

11



degrees of freedom the photon, gluons, leptons, and n; = 4 flavors of quarks. It is valid for
e < b < pp, where p. ~ m, is the scale at which the charm quark and the 7 lepton are
integrated out. The running from A down to the scale pp.q ~ 2 GeV, where the hadronic

matrix elements are evaluated, can thus formally be written as

—

C'(tnad) In;=3 = Upg)(tnads fe) Mia—s) () U (te, po) Mis—ap (1)

- (26)
X Up) (14, MEW)M[Ewﬁs}(MEW)U(MEW, A)C(A).

Here Uy, ,j(p, 1) are the evolution operators from p’ to p in a theory with ny quark flavors

that satisfy an evolution equation similar to (24),

d

n __ T /
MU[nf](MaM) = Yin, ] Ulny) (1 1) - (27)

In the numerics we take finaq ~ pie ~ 2 GeV, and thus set Ujgj(pihad; pte) = 1. The My, ;1)
in Eq. (26) are the matching matrices when going from a theory with ny quark to a theory
with ny—1 quarks, while Mgw_5(1ew) symbolises the matching to the five-flavor theory at
the EW scale. On the left side of Eq. (26) we have denoted explicitly that the final Wilson
coefficients are in the theory with only three flavors of quarks, i.e., with just u, d, and s
quarks, along with gluons, photons and the light leptons.

In the remaining part of this section we present the explicit form of the anomalous
dimension matrix, Eq. (22), that describes the mixing of the operators due to the RG
evolution from the mediator scale A to pugw. The subsequent matching and RG evolutions
below the weak scale is given ins Sec. IV. We work in the limit of flavor conservation, setting
the Cabibbo-Kobayashi-Maskawa (CKM) matrix to unity. Furthermore, in this section we
keep only the top, bottom, charm, and tau Yukawa couplings nonzero.

For the computation of the anomalous dimensions we used two independent automated
setups. In the first, the amplitudes were generated using qgraf [74] and the anomalous
dimensions were computed using the computer algebra system form [75]. The second setup
relied on Mathematica packages: the Feynman rules were generated using FeynRules [76],
the amplitudes with FeynArts [77], and the anomalous dimensions were computed using

FormCalc [78].

12



A. Mixing of dimension five operators

We start by providing the anomalous dimension matrices for mixing of the CP con-
serving dimension-five operators §5), e Qés), defined in Egs. (6)-(9). For the column of
the dimension-five Wilson coefficients entering the RG evolution equation (23) we use the
rescaled Wilson coefficients

- A1 ~(5) A2 ~(5) ~(5) ~(5) Y1 ~(5) X2 ~(5) ~(5) ~(5
0= (S0P, 208,000,000, 210, 2200, 0 o). 29)

The explicit factors of oy o/2m = 9%,2 /87% in C" ensure that the anomalous dimension ma-

trices %(0)

, still defined by (22), do not depend on coupling constants. The evolution of the
primed Wilson coefficients is given by the analogue of Eq. (21), namely,

u%(j’(u) =~"C'(p), (29)

The corresponding rescaled operators are also denoted by a prime and read

5 1 — uv 5 1 — _pvz~a a
Q" = = (X" X) B, Q) = = (X" W, (30)
g1 92
5 I v, 5 L VirysT? °
9 = (20" 195) By 0 = - (o insT W, (31)

while Q;(E’) = QZ(.E’) forv=3,4,7,8.

The anomalous dimension for Qll(S), e ,Qé(g’) splits into two blocks, for the CP even
operators, Qll(S), ey Qf’), and the CP odd operators, Qgg’), e g(5), while there is no mixing
between the two blocks. The QCD anomalous dimensions vanish, since all fields are color
neutral. The remaining one-loop anomalous dimensions for the Q'l(5), e ,Qf) block are

sy2—28 0 —6Y, 0
Wlarear=| 07 0 e | 32

2 27X
0 0 0 -3 - %YXQ

27, —4Y,, 0 —24

[15”] g1 e, = 8 0 _s_ 20 ;;jx ) 8 (33)
B )
0 0 0  —6J+3

13



B,W B,W B,W
X ,é\/!—:i& X X '—% X X '—%& X
B,W B,W B,W
Figure 4: Sample diagrams for renormalization of Qll(5), Q/Q(E’) operators due to By, W, exchanges

at one loop.

B,W
X XX 4—_@* X X X XX R X
axt I\ I " ,’ \ o
/ \ / \ / \ I
B,W \ / \
/ \ / \ /w\ \;0.1/
’ \ / \ /" BW - ~~_
H H H H H H H H

Figure 5: The renormalization of the Qé(5), Q:l(s) operators at one loop, with only one representative

of each class of diagrams shown.

Here J, = I, (I, +1), with d,, = 21,41 the dimensionality of the DM electroweak multiplet,
and Y, its hypercharge. The 3 functions for the gauge couplings g; and g, are given by

2
o 41 Y o 19 4
b= _E - ?deNxa By = E - §~7xdexa (34)
respectively, where N, is the number of DM multiplets in the representation I, (we
will mostly take N, = 1). The anomalous dimension matrices for the CP-odd opera-
5 5 . . 0 0
tors Q/5( ), cee é( ) are also given by the same matrices, [71( )]QQ,(.E.)QXQQ,(?)S = [%( )]Q/l(,??ﬂ@;(ﬂ’

1=1,2,y, A\, as required by the fact that CP breaking is not probed by the relevant one-loop
diagrams.

The anomalous dimensions 1\ in Eq. (32) and 43" in Eq. (33) come from the exchanges
of the B, and W gauge bosons in Figs. 4, 5, and 6, respectively. They are almost diagonal,

/2(5) in 7{0) is due to a

with only six nonzero off-diagonal entries. The Q'l(‘r’) mixing into @)
loop exchange of B, with an emission of W7, shown in the left two diagrams in Fig. 4, while
the QIQ(S) mixing into Q/l(s) is due to a similar diagram with B, and WJ exchanged. The
Qll(5) mixing into QIQ(S) in fyéo) is due to a loop exchange of B, in the last diagram in Fig. 4.
The mixings of dipole operators, Qll(g), into the Higgs current operators, Qg(i), arise from the

diagrams in Fig. 6. These mixing contributions vanish for singlet DM (Y, = J, = 0). This

14



Figure 6: Sample diagrams for mixing of the dipole operators Qll(5) and Q/2(5) into the Higgs

operators Qg(g’) and Qf’).

is true also for the mixing of Qll(5) into QQ(S) in 750) (recall that the operators Q;(B) and Qf’)
are absent for singlet DM). The contributions proportional to Yukawa couplings and the

Higgs self coupling to the anomalous dimension lead only to multiplicative renormalization

of Q) and Q)

3] g0, = D g, = D ] g, <, = diag (0,0,6,6), (35)
(1] o) oo, = diag (0,0,2,2) (36)
[’yg\o)} Q'ﬁ%x@'ﬁ% = diag (0, 0, 3, 1) . (37)

They arise from the Higgs wave function renormalization, and in the case of ”yf\o), from the
last diagram in Fig. 5.
After running from p ~ A to u ~ my, we revert the rescaling of the Wilson coefficients,
ie.,
2T,

» 2 2 2
b (—01(5), 27 t6) 1) @) 2T ) 2T i) o165) Oé(ts)) | (38)
o) a1

(651 6%)]

corresponding to our original definition of operators in Eqs. (6)-(9). We use the unprimed

Wilson coefficients for determining the matching conditions in Sec. I'V.

B. Mixing of dimension six operators

We turn next to the anomalous dimensions for the dimension-six operators. Counting the
three SM fermion generations and keeping only flavor-diagonal fermion currents, there are 46
operators in total that couple DM with the SM. We work in the limit of flavor conservation
which simplifies the structure of the anomalous dimensions.

We split the 46 x 46 matrix of anomalous dimensions into several sub-blocks. They

correspond to three groups of operators: the operators with quark currents, ﬁ), ey gji);

15



the operators with lepton current, Qg(fi), e ,Qgi)ﬂ-; and the operators with Higgs currents,
Qg?, . ,Qg%) (see Egs. (10)—(18) for definitions). Moreover, we will distinguish between
mixing within one fermion generation, and mixing between different generations.

A technical remark is in order. To project the one-loop matrix elements onto our oper-
ator basis within the context of dimensional regularization, we have to manipulate Dirac
matrices in d # 4 dimensions. Strictly speaking, this requires the extension of the operator
basis by evanescent operators. However, the one-loop anomalous dimensions are not affected
by the choice of the evanescent operator basis, and we can effectively use four-dimensional
Dirac algebra [79].

We start with the mixing among the operators that are products of DM and quark cur-
rents, Qﬁ), . ,Qgi-), Egs. (10)—(13), within the same quark generation. The corresponding

8 x 8 block of the anomalous dimension matrix is given by

0 0 0 0 -Y, 0 0 0
0 2d,Y?+2 8 -3 0 -Y, 0 0
0 3 Y2+ Y -5 0 0 4Y, ©
2 8 2 2 4
O)go o = _(;/ —05 —05 ngYg +3 8 8 8 —20Yx ,
’ ’ ’ ’ X
0 Y, 0 0 0o 2 & -3
0 4Y, 0 0o 5 ¥ -3
0 —2Yy 0 _% _g %
(39)

for the part of the anomalous dimension matrix proportional to g7, while the part of the

anomalous dimension proportional to g3 is

gjxdx -4 0 00 0 =3J,00

0 0 00-12 0 00

0 0 00 O 0 00

0) B 0 0 00 O 0 00
[72 }fo“.g,ifo;.._g,i - 0 —37, 00 —4 0 00 (40)

—12 0 00 O 0 00

0 0 00 O 0 00

0 0 00 O 0 00

Both of the anomalous dimension matrices are diagonal in flavor indices. As far as the
U(1) gauge interaction is concerned, for Y, = 0 the operators Q(G) 1= 2,3,4,6,7,8, are

)

partially conserved currents, and one would naively expect their anomalous dimensions to
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B,W
; B.W% %W
Q,L Q,L Q,L Q,L Q,L Q. L

Figure 7: Sample diagrams for the renormalization of QgGi) sy Qﬁ)i operators due to the exchange

of By, W at one loop (right-handed quarks and leptons can also be on the external lines).

g QL
/& B,W
QL QL Q,L ' T H
Figure 8: The renormalization of the operators Q(6) © and Q(G) Q(G) due to the B,,, W2
: p IRERERER SV 150> w18 ws W

penguin insertion (right-handed quarks and leptons can also be on the external lines).

vanish. That this is not the case can be understood as the result of a non-multiplicative
renormalization, allowed for U(1) gauge groups; see Ref. [80]. Similar arguments apply for
the QED anomalous dimensions discussed in Sec. IV C.

The Feynman diagrams that lead to nonzero entries in the two matrices are given in
Figs. 7 and 8, with contributions from gauge boson exchanges between fermion lines, and
penguin diagrams, respectively. We see that an exchange of the hypercharge boson B be-
tween the DM and quark lines, shown in Fig 7 (middle and right panel), mixes in) and
Qéi), while these operators do not mix with any of the remaining operators. The same
contributions also mix Q;GZ) and ngi) , :(2,62 and Q(?Gl) , and ngi) and Qéi-) , respectively. These
diagrams are nonzero only for DM with EW charges. If DM is EW neutral, the 8 x 8 part
of ,AO) splits into two remaining 3 x 3 nonzero blocks formed by operators Qé?%A and Qg?%,s.

In contrast to %0) there are only a few nonzero entries in 750) in this 8 x 8 block. The
operator Qgi-) gets renormalized through diagrams in Fig. 7, and mixes into Qéi‘) through
the middle and rightmost diagrams in Fig. 7. Equivalent diagrams mix Qg’? and Qéi-) . Note
that these contributions to the mixing vanish, if DM is EW neutral, while the operators QgGZ)

and in) would be absent.
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The penguin insertions, Fig. 8, also lead to mixing between operators involving quark

currents of different generations. The corresponding anomalous dimensions are given, for

i # j, by

2 g8 _ 4
0 © : 1 3
_ 4 16 8 41
6 6 = 6 6 = = —=
[’yl ] g,i)...4,i><Qé,])'m4,j [’71 } é,g»-»s,iXQé,;’mS,j 9 9 9 ’ ( )
_2 _8 4
9 9 9

for the part of the anomalous dimension matrix proportional to g7, while the part of the

anomalous dimension proportional to g3 has the following non-zero entries for i # j

6 = 2. (42)

(
5,7

[ qmam = 2" logia

1,2
All the other entries vanish.
We turn next to the 6 x 6 block of the anomalous dimension matrix that describes the

mixing of the lepton operators Qgi-) e Qﬁ)ﬂ-, Egs. (14)-(16), among themselves, giving

0 0 0 3% 0 0
0 34Y2+5 3 0 3Y, O
2 24, Y22 0 0 —6Y,
(0) _ 3 3% 1x 3 X
D)o ann = oy, AL IR C )
2 4
3Y, o o % 4
2 4
0 -6y, 0o 2 4
and
STdy =% 0 0 0 —37 0
0 0 0-12 0 O
©) B 0 0 00 0 0
[72 :|Q$(3?7,?»~14,i><Q5()?i)m14,i - 0 _3\7)( 0 —% 0 0 (44)
—12 0 0 O 0 0
0 0 0 O 0 0

The latter two anomalous dimension matrices are straightforward modifications of the ones
for the DM-quark operators in (39), (40), taking into account different EW charges of the
leptons, compared to the quarks, and the fact that there is no right-handed neutrino in the
SM. (The operators containing the right-handed neutrino could be included, if necessary,
and would not mix with the operators in our basis.)

