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ABSTRACT: Direct searches for WIMPs are sensitive to physics well below the weak scale.
In the absence of light mediators, it is fruitful to apply an Effective Field Theory (EFT)
approach accounting only for dark matter (DM) interactions with Standard Model (SM)
fields. We consider a singlet fermion WIMP and effective operators up to dimension 6
which are generated at the mass scale of particles mediating DM interactions with the
SM. We perform a one-loop Renormalization Group Evolution (RGE) analysis, evolving
these effective operators from the mediators mass scale to the nuclear scales probed by
direct searches. We apply our results to models with DM velocity-suppressed interactions,
DM couplings only to heavy quarks, leptophilic DM and Higgs portal, which without our
analysis would not get constrained from direct detection bounds. Remarkably, a large
parameter space region for these models is found to be excluded as a consequence of spin-
independent couplings induced by SM loops. In addition to these examples, we stress that
more general renormalizable models for singlet fermion WIMP can be matched onto our
EFT framework, and the subsequent model-independent RGE can be used to compute
direct detection rates. Our results allow us to properly connect the different energy scales
involved in constraining WIMP models, and to combine information from direct detection
with other complementary searches, such as collider and indirect detection.
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1 Introduction

The nature of dark matter (DM) is one of the main open questions in particle physics.
Among many candidates [1-3], a Weakly Interacting Massive Particle (WIMP) with relic
abundance obtained through thermal freeze-out [4-7] is quite appealing. Motivated frame-
works for physics beyond the Standard Model (SM) naturally have a WIMP candidate [8—
13], and it is suggestive that the same theory addressing the hierarchy problem also provides
us with a DM candidate. Another exciting feature of the WIMPs is the fact that their



typical couplings to SM particles are in the correct ballpark to give signals at colliders,
direct and indirect detection experiments. Each of these searches is more sensitive to a
certain parameter space region, so the WIMP paradigm can be tested with multiple and
complementary methods.

Direct detection experiments play a peculiar role among these searches, since they
probe energy scales much lower than the weak scale. For example, a 1 TeV DM particle
with a typical velocity v/c ~ 1073 scattering off a Xenon target cannot lead to a nuclear
recoil energy larger than about 200keV. The relevant physics at such small scales can
be described by a non-relativistic Effective Field Theory (EFT), by integrating out short-
distance effects and keeping only the relevant low-energy degrees of freedom [14-22]. The
analysis of other searches requires to go beyond this non-relativistic EFT. A simplifying
hypothesis is to assume that the DM is the only non-SM particle experimentally acces-
sible [23-35], with interactions parameterized by non-renormalizable operators originated
from the exchange of heavy mediator particles. The validity of this approach does not
extend all the way up to the LHC center of mass energy [36-42], motivating the recent
effort towards simplified models with mediator fields in the spectrum [43-59].

In this work we develop a formalism to connect DM models to nuclear scales probed by
direct detection. As shown in refs. [60-69], there are examples where this large separation
of scales has remarkable implications when a comparison with experiments is attempted.
We focus on models for fermion DM with no SM gauge charge, and we assume that all
the non-SM particles (with the possible exception of the DM itself) are above the weak
scale. Fermion singlets cannot communicate with the SM at a renormalizable level, thus
DM interactions must be necessarily mediated by these heavy particles. Once they are
integrated out, it is possible to make a connection with nuclear scales that does not depend
on the specific model we started from. This general analysis is the goal of our paper, where
we connect physics at the mediator mass scales with direct detection observables. A generic
model of singlet fermion DM, Dirac or Majorana, can be matched onto our EFT framework
at the mass scale of the mediator particles.

Our setup is sketched in figure 1. At high energy scales we imagine the DM field y
embedded in an ultraviolet (UV) complete model. In our model-independent analysis we
can neglect the UV details and consider the low-energy EFT with only x and the SM fields
in the spectrum. As emphasized in ref. [68], a systematic study allows us to identify mixing
among operators and bound interactions that are poorly constrained otherwise. For this
reason we start from the most general basis of operators up to dimension 6, defined at the
EFT cutoff A, which corresponds to the mediators mass scale. The operators are evolved
via a proper one-loop Renormalization Group (RG) analysis down to the ElectroWeak
Symmetry Breaking (EWSB) scale, where the W and Z gauge bosons, the Higgs boson
and the top quark are integrated out. This procedure defines a different EFT, with only
strong and electromagnetic gauge interactions and 5 quark flavors. We perform the one-
loop RG analysis in this EFT as well, taking into account threshold corrections to the
Wilson coefficients from integrating out the b and ¢ quarks and the 7 lepton, and evolving
down to the nuclear scale y ~ 1-2GeV at which hadronic matrix elements are evaluated
(see e.g. [22, 70, 71]).
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Figure 1. Effective Field Theories used in this work. The fields mediating DM interactions with
the SM are integrated out at the scale A. The operators of the SM, EFT are evolved down to
the EWSB scale, where electroweak states are integrated out. There a matching onto the EMSM,,
EFT is performed. Finally, the operators are evolved down to the nuclear scale probed by direct
searches.

Why is this study relevant? After all, RG corrections are of the order of log(A/1 GeV)
multiplied by a loop factor, and pushing A to 10 TeV barely changes the order of magnitude
for the rate. One may question the usefulness of a precise evaluation of the cross section
in a pre-discovery era. We are certainly not after such a precision, and our focus is rather
on models where loop effects are the dominant contribution.

The only DM interactions at the nuclear scale relevant for direct detection involve
the u,d, s quarks, gluons and photons. However, many motivated models have mediator
fields coupling the DM particle to heavy SM states and/or leptons. In these cases the
main contribution to direct detection rates comes from loop effects. Furthermore, different
light quarks couplings yield direct detection cross sections which could differ by orders of
magnitude, as Goodman and Witten showed in their seminal paper [72]. If the mediator
fields induce suppressed couplings to light quarks (e.g. DM velocity-suppressed and /or spin-
dependent interactions), loop-induced couplings to non-suppressed operators are again the
dominant contribution. The best current experimental limits come from XENON100 [73]
and LUX [74], and will be significantly improved soon by SCDMS, XENON1T, DARKSIDE
G2 and LZ (see for example ref. [75]). They rule out electroweak processes with Z boson
exchange by orders of magnitude, and are therefore powerful enough to put constraints
even on loop-induced processes.

The paper is structured as follows. The bases of independent operators for both the
EFTs in figure 1 as well as matching conditions at the EWSB scale are discussed in sec-
tion 2. The RGE equations in both EFTs are presented in section 3, with details on loop
calculations contained in appendix B. The reader only interested in our results, not in their
derivation, can safely jump from section 2 to section 4, where we present the applications
of our results to spin-independent searches. Consistently with the spirit of this work, we
focus on examples where the DM has either suppressed couplings to light quarks or cou-
plings only to heavy SM states. In these cases our loop effects are the main contribution
to spin-independent direct detection rates. In appendix D we give a straightforward recipe
that allows one to apply our results and constrain UV complete fermion WIMP models
that give rise to dimension 6 effective operators. Section 5 contains our conclusions.