Penguin-type insertions lead to mixing between different generations also for leptons,

) : (45)

giving (for i # j)

Wi Wiy
OIS Ol

[%0)} © 6 ©) 6 = [%O)} ©) © © O ) =
(Qig,i» 11,j)X(Q10,in11,j) @iz 14,j)X(Q13,i7Q14,j)

18



and

08" amag = D2 loggetn, =3 )
All the other entries vanish.

A very interesting effect of the one-loop RG running is that the penguin diagrams mix
the operators with quark- and operators with lepton currents. This is shown in Fig. 8 (left),
where the two quark lines coming from the EFT operator are contracted into a loop, while
the emission of a B converts this into a lepton current. Conversely, an operator with a
leptonic current can be converted to a DM—quark operator at one-loop. The corresponding
mixing of the quark operators Qgﬁ), e ,Qéﬁ) into the lepton operators QéG), e ,Qgi) is given

by the following 8 x 6 block of %0) , now for arbitrary generation indices 7, j

00 0O0O0 O
2 _ 4
0--300 0
4 _8
0—-3-300 0
2 4
0) 0 300 0
hl }sz‘.‘g,iXQ&;,.,M,j 00 000 0 (47)
2 _4
00 0 0-35-—3
4 _8
00 0 0-35—3
00 00 2 3
The corresponding block of the ’yéo) matrix has only two nonzero entries,
157 g = [12"]geew. =2 (48)
1,2%9,j 5,1 ¥12,5
while the remaining entries in this 8 x 6 block of 750) are zero.
The mixing of the lepton operators, Qgs), e S), into the quark operators, Q§6), e gi),

is given for arbitrary generation indices ¢, 7 by the following 6 x 8 block of the 7}0) anomalous

matrix

e}
e}

I O

|

©lo Ol
o O O O
o O o O

[%0)} © o® = (49)

9,i---14,i *¥1,5...8,5

o O O O o O
o O O

o O O

O O O vk oks O
O O O O o O
|

©IN O

©|00 ©lw

ool O O O O

)

The corresponding 6 x 8 block of the 'yéo anomalous matrix has only two nonzero entries,

Wl N

b8 aa, = 08 Nagen = 5 (50

12,i
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Figure 9: Additional diagrams for the renormalization of the Qg?, ey Qgg) operators at one loop.
These diagrams are in addition to the set of diagrams in Fig. 5 which, at dimension six, include

an additional derivative w.r.t. to the dimension-five operators.

The mixing of DM—quark and DM-lepton operators, Eqgs. (47)—(50), has important phe-
nomenological consequences. One implication is that, in any theory where one introduces
DM-—quark interactions, one-loop mixing will generate DM-lepton interactions. The converse
is also true: a theory of purely “leptophilic” DM is impossible. An interaction between DM
and leptons will lead to an interaction between DM and quarks via one-loop mixing. Note
that the mixing is nonzero irrespective of whether or not DM carries any electroweak charge.
Penguin insertions will also generate DM-quark and DM-lepton interactions, when initially
only the pure DM operators (Eq. (19)) are present; see App. C.

Finally, we move to the mixing of dimension-six operators with Higgs currents,
Qﬁ?, . ,Qg%), Egs. (17)—(18). We start with the 4 x 4 blocks of the anomalous dimen-

sion matrices that give the mixing of these operators among themselves,

(0) T 1, 2 2 1

] xow = diag (0,5 + 3,Y7,0,5) (51)
(0) o 8 17 17

[ ]Qgg)“mXQ(lg)mlg = diag (37,d, — +,0,—4,0) . (52)

The relevant diagrams are shown in Figs. 5 and 9. The renormalization induced by these
contributions is multiplicative and does not lead to mixing of the DM-Higgs operators.

In addition there is mixing of the operators with quark and lepton currents into the
Higgs-current operators and vice versa (see Fig. 8). The resulting mixing of the DM-
quark operators, in) e ;?3 , and the lepton operators Qéi-) yee ,Qgi)ﬂ. into the DM-Higgs

operators, Qg?, - ,QQ, are given by the following 8 x 4 and 6 x 4 blocks in the %0)
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anomalous dimension matrix (i = 1,2, 3), respectively,

0000
0200 0000
4
0500 20 0
2 2
(0) i 0—-20 0 (0) - —20 0
[ }Qfg..,s,iXQgg--lB_ 0 03 o0 |’ ] XARPRETS] T I 03 00 |’ (53)
000 2 00 0-—3
000 3 00 0-2
00 0-2

and by the corresponding 8 x 4 and 6 x 4 blocks in the 750) anomalous dimension matrix,

which, however, only have two nonzero entries each,

2
(7 goge = ) goqe =2, [8g000 = [ q0 o =5+ (54

1,i %15 5, 9,i €15 12,i%17 3

The mixing of the DM-Higgs operators, Qg?, e ,Qg%), into the DM—quark operators,
QgG), o ,Qgi), and into the DM-lepton operators, QE(,G), o ,Qgi), is given by

000 O 00O O
1 4 2
) 0 39 —% 000 O
[71 }Q(l?..lgx@fgmg,i 000 0 000 0 |’ (55)
1 4 2
000 0 0} 4 -2
and
00 0 0 0 o0
0-1-20 0 0
(0) _ 3 73
[71 }Qg?ungngzum,i_ o0 oo0oo0 o0’ (56)
00 00—5—2

respectively, for the corresponding blocks of 750), while the nonzero fyéo) entries are given by

1
5 gma = P8 gwaw = B8 gwaw = 08" qwaw, = 3 o

12,4

Note that both the mixing of DM—quark and DM-lepton operators into the DM—Higgs ones
and vice versa is present even if the DM does not carry any electroweak charge.
For the third-generation DM—quark operators, Q@, e Qg, there is also the renormal-

ization due to the Yukawa interaction with the Higgs (we neglect all the Yukawa interactions
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except with the third fermion generation and the charm Yukawa), giving

10 0000
01 —200 0
0-12 00 0
5l axa®)en = D0 lo®) xo®) . = 8 8 8 8(1) 8
00 0001
00 000
00 0000
and
1 0000O0TO0O
01 0-20000
00000O0O0TODO
4O o P 0-102 0000
R E BRI R 000O0OT1U0UO00
00000T10-2
00000O0TO 0O
00000-10 2

o O O O O

-1 2

0

S O O O O o O

0

(59)

The off-diagonal entries in Eq. (58) are generated by the left-most diagram in Fig. 10 while

the diagonal entries result from the field renormalization constants. The Yukawa interac-

tions also lead to mixing of the DM—third-generation quark operators into the DM-Higgs

operators, QS"?, cee 5?3)7

= [

(6 6)
} 1,:2)»4»8,3 XQ§5.‘,18

[0 ]0®) ac

6)
15---18

22
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0 0
0 0
0 0
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Figure 10: Mixing of the quark operators proportional to the quark yukawa coupling due to the
insertion of DM-quark and DM-Higgs operators. We consider only the top, bottom, charm Yukawas
here and so ¢ € {t,b,c}. The same diagrams with Qp — Ly and gg — 7r mix DM-lepton and

DM-Higgs operators. These diagrams only contribute to off-diagonal mixing.

and
-6 0 0 O
0 -6 0 0
0O 0 0 O
0 6 0 0
0 —
['Vng)]Qf;...s,gxczﬁ?...ls_ 0 0 —6 0|’ o
0O 0 0 —6
0 0 0 O
0 0 0 6

as well as to the mixing of the DM-Higgs operators into the DM-third-generation quark

operators,

-10 0 00 O0O0O0
01-20 0000

0 — 0 =
[%Sc)]cz%i)...lsx@f;..g,g_hmQE‘?...mXQS‘?%---&s_ 0000-100 0|’ (62)
0000 1-=20
-1 0000 000
0 -102 0 0 00
(0) —
hyb]czgihwxcaﬁ?;ms,3_ 0 0 00-110 00 (63)

0 000 0 —-102
The Yukawa interactions also renormalize the Higgs operators themselves due to the

renormalization of the Higgs fields, giving

[715?)]Q<6> «Q® :[%52)}625?“.1%@(6) 2[758)}625?“18@(6) = diag(6,6,6,6) . (64)

15---18 15---18 15---18 15---18
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Finally, we also present the anomalous dimensions due to the tau Yukawa coupling,

leading to mixing among the four-fermion operators,

10 000 O
01 =20 0 0
0—-1 2 0 0 0
(0) -
hyf ]ngi;“mXQg?;“M,s o0 o010 01 (65)
00 001 =2
00 0 O0-1 2
mixing of four-fermion into Higgs operators,
-2 0 0 0
0 -2 0 0
0 2 0 O
0
[’Y?ST)} 5(3(,3%»4»14,3><Q§?-~18 N 0 -2 0 ’ (66)
0 0 0 -2
0 0 0 2
Higgs operators into four-fermion operators,
-1 0 0 0 00
0 =12 0 00
(0) -
[,ny ]Q(l?-umXQs(fgmm,:s 0 O 0-1 0 O ’ (67)
0 000 —-12
and diagonal self mixing of the Higgs operators due to Higgs field renormalization,
] go oo = diag(2,2,2,2). (68)

The results given in this section are sufficient if one works to leading-log accuracy without
resummation of the logarithms. However, the set of operators Qﬁ) e Q&?Q, Egs. (10)-(18),
does not close under renormalization, unless the DM self-interaction operators, Eq. (19),
and the SM EFT operators are included. We provide the anomalous dimension that give
the mixing with the SM effective operators in App. B, and with the DM self-interaction

operators in App. C.

IV. MATCHING TO EFT BELOW THE WEAK SCALE

The running from the mediator scale, u ~ A, down to the weak scale, u ~ my, is de-

scribed by the evolution operator U(ugw, A) in Eq. (26). The relevant anomalous dimension
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matrix v, appearing in Eq. (24), was presented in Sections IIT A and III B. The next step is
to calculate the matching onto a five-flavor theory at u ~ vgw by integrating out the top
quark, the Higgs and W, Z gauge bosons. This gives the matrix Mgw_.(s) in the evolution
equation (26). Since we are interested in the elastic direct detection scattering we can, below
the electroweak scale, ignore all the charged components of the y multiplet. From now on
x will thus denote only the neutral component of the DM electroweak multiplet.

After the matching at p ~ my we arrive at the ny = 5 effective Lagrangian which we

organize in terms of the dimensionality of the operators,
Lolny=s = L, o5 4+ LO =5+ LO,—5 + L ],m5 + - (69)

In the matching we keep all the numerically leading terms. The leading contributions from
dimension-five (o< 1/A) and dimension-six operators (oc 1/A%), Eq. (3), generically arise
already at tree level, with the exception of phenomenologically important one-loop match-
ings onto the dimension-seven gluonic operators. In these matching calculations we allow
for DM to carry arbitrary SU(2) x U(1) gauge quantum numbers. In addition, there are
contributions from renormalizable interactions. We include these in our numerical examples
in Sec. V, taking Y, = 0, so that there is no tree-level Z coupling to DM. The first nonzero
contributions from gauge interactions are then due to the one- and two-loop electroweak
threshold corrections, shown in Fig. 2, for which we use the results of Ref. [68].

We consider two discrete options for the DM mass: i) light DM, m, < my, and ii) DM
with the EW scale mass, m, ~ O(my). The case of heavy DM, m, > my, is relegated to
future work (dimension-four interactions are discussed in Refs. [7, 81]). In Section IV A we
perform the matching for light DM. In this case the time component and the spatial compo-
nents of the DM current are of the same size at the matching scale. The situation is different
for weak scale DM. For p < m, ~ O(myz) DM becomes non-relativistic, and thus the time
component is parametrically larger than the spatial ones. In the matching we therefore need
to simultaneously perform an expansion in 1/m,, which is done in Section IV B.

Before proceeding we remark that both the DM mass, m,, and the DM field, x, get shifted
by the Higgs vacuum expectation value due to the contributions from the Qg’i operators,
Eq. (7), and from the Q% operators, Eq. (9). The dimension-four part of the effective
Lagrangian (69) in terms of the shifted fields, x/, is

LP s = XX = mi XX (70)
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The redefinition of the x field is a simple chiral rotation, y' = exp (%’)/5(25))(, with (see also
Ref. [82])

tan ¢ = (C§5) + %C§5)>/[2ﬂazm>{/&/(ci}m%) — <C§5) + %Cf})) ] , (71)

while the new mass term is

Wz [ (@ Yuo®) e, Y0
m; = mX COS¢ + m |:<C7 + ICS ) Slngb — (03 + ZC4 ) COS ¢:| . (72)
The field redefinition also changes the operators Qf), ce é(f) in Egs. (6)-(9) and the corre-

sponding Wilson coefficients, 01(5)’ = Ci(5) cos ¢ + C’fz sing, C’Z@l’ = C’i(z cos ¢ — C’i(5) sin ¢,
for ¢ = 1,...,4, while there is no change in the dimension-six Wilson coefficients. In the
case m, ~ O(my) we expand in my/A which gives
2 m?
B —_ B Mz <0(5> X 0(5)) o)

7 7 27TCJ{2A77’LX 7 4 '8 i+41
5 o (73)
(5) Cme

(5)
c) = Cf

(3 K3

(¢ + %) .

+4 2manAm,,

From now on we will assume that the above field and mass redefinitions have been performed

and drop the primes on the Wilson coefficients, the DM fields, and the DM mass.

A. Light dark matter

In the case of light DM, m, < myz, we can use relativistic DM fields to construct the
effective theory below the weak scale. The effective Lagrangians containing operators of

dimensionality d in Eq. (69) are given by
L5 =) CiV 1 QL. (74)

where we introduced the dimensionful Wilson coefficients ééd)\n ;=5 in order to simplify the
notation. They are suppressed by inverse powers of the NP scale A and/or the top, W,
Z and Higgs masses. The DM mass, m,, can be set to zero in the matching except when
calculating the electroweak threshold corrections from the gauge interactions, where one
needs to expand to first order in m,,.

The electroweak EFT Lagrangian (3) with operators up to dimension six matches onto

the “five-flavor” EFT in the broken electroweak phase, Eq. (69). This gives rise to operators
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up to dimension seven, if one keeps only the leading contributions. We first give the basis of
the operators di) in the five-flavor EF'T, required for the matching, and then present their
respective Wilson coefficients ¢ty
At dimension five there are only two operators,
O = (X" VFw, Q) = 5 (X" %) Fu (75)
812 82
where F),, is the electromagnetic field strength tensor. The operator Q§5) is CP even, while

Qé‘r’) is CP odd. The dimension-six operators are

6

) = (X 1) (Fr"f) Y} = (X1u5X) (Fr" ). (76)
O} = (V1) (F"51) Q) = (1) (Frvs.f) - (77)

Here f denotes any quark, f = u,d, s, c, b, or charged lepton flavor, f = e, u, 7. We find it
convenient to express the operators in terms of (axial-)vector and (pseudo-)scalar currents,
which have definite non-relativistic limits. Operators with neutrinos are not needed for our
purposes as they do not run below the EW scale.

In the effective Lagrangian Eq. (69) we need to include a subset of dimension-seven
operators. These are generated from dimension-five and -six operators in the effective La-
grangian (3) when integrating out the Higgs and the Z boson at ugw ~ my. They are thus
suppressed by O(1/A*my,z) or O(1/Amj ), instead of O(1/A?), and can lead to contribu-
tions in direct detection comparable to those of the dimension-six operators, Eqs. (76)-(77).

The relevant dimension-seven operators involving the DM and gluon fields are given by

M — L (5y)Garr e M — % (5i GG 78
Ql 127T (XX) v QZ 127'(' (XZP}/E)X) v ( )
(7)_a5 = apv Na (7)_a3 = apv Na
3 g(XX)G a Guy? Q4 - g(XZVE)X)G a Guy? (79>
where éuu = %ew,ngp" and a = 1,...,8 are the color indices. The strong coupling con-

stant « is defined in the five-flavor scheme. The normalization reflects the fact that these
operators are typically generated at one-loop level. Note that Qg) and Qg) are CP odd.

There are also four scalar operators

Ol = my(x\)(ff), Q") = my (xivsx)(ff) . (80)
Q") = ms(vx) (finsf) Q) = my(xivsx) (firs f) (81)
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with f denoting any quark (f = w,d,s,¢c,b) or charged lepton flavor (f = e, u, 7). The
definitions of Qg])c, e g} include an explicit power of the corresponding quark or lepton
mass. This reflects the leading contributions to their Wilson coefficients, see below.

In the remainder of the subsection we give the results of the matching at pugw ~ mz. We
start with the dimension-five operators where the contributions come from W and B dipole

operators above my after rotating the EW gauge eigenstates into the mass eigenstates after

EWSB:3

) 1 Y,

¢, = < (01@ + 7%*;5’) T (82)
) 1 Y,

C§5>|nf:5 =< (05(5> + 7X06(5)) ' (83)

Equation (82) also receives a one-loop contribution from dimension-four gauge interactions,
denoted by the ellipsis, proportional to the hypercharge of the DM multiplet. We omit this
contribution here since a non-zero hypercharge leads to a tree-level Z exchange with nuclei
which is excluded by direct detection experiments.

For the dimension-six operators we start with the operators with external quark legs.

The contributions from dimension-six UV operators with external quark legs are

éfiﬁi(di) nyms = % :q:%(j@ N C;(,Gi) . C;)(,Ei),i L 3= 86>(4)S%U (%Cfg) N Og)) (34
C®) aylns=s = 72 %%0;63 + C;(?g i c%);),i L 3- 86(4)53 (%o{f;) N c§§)>: R
Oy g [0 - G B oL (Bt st =
Cloles=s = 32 }%o;?z SO G (Yo 0@): I )
where i is a generation index (u1 = u, ug = ¢ and dy = d, dy = s, d3 = b) and the

upper (lower) signs apply for up(down) quarks. For each of the Wilson coefficients the last
1/A%-suppressed term is due to Z exchange, shown in Fig. 11 (left). For a DM multiplet
with nonzero hypercharge Y, , Z exchange due to the renormalizable gauge coupling (4), see

Fig. 11 (right), gives the additional contributions é§6i_(d,)]nf:5 = 592, (3 - 8(4)s2,)Yy and
s Wi \Ge CowMy

3 Note that in Eqgs. (82) and (83) we use the original definition of operators, Egs. (6) and (8).
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/\

Figure 11: Matching contributions to the effective operators at p ~ myz. The left diagram shows
the contribution of the high-energy operators, the middle one the contribution from the dimension-
four gauge interactions onto the dimension-six operators, respectively; the right diagram shows the

contribution to the matching onto the dimension-seven operators.

o = Y, O

52 ds (d) |n =5 receives a contribution, denoted by the ellipsis, from

i(di
gauge interactions at one—loop (see Fig. 2) that does not vanish for Y, = 0. This requires

a two-loop matching calculation with m, kept parametrically small, which is beyond the
scope of present paper. In the numerical evaluations we thus use the results from Ref. [68],
that were obtained assuming that m, is not much smaller than m.

Similarly we find for the dimension-six operators with leptons (¢; = e, lo = pu, l3 = 7)

on the external legs

i (6) (6) 2
s _ L | Y, Coa O 1=4sy (Vs 0, 0
Crilng=5 = A2 | g Yo + 9 + 5 T 3 = WiE + Cig ) (88)
i (6) (6) 2
5(6 1 |\Yy e , Cisi | Cuay  1—4s; (Y, (©
r ©) )
. 1 Y, Cii O 1/Y,
6 6 10,i 11,i 6 6
soln=s =73 |~ 0 — 5 T T3 (j‘C&) + Cf&) , (90)
i © O
s _ L Yeow  Cui Qi 1Yy ) 0
4,6:1n5=5 = 33 _gxcm,i T~ T3 T3 IXCN +Cs ||+ (91)
As before, Z-boson exchange due to the renormalizable gauge coupling (4) leads to the
additional contributions CAfg)i|nf:5 = —2;2:%22 (1 —4s2)Y, and C}E?Jnfi = 2’;“2 Y. Also

for leptons, CAiGE)Jn ;=5 receives a one-loop contribution from gauge interaction that does not
vanish for Y, = 0, see Ref. [68].

The dimension-seven operators receive contributions from both the renormalizable elec-
troweak interactions of the DM multiplet as well as from the higher dimension operators.

For the gluonic operators Qm the higher dimension UV operators give a contribution after
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Figure 12: Matching contributions to dimension-seven effective operators involving gluons for

1 < myg that arise from integrating out the top quark.

integrating out the top quark at one loop, see Fig. 12. We then have
. 1 Y,
C) s = —(0“) + =X ) TR (92)
1(2)Ing Amz \ 30 T g A

and CAéa)|n ;=5 = 0. Note that the loop factor is already included in the definition of the
operators an. The explicit top-quark mass dependence drops out because we expand
to leading (quadratic) order in the small external momenta. This limit is equivalent to
the limit of heavy top mass in on-shell Higgs decays to two photons or gluons, where the
non-decoupling of chiral fermions is a familiar result. The ellipsis denotes the two-loop
contributions from renormalizable electroweak interactions, see Ref. [68].

For scalar operators we have

R 1 Y.

(7) _ (5) X ~(5)

5,f|nf=5 - _Am,% (03 + A C’4 ) o (93)
R 1 Y,

(7 _ (5) (5)

67f|nf:5 - _Am% (07 + 4X C’8 ) ) (94)

and é§7}|n ;=5 = CAE(;}\H ;=5 = 0. The right diagram in Fig. 11 shows the tree-level contributions
from higher dimension operators. Here, the ellipsis denotes the one-loop “Higgs penguin”

contribution from gauge interactions (see Fig. 2 and Ref. [68]).

B. Electroweak scale dark matter

The case that the DM mass is comparable to the electroweak scale, m, ~ O(my), needs
to be treated separately. In this case we integrate out at the electroweak scale, in addition
to the top quark, the Higgs and the W, Z bosons, also the high-momentum fluctuations of
the DM field. In this way we arrive at the Heavy Dark Matter Effective Theory (HDMET).
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The HDMET is an effective theory the describes the scattering of a heavy DM, where
the momenta exchanges are much smaller than the DM mass, ¢ < m,. The HDMET
uses the HQET (Heavy Quark Effective Theory) formalism [83-85] applied to DM direct
detection physics [8]. The result is an effective theory where terms are organized as an
expansion in 1/m,. In practice the HDMET description is not necessary if one performs
electroweak matching only at tree level. However, some of the one-loop matching corrections
are important phenomenologically and need to be kept, requiring the use of HDMET.

The construction of the requisite terms in HDMET has been presented in Ref. [20]. Here,
we just collect the main results and refer the interested reader to the literature for details.

The HDMET Lagrangian is given by*

Lypmer = Xo (10 - )Xo + Xo(100) X0 + - + Z £XU |np=5- (96)

2m

Here, x, denotes only the neutral component of the DM electroweak multiplet, i.e., only the
DM state. The first term is the LO HDMET Lagrangian and describes an infinitely heavy
DM particle, and contains no explicit dependence on m,. The O(1/m,) term is fixed by
reparametrization invariance [87], with ellipsis denoting terms of higher order in the 1/m,
expansion.

The effective Lagrangians L'g?|n ;=5 comprise the interactions of DM with the SM. They
are expanded in powers of 1/m,,1/A and 1/my, mirroring the case of light DM in Eq. (74).
The only difference is that we now denote explicitly at which order in 1/m, the operators

enter,

LO)yms =D CL™], 000 (97)

a,m

such that ééd’m)|nf:5 o< (A, mg)m=4m ™ where (A, mz)"*™ % symbolizes a product of

powers of A and mj  with total power 4 + m — d. The double superscripts on C{*™ and

4 For very heavy DM, my > myz, the DM mass is integrated out before the weak gauge bosons [8, 16, 81, 86],
giving
g2Cw _ gic

)_(v(iDJ_)2XU + Am XUU,LWT W“ Xv + Am

X’UJ[LVBM Xv+ -, (95)

. 1
LupMmeET = Xo (10 - D)x0 + 5
m

X

where at tree level cyy = c¢p = 1, and the ellipsis denotes terms of higher order in 1/m,, as well as the
1/A suppressed interactions. The covariant derivative contains the Wi and B, gauge fields, so that in

the infinite mass limit the DM multiplet, x,, acts as a static source of the electroweak gauge fields.
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Q,(Id’m) thus signal that they are defined in the HDMET, while a single superscript on Cl
or on di) means that we are considering light DM.