2 The effective theories for singlet fermion dark matter

Our conceptual starting point is a renormalizable model for a fermion DM field x that is a
SM gauge singlet. Interactions between y and the SM degrees of freedom g\ are due to
the exchange of mediator fields ®. The typical mass of the ®’s is assumed to be greater than
the Fermi scale, and at such scales the full SM gauge symmetry SU(3). x SU(2)r x U(1)y
is unbroken. The Lagrangian of the UV complete model schematically reads

Luv = Lsm + X (i@ — my )X + Lmed (Vsn, X, ) - (2.1)

Integrating out the mediators at the scale A generates what we call SM,, EFT, containing
only x and the whole SM field content as its degrees of freedom. Many explicit realizations
for Lyy exist in the literature, and they can all be matched onto the SM, EFT at the
cutoff scale A. The regime of validity of this EFT extends all the way down to the EWSB
scale, where the heavy EW states (W, Z, h and t-quark) have to be integrated out and
the residual gauge symmetry is SU(3). X U(1)em. For this reason we employ a different
EFT below the EWSB scale, with only a SU(3), x U(1)en gauge symmetry and 5 quark
flavors, which we call EMSM,, EFT (where EMSM stands for SM with only electromagnetic
interactions). In the remaining part of this section we give a basis of independent operators
for both EFTs up to mass dimension 6, as well as a prescription for how to match SM,
EFT onto EMSM, EFT at the EWSB scale.

2.1 SM, effective theory

Right below the mediator scale A all the SM degrees of freedom are in the spectrum, and
the SU(3). x SU(2)r, x U(1)y SM gauge group is unbroken. Integrating out the mediators
® in eq. (2.1) generates an infinite tower of higher dimensional operators

(d)
Lsm, = Lsm + X(id — my X+ZE = 10 oW, (2.2)
d>4 «

Our conventions for the SM Lagrangian Lgy are summarized in appendix A.1. In particu-
lar, since SM fermions are in a chiral representation of the gauge group, we use the matter
fields

fSM—{qL 7uR7d(é)7lg)7 RaH} (23)

The index i runs over the three different SM fermion generations, and the gauge quantum
numbers are assigned as in table 1. The index « runs over all gauge invariant operators of
a given dimension d, with the dimensionless Wilson coefficients c&d) encoding unresolved
dynamics. These coefficients are renormalization-scale dependent, and we will quantify
this dependence in the next section.

Without the need of specifying the responsible symmetry, we make sure the DM field
is stable by requiring that every operator contains at least two y fields. As an example,
if DM is stabilized by a Zo symmetry, only operators with an even number of y fields are

allowed. Furthermore, our focus is on DM elastic scattering off target nuclei, thus we only
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Table 1. SM matter fields and gauge charges in the unbroken phase. g% and I% are left-handed
fermions, uﬁé, dﬂz and 63% are right-handed fermions. The index 4 runs over the three generations.

Symbol | Operator | Symbol Operator
Os XxH'H Omp X" x By
Op xvx H'H O, XX €uvpo B

Table 2. Basis of dimension 5 operators for the SM,, Effective Theory.

need to consider operators with two DM fields. In our study we adopt the following basis
of DM bilinears Oaxl

Oax = {XX, X7°X, X7"X, X7"7°x, X' x} . (2.4)
Upon applying Fierz identities if necessary, each higher dimensional operator (’)((xd)
appearing in eq. (2.2) with d < 6 and relevant to our analysis can be written as a product
of a DM bilinear and SM fields

0 =0@) x 04D (2.5)

The part involving only SM fields OSJSYV:F) has mass dimension d — 3, is a SM gauge singlet

but not necessarily a Lorentz singlet. We derive a complete basis of operators for the SM,

EFT up to dimension 6 following this strategy: we first identify all possible gauge singlets

(’)g{dsﬁ) by employing the same procedure described in refs. [76, 77], then we take all allowed
Lorentz invariant contractions with DM bilinears in eq. (2.4).

The first operators to look for are at dimension 5, which implies that we need gauge

invariant SM operators OSS)M with mass dimension 2. The following options are available

O<()c2S)M = {HTH, Bﬁwa E,uzzpaBpg} ) (2.6)

where H and B, are the Higgs doublet and the hypercharge field strength, respectively.
The Lorentz invariant combinations with DM bilinears are listed in table 2. Since they are
the lowest dimensional non-renormalizable operators, they do not mix onto other ones. As
is well known, the resulting long-range interaction arising from the dipole operators severely
constrain their Wilson coefficients [78-80]. The dimension 5 Higgs portal operator induces
interactions with the gluon field strength once heavy quarks are integrated out [81], and
current experiments are probing cross sections in its typical range [82-86]. DM interactions

1For effective operators up to dimension 6 and neglecting velocity suppressed effects this is a complete
basis.
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Table 3. Basis of dimension 6 operators for the SM, EFT. The first two columns have three
different replicas, corresponding to the SM generations. We consider a generic ¥ I'*, which can be
either a vector (I'* = «*) or an axial (I'* = 4#~°) DM current or any linear combination of them.

to the Higgs also yields mono-Higgs events at colliders [87-89], and for light enough DM
(my < my/2) they contribute to the invisible Higgs decay width [90-93]. No interesting
mixing takes place in this dimension 5 sector [68], and for this reason our RG analysis will
focus on dimension 6 operators, which we now identify.
For dimension 6 operators, the relevant SM structures of dimension 3 are the currents
(€ I o A - e S S T e g
Onsm = {qLqu URYuUR » A Vudp > (L VulL s epvuer, H'i D#H} ) (2.7)
where we do not assume any flavor violation The index ¢ runs over the three different
fermion generations, thus the above vector has 5 x 3+ 1 = 16 components. The double-
arrow derivative entering the Higgs current reads

=
H'D,H=H'(D,H)— (D,HH, (2.8)

with the covariant derivative defined as in eq. (A.3) of appendix A.1.

Lorentz invariant operators can be obtained by contracting the currents in eq. (2.7)
with a DM current ¥ "y, where both vector I'* = ~* and axial I'* = y#~® currents are
possible. This gives a total of 16 x 2 = 32 independent operators. However, since y is
a singlet, the DM current X I'*x is invariant under RG evolution, thus we can study two
16-dimensional sectors separately. The basis for dimension 6 operators with a specific DM
current Y I'*y is shown in table 3. For future convenience, we introduce a 16-dimensional
vector of Wilson coeflicients

T DO OO O 2 @ @ @6 63 B3 B3 @3
Chhu, = (el b e 1l e |eff) o) el off [ef) o) eff) 1efy ef?