The difference d — m gives the “mediator dimensionality”. This is the dimension of the
relativistic operator QY™™ that gives the HDMET operator ol upon expanding the
DM currents to order 1/mY (see Ref. [20, 21] for the explicit expressions).” We group the
operators in terms of their mediator dimensionality, d — m. The operators that arise at LO
in 1/my, i.e., for which the Wilson coefficients start at order O(1/my), are the HDMET
counterparts of the operators in Egs. (75)-(81). The two dimension-five operators in Eq. (75)
get replaced by the HDMET operators

5,0 v 5,0 € c v
QY = Seumas(TuSgo ) F™ QY = (XS0 X (98)

We also need the following two subleading operators
e vo? 7 y
Qg&l) =32 (XUU#ULpava)FW ) 26 V= ) (v“@ XUXU)FW , (99)

since the presence of the photon pole in the interaction of the magnetic dipole with the
nuclear current requires that we go to the second order in the expansion of the DM tensor
current. We defined o/ = [/, 71]/2, | = " — vy, X'UBMX”U = Yo (0"x0) — (O*Xy) X0, and
St = ~/~5/2 is the spin operator, while v* = (1, 6) is the velocity label of the nonrelativistic
DM field (cf. Ref. [20]).

At tree-level we have

5(5,0 tree 5(5 5(5,0 tree 5(5

CP =5 "= O s+ ¢S mF5=quﬂ, (100)
5(6,1) tree 1 5(5,0) 5(6,1) tree 1 5(5,0)

Cl ‘nf:5 - m_Xcl |nf:5 ) CQ |nf =5 = m_XCl |nf:5 y (101)

where the equalities get corrections at loop level. Again, CAf5’O)|n ;=5 receives a photon pen-
guin contribution proportional to Y,, denoted by the ellipsis and omitted in the following.
The Wilson coefficients for the dipole operator in the case of light DM, C1 9, are given in
Egs. (82), (83).

5 Note that the A > my ~ m, limit reduces the set of HDMET operators that are generated. For
instance, at dimension seven the operator (X’UX’U)GGHVGZU arises in the matching, but not the operator
(Xoxw) V0" Gy, ,G3P. The latter would arise from the dimension-nine UV operator (x0*0" x)GY,,G5f and
is thus mi /A? suppressed. In contrast, for m, ~ A the two operators are of the same size, and thus

both arise in the matching to HDMET at scale u ~ A (see, e.g., the discussion of twist-two operators in

Ref. [88]).
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The dimension-six operators of LO in 1/m, are

Q" = (xux) (4. Q0 = 2(x, Sy o) (FYf) (102)
QY = (Xuxa) (F#r5f) QY = 2(0, Sy o) (Fr™ s f) . (103)

In addition, we need the following d — m = 6 operators that are 1/m, suppressed

O = (00" x )P, Q") = —i(xuSy X)) (Y1) (104)
Q) = ;(xvzmxv)(fvmf), oY = —i(uS-x)(Ffsf),  (105)
oY = —3u(>‘<v0ﬁ”xu)(f Vuf) o) = ; y (Xo 0 X)) (15 f) (106)

where our convention is that the derivatives act only within the brackets or on the nearest
bracket. The QY}I), Qg}l) operators do not enter the phenomenological analysis, but we
keep them for completeness and transparency of notation. For the matching conditions we

have

tree

C%lnyms = Mo CLiV s = C s, i =1, 4y (107)
and in addition

tree

7 1) tree 1
‘nf =5 — |nf =5

we Z 6O . 108
My 3,f| F=5 ( )

C£f|nf =5

Note that the equalities denoted by “tree” are only valid for tree-level matching, while the
remaining relations are valid to all orders due to reparametrization invariance. The light
DM Wilson coefficients Cf? are given in Eqgs. (84)-(91) .

The relevant dimension-seven operators in Eqgs. (78)-(81) involve scalar and pseudoscalar
DM currents. The HDMET scalar current operator starts at O(1/my), while pseudoscalar
current starts at O(1/m,), see Ref. [20]. We thus define the following d — m = 7 HDMET

operators
o' = == (wn) G G, P = 220, (W) GGy (109)
1 127 o 2 12 TExAY e
OfY = )T, O = EG () an L, ()
Q(7 O = mf(f(va)(ff) ) Q( F= mfaﬁt()zvsng) (ff) ’ (111)
QY = my (Xoxo) (finsf) Q) = =m0, (WwSx) (Finsf) (112)

33



The top-quark loop contributions to the gluonic operators, Eq. (109) and (110), are the
same as in Eq. (92), so that

(7,0 (7 5(8,1 (7,0
C§ )|nf:5 = C§ )lnf:57 Cé )|nf:5 - Cé )|nf:5 . (113)

The Wilson coefficients C{",, ;=5 and &Y, ;=5 vanish.

The Wilson coefficients for the scalar operators are

CAEST}O)|”F5 - CAE(>3|W:5 ’ éé?}1)|”f:5 - mixég}lnjf5 7 (114)
while CA§77JLO)|H ;=5 = CAéi’cl) ln;=5 = 0. The dimension-five UV operators Qg’i in Eq. (7) and Q%
in Eq. (9) contribute through a Higgs exchange at tree level, see Fig. 11 (right panel), and
give the same matching conditions as in the case of light DM, Egs. (93) and (94). Note that
within this subsection, the full (unexpanded) results of Ref. [68] should be used.

C. RG running below the electroweak scale

The matching at p ~ pgw is followed by the QCD and QED RG running from pgw
to fte ~ fpag ~ 2 GeV. The five-flavor theory below pgw is matched onto the four-flavor
theory at the bottom quark threshold, y;, and then onto the three-flavor theory at the charm
quark threshold, f.; see Eq. (26). There is no running in the three flavor basis because of
our choice of scales, j. = pnag. This RG evolution was discussed in detail in Ref. [16]. For
completeness and convenience we convert the results of Ref. [16] to our notation. (See also
Ref. [23] for a computer implementation of the RG evolution, as well as Ref. [22] for the
case of vector mediators.)

QCD running. Since the vector currents are conserved, CA’§6q) and 0356(1) in Egs. (76)
and (77) do not run. Moreover, the axial currents have vanishing anomalous dimensions
at O(ay) and so the Wilson coefficients 6’2(6(]) and éfq) in Egs. (76) and (77) do not run at
one-loop order. At dimension seven, the only non-zero effect is the mixing of the gluonic
operators, Egs. (78)-(79), into the scalar operators Eq. (80) — see left panel in Fig. 13 — with
anomalous dimension (cf. Ref. [16])

(1] o o =8 diag(=Cp, —=Cp,1,1), (115)

5,q--8,q

where ¢ runs over active quark flavors and Cr = 4/3.
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Figure 13: Left panel: the mixing of the gluonic operators into operators with scalar and pseu-
doscalar quark currents. Right panel: the mixing of dimension-six four-fermion operators into each

other via the photon penguin insertion.

QFED running. In general, the QED contribution to the RG evolution can be neglected
due to the smallness of the electromagnetic coupling constant. The one exception are the
off-diagonal mixings of the operators Qf} for different fermion flavors f (and similarly for
ng}), induced by the photon penguin diagrams, see Fig. 13. These mixings lead to nonzero
scattering on nuclei even if DM couples only to leptons at leading order [24, 89]. The
conservation of parity forbids the mixing of Qf})c into Qf} and vice versa. The required
anomalous dimensions can be found in Ref. [61], and are

[%EO)]Q(G) o® = [WEO)]Q@ o), = §Qf Qp NI, (116)
L=y 2,4 3
where @ is the electric charges of the SM fermion f, while N/ = 1(3), if f is a lepton
(quark). In analogy with Eq. (22), we use the notation

%%ﬂo) I (117)

Ve =

where the ellipsis denotes higher orders.

Finite corrections arise at each heavy flavor threshold. Beside the usual threshold correc-

tions to a; (see, e.g., Ref. [90]), there are also finite threshold corrections for the operators
in Eqs. (78)-(79), where at p = puy,

5(7 (7 (7
C&; ’nf=4(:“b) = C( ) |”f=5('ub> - Cé 2 6,b) ‘”f=5(/“’) ) (118)
5(7)

5(7 7)
i!nf a(p) = Cy 4)|nf 5 (k) + C§b 8,b) =5 (ko)

while at pu = p,

n é( ne=4\Hc _CA(’?) ne=4\He)
(2)|f3< ) t ’f ( ) SCﬁc’f ( ) (119)

3(4)|"f:3(’uc) C |”f 4(,&6) Céc)Bc |be—4<,uc)a
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such that the effects of the heavy quarks appear, at low energies, as additional contributions
to the gluonic operators, Egs. (78)-(79). All the other Wilson coefficients cross the thresholds

continuously, CAl-(d)|nf_1 = CAZ-(d)|nf-

D. DM interactions with nucleons and nuclei

The final step in the RG evolution is the matching at pu ~ pp.q onto an effective theory
describing interactions of DM with nonrelativistic protons and neutrons. The momenta
exchanged in direct detection experiments are ¢ < 200 MeV, with a typical value of 20 —
60 MeV, which is well below the chiral symmetry breaking scale 47 f, ~ my. One can
thus use chiral perturbation theory (ChPT) to organize different contributions in terms
of an expansion in (q/4wf.)", see Refs. [6, 11, 13, 18, 20, 21, 34, 91]. The leading-order
contributions come from the interactions involving a DM field and a single nucleon inside
the nucleus (these can still be coherently summed over all the neutrons and protons in the
nucleus).

The effective Lagrangian for DM scattering on nonrelativistic nucleons (see Refs. [9, 10,
12, 21)),

Lyg = Z o (¢)O), (120)

i,N
contains 14 operators with up to two derivatives which are needed to describe the chirally

leading interactions. The momentum-independent nonrelativistic operators are
oN =11y, oN =S5, -Sy, (121)

while the relevant subset of momentum-dependent operators consists of

0 = 8, (71 ﬂi—i) 1y, oy = (8- W%) (S ﬂ%) . (122)
oY =1, (Sy-71), OY = (S, -7.) 1n, (123)
oy =3, (r;_i ><§N), Oﬁ:—(@-ﬂi—i) 1y, (124)

with N = p,n. We use the conventions of [21, 23], so that

I . it h kit k
§=ky— ki =pi—ps, L= 12 2 == (125)
My 2mpy
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where pj2) and El(g) are the incoming (outgoing) nucleon and DM three-momenta, respec-
tively.
The coefficients of the two momentum-independent operators (121) are, schematically,

(6)

Cl.apisis | 2 My 5 i’ 5 Y o6

e T ﬁAm,%C?(””3 * Aniicé’i * Aquﬂ)’ (126)
clo a

(N o PR LATIS 0552) (127)

A2 AmN

At leading chiral order one also has the contributions from the operators with two derivatives,

O, whose coefficients are

2 0(6)
MmN (5 m 5,...,8,f;17,18 ammy (5
&~ 5N7p—Aq2 cLy. AN mf; Ag v cs. (128)

The sums in Egs. (126)-(128) are to be understood in the scaling sense, i.e., we only indicate
a rough order of magnitude for the contribution of each of the UV Wilson coefficients, oD,
Above we equated the weak scale with pugw ~ mj, ~ mz. The complete expressions can be
obtained, for instance, from Refs. [21, 23], using the matching results given in Sections IV A
and IV B.

The O operator receives contributions from the vectorxvector parts of the operators
Qf}, . Qf}, Egs. (10)-(13), and from tree-level Z exchange due to the Q@w operators,
Egs. (17) and (18). The analogous operators with an axial-vector DM current, QS}, o ng}
and Qg?lg, lead to spin—spin coupling in the nonrelativistic limit, and contribute to both O
and OY. The two contributions are parametrically of the same order, since the coefficient ¢
is enhanced by the pion pole, which compensates the O(q¢?®) suppression of O for ¢*/m?2 ~
O(1) (numerically, the compensation is still only partial for electroweak scale DM [21]). The
dipole operators Qf’% give contributions to all four nonrelativistic operators, while the scalar
operators Qg‘a give leading contributions only to @V, through tree-level Higgs exchange. The
parameters o, in Eq. (126) are related to the matrix elements of gg quark scalar currents
and are of order O(20 — 40) MeV.

The coefficients of the single-derivative operators, Egs. (123) and (124), are schematically

C1s

e ~ 5 (129)
G

e ~ (130)
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5~ A2 A2 B (131)
My
2 m3 ogm am
N o Z N (5) dMN  ~(5) N (5)
~ ¢ ~ 5 C onpCst - 132
KT Amim, " + Am2m,, 8 + A2 N (132)

The coefficients ¢ and ¢} arise from vector x axial and axial x vector parts of the operators
Qf}, e f} and ng}, e Qé?}, respectively, while all of these contribute to ¢}’. Since these
operators are momentum (velocity) suppressed, they will give subleading contributions to the
scattering rates, unless the leading contributions (to ¢ from the vectorxvector parts, and
to cfl\fﬁ from axialxaxial parts) cancel. In the next section we will discuss in more detail how
realistic this is. The operators OF ... O}, also receive contributions from Qg?, e §‘;’ due
to Z exchange, where no such cancellation can occur. These contributions are thus always
subleading and were neglected in Eqs. (129)-(131). The operators Q(75§ lead to ¢*-suppressed
contributions to the scattering rate in the nonrelativistic limit, while Qé‘r’é induce an electric
dipole moment for DM, giving a 1/¢*-enhanced direct detection scattering rate [92].