CrH ) )
(2.9)
where ¢, is associated with the operator O, in table 3. The solid double line divides DM
interactions with the Higgs from the ones with SM fermions. The solid single lines divide
different SM generations and within each generation quarks and leptons are divided by a
dashed line.
We stress that the dimension 6 operator

C
Orp = g/A—B; XTHx 8B, (2.10)

does not need to be included in our list since it can be expressed as a linear combination
of the ones listed in table 3 by using classical equation of motion [94] for the hypercharge
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Table 4. SM matter fields and their gauge quantum numbers in the broken phase. In this case ¢,
u® and e’ are Dirac fermions. The index i = 1,2,3 runs over the threes different generations. The
top quark (i.e. u?) is not included.

field strength (see eq. (A.10)). More specifically, the effect of this operator can be absorbed
into the following shifts of the Wilson coefficients

(4) (4)

Crg = Crq — 9"yqcs, (2.11)
c%i — CQL — ¢ *yucn, (2.12)
cifc)l — c%c)l q *yacs, (2.13)
cfy — C(rl) —9"%uicn, (2.14)
c(Fg — c%i — ¢ *yecn, (2.15)
cr — e — ¢ 2yncen . (2.16)

2.2 EMSM, effective theory

The construction of the operator basis for the EMSM, EFT is analogous. The Lagrangian

reads
(d)

Lemsm, = Lemsm + X(0d — my, X—l—ZZAd -0@. (2.17)
d>4 «

Details and conventions for the renormalizable EMSM part can be found in appendix A.2.
Since matter fields fill vector-like representations of the gauge group in this phase, we
employ the set of Dirac fermions

Fensm = {u', d’ e’} (2.18)

The index ¢ runs again over the three different SM generations, but this time without the
top quark (i.e. without (). Gauge quantum numbers are assigned as in table 4. The
effective operators are still of the form

0@ = o) x 0%, (2.19)

with DM bilinears listed in eq. (2.4).
For dimension 5 operators we only have interactions with the electromagnetic field, i.e.

aEMSM { I E,uupchpa}v (220)

and the Lorentz invariant contractions with DM bilinears are listed in table 5. For dimen-
sion 6 operators we have the SM currents

OB o = {uimd , winysut, diyd, diysd’ , eiuet, einnse’h . (2.21)



Symbol Operator

Omp X' x F

Og, XX € pa FP7

Table 5. Basis of dimension 5 operators for the EMSM,, Effective Theory.

Symbol Operator Symbol Operator Symbol Operator

Ol | XxTrxuiyut || 09, | xUexdind | O, | xTrxei,e

oW, | xTixuiyysui | 09, | XTixdiysd | 09, | xTrx eyuse’

Table 6. Basis of dimension 6 operators for the EMSM, Effective Theory. Each operator has

three different replicas, corresponding to the three SM generations. The DM bilinear can have both

vector or axial currents, namely I' = {V, A}, where V# = 4# and A" = yH~>.

The top quark is not in the spectrum, thus we count 6 x 3 —2 = 16 independent currents.
Also in this case they can be contracted with either a vector or an axial DM current, giving
a total of 32 independent operators. Each 16 dimensional sector shown in table 6 can be
studied separately. In analogy to eq. (2.9), we define the vector

T (0 2) (2 3) | (1 2 3)
Cemsm, = (C%&u Cr&d Cl("Vu C(F\)/d C(r\)/d‘cr\)/e Ci“x)/e Cl("Ve

1 Hoo©@ @ 6.0 2 6
e At B i elhalelhe e )

(2.22)
Here, the solid double line is used to divide DM couplings to a vector or an axial SM
current, whereas single solid lines divide quarks from leptons.

The redundant dimension 6 operator in this case is
CF — e o
Orp :erF X0"Fy,, . (2.23)

Equations of motion for the electromagnetic field strength (see eq. (A.12)) translates this
operator into a linear combination of the ones listed in table 6, which equivalently amounts
to this shift of the Wilson coefficients for the operators with SM vector currents

cgf‘)/u — C%‘Z\)/u - eQQucF, (2.24)
c(Fi‘)/d — c(Fi‘)/d — eszcF , (2.25)
e = Afle = 2 Qecr. (2.26)

The operators with SM axial currents are not affected, since the photon only couples to

vector currents.

2.3 Matching the two EFTs at the EWSB scale

We conclude this section by giving matching conditions between the two theories, namely
the relations between the Wilson coefficients in eq. (2.22) and those in eq. (2.9), both
evaluated at the EWSB scale, which is smaller than A in this setup. As we will see shortly,
the leading contribution arises already at tree level, therefore we do not need to consider
the subleading one-loop contributions.



When performing the tree-level matching, going from left- and right-handed currents to
vector and axial currents is straightforward. But this is not the full story, since the operator
coupling the DM to the Higgs current leads to the following contribution obtained by giving
the Higgs doublets an EWSB VEV. The result is to induce an effective tree-level coupling
between the DM and the Z boson

CH _ = CH —
Lyyz = PXPMX (HT) iD,(H) = A2 v2 /g2 +¢'2 xI'“xZ,. (2.27)
The Z boson also couples to SM fermions

Lic = QL ZuJy (2.28)
Cw

where the neutral current J(’f is defined as follows

T =" ave P f + 945 F* 1] (2.29)
7

gvr =T} —2s2Q, (2.30)

gay = =T} . (2.31)

Here, TJ;Q’ is the third component of the weak isospin, s, the sine of the weak mixing
angle and @y the fermion electromagnetic charge. The coefficients for the SM fermions
explicitly read

1 4, 1 2, 1 9
Gvu =75~ 350 Gvd = —5 + 55w gve = —5 + 25y,
2 3 2 3 2 (2.32)
1 1 1 ’
JAu = 9 gAd_Qa gAe—2-
Integrating out the Z boson gives rise to the Fermi Lagrangian for SM neutral currents
G
EFermi = SE J(SLJO,LL . (233)

V2
Analogously, tree-level Z exchange gives a finite threshold corrections to the Wilson coef-
ficients of the EMSM, EFT. The complete matching conditions read

c(Fl‘)/u = W +cH 9vu , (2.34)
C(Fi\)/d = W +cH9va, (2.35)
oY, = C(“);FC(F) +CHgve s (2.36)
c(FZAu = Cﬁ;;cg + CH GAu (2.37)
C(Fi,)cxd = W +CH gAd (2.38)
= _Cgl);C(F) + i Gac - (2.39)
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Figure 2. External legs corrections for SM fermions.
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Figure 3. External legs for SM Higgs.

3 Renormalization group evolution

We present the complete one-loop RG equations in both EFTs. Here, we only show Feyn-
man diagrams and quote final results. Regularization and renormalization at one loop in
both EFTs are detailedly discussed in appendix B. As explained in the previous section,
no interesting loop effect takes place among the dimension 5 operators, besides the well
known heavy quark threshold contribution from the Higgs portal [81]. Thus we focus on
dimension 6 operators.

3.1 From the messenger scale to the EWSB scale

The evolution of the Wilson coefficients in eq. (2.9) is described by the differential equation

dCsm,
dln p

= YsMm, Csmy, (3.1)

where p is the renormalization scale and gy, is the anomalous dimension matrix. Our
goal here is to fill out the 16 x 16 = 256 entries of the matrix ys, -

We start our one-loop analysis in this theory by considering external legs corrections.
Since the DM field is a gauge singlet, these contributions only involve SM fields and inter-
actions. We perform the field renormalizations

vi = Z) %0, H - Z)°H, (3.2)

where 1; is any SM fermion, and we do it in such a way to subtract the infinite part
from the residue of each one-loop propagator. There are only two possible sources for
this effect, which are gauge and Yukawa interactions. As is well know, the Higgs quartic
coupling does not induce a one-loop contribution to the wave-function renormalization.
The relevant Feynman diagrams are shown in figures 2 and 3 for fermion and Higgs fields,
respectively.