If the EFT above the weak scale is extended to mass dimension seven, then also
the nonrelativistic operators, Ofy = —1, (§N . i(f/mN), o, = gx . (gN X UL), oN =
—(§X - ig/my) (S’N - U) become phenomenologically important [26]. They arise from
dimension-seven operators with tensor DM currents and from interactions of DM with the
GG current. The scaling estimates for the corresponding coefficients are N~ O(mN / A3),
oty ~ O(mg/A3), ey ~ O(my/A?), setting the dimensionless Wilson coefficients to unity.

Having obtained the coefficients in the effective Lagrangian for DM scattering on nonrel-
ativistic nucleons, Eq. (120), the final step is to calculate the DM-nucleus scattering cross

section [9, 10, 12],

do 2mA ’ ’ ’ ’ / /
= Ry Wi/ s W, s Wl
dER (2jA+1)UQZ{M wr A W 4 g W
W (133)
4q T/ T T’ 77’
+ _2 (RA WA + AY AZ”):| .
My

Here, Eg is the recoil energy of the nucleus, m 4 the mass of the nucleus, j4 its spin, and v

the initial DM velocity in the lab frame. The kinematic factors contain the ¢ coefficients,

-2 72
L S Lrq ~12 7 7' ~12 7 7' q T 7
Ry = +Z<m_2'UT GG T UT CsCs T 5 Cicu ) (134)
N N
-2 4
T 1 T 7 q T T T 7 q T 7
My My
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i 1%2 e 1 T T Jz T .7
o = gUrercr + 1_6<C4C4 + m—20909> : (136)
N
/ 1 q_)2 / !
RY = _(_CTCT n aa) , (137)
4 m?\] 5+5 88
77! 1 T T 7
AY = 1(0504 — C8Cy ) , (138)

where o7 is defined as in Eq. (125), but with the nucleus replacing the nucleon. The sum

in (133) is over isospin, 7,7 = 0, 1, so that
(& £c). (139)

The nuclear response functions depend on |¢| and have the approximate scaling (see, e.g.,

Fig. 2 in [93])
Wi ~ O(A?), Wsr, W, Wa, Wasy ~ O(1072) — O(1). (140)

The Wy, Wsn, Wa, and Was response functions depend strongly on the detailed properties
of nuclei, for instance, whether or not they have an un-paired nucleon in the outer shell.
Here Wyy 5;» measure the spin content of the nucleus, Wa the average angular momentum
in the nucleus, and Wayy the interference of the two. Their sizes can thus differ drastically
between different isotopes of the same element.

The W), response function encodes the coherent scattering enhancement, O(A?), where A
is the atomic mass number. This is achieved in the long-wavelength limit, ¢ — 0, where DM
scatters coherently on the whole nucleus, for instance, due to the O contact interaction.
The coherent scattering due to O is O(¢*v%) suppressed. However, since its coefficient is
1/¢? enhanced, the corresponding contribution is of leading order [21]. The contributions

due to Oé\fn, though coherently enhanced, are at the same time velocity suppressed.

V. THE EFFECTS OF RG RUNNING

The impact of the mixing of electroweak operators on the scattering cross section depends
on two factors: i) the structure of the anomalous dimension and thus the sizes of the induced
Wilson coefficients in Eqs. (6)-(18), and i) on the sizes of the nuclear response functions,
Eq. (140), for each of the operators involved in the mixing. In Section VA we first give

the scalings of the scattering cross sections without mixing effects, for several benchmark
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choices of UV Wilson coefficients. In Section V B we then include the mixing and perform
the actual numerical analysis using the full expressions for the DM-nucleus scattering cross

sections derived in the sections above.

A. Low energy phenomenology ignoring RG running

We first estimate the size of the DM-nucleus scattering cross section induced by each
of the UV operators, Egs. (6)-(9) and (10)-(18), neglecting the RG running. In the es-
timates we use the scaling for nonrelativistic Wilson coefficients in Eqgs. (126)-(132), and
the rough scalings of nuclear response functions in Eq. (140), but setting for simplicity
Wy, W, Wa, Wasy ~ O(1), with the knowledge that the sizes of the latter contributions

have high variations between different target materials.

1. Magnetic or electric dipole operators

The DM magnetic dipole operators, Q@ ~ (xouwx){B", W}, Eq. (6), induce both
spin-dependent and spin-independent interactions. These give parametrically similar con-
tributions to the DM-nucleus scattering cross section. Schematically,

do s 1207 5 q* ’ q* ’
— ~ g+ U = | Wy + S cq, —5c6p Weisn + < —cs,¢ Wa.asy
dER ( 1 T m%\] 5 M 4 m?\/ 6 SN m?v 55 C4 AAY

. (QCS2)>2{<L+5_%2)Aa+ L+L}
= 2 |

2 2 2
A my g my  my

(141)

N

where we shortened the notation, ¢;' — ¢;, and dropped common factors. The scaling
estimates for each of the three terms are given in the second line. The spin-independent
scattering has two contributions, both O(A?) coherently enhanced: the contribution from
ON is suppressed by O(1 /mi), while the contribution from OFf contains a photon pole,
leading to a net suppression of O(vi#2/7?). Using |5 ~ 1073, || ~ 0.1my, the two
contributions are comparable for m, ~ O(100 GeV). The two spin-dependent terms carry
a much smaller mass suppression of O(1/m%), but no coherent enhancement. Which term
dominates then depends on the details of the nuclear structure for the nuclei in the target [21].

The DM electric dipole operators, Qés(); ~ (XouwsX){B*, W}, Eq. (8), match onto the

nuclear operator OF; ~ iq- g'x. This leads to coherently enhanced scattering independent of
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the nuclear spin, with the 1/|7|? pole only partially cancelled,

do 62 a1 5 2
dER m?\[ ( 11) M (Alq—»| 5,6 ( )
Compared to the magnetic dipole operators, the bounds on the NP scale A for electric dipole

interactions of DM are thus more stringent by a factor of order m, /|{|.

2. Operators with Higgs scalar currents

The operators Qé‘r’i ~ (XX)(HTH), Eq. (7), generate DM interactions with a scalar quark
current once the Higgs is integrated out at u ~ my. Integrating out the top, bottom,
and charm quarks at the respective thresholds generates an effective coupling of DM to
gluons. At p ~ ppag DM thus couples to both the gluonic and light-quark scalar currents.
Both of these match onto the nuclear operator O ~ 1, 1y, giving a coherently enhanced
spin-independent cross section,

dd%R ~ E Wiy ~ (— Céif)ZAQ, (143)
where in the last term we kept the numerically important factor 2/27.

The operators with pseudoscalar DM current, Q% ~ (XxvsX)(HTH), Eq. (9), follow a
similar series of matchings. The only significant difference arises in the nonrelativistic limit,
where the DM pseudoscalar current gives an O(q) suppressed operator, O ~ Zq . S_"X. The

resulting DM-nucleus scattering cross section is still coherently enhanced, but suppressed

by O(q?/m?) compared to (143),

do 7’ , 7% (2 my o 5)\2 42
—~ = Wy~ —(— C > A°. 144
dEr — m¥ A m2 \27 Am? "8 (144)

3. Operators with DM vector current and with quark vector or axial-vector currents

We focus next on the operators Qﬁ), e ,Qf&) ~ (XY*xX){qLvuar, arvuqr}, Egs. (10)-
(13). Barring cancellations, the leading contribution is due to the vectorxvector part of the
operators, (x7,X)(¢y"q). For couplings to the first generation quarks this leads to coherently

enhanced spin-independent scattering,

Ao AW ~ (iC’(ﬁ) >2A2 (1% generation quarks) . (145)
dER 1 A2 1q,...,4q
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The estimate is different, if DM only couples to quarks of the second or third genera-
tion. For these the nuclear matrix element of the vector current vanishes, and the leading
contribution comes from closing the quarks in a loop, exchanging a photon with the up- or
down-quark vector currents. This also results in a spin-independent scattering, with a cross
section

d 1 2
ﬁ ~ (%FC&(??MM) A? (2"! and 3™ generation quarks). (146)

In addition there are subleading contributions from matching onto higher dimension oper-
ators with gluons, as well as spin-dependent, velocity-suppressed scattering from the axial
currents.

The situation is qualitatively different if the UV physics is such that at u ~ A it projects
the Qgi-) e ,in) operators only on the vectorxaxial-vector structure. For instance, if the
Wilson coefficients obey Cf? (A) = 0, while Céi-) (A) = —Céi-)(A) = —Cfi) (A), then, neglect-
ing RG effects, only operators of the form (x7,x)(g7"7v5q) are generated. If the operators
involve light quarks, this gives a spin-dependent cross section that scales as (for ¢ = u,d, s)

do o0, 47 5 Ly, 7 CS,)...,M ? .
dEr <UT 7+ . Cg) Wer ~ | U7 + oo} : (axial vector). (147)
N

The two contributions are comparable for |¢'| ~ 0.1my and m, ~ O(100 GeV). If the
vector x axial-vector operators involve only the heavy quarks, ¢ = ¢, b, t, the scattering cross
section is further severely suppressed by the small contributions of the heavy quarks to the
nucleon spin (see Sec. VA 4 below and Ref. [25] for a more detailed discussion).

Note that the spin-dependent scattering in Eq. (147) is suppressed by o7 ~ ¢?/m? ~
107%. There is no such suppression for the spin-independent cross section, Eq. (145), which
is, in addition, enhanced by the coherence factor A%2. This means that the Wilson coefficients
contributing to the quark vector currents at the scale u = my need to cancel to the level
~ |7/ (myA) ~ O(107%) if the spin-dependent scattering is to be the dominant DM-nucleus
interaction. Perfect cancellation at all scales is impossible to arrange, since the contributions
come from operators in different representations of the SM gauge group, ()Z%X) (Q LYHQrL),
()ZVM)() (ﬂRv“uR), (X%X) (JRW“dR). Even if one engineers the Wilson coefficients of these
operators such that the vector currents are zero at one scale, a small amount of running will
make them nonzero at a different scale. The required cancellation is numerically of three-
loop order, so that even the radiative corrections may need to be canceled by fine tuning in

order for the spin-dependent scattering to be the leading effect.
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4. Operators with DM axial-vector and with quark vector or azial-vector currents

A qualitatively different situation is encountered for the operators that involve DM axial-
vector currents, Qéﬁz, e ,QSZ-) ~ (XYY x){qY qr, Gry*qr}, Egs. (10)-(13). In this case the
(X7 75X)(@7"v5q) operators lead to spin-dependent scattering, while the (xv,v5x)(¢7"q)
operators lead to coherently enhanced, but momentum-suppressed scattering. We discuss
each of the two limiting cases separately.

If the operator (x7,7vsx)(q7"75q) involves light quarks, ¢ = u, d, s, this results in a spin-
dependent cross section (not displaying explicitly the suppression for strange quark due to

its small axial charge, As = —0.031(5) [21, 94-97]),

S (6)

dd%R ~ {04, %C6}2W2/72// ~ <%)2 (light quarks) . (148)
If the operator (X7,75X)(¢7*Y5¢) involves only the heavy quarks, ¢ = t,b, ¢, the scattering
cross section is generally very small. The axial charges of charm and bottom quarks are
tiny and poorly determined. Ref. [98] obtained Ac ~ —5-107*, Ab ~ —5- 1075, with
probably at least a factor of two uncertainty on these estimates. Despite this, for heavy
quark axial-axial interactions the heavy quark axial charges still dominate the cross section
over the contributions from mixing induced couplings to light quarks, discussed in the next
section (see also Ref. [25]).

We focus next on the limiting case where at u ~ myz only the axial-vector xvector op-
erators, (x7.75x)(@7"q), are generated. For ¢ = w,d, s these match on two nonrelativistic
operators with one derivative, O, O . Both lead to momentum suppressed incoherent scat-
tering, with O giving rise, in addition, to spin-independent scattering that is coherently

enhanced, but velocity suppressed,

do ~12 2 q* 2 1940 47 Cé?) s\
E ~ U cgWa + m—%v{c&cQ} Wa asy sy ~ {UT A ,m%v}( AQ’ ) (light quarks) .
(149)
The two contributions are of parametrically similar size for heavy nuclei, A ~ O(100), in
which case |Ur|A ~ |g]/mx. Which of the two contributions dominates then depends on the
details of the nuclear structure for the particular isotope.
For (xv,7v5x)(@y"q) with ¢ = t,b, ¢, the leading contribution comes from closing the

heavy quark loop, exchanging a photon with the up- or down-quark vector current. The
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cross section is suppressed with respect to Eq. (149) by an additional factor of (a/4m)?,

dU « 2 —»LQAQ q_‘2 Cé?,),87, 2 h k 150
dEn ~ <E) {UT ,m?v} A2 (heavy quarks) . (150)

There is also a contribution from matching onto higher dimension operators with gluons,
which is expected to be at most of similar size.

In general the sum of Qg?i), o g?f operators matches onto both (xv,7s5x)(¢7*y5¢) and
(X7 75X)(@7"q) operators at 1 = ppw, giving a cross section that is a sum of Eqs. (148)
and (149). The spin-dependent scattering in Eq. (148) is parametrically the largest. Since

the parametric enhancement is not large, however, this expectation does depend on the

target material, and spin-independent scattering could be equally important.

5. Operators with Higgs vector currents

The operators Q§65)’16 ~ (xv*x)(H'D,H) and Qg?lg ~ (Xv"vsx)(H'D,H), Egs. (17)
and (18), give rise to a DM-DM—-Z boson vertices after the Higgs obtains its vacuum ex-
pectation value. Integrating out the Z at yu ~ my leads to a coupling of DM to vector
and axial-vector quark currents. The relative strength of the two is fixed by the Z cou-
plings to the left- and right-handed quarks. This is different from the case of the operators
Qgi) e ,Qéi-) that we discussed before, where a more general structure of DM couplings to
quarks was allowed.

For the operators Q@m ~ (Xxv"x)(H'D,H), the dominant contribution comes from a

quark vector current, giving a coherently enhanced, spin-independent scattering cross section

do 1 2

The Z-boson exchange at p ~ my also generates the ()‘(yux) (cj’y“’yg)q) operator. This leads
to momentum-suppressed, spin-dependent scattering that is always subleading.

On the other hand, for the operators with DM axial-vector currents, Qg?ls ~
(X"y5x)(HT D, H), one needs to keep both the spin-dependent and spin-independent scat-

tering contributions. The induced axial-vector x vector and axial-vector x axial-vector inter-
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actions lead to a cross section that scales as the sum of Eqgs. (148) and (149),

do q* 2 12 2 q* 2
—_— {04, — 06} W2/72// + Ur CSWM + — {Cg, Cg} WA,AE’,E’
dEr my my

(152)

2 0(6) 2

. q 17,18
N<1_’_UL2A2+_>( ) )
T ma A2

From scaling considerations, spin-dependent scattering is expected to be dominant in nuclei

with an unpaired nucleon that is not in an s-shell. But even then the spin-independent
scattering contributions may need to be included, depending on the nucleus. An example is

dicsussed in Section VB 1.

B. Inclusion of RG running

The modifications due to RG running can significantly impact the cross section predic-
tions. We will show several examples where the RG running effects are particularly large.
While the sizes and patterns of the induced corrections does depend on the electroweak
charges of DM, the effects themselves are not “optional”. They are due to SM particles in
the loops, and are thus always present.

Consider, for instance, SU(2)-singlet DM, where all mixing proportional to g, vanishes,
as can be seen by inspecting 750). Another example is DM that is hypercharge neutral,
Y, = 0, for which all the mixings due to B,, exchanges with the DM line vanish. However,
in both cases there is still mixing due to the running of the non-conserved SM currents. For
instance, for DM that is a complete SM singlet the main mixing is induced by the top-quark
Yukawa interaction. This case has been discussed in detail in the literature [22, 60, 61] (see
also Ref. [25] for the discussion of weak-mixing effects below the weak scale).

Here, we will use our general results from Sec. III and apply them to the simplest nontriv-
ial example of DM with electroweak charges — a Dirac fermion multiplet that is hypercharge
neutral, Y, = 0, and an electroweak triplet, I, = 1. The choice Y, = 0 is imposed on
us by the phenomelogical requirement that DM (the neutral component of the multiplet)
should not couple to the Z boson at tree level, in order to avoid a too large direct detection
scattering scattering cross section.

We will illustrate the effects of RG running for several different choices of non-

renormalizable DM interactions, taking /,, = 1 as an example. The scattering rates then
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receive two types of contributions. First, there are contributions from higher dimension
operators. These vanish in the limit A — oco. However, for I, # 0 there are also contribu-
tions from renormalizable electroweak interactions that are independent of A. The leading
contributions of this type are due to the small “Higgs penguin”, the one-loop and two-loop
contributions shown in Fig. 2. They lead to coherently enhanced scattering of parametric
size (for I, = 1, using right diagram in Fig. 2)

do

— 1
B, (153)

4 4 —19 42
o A2 (a2> gs 107°A
4 4
“Higgs penguin” dm MW GeV

where A% = O(10*) for scattering on Xenon, and A* = O(10?) for scattering on Fluorine.

If the target nucleus has non-zero spin, the W box shown in Fig. 2 gives an additional

contribution scaling as

do
dEgr

4 —-16
(65) 1 10
X | — ) — ~ . 154
W b (4) My, " Gev to4)

These scalings omit a proportionality factor that depends on the DM mass and velocity, the

recoil energy, and the detailed structure of the nucleus. In our numerical evaluations we
use the exact results from Ref. [68] (for heavy DM see also [7, 27, 81]); the ratio of scaling
estimates in Eqs. (153) and (154) agrees with the ratio of full results within an order of
magnitude. Note that for DM that is a complete electroweak singlet the gauge contribution
is absent.

In Figs. 14 to 16 we show numerical examples for DM scattering rates in two ficti-
tious, yet realistic detectors. For a Xenon target we integrate the differential rates over
Er € [5keV,40keV], and for Fluorine over Exr € [3.3keV,200keV]. We average over the
natural abundances of the xenon isotopes and assume a standard Maxwell-Boltzmann ve-
locity distribution with mean velocity 240 km/s. For nuclear response functions we use the
predictions of Ref. [9, 12], while for nuclear form factors we use the inputs collected in
Ref. [21]. In the figures the DM mass varies in the range m, € [30 GeV,1TeV]. While in
the lower part of the range the shown benchmarks are likely excluded by LEP constraints
and LHC searches, we keep them for illustration purposes.

In the three examples that we show below the effective interactions involve axial-vector
quark currents. The reason for this choice is easy to understand. In the case where we have
DM current coupling to either only LH or only RH quarks, the vector-vector part of the

interaction always dominates, and the RG effects are subdominant. In the case where we
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have DM axial-vector current coupling to either only LH or only RH quarks, the mixing
effects are larger and are O(1). We instead show the cases where the RG running induces
the largest corrections, i.e., the case of DM interacting with axial-vector quark currents.

In all our examples DM couples to both up- and down-type quarks. Using the triplet
operators sz-) and Qéi-) it is possible to construct interactions of DM with only up- or down-
quark currents separately. This would, however, require a nonzero DM hypercharge, Y, # 0,

which is phenomenologically not viable for Dirac fermion DM.

1. Operators with DM axial-vector current and 3rd generation quark axial-vector current

For the first example we assume that at the high scale, A, the only nonzero Wilson
coefficients are

CENA) = =CE)(A) = —C(A). (155)

That is, we assume that DM couples to the SM through renormalizable weak interactions

(I, = 1,Y, = 0) and, in addition, through the dimension 6 effective operator

— QP+ Q%)+ QF) = (xvursx) (Bv™ st + by asb) . (156)

At tree-level this operator has vanishingly small nuclear matrix element, see Sec. V A. Ap-
preciable DM-—nucleus scattering is generated only once we close the heavy quark loop. The

RG running captures the logarithmically enhanced part of this contribution. Starting with
— G =N =) =1, (157)

the RG running from A to p ~ My, generates the Wilson coefficients (keeping only the

linear logarithmic term)

2
mw g3 mw

2
(6) o 92 (0) =
Cralmw) = =365 02" | o los = = 51218 1 (158)
(6) y; (0) (0) mw
Cig (mw) = 1672 ( - hyt } .08 T [’yyt }Qgﬁz)a Q) log A (159)
YE_ 4N tog
= — c og ——.
1672 &7A

In deriving Egs. (158) and (159) we took into account the cancelations of contributions that
arise due to the actual values of the anomalous dimensions. For instance, the mixing via

penguin insertions generically results in DM coupling to the first two generations of quarks by
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Figure 14: The inverse scattering rates on Xenon (left) and Fluorine (right) for I, = 1,Y, =0
Dirac fermion DM with additional dimension-six interactions coupling a DM axial-vector current to
the SM axial-vector third generation current, setting A = 1TeV. The red lines show the predicted

rates without mixing; the blue lines after RG resummation.

generating the operators Q((fi) Yo ,Qg? . However, for the initial conditions in Eq. (156) this
mixing vanishes at leading-logarithmic order. There are also mixings into higher dimension
operators coupling DM to photons or gluons instead of quark currents. These involve at least
two gauge field strengths and an additional derivative, so that the scattering contributions
are further power suppressed. The leading contributions to the scattering rates therefore
come from the mixing induced operators Qg and Q&?Q. The mixing into Qﬁ? is due to the
top-quark Yukawa interaction of the Higgs. It is present whether or not DM is part of an
electroweak multiplet, i.e., even if DM is an electroweak singlet.

In Fig. 14 we compare the predicted rates for scattering on Xenon and Fluorine, obtained
with (blue lines) and without (red lines) RG evolution. In the case of no RG evolution the
scattering is almost entirely due to the contribution of renormalizable weak interactions.
For A = 1 TeV the RG induced contributions from dimension-six operators dominate over
the renormalizable ones, in the case of Fluorine by up to two orders of magnitude.

The sizes of the different contributions can be qualitatively understood from their para-

metric scalings, given for the gauge contributions in Eqs. (153) and (154). The mixing
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induced Qg%) leads to a cross section that scales roughly as

do ¢ A My\>1 107410718 41072042
— o [14 A=) (1210g =2 ) — ~ 160
dEg { oz ) dn BTN ) A GeV? , (160)

while the cross section induced by the mixing into Qg, scales roughly as

2 2 2 2 —19 42

ddTUR oc A2 (Z—;) (1210g %) (%) (? log %) % ~ —1(2}6\;;1 : (161)
In the numerical estimates we assumed a typical momentum transfer of ¢ = O(10) MeV
and set A = 1 TeV. The first two terms in the square bracket in Eq. (160) are due to
spin-dependent scattering, with the parametric and numerical estimates shown for Fluorine
and '?Xe, while they are much smaller for the other main Xenon isotopes. The last term
in Eq. (160) is due to spin-independent scattering. The spin-dependent terms give the
dominant contribution to the scattering rates on Fluorine.

The scattering contribution in (161) involves QED mixing, converting the third generation
quark current to the first generation one, see Sec. IV C. This contribution is relevant only
for scattering on Xenon, where it is, for A = 1TeV, comparable to the gauge contribution
as well as to the spin-dependent scattering in Eq. (160). Indeed, the left panel of Fig. 14
shows that the contributions are of the same size.

As already mentioned, the scattering on Fluorine is dominated by the Qg%)—induced contri-
butions, Eq. (160), where the leading term comes from spin-dependent scattering. Inspection
of the ', " response functions, Ref. [9], shows that spin-dependent scattering on Fluorine
is about ten times larger than for '?°Xe, while the other Xenon isotopes give negligible con-
tributions. In Fig. 14 we weighted the contributions according to the natural abundance
of Xenon isotopes, giving an additional roughly five-fold suppression of the spin-dependent
rate for Xenon. Consequently, the effect of the RG evolution is large only for scattering on

fluorine (right panel of Fig. 14).

2. Vector — axial-vector (first generation)

Next, we assume that at A =1 TeV the only nonzero Wilson coefficients are

— () =l (n) = C (), (162)
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Figure 15: Same as Fig. 14, but for I, = 1,Y, = 0 Dirac fermion DM with additional dimension-six

interactions coupling a DM vector current to the SM axial-vector first generation current, setting

A=1TeV.
so that the non-renormalizable DM interactions are due to the operator
— Q1+ Q) + QY = (v (@ ysu + dv"y5d). (163)

This leads to spin-dependent scattering rate that scales roughly as
do (02)? 1 1078
— X (V) = ~ ——
dER r A4 GeV‘“

see Section V. The Higgs penguin contribution, Eq. (153), dominates over this rate by

(164)

orders of magnitude. The dominant contribution, however, is mixing induced. The Wilson
coefficient Cé?l) (A) gets modified by the two-step mixing in the RG evolution to (we neglect

numerically subleading contributions)

( g% )2[750)]Q<6> (6) [750)]Q<6> (6) My,

C(G) M -1 2,1°%5,1 5,121 2
95 \? o My
=1 (+2;) 361082 =3
T672) 2018 7}

The mixing contributions for the other two Wilson coefficients, C’g(,i) and C’fl) , cancel. This
leads to the breaking of the original alignment, Eq. (162), inducing a coupling to the SM
vector current. The product of the large anomalous dimensions and the square of the large
logarithm log(My,/A), together with the coherent enhancement factor, A2, leads to

do Lol a2\’ , My \° 1 1071842
TP x (v) A ((4%)2 36log 1) Gavi (166)
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resulting in the enhanced scattering rate, as shown in Fig. 15.

It is important to realize that it is not sufficient to use the first-order-expanded solution
to the RG equations, as the effect arises only at the second order in the mixing. While the
effect corresponds to a two-loop correction in the “full theory”, our method automatically

captures the leading-logarithmic part of it.