When considering vertex corrections, one still has to deal only with these two inter-
actions. We organize the presentation by fixing the external legs of a specific amplitude,

~10 -



Figure 4. One loop corrections to the Wilson coefficient ¢y, in the SM,, EFT, where the crossed
circle denotes the effective vertex between SM fields and the DM bilinear. The index j for right-
handed fermions can be either u or d. The diagrams for the one-loop corrections to c% and c‘}% are
analogous, but without the Wﬁ gauge bosons in the loop.
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N

Figure 5. One loop corrections to the Wilson coefficient ¢y in the SM, EFT. The crossed circle
notation is the same as figure 4. In the first row we have corrections from gauge interactions, in
the second row from Yukawa interactions.

and then identifying all the possible one-loop contributions. In other words, we fix a given
effective operator from the ones in table 6 and then look for operators mixing into it.

We start from the loop corrections to the Wilson coefficient ¢y, which can be induced
by gauge interactions (diagonal renormalization) and by Yukawa interactions (off-diagonal
renormalization). The associated Feynman diagrams are shown in figure 4. Loop effects
for ¢, and cjl% are analogous, with the important difference that right-handed fermions have
no SU(2), interactions, and therefore there are no diagrams with WZL in the loop.

The analysis of loop corrections to ¢y involves many more Feynman diagrams. The
associated operator describes the DM interaction with two Higgs bosons, and we expect
by gauge invariance also diagrams with two Higgses and one electroweak gauge boson.
We have computed all the possible one-loop diagrams, both the ones with only two Higgs
fields on the external legs and the ones with an additional W;i or a B, gauge boson on the
external legs, and checked that they combine in a gauge invariant way to give the Higgs
current defined in eq. (2.8). We show in figure 5 only the diagrams with two external Higgs
bosons, which get contributions from gauge and Yukawa interactions. For the latter, we

- 11 -
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Figure 6. One loop corrections to the Wilson coeflicient cg of the redundant operator in the SM,
EFT. The crossed circle notation is the same as figure 4.

checked that the associated diagrams with an external B, combine in a gauge invariant
way with the others only after using the SM hypercharge values, as it should be.

Finally, loop diagrams in figure 6 radiatively induce a contribution to the Wilson
coefficient c¢p of the redundant operator in eq. (2.10). By consistently using the equation
of motion, this translates into a shift for the independent operators as in eqs. (2.11)—(2.16).2

The explicit expression for the one-loop amplitudes, as well as the consequent deriva-
tion of the RG equations, are presented in appendix B.1. As shown there, the gauge
interactions contribution to wave-function renormalization exactly cancels with the asso-
ciated vertex corrections. This is consistent with the Ward identities in abelian gauge
theories, and with the fact that non-abelian gauge interactions renormalize only axial cur-
rents starting at two loops. The final anomalous dimension matrix has two main pieces

YSMy = YSMy |y T VSMy |y - (3.3)

where the contribution proportional to the hypercharge gauge couplings is a consequence
of the diagrams in figure 6. The explicit expressions read

(A2+)23)/2 —=AZ/2 7/\5/21 0 0 0 0 0,0 0 0 0 0,0 0 (A2+A2)/2
-2 A0 i 0 0 0 0 0 i 0 0 0 0 0 i 0 0 A2
—A3 0 A2 i 0 0 0 0 0 i 0 0 0 0 0 i 0 0 g
0 0o o0 3)&/2 N2 o 0 0 3 0 0 0 0 0 3 0 0 A2/2
0 0 0 1-a2 N2 0 0 0.0 0 0 0 0 .0 0 A2
0 0 0 10 0 |(A2+A2)/2-X2/2-)22/2) 0 0 0 0 0,0 0 (A2+)2)/2
0 0 0 i 0 0 A2 2o i 0 0 0 0 0 i 0 0 A2
1 0 0 0 10 0 -2 0 2 o 0 0 0 0 1o 0 A2
VM [ \F gz | VYN IR IPRRRS R Pt
0 0 0 1o 0 0 0 0 ING/2 =N/ 0 0 010 0 A2/2
0 0 0,0 0 0 00 -2 N 0 0 0.0 0 Py
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(3.4)

2 Alternatively, instead of dealing with a redundant operator, we can restrict ourselves to a minimal
basis. In this case one has to compute one-loop corrections to Wilson coefficients coming from one-particle-
reducible (penguin-type) diagrams. We explicitly checked that the two procedures lead to the same results,
as it should be.
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Figure 7. Vertex corrections in the EMSM, EFT induced by SM four-fermion interactions.
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with the hypercharges as in eq. (B.7).

3.2 From the EWSB scale to the nuclear scale

The Wilson coefficients given in eq. (2.22) for the EFT below the EWSB scale evolve

according to
d Cemsm,,

dnp YEMSM, CEMSM,, - (3.6)
We now discuss how to obtain the 16 x 16 anomalous dimension matrix ygmsm, - The
external leg corrections only come from the gauge sector. For strong interactions they are
identical to the ones in the SM, EFT, and for electromagnetic interactions they can be
easily obtained from the analogous hypercharge diagrams. Their effect is again to cancel
out against the associated vertex corrections.

Also in this case there are two classes of vertex corrections. The first ones are due
to the SM four-fermion interactions, in the way we show in figure 7. This diagram in the
EMSM, EFT is the analogous of the correction to cy discussed in the SM, EFT, but the
Z boson is integrated out in this phase of the theory. Despite the fact that these diagrams
are suppressed by the Fermi constant, we keep them to be consistent with the analysis
above the EWSB scale, since their contribution is proportional to Gg mi x )\i.

The second effect is the radiative correction to the Wilson coefficient cg of the redun-
dant operator in eq. (2.23). The diagrams are analogous to the fermion loop in figure 6,
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but this time with an external photon. We evaluate them, and use the equations of motion

to induce the evolution of the independent operators.?> The anomalous dimension is

VEMSM, = VEMSM, |,,, T YEMSM, |, -

The running driven by fermion masses reads

YEMSMy |,

whereas the electromagnetic interactions give

VEMSMy | oy =
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3If a minimal operator basis is used, photon penguin diagrams have to be evaluated. We checked that

we obtain the same results with both procedures.
4We correct an overall sign typo in the 5 x 5 quark block given in ref. [68].
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4 Applications to spin-independent searches

In section 3 we presented the full 16 x 16 anomalous dimension matrices describing the
one-loop RG evolution for dimension 6 operators above and below the EWSB scale. As
promised in the introduction, these details can be skipped by a reader only interested in our
final results. For the benefit of such a reader, we now briefly summarize the RG procedure.
The boundary conditions for the RG system are the SM, EFT Wilson coefficients at
the cutoff A. In a generic UV complete model with mediators heavier than the weak scale,
they are obtained by integrating out the mediator fields. Then we evolve them down to
the EWSB scale, which we take equal to the Z boson mass. It is convenient to introduce
the following dimensionless variable related to the renormalization scale p,
_ H
t=In [mz] . (4.1)
In this notation the matching is performed at t = 0, whereas the Wilson coefficient cp are
specified at the cutoff scale, tA = In[A/mz]|. The RG evolution in the SM, EFT is obtained
by solving the system of differential equations

dCsm
=m0t <ty (4.2)
Csm, (ta) = ca (4.3)

with the Wilson coefficients vector Csy,, defined in eq. (2.9), and the explicitly expression
for the anomalous dimension matrix vy, given in section 3.1. Once at ¢ = 0, we perform
the matching between the two theories as described in section 2.3. The subsequent RG
evolution for the Wilson coefficients CEMSMX defined in eq. (2.22) is described by

d Cpmsm

TX = YEMSM, CEMSM, »  In <€ <0, (4.4)
with the explicit yemsm, given in section 3.2 and tx = In[1GeV/mgz] ~ —4.51. The
outcome of this three-step procedure is the array of Wilson coefficients at the nuclear scale
cy. We only perform linear operations on the Wilson coefficients, therefore we have

cy = Upep . (4.5)

The A-dependent evolution matrix Uy is derived in appendix C and for a user-friendly
recipe we refer to appendix D.