3. Vector — axial-vector (third generation)

Finally, let us consider an initial condition

—CE(A) = C(A) = CE(A), (167)

)

so that DM couples to the third generation of quarks through the operator

— Q¥+ Q) + Q) = (yux) (B st + by sb) . (168)

This axial-vector current has a vanishingly small nuclear matrix element, see Sec. VA. With-
out mixing, the leading contribution to the scattering rate is thus due to the renormalizable
gauge interactions, Eqgs. (153) and (154).

The largest contribution comes, however, from the mixing. At one loop the top-quark
Yukawa interactions induce mixing of ng?)) and Qg(i% into Q(l(é) with anomalous dimensions
6 and —6, respectively, see Eq. (60). The contributions add up for the axial-vector quark

current, giving, for the initial condition (167),

2
©) _ (0 © Mw
Crg (M) = IGWQ(— [ e + [ b&‘%@&%’) 08 7} (169)
=12 _yf log Mw
1672 A

The above result takes into account the cancelations of contributions due to the actual

values of the anomalous dimensions, and neglects numerically subleading terms. (The two-

step mixing effect, described in the previous subsection, is still present, but subleading.)
The operator Qg%) leads to a vector-vector interaction after integrating out the Z boson,

cf. Eq. (84), giving a coherently enhanced scattering cross section of parametric size

do ool a )’ My\>1 10442
a9 (2 (1210g 2w ) o 21 1
a5 > 1) (47r) SN ) MY Gev? (170)

o1
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Figure 16: Same as Fig. 14, but for I, = 1,Y, = 0 Dirac fermion DM with additional dimension-
six interactions coupling a DM vector current to the SM axial-vector third-generation current,

setting A = 1 TeV.

which is several orders of magnitude larger than the Higgs-penguin induced one. This is
illustrated in Figure 15. Included in the numerics is the additional enhancement of the cross
section by the resummation of leading QCD logarithms below the weak scale (see Ref. [25]
for details). Note that the mixing induced effect, Eq. (170), is independent of the weak
isospin of DM and is present even for SM-singlet DM [60].

VI. SUMMARY AND CONCLUSIONS

In this article we presented a Renormalization Group (RG) analysis of Dark Matter (DM)
interactions with the SM mediated by higher dimension operators, up to and including
dimension six. We calculated the one-loop RG evolution of these operators, for the case of
Dirac fermion DM, from the high scale A down to the weak scale, and the matching to the
tower of effective theories below the weak scale, distinguishing the two cases, m, ~ my and
m, < myz. We allow for DM to be part of an electroweak multiplet.

The loop corrections are important whenever both the renormalizable interactions and the
tree-level insertions of higher dimension operators give suppressed direct detection scattering
rates. For DM charged under the electroweak gauge group, the scattering due to renormal-

izable interactions is either spin-dependent or effectively of two-loop size. This means that
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the contributions from higher dimension interactions, even if loop suppressed, can still give
the leading contribution. This is true in particular if the tree-level contributions from higher
dimension operators have small nuclear matrix elements, while the loop-induced ones do
not. In Section VB we illustrated this for three examples of DM coupling to axial-vector
quark currents, where the loop-induced effects are especially large. Since the anomalous
dimensions are numerically large, the mixing induced effects can dominate the scattering
rate even if they are effectively of two-loop order. The RG evolution automatically picks up
the leading-logarithmic parts of such corrections to all orders.

The computed corrections are not optional, as they arise from SM particles running in
the loop. They thus need to be included when connecting the processes that occur at the
mass of the DM (such as the indirect detection and the LHC searches) with the processes
occurring at the low scale, e.g., direct detection scattering. The anomalous dimensions are of
two types: (i) the contributions due to Higgs exchanges, which are present even in the case
that DM is an electroweak singlet, and (ii) the contributions that are due to the exchanges
of gauge bosons. The latter are present only if DM is part of an electroweak multiplet.

The resulting RG evolution is implemented in the public code DirectDM [23] and is

available at
https://directdm.github.io.

The code should make it relatively straightforward to use our results when comparing indi-
rect detection and LHC bounds with the results of direct detection experiments, including
the scattering on electrons, that is in many cases generated already at one-loop level.
There are several directions for future work. The remaining case for Dirac fermion DM,
m, > my, requires the transition to Heavy DM EFT already above the weak scale. This
will result both in a different basis of EFT operators above the electroweak scale, as well as
changes to the anomalous dimensions. The calculations of anomalous dimensions should also
be extended to include dimension seven operators (the full basis was presented in Ref. [26]).
Phenomenologically interesting is an extension of our work to several multiplets, which would
cover, for instance, bino-wino-higgsino mixing in the MSSM. There are also higher-loop
contributions that the leading-logarithmic RG resummation misses. For instance, at two-
loop level there is mixing from dimension-six operators with quarks and leptons into dipole

operators. Such contributions may be important when estimating the dipole contributions
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to the dark matter scattering rates.
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Appendix A: Conventions and input
1. Standard model in the unbroken and broken phases

Here we collect the conventions that we use in the paper. Our convention for the Lorentz
vectors is p* = (p°,p), p, = (p°, —p'), while for the completely antisymmetric Levi-Civita

tensor €*P? we use the convention €"'?® = +1. The field-strength tensors are

G, = 0,G% — 0,G5 — g, [ GLG, (A1)
Wi, = 0,W5 —8,W + g e W,ij , (A2)
B, =0d,B, —90,B, . (A3)

The SU(3), SU(2), and U(1) coupling constants are gs, g», and gy, while fo¢, €% are the
completely antisymmetric SU(3) and SU(2) structure constants, respectively.

The covariant derivative acting on a fermion f is, in our convention,
. aya SRTeA ¥ VA . Y,
D,f= (GM +igs TGl — igaT "W + zglEfBN)f, (A4)

with 7% 7 the generators of SU(3) and SU(2), respectively, and Y} the hypercharge of
fermion f. Specializing to the DM fields we thus have

;o ~afyra Y
Dyx = ((% —igaT W5 + Zglngu)x, (A5)

with Y, the DM hypercharge. The SU(2) generators 7* for a general representation of weak

isospin I, can be chosen as

(721 + ﬁj)k[ - 5k‘,li1 \/(Ix + l)(Ix +1+ 1) ) (7:3)kl - l(sk’l ’ (A6>
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with k,[ running over the values —1,, -1, +1,...,I, — 1,1,.
The Higgs Lagrangian in terms of the complex Higgs doublet H reads

A

Ly = (DuH)'D"H = J(H'H)" + )’ H'H. (A7)

In the calculation of the anomalous dimensions above the electroweak scale the Higgs mass
term can be neglected as it does not affect the UV divergences.

The Yukawa interactions are given by
= Qi H =Y " QFYadH = > LYY H + hee. (A8)
k,l k,l k,l

with &, [ the generation indices, while the charge-conjugated Higgs field is given by H =
io?H*. 1In the calculation of the electroweak mixing we neglect the up, down, strange,
electron, and muon Yukawa couplings.

We further complement the Lagrangian involving the matter fields with a gauge-fixing
term. It is most convenient to perform the calculation in a background-field gauge; the
gauge-fixing Lagrangian can be taken in analogy to the case of QCD [99, 100]. We use a

generalized R, gauge, with gauge fixing term [101]
1
2{ 26w QEB

and checked explicitly the £V and &P gauge-parameter independence of our results.

Ly = (%0, + e W)W N} (8,B")°, (A9)

After electroweak symmetry breaking we use the mass eigenbasis for the gauge bosons,

W = (WhFiW?)/Ve., <i) = (_C;” i“’) <Z3> , (A10)

where ¢, = cosb, = g2/\/ g7 + g5, S = sinb,,. The electric charge is given by

9192
s 925w = J1Cw - (A11)
VIit+ 92

The electric charge of the components of the DM multiplet is given by the Gell-Mann

Nishijima relation, @, = 7 + Y, /2. Defining 7+ = 7! & i72, we can write the covariant
derivative (A5) in terms of the broken fields as
= g TG — = (FWE 4 FW) 4 ieQuA, — — (7 — 2Q\)Z,. (AL2)
\/_Sw SwCw
The Higgs doublet field after EWSB is given by

G+
aw=(,, S ). (A1)
75(2) + h(z) + iG°(z))
where G (x) and G°(z) are the pseudo-Goldstone fields.
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2. Numerical inputs for the electroweak running

The parameters used in our numerics for the electroweak RG evolution are g1, g2, 93, Y,
U, Up, U, where the hat denotes the values in the MS scheme at scale M. All the numerical
inputs are taken from Ref. [102]. Our strategy to determine the initial values at scale
i = My is as follows. We use the values sin®f,,(Mz) = 0.23122(4), a~ (M) = 127.955(10)
to determine g; and g, directly via the relation

gl
gi (1) + g3 (1)
In this way we find g; = 0.36, go = 0.65. The strong coupling g3 = 1.22 is determined from

as(My) = 0.1181(11).
To determine g, we use m, = 1.77686(12) GeV, and the relations

V2m., 1
yT - ) GF = 2 *
VEwW \/§va

Note that Gr = 1.1663787(6) x 1075GeV 2 is RG invariant, and we neglect the QED
running of m,. We find y,(Mz) = 0.010. We obtain m.(Mz) by QCD running from
me(m.) = 1.275(3) GeV and then convert to find §.(Mz) = 0.0045. We obtain m,(My) by
QCD running from my(my) = 4.187003 GeV and then convert to find (M) = 0.018. We
obtain m;(Mz) by converting the top-quark pole mass M; = 173.0(0.4) GeV to the QCD

sin? 0,,(u) = (A14)

(A15)

and electroweak MS scheme at scale = M;, and use subsequent QCD and electroweak

running from p = M, to p = Mz. We find g,(Mz) = 1.05.

Appendix B: SM EFT operators

In this appendix we provide the results for the mixing of the SM-DM operators into
the pure SM operators, restricting the discussion to the SM operators that enter the RG
running at one loop. Assuming conservation of lepton and baryon number, only dimension-
six operators are relevant. The dimension-six effective Lagrangian is (we use the basis in

Ref. [103], but with renamed operators)

_ a 6
E - Z AQ S(g ) ) (Bl)
where the operators involving only quark fields are
6 ~1 a 7 17 a ; 6 =i i — . .
S = Q" Q@7 Q1) S5 = (Qn@n)(@Q1'QL).  (B2)
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S = QL QL) (W uly) O = Qi QL) (diydy)

6 3 i _q j 6 —3 i
Sé 7,)] = (UR%UR)(UEV#UE) 5 Sé,z‘)j = (UR'VMUR)(di%fY“de) )

SO = (dgyudia) (dpydy)

The operators involving only lepton fields can be chosen as

S = (L L) (L) L)), Se0 = (L L) (Cpy 63

550 ,i] (gé%’yligz )(@ﬂ“@%) .
The mixed quark—lepton operators are

S5 = (@

St = Q@) Cpy ) Stvy = (@ ulg) (L7, L)
S\ = (e di) (L) Siehs = (™" ui) (Cyvuly)
172] (R'Yudl)(@ﬂu%),

while the Higgs-fermion operators can be taken as

T QH D), Sior = (@i QL) (HID,H)
20 i = (W) (HTZDMH) 521 i (dpy"dp )(HT%DMH)

= (Q
= (

22 i (LlLV#TaLl )(HTiDZH> )
= (ly

181

5231 = (Ll "L )(HT@DuH>
VO (HTiD, H) .

241

The remaining operator, involving only Higgs fields, is

©) _ (17t 7 HT-HuH
S = (HYD, H)(H' D H).

a i 77 ar] 6 i 7 77 ]
LT Q) (L T L), S = QL QL) (LA LE)

(B16)

The mixing of the SM sector into the DM-SM sector proceeds via penguin insertions.