The rest of this section is devoted to applying eq. (4.5) to limits from direct detec-
tion experiments. We focus on spin-independent searches, since they have much stronger
bounds, and this has two implications. First, we need to consider effective operators with
DM vector currents xv*x. For pure elastic scattering this operator is non vanishing only
for Dirac fermions, but our results are also valid for inelastic scattering of two splitted Ma-
jorana states [95]. Second, matrix elements of SM fermion currents have only contributions
from valence quarks in the target nuclei, therefore the direct detection cross section at zero

momentum transfer and low DM velocities reads

2,2
oS = My My
(my +mpr)? Al

2
| (A+ 2) + e\ y(24 - 2) . (4.6)
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Here, c%,lg/u and 093/ 4 are the first two component of the vector defined in eq. (2.22), whereas

A, Z and mys are the mass number, atomic number and mass of the target nucleus N,
respectively.

In what follows, we consider specific choices of Wilson coefficients cy at the cutoff scale
and we evolve them down to the nuclear scale as in eq. (4.5). The running of the Yukawa
couplings above the EWSB scale is performed according to ref. [96] and of the quark masses
below myz using the results in ref. [97]. We compare the predicted rate as in eq. (4.6) to
the experimental limits, and extract bounds on the Wilson coefficients. Our results are
model independent, in the sense that every UV complete model generating that specific
set cy when matched on the SM, is subject to our constraints.

4.1 D5 and D7 operators

The connection between different DM negative searches is often expressed in terms of limits
on the coefficients for the effective operators introduced in ref. [25]. For a vector current
of a fermion WIMP, the relevant operators involving quarks are

D5 _ i i Tin i

£D5:FX7“X [ZUVMU +Zd’7ud]v (4.7)
D7 ) i i i

Lor = 3 X7 {;“ZW%“ + ZZ: divyysd } : (4.8)

We now connect this description to the notation used in this paper, and explore the con-
sequences of connecting EFT scales.

Keeping the complementarity among different searches in mind (e.g. between collider
and direct searches as in ref. [25]), we take the operators in egs. (4.7) and (4.8) as defined
at the EFT cutoff A. In other words these are operators in the SM, EFT. Considering
flavor universal coupling to SM quarks, D5 and D7 are reproduced by this set of Wilson

coefficients
ciﬂD&D? = (CL cr ¢r 0 0|cg cr cr 0 0Ojcr, cr cr 0 OHO) , (4.9)
where
ops = LT R ; °R (4.10)
CD7 = _CL#%_CR . (4.11)

Our results are shown in the four panels of figure 8. In the top-left panel we consider
the case where only D5 is switched on, and plot current and projected experimental limits in
the (m,, A) plane for cps = 1. As is well known, quite high scales for the mediator masses
are necessary to be consistent with experimental exclusion bounds. We gain valuable
information from this plot: given the extremely strong constraints on this operator, we are
still likely to get useful limits on the scale A in other cases where the dominant contribution
to direct detection rates is via D5 generated by SM loop effects. We deal with these cases
in the next subsections, but we first complete the discussion of the (D5, D7) set.
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Figure 8. Experimental limits from direct detection for the D5 and D7 operators. In the top-left
(right) panel we consider only D5 (D7) switched on at the scale A, and plot the lower bounds
on A from XENONI100 (solid, red) [73] and LUX (solid, blue) [74], as well as projected limits
from SCDMS (dot-dashed, green), XENONIT (dot-dashed, purple), DARKSIDE G2 (dot-dashed,
magenta), LZ (dot-dashed, brown) [75]. The dotted orange line gives the correct thermal relic
density. In the bottom panel we fix m, and plot the region allowed by LUX in the (¢ps, cp7) plane
for three different values of A. The faded bands, which only constrain the vector coupling cps,
show the limits which would be obtained ignoring our analysis. We also plot the thermal relic lines
whenever they are in the parameter space region under consideration.

The top-right panel of figure 8 shows the analogous case where only D7 is switched on
at the scale A, with cp; = 1. The limits on A are weaker than the case of D5, but still in
the multi-TeV region [68]. For both D5 and D7 we also plot the line that gives a correct
thermal relic density, obtained using the annihilation cross section in ref. [98]. Current
limits exclude thermal relics with mass m, 2 3TeV for D5, with a potential of excluding
DM masses of the order of 10 TeV by forthcoming experiments. The weaker limits for D7
are still in the range m, 2 200 GeV, which can be improved to reach TeV masses in the
future.

Both upper panels are for either c5 or ¢7 equal to 1. To relax this assumption one cannot
~1/2_ While it is true that the rate in eq. (4.6) scales

just rescale the vertical axis by A — Ac;
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as c2A~4, there is an additional A dependence in the running Wilson coefficient ¢;(A). For
this reasons, when presenting our results we specify both ¢; and A.

We go beyond the ¢; = 1 approximation in the left and right bottom panels of figure 8.
In each panel we fix the DM mass value and explore the allowed region in the (c5, ¢7) plane
for three different values of A. If we ignore the running, the allowed regions would be the
faded vertical bands, which implies no restriction at all on cp7. However, the RG evolution
mixes different operators, and the actual experimental limits are the oblique bands.

To summarize, if SM loop effects are included, it is not consistent to assume that cs = 0
or ¢; = 0 at all energy scales. This is our main point in this subsection. Furthermore, any
sensible UV completion is likely to generate both c5 and c7, at least at one loop [99]. The
constraints that such a model has to satisfy are the ones in the bottom panels of figure 8.

4.2 DM interacting with heavy quarks

Let us now focus on a different class of models, where the DM vector current only couples
to heavy SM quarks

Alug = (000100000100% cv ep 0 OHO). (4.12)

The results for this case are shown in figure 9. In the two top panels of the figure we fix
the Wilson coefficients and identify the allowed region in the (m,, A) plane. We consider
two opposite cases. In the top-left panel we set cg = ¢y = ¢p = 1, or in other words we
couple the DM to heavy quark vector currents at the EFT cutoff. The limits are shown
again in the (m,,A) plane. In the top-right panel we choose the Wilson coefficients such
that the DM couples to heavy quark axial currents.

We observe a distinctive feature of couplings to heavy quarks: the limits for interactions
to axial currents are much stronger than the ones for vector currents, unlike for the case
of D5 and D7 (see top panels in figure 8). When considering D5 in the previous case,
we had couplings to vector currents of light quarks already at tree level, which explains
why the limits were much stronger than the loop induced couplings when starting from
D7. Here, couplings to light quarks are induced via loop effects in both cases, therefore
we have to look at the RG equations and see how this is achieved. The largest coupling
driving the mixing onto light quark currents is the top Yukawa, and its effect is encoded
in the anomalous dimension matrix in eq. (3.4). As it turns out, for coupling to vector
currents of SM fermions there is no contribution to the running from Yukawa interactions,
and the mixing is driven by the sub-leading hypercharge contribution (see eq. (3.5)). On
the contrary, for couplings to SM axial currents the top Yukawa contribution is maximal,
and a substantial mixing onto the Higgs operator Oy is radiatively induced, which in
turns gives interactions to light quarks once the Z boson is integrated out at the EWSB
scale.

We also consider cases beyond the |¢;| = 1 limit. In the bottom-left panel of figure 9 we
fix the DM mass to m, = 100 GeV, impose the isospin conserving condition c¢;y = ¢p, and
show the allowed region in the (¢, cy) plane for three different values of A. Unsurprisingly,
the allowed region lies close to the diagonal line cg = ¢p, since limits are weaker for coupling
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Figure 9. Same as figure 8 but for DM vector current interactions with heavy quarks.

to vector currents. In the bottom-right panel we consider isospin violation by coupling the
DM only to right handed quarks (i.e. ¢g = 0) and identifying the allowed region in the
(cu,cp) plane. The bands are close to the vertical line going through ¢y = 0, since the
effect is driven by the top Yukawa.

4.3 Leptophilic dark matter
Another interesting possibility are leptophilic DM models

Kl peptopn, = (000'ct 0001 |00 0°cr ec]0), (4.13)

where for simplicity we consider flavor universal coupling to leptons. In such models there
are many sources of couplings to light quarks currents. The Yukawa coupling of the 7
induces a mixing into the Higgs current, which in turn leads to a coupling to light quarks
when the Z is integrated out. Hypercharge (electromagnetic) interactions above (below)
the EWSB scale also induce mixing onto light quark currents.

Since it turns out that the mixing driven by Yukawa couplings does not lead to any
appreciable constraint, the direct detection rate is induced by hypercharge and electro-
magnetic interactions. As manifest from the explicit matrices in egs. (3.5) and (3.9), such
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Figure 10. Same as figure 8 but for DM vector current interactions with leptons.

a mixing does not affect axial currents, therefore in this case we can only put limits on
interactions with vector currents of leptons. This is in contrast with the heavy quarks case,
where the limits we found were much stronger for interactions with axial currents. Our
results for coupling vector lepton currents to the vector DM current are shown in the left
panel of figure 10. The right panel of figure 10 displays the allowed regions in the (¢, c.)
plane for fixed DM mass and two different values of A. Since we do not have here an order
one coupling like )¢, the bands are wider than in the heavy quarks case. We still have
the characteristic orientation along a diagonal, although this time along the one described
c; ~ —ce, for the reasons explained above.

4.4 Dimension 6 Higgs portal

The last example we discuss is DM communicating with SM fields only via Higgs couplings
Al iggs = (000]00000]0 ofoooo OHCH). (4.14)

This dimension 6 Higgs portal implies a DM vector current tree-level coupling with the
Z boson as a consequence of EWSB, as shown in eq. (2.27). As usual, by evolving the
Wilson coefficients to the nuclear scale, we quantify the implications of negative direct
searches. In figure 11 we fix ¢y = 1 and plot the current and projected exclusion limits
in the (my, A) plane, as well as the line giving a thermal relic. The constraints are pretty
severe, and future experiments can rule out thermal relics up to masses of the order of
10 TeV. Models with a Z’ portal field generate a Wilson coefficient array as in eq. (4.14) if
the spin-1 mediator only couples to the SM Higgs. The stringent limits persist in any Z’
portal model even if the Z’ couples to other SM fields besides the Higgs.

5 Discussion

In the last decade we witnessed an enormous progress by direct searches, which excluded
a large parameter space fraction for WIMPs. In particular, models with tree-level vector-
vector interactions with light quarks (i.e. D5 in eq. (4.7)) are severely challenged, as shown
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Figure 11. Same as figure 8 but for DM vector current interactions with the SM Higgs doublet.

in the left panels of our figure 8. This is not surprising, since spin-independent cross
sections arising from tree-level Z boson exchange were ruled out years ago. This effort
continues with the new LUX run and with forthcoming experiments, which will soon either
discover DM or improve the exclusion limits by one or two orders of magnitude. At the
same time, center of mass energies at the LHC will be increased up to a factor of two, and
new regions of mass and couplings in DM simplified models will be probed. Last but not
least, new generation ground-based and satellite experiments will look for products of DM
reactions, constraining the Milky Way WIMPs annihilation rate. We will soon get access
to many complementary results on WIMPs property.

When combining the negative outcome of different searches, it is crucial to properly
handle the separation among the scales probed by the different experiments. This paper fills
the gap between the mediator scales and the nuclear scales for singlet fermion DM models.
As sketched in figure 1, we assumed that all non-SM particles (except possibly the DM)
are heavier than the weak scale, and we considered the EFT obtained from integrating out
these heavy degrees of freedom. It is certainly true that assuming contact interactions with
SM fields is not always justified in a collider environment. However, given the typical recoil
energy for DM-nucleus scattering, this is always the case for direct searches. Every DM
model with mediator fields heavier than the weak scale (possibly constrained by collider or
indirect searches) can be matched onto an EFT with only DM interactions with the SM
(the SM, EFT in figure 1), and the subsequent model-independent one-loop RG evolution
properly connects physics at the mediator scales to direct detection observables.

We used a systematic power counting in the suppression scale of the contact effective
interactions, and we considered non-renormalizable operators up to dimension 6. Mixing
among operators is a standard phenomenon in the dimension 6 sector, where SM inter-
actions mix every operator into all the others. We identified the interactions responsible
for these mixings, and computed the associated anomalous dimension matrices. Despite
the size of the strong coupling constant a;, QCD interactions do not play any significant
role since SM quark currents are not renormalized at one loop. QCD contributions in
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general cannot induce flavor- or parity-violating mixing, and unless there is a cancellation
among subamplitudes [22, 61, 65, 66] they can only modify the overall rate by a numerical
factor of order one. The RGE in our case was instead driven by Yukawa and electroweak
interactions. The former can mix SM fermion currents onto Higgs currents, which in turn
generates DM interactions with SM fermion currents once the Z boson is integrated out.
The latter mixes every SM current onto all the others. Given this rich mixing structure, for
an arbitrary choice of DM interactions we are very likely to radiatively induce the strongly
constrained D5 vector-vector operator defined in eq. (4.7), and get significant bounds from
experimental results.

In section 4 we discussed applications of our results, focusing on examples where the
operator mixing is the main source for direct detection rates. For dimensionless couplings of
order one, in most of the cases we found multi-TeV constraints on the mediator mass scale.
This rules out a significant region of parameter space where the DM can be a thermal relic,
although one can always resort to a non-standard cosmological history [100, 101]. For fixed
DM and mediator masses, being consistent with the exclusion limits implies a peculiar align-
ment among the different dimensionless couplings. Besides the examples discussed here, fur-
ther singlet fermion DM models generating dimension 6 operators at the mediator scale can
be matched onto our framework, and exclusion bounds from direct searches can be derived.