The nonzero results for the four-fermion operators are, for ¢ = 7,

1
£ 0 0 B
14 3
20 0 B
4 2 3
0) 50000 (0) 0
_ 2 2 _
[71 }Siﬁ)uz‘Xng)u N YX 3 0 3 ’ [’71 }Sig 17u><QgG)4i B YX 0
2, 4, Coe o ,
9 0
0 —2 4
3 3 0
0 0 —%
9

57

o O

win

e}

|
wibNo

wino

)

o O O

e}

win
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for mixing into operators with quark currents, and

2
: 0
0 2
-2 0 s 8
(0) _ 2 2 (0) _ 3
[’}/1 }Sé.G.).IO,iiXQg?)),ll,i o YX ] _g ’ [’YI }Sig?”w,iiXQg%),ll,i o YX _g 0 (B18)
0 —3 0 4
3
2
0 -3
for mixing into operators with lepton currents.
The mixing proportional to g, has only a few non-vanishing entries, given by
(0) _ 10 (0) _ 1,0 _8
2 lsman =50 D lsman = b lsnan =3 B19)
2
(0) _Z (0) —9
2 lswem =50 D2 lsw 00 =2

All the other entries are zero.
The result for ¢ # j are (note that the order of the flavor indices matters, except when

the operator is symmetric in ¢ and j)

o1 _y (242
7 :|Sé?).4,ij><Qg)2 =Yy (3’ 3 3) ; (B20)
—2 9
3
(0) _ [0 _ 2
[(07]s0, xo® =050 | ow, =Y | -3 0 |- (B21)
0 —3
as well as
4 2
0) i ! " 0 —3
_ 2 _ 2
[’71 }Séé?-?,inQg?)A,i B YX 3 0 ’ [71 }Sig?..lhinQi(f.)A,i N YX -3 0 ’ (B22)
0 —2 0 -2
3 3
2
3 0 40
(0) 0 3 (0) -2 0
_ 3 _ 3
[71 }SS)-G,J‘Z’XQL(”?)AJ - YX % 0 ’ [’yl ]S§A6L)...17,jiXQ§%).”11,i n YX 0 % ’ (B23)
4 2
and
(0) 2 0) o (22
T e 4] v = Yo (55) - 82
(0) _ 1,0 _ (0) 2
P Tsmam = D2 lsw,om =2 D2 lswen =3 (B2)
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All the other entries are zero.

The nonzero mixings of the operators involving Higgs currents are given by

1

(0) _ [+ _ (0) _
e lsw .0 = 12 lsgom = 3 2750 g0 =2, (B26)
(0) _ 2 (0) _ 2
[2 }sg';?@gf;y =3 kE }Ség)Qgg) =3 (B27)
as well as by
0 .
1 )}S;g;...gggl,Xngg.,.ngg = ;Y diag (1,1,1), (B28)
(0) .
175, 50 o), @, = 5Yx diag (1,1), (B29)
(0) ) 1
P2 lswam = D2 Lo e = 3 (B30)
and
[7(0)} © 6 = 2Y. [’Y(O)} © 6 = 3V, h(o)] © @ = —2Y. (B31)
1 SlQ,iQIG 37X 1 SZO,iQIG 37X 1 S21,i 16 37X
(0) _ 1,00 _ 2 (0) _5
[ ]s;gfng? = }s;ggggfy =2V, [m ]SQ?Q@ = 3Yy. (B32)

All the other entries vanish.
The mixing of the DM-SM sector into the SM sector also proceeds only via penguin
insertions. The SM four fermion operators in Egs. (B2)-(B11) carry two generation indices,

where the order of the indices is important. First, we present the anomalous dimensions

proportional to g?. The mixing of Qéi) - fi) into Séi)j—Sﬂ)j is given by
0 0 0
(1) aw.sg0, = 01" gs, = D17 log 9, = $¥ach (B33
0 0 0
ki )}Qéf?vséi)j = [ )}Qé‘?37gé?2j = [+ © 50 = 3V dy (B34)
0 0 0
a5, = Do s, = D7 la s, = =30 (B35)

while the remaining entries are zero. The mixing of QéGZ) -Qﬁ? into Sii)j—Séi)j vanishes. The

mixing of Qgi) —in) into SS?U—SE?U is given by

[,y£0)] (6) g(6) = [’YEO)} (6) g6) = [7}0)} (6) g(6) = _éyxdx’ (B36>

2,i°12,ij 3,i°14,ij 4,i°15,ij

h%o)} (6) S<6> = [’yfo)} (6) S(a) = [’7}0)} (6) S(G) = _%lYXdX' (B37>

2,i°13,ij 3,i7°16,ij 4,i°17,ij
The mixing of Q(ﬁ)—Q(6) into 59 -S9 _ with reversed indices, vanishes. The mixing of
g 1, W4, 12,5i"°17,ji> ) . g

Qf,;) —in) into ng?i—Séﬁ?i is given by

= [7%0)]62516)75(6) = %YXdX . (B38>

21,4

[%0)} (6) g(6) = [%0)] (6) 4(6)
Q35:510,i S

3,i1720,i

29



The mixing of Qg%{i, Qgﬁl)ﬂ. into the operators ng?j.-sﬁg?ij is given by

(0) (0)

D17 ]o,s0, = D Jow, 50, = —5¥dx (B39)
(0) _ [0 4

o, s, = Dl s, = —3Yadk (B40)

The mixing of Qg%{i, Q§61)z into the operators SS?U—S@” is given by

0 0

(17]aw, 5, = 01)a@, 0, = $¥xd (341)
(0) _ [~0) _ 8

g s, = D g s, = §¥adh (B42)
(0) _ (-0 _ 4

[ lew, s, = 17 low, sw, = ~s¥dx (B43)

whereas the mixing Qg%)’i, ﬁ)z into the operators SQU-SQU vanishes. The mixing of Qg%)’i,

Qﬁi into the operators Ség?i, Séi?i is given by

) 50 = D)0, 0 = . (B)

10,i°23,i 11,i°24,4

The mixing of Higgs-DM into SM is given by

0
[% )}Qii)ixsig>i“'5§§)¢ = Yydy (% % _% 0 _§ —§ %) (B45)

The mixing proportional to g has only a few non-vanishing entries, given by

(0) _ [0 () — [,
baJomse, = e Jomsi, = 12 lomsw, = D lagse, (B46)
_ [~0 _ [0 _ [~0) _ 8
= [ loms, = 12 lags, = 2 lagsg, =50 (B4D)
(0) _ [~0 _
2 logsts, = D2 logs = 5 (B43)

Again, all the undisplayed entries vanish. The mixing of the SM operators among themselves

can be taken from the literature [104-106].

Appendix C: Mixing in the dark sector

In this appendix we provide the results for the mixing of the operators in the SM-DM

sector into the pure DM operators. We write the dimension-six effective Lagrangian as

a

0(1131\1,(6) )
L=>Y" —5—5, (C1)
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where the relevant operators are given in Eq. (19) (recall that we neglect the mixing of

operators within the dark sector).

The mixing of DM-SM operators into DM operators is given by

[750)} Qg‘a.)A’ingG) - [750)} éG)sZXD(G)
[% )]me D& = [7;0)} ©  p® =

13 14,3

[’YEO)} g%) X D56> -

and

157 ] gope = [5”] g

[750)}@)(6@(6 = [750)]Q(6) D

12,4

[V§O)]Q56>D<e = [750)]Q<6>D<6> =3,

1) g xp® = 3

2
3
4
o 3 |-
_2
3
_2
3
Y, RIE
3
1
Y.,

=2,

2

=3,

—_

while the mixing of the DM operators into the DM-SM sector is given by

0 2+1dy 3+ 8d —1- 54,
© B 0 0 0 0
e lopopcanat =N g 2g sz _ag |
0 0 0 0
0 0 0
0 24+2q 8481 —2%_44
G LA A e
O %jx gjx _L_-ij
2 4 4 8
0 —5—3d —3—3d 0 0 0
0 0 0 —2_ 24 _4_ 44
(0) _ X X
[’Y1 }D§6)"'D§6>XQ@‘“Q§?¢ - Yx 0 _gjx _%jx ’ 0 ’ ’ 0 ’
0 0 0o 0 -7 -1i7
0243d, 0 0
2 2
(0) . O 0 0 Y + _dX
e IV
0 0 0 27

(C11)



and

02"l bar, = 112 1wy = 02 opa = De"lopag, (C12)

g = Do = . o)
2" e = 12 ] o g = héO)]D(G)Q(S) = (Hvd)Rn-5, (W)
02" e = 8 ppay, = ooy = G505 =5 (C13)

All non-displayed entries vanish.

Appendix D: Unphysical operators

We extract the anomalous dimensions by renormalizing off-shell Greens functions in d =
4 — 2¢ dimensions. In the intermediate stages of the computation it is thus necessary to

introduce unphysical operators.

1. Evanescent operators

The one-loop mixing among the “physical” operators is not affected by the definition of
evanescent operators, i.e., operators that are required to project one-loop Green’s functions
in d = 4 — 2¢ dimensions but vanish in d = 4. Nevertheless, for completeness and future
reference we list below the ones we used for the one-loop computations. The evanescent

operators with quark fields are chosen as

= u%%ﬂ: X _L’Y T L - 1(?2' 5?1' )
( a )( N T 2] an) 1OQ()+6Q() (Dl)
= (V17X QL P QL) + 6Q%) — 10Q) | (D2)
= (VX)) (@7 Qy) — 10Q%) + 6QF) (D3)
= (X111 X) QL7 QL) + 6Q%) — 10Q8) (D4)
=( Vo Yo X) (@ Y uils) — 10Q5) — 6QY) (D5)
= (X u’Vu’Yp’Y5X)<a3%’YM”YV’YpU§%) - 6Q3i’ - 10@7,i ) (D6)
= (X X) (A7 7P dly) — 10QY) — 6QY (D7)
= (X075 X) (dg Yy 7 diy) — 6@3?3 ~10Q%) (D8)
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while the evanescent operators involving lepton fields are

= (VT X)Ly 7 L) — 10Q8) + 6Q1; | (D9
B = (15T X)Ly e Ly ) + 6Q8) — 10915, (
B, = (00, (Lo L) — 10Q1); + 6Q1%; (
127, = (XY 15X) (Lo P L) + 6Qloz - 10@13,1" (D12
= (V10700 (Cy" 77 ) — 10Q1; — 6Q1Y; (
= (X (

XYYV Vs X) (Cryiy v ) — 66211,1- - 10@@-

132

14z

2. E.o.m.-vanishing operators

The equations of motion (e.o.m.) for the W and B gauge-boson field are, in our conven-

tions,
v v sab beyq v b T~ . +
D Wz?u = (a 0% — 926a ‘W 7C)VVV;L = =92 ZQ#TQ’}/“@Z) - ZgQH DZ Ha (D15)
Y
and
D'B,, = & B,, — ZZ& o+ilH D, H
v = vu g1 9 7;L 2 12 ) (D16)
P

up to gauge-fixing and ghost terms (see Ref. [107] for a more detailed discussion of the e.o.m.
in effective theories.). The sum is over all active fermion fields.

The following operators vanish via the e.o.m. of the gauge fields; they contribute to the
same amplitudes as the physical four-fermion operators. Therefore, the mixing of physical
operators into the e.o.m.-vanishing operators (computed from penguin diagrams) affects the

anomalous dimensions of four-fermion operators. There are four operators involving DM

currents,

1 - ~Q a,V,

A = Ligrnoparer + 5 (@ +0f0) + 0 + 0 o1
1 — 1

PY = 5 (w0 DB

©) 2406 1 D© (D18)

;( Q)+ 2l - 20 — 20l - Q) - 50 - 20l
1 — ~a a,v,

P = ;(XM%T xX)D, W “+Z QY+ Q) + QY + DY, (D19)
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1 — 124
P = g—(xw%x)DuB o

6 2 6 1 6 6
Z < ( ) + gng) - gQ Q131 14 z> - _Qgs) - _XDé ) )

four operators involving quark currents,

o) L =i ani aw 6 6 6 6
P5(,z') = a(QL’Y“T QL) D, WS + ng) + Z (sz)] + 551327‘) + S£8?iv
J

1 —. .
R = L@irann. - L)
1 Lo 1o (6) L )
- (5880 + A%miﬁw—ﬁﬁm—sm) S5,
J

1 . . Y.
P = —(@gy"u) D, B — -
g1

=05
1 |G 6 1 6
—EZQ%ﬂ I IR It
J
PO = (@i D, B Q<6>
’ g1

1 2 (6 I 6 L 6 6 L 6
5 (Lot et Lt - Lo, - o) - ot
J

two operators involving Higgs currents,

6 1 = aw 6 6 . 1
PO — E[Hupu D QY+ 3 (80, 50 + L5
1 e oy
Py = E(HTZDMH)DVB "_ 7"@5?
_ 21: (65§9?i + gséo?i - 5551?1- - iSég?i — 5’54?1,) _ 5555) ,

and three operators involving lepton currents,
P, = (L LD+ + 3 (358 + 510 + 58,
J
ﬂ%—j@d%wDBw o,
- Z ( 12 ,ji + 514 gi ;)Sg)gz - _SS Jij Ssgi‘)j) o %Ség?m
Pl(g,)i o g1 (E " ®) Dy B — Qlu
-3 (559 §s;z,ﬁ — S - 8- ) - o8
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(D23)

(D24)
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(D26)
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(D28)

(D29)



Several additional operators, vanishing due to the e.o.m. for the DM fields, are needed

to project all one-loop Greens functions with insertions of the operators in Eqs. (6), (8)

and Egs. (17), (18), respectively: two dimension-five operators,

V= Py, PP = xDDivsx (D30)

and eight dimension-six operators,

= (\"iDx)(H'T"H), = (X' F ) (H T H), (D31)
Pfg (XiPPx) (H'H)., = (i) (H'H), (D32)
= (X7"ilDysx)(H'T"H), = (XiPys"Y) (H 1T H), (D33)
Py —(XUZ)%X)(HTH) = (VD" sx)(HTH) . (D34)
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