Our work shows how to systematically account for loop effects in fermion singlet DM
models. We envision several possible future directions. The next natural step for singlet
fermion is to include dimension 7 operators, that are suppressed by an additional power
of 1/A. These include DM interactions with (pseudo)scalar and tensor currents of SM
fermions and with gauge boson field strengths. Interesting mixing effects involving specific
operators of this type have already been studied and used to explore the complementarity
of direct searches with indirect detection [62] and searches at hadron colliders [64, 69].
Singlet scalar WIMPs belong to a separate chapter, since scalar and vector currents have
different mass dimensions, and dimension 6 operators would involve also SM field strengths.
Moreover, a singlet scalar WIMP can have renormalizable interactions with SM fields [102].

On a different route, one can apply the results of our paper to simplified models. The
operators considered in this work are generated for example by the exchange of a spin-1
mediator. Complementarity among different searches in this class of models have been
investigated in refs. [103-106], focusing on parameter space regions with a tree-level direct
detection signal. It is interesting to use the setup built in this paper to extend these studies
to cases where the dominant effects are given by the operators discussed in section 4, such
that the direct detection rate is loop induced. As we eagerly await for new data, and
hopefully for a DM discovery, it is important to stress that loop effects extend the notion
of complementarity among different DM searches.
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A Standard Model: conventions and results

In this appendix we define our conventions and collect useful SM results. Our conventions
for the space-time metric, the spinor and gauge fields are the same as in ref. [107].

A.1 Lagrangian in the SU(3). x SU(2). x U(1)y phase
Above the EWSB scale the SM has an unbroken SU(3). x SU(2); x U(1)y gauge symmetry,
and the matter fields shown in table 1. We divide the full Lagrangian into four contributions

»CSM = ['YM + ['fermions + LHiggs + ['Yukawa . (Al)

The Lagrangian for the gauge sector read
Lyn = —~GAwGA, — Syl g A2
YM__Z My_i I,LV_Z nv s ( )
where the indices A = 1,...,8 and I = 1,2, 3 run over the adjoint representations of SU(3).
and SU(2)p, respectively. We define a covariant derivative acting on matter fields as follows
A

A of :
D, =0, — zgs?Gﬁ - zg?Wi —ig'YB,. (A.3)

The Gell-Mann (A4) and Pauli (o) matrices act on color and weak-isospin indices (if any),
respectively, whereas the hypercharge Y is assigned as in table 1. Then we have

3
Lirmions = Y, [}, iDq), + uly iDuly + dig iDdyy + 13 il + ey iDefy] (A4)
=1
Litiges = (D'H)(D,H) + p*H'H — \(HTH)?. (A.5)

Finally, the Yukawa couplings between fermions and the Higgs doublet are

Lyvukawa = _)‘u(i) gﬁu}% — )‘d(") EHd%% — )\8(2') EH'Q%% + h.c., H=¢ecH". (Aﬁ)

For the purpose of this work we neglect flavor violating terms, therefore we take the Yukawa
matrices to be diagonal. The SU(2);, x U(1)y — U(1)em breaking Higgs VEV is chosen as

(HTY =(0v), wv= \/% = 174 GeV, (A7)

which gives mass terms for the electroweak gauge bosons and the fermions.

A.2 Lagrangian in the SU(3). x xU(1)n phase

Below the EWSB scale, the SM model has a residual SU(3). x U(1)em gauge symmetry.
Matter fermions fill vector-like representations of the gauge group, therefore it is convenient
to use the Dirac fermions shown in table 4. The Lagrangian has two contributions

['EMSM = EYM + ['fermions . (AS)

~ 93 -



The Yang-Mills term is analogous to the one in eq. (A.2), but this time with the photon
field strength F),, in the electroweak sector. The fermion piece reads

2 3 3
Lfermions = Z ul (i) — mi)u’ + Z di (i) —mb))d' + Z et (ilp —mi)e, (A.9)
i=1 i=1 i=1

where we also include fermion masses. The fermion covariant derivative is defined in
analogy to eq. (A.3), but with only strong and electromagnetic interactions.

A.3 Useful equations of motion

The only equations of motion needed to get rid of redundant operators are the ones for
abelian gauge bosons. In the unbroken phase, the hypercharge field strength satisfies

8By +gJY) =0, (A.10)

where we define the current

3
T =" [yg ahvudh, + yu Wi vuts + ya digvudip + vl vl + Ye €] +yu H'i D H .
i=1

(A.11)

Analogously, for the electromagnetic field strength in the broken phase
0" Fyp+eJ ™ =0, (A.12)

where the electromagnetic current reads

2 3 3

J/(tem) =Qu Z uypu’ + Qq Z diyud” + Qe Z e’ (A-13)
i=1 i=1 i=1

B Loops and RG equations

In this appendix we give results for one-loop diagrams, from which we derive the RG equa-
tions. We regularize UV divergences by computing loop integrals in d = 4 — 2¢ dimensions,
and subtract infinities using a mass-independent subtraction scheme. As done throughout
the paper, we divide the discussion in two cases, correspondent to the two different EFT's.

B.1 RGE in the SM, EFT

Here we discuss the renormalizion of the EFT described in section 2.1, with a specific focus
on the dimension 6 operators listed in table 3. The wave-function renormalization factors,
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generated by the one-loop diagrams in figures 2 and 3 have the following 1/e-pole structure

2 2 ’2 A2 4 A2
1= 9 __9 _ 9 2 A T A6
Zay, =1 = ~Ton2e @3 ~ 15,2 () — 153 Y 3272 (B.1)
2 12 22
o _ gs g 2 o u('L)
Zuy =1 = 1607 ) ~ 1677 Yu ™ Tonze (B.2)
2 /2 A2
s g 2 ()
i —1=— Co(3) — — B.3
dg 1672¢ 2(3) 1672¢ Ya 1672¢’ (B-3)
2 /2 )\2
g g 2
Zi —1=— C — — B.4
Iz 1672¢ (2) 1672¢ Yi 3272¢’ (B.4)
12 22
) o g 2 1(3)
Zey =1 = ~qgm2c Yo — 167r2 ’ (B.5)
92 d( )‘2<')
Iy —1=-2-Cy(2 -3 A e B.6
" 871'2662( )+ Z 1671'2 ; 1672¢ (B.6)

Here Co(IN') denotes the Casimir for the SU(/N) fundamental representation, and the hy-
percharge values are assigned as follows

1 2 1 1 1
6 I yu 3 ’ yd 3 ) yl 2 I ye I yH 2 ( 7)

We have also define the Yukawa coupling vectors

Yq =

)‘u@ = ()\u, Ae, )\t) , )\d(i) = ()\d, As, )\b) , )\6(1') = ()\e, )\#, )\T) . (B.8)

The Higgs quartic coupling does not induce any field renormalization. We now move to
vertex corrections shown in figures 4 and 5. The sum of diagrams with gauge and Yukawa
vertices gives the following one-loop corrections to the Wilson coefficients

2 2 ’2
(@) _ Ys () g () g 2 (9)
dcp, = Tone Ca(8)er, + 16772602(2)6 + 62 YaCry (B.9)
A2 . A2 A2, 42
u® (i) d®) (1) M@ 4@
T 3am2eTu T gap2cTa T T gge T
. 2 . /2 22 A2
g g () ()
5eld) = 16;26C2(3)C(Z) il @ 4 = e — T (B.10)

W _ g 0 9’2 2 () Afw W Aim

1672¢
2 2
/2 ( ) /\l(l ( ) )‘l(i

2
@ _ 9 (2) )
501“3 = 1672602@)61 + 1672¢ yl T 3972¢ mCFHv (B.12)
. 2 LAz a2
@ _ 9 2 (4) 1 (i) 1)
Ocre = Tom2cVeTe T Toa2e Tl ~ Ton2TH (B.13)
7 g2
ocrH = 8 2¢ CZ( Jerm — Wy%CFH (B.14)
A2 )
<) d(z 0 20 (z 4@ (1)
_32 u +3Z 16u2 ZI6W2€CFd

A2

l(z) (4) 16) (9
+ ZZ: 16%260” B Zz: 167r26CFe '
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A further shift comes from the diagrams in figure 6. They generate a one-loop contribution
to the redundant Wilson coefficient
2 1§ (i) (@) (@) (i) @,2 1
docg = 31672 z; [6yq Crg +3Yu Cry +3Ya cpg + 241 ey + Ye cre] + 3162 VH CH (B.15)
=
which becomes a shift of the independent operators upon using the equations of motion.
With all the loop amplitudes in hand, we can derive the RG equations. First of all
we observe that the external legs and vertex corrections coming from gauge interactions
have opposite divergent pieces, and therefore do not contribute to the running. The only
leftover contribution from gauge interactions comes from the diagrams in figure 6 inducing
the redundant operator. Then we make sure that every amplitude in the theory, obtained by
the sum of tree-level and one-loop contributions, is finite by renormalizing the coefficients

= Zsm, CsMy |,on = (L+ 020 + 62y )C| . s (B.16)

CSMX }baro

ren

where we divide the matrix Zgy, into identity and interacting parts, with the latter in
turn given by Yukawa and hypercharge contributions. The §Z matrices explicitly read

(A2+A2)/2 =A2/2 =X%/2) 0 0 0 0 0 |0 0 0 0 0 0 0 (A2+72)/2
. | | ! .
-2 A2 0 10 0 0 0 0 10 0 0 0 0 10 0 A2
I I I
-\2 0 A1 0 0 0 0 0,0 0 0 0 0,0 0 22
777777777777 \-----" - -"r-"-""">"~>""> " ""~>">"""~"®"" " "~">"~>~"~"~"{\~"~">">">">">"">"@>"/"¥*¥"*7>°""”""‘*¥°r©r“"”"”/”""/""”""%4-"~"~7"¥">"¥“7~"“~"~/"(”/”+~
0 0 0 1AZ/2-2/2 0 0 0o 0 0 0 0o 0 A\2/2
0 0 0 1-A2 X2 0 0 010 0 0 0 010 0 22
0 0 0,0 0 |(A24X2)/2 =N2/2 =X%/2 O 0 0 0 0 0 0 (A24+22)/2
| | ! .
0 0 0 10 0 —A2 A2 0 10 0 0 0 0 10 0 N2
I I I
Sy — 1 0 0 0,0 0 —\2 0 A2, 0 0 0 0 0,0 0 A2
AT | Ty 0 e o | o 0 0 mpeoxpel o0 o oo o | xp [
| Aa/2 =X/ | i/
! ' 2 2 ! 2
0 0 0,0 0 0 0 0 =X A2 0 0 0,0 0 A2
0 0 0 0 0 0 0 0 0 0 |(A2+A2)/2 =A2/2-)2/2] 0 0 (A2+72)/2
I I - - I -
0 0 0 10 0 0 0 0 10 0 -7 N 0 10 0 \?
I I I
0 0 0,0 0 0 0 0 0 0 Py 0 M o100 Py
777777777777 \-----"-"-"r-"-"">">">">"~"~"~"~">"~>"~""*"®W“~"~"~“"~“"~“"~"~*\"~~"~*"*"*"*"~""*"*"™>"™>"">“"">~"™*~"~™"¥°“-~"~"~“"™"~"“34——"~""~"“~>">"7>7*7/+°~
0 0 0 10 0 0 0 0o 0 0 0 0 1A2/2-22/2 A2/2
I I I b 5 5
0 0 0,0 0 0 0 0,0 0 0 0 0 -2 A2 A2
3G BT BAT -AT A2 [B(AZ-AD) S3AZ 32 AT AR |3 37 3A A2 A2 B M4SN
and
6ys  3YyqYu 3YqVd|2Yq¥i Yq¥e | 6Vi 3Yq¥u 3YqVa |2¥q¥l Ya¥e | 6Vi 3Yq¥u 3Yq¥d |2¥qYl YqVe ||YqVH
6yuyq  3Y2  B3yu¥d!2yuyi YuVe |6¥u¥q 3YZ  Byu¥a 20wy Yule |OYuvq 3Y2  3yuva29uyi YuVe ||YuymH
Ovava_3vave_ 3vj |2vavi_vave [Svave Svavu _ 3vi | 2vav vave|Ovave 3vave _3vi_|2vavi vave|lvavn
6yiyq Bvive Bwiva| 2Y7 Wive |Sviva Bvive Bviva, 2u7 WivVe | Sviva Swivu 3wiva, 2u7 Wive ||wivm
6yetq 3YeUu 3YeVd | 2Vei Y2 |6Ye¥q BYeVu BYeVa |20eyi  YZ | 6YeYq BVeVu 3yeva | 2vewi  vZ ||vevm
6y2  3Yqyu 3Yqva : 2YqUi YqVe | 6Y2  3YqYu BYg¥a : 2Yqyr YaVe | 6y2  3YqVu BYqya : 2yqY1 YqVe ||Yqun
' 6Yuyq  B3Y2  B3Yuld|2Yu¥l YuVe |6Yu¥q BVE  BYuVd | 2¥u¥l YuVe |SYuVq 3YE  3YuYd | 2Vu¥l YuVe ||YuVH
§7v—_29 6vaya_3vayu_ 3vj \2vavi_vave |6vave Svavu _3vg |2yay ave|Ovavq 3vave _3vi_|2vavi Yave||vavm_
— 2

3 1672¢ | Sviva 3vivu 33/”/(11 2y7  wive | 6Vivg BYivu 3?/lyd: 297 wive | 6vivq 3uivu 3?11?/11: 2y;  Yive ||ViVH
6Yeyq 3YeYu 3YelYd |2Ue¥i Yo |6UeUq 3YeYu 3YeYd |2UeVs Yo |6YeVq 3VUeVUu 3VeVd |2Ye¥i Yo ||YeYH

. P q 2 < < 3 P P
6yg  3Yqyu 3Yq¥d | 2yqur YqVe | 6yg  3YqYu 3Yqya |2Yq¥i YaVe | 65  3yqyu 3Yqyd | 2YqYr YqVe ||YqVH

6yuyq 3Yi  3Yuva : 2Yuyl Yule |6Yuyq 3YZ  3Yuva "2y yuve 6yuyq 3y, 3Yu¥d "2yuyt vuve ||vuyn
2 . 2 2.2
_Ovaye_3Yayu_ 3va | 2yavi_Yave |OYayq 3yayu  3vg | 2Yay1 YaVe | OVavq 3vavu _3va_ | 2Yd¥L YdYe ||YayH_
. P P 2 3 P q 2 \ 4 9 2
6yivg 3yiyu 3Yiva ! 2y;  wiYe | 6viyq 3vivu 3viva ! 2y]  WiYe | 6Y1Yq 3Bui¥u 3Bviva ! 2u7  Yive ||vivH

6Yeyq 3YeYu 3Usydl2ysyl y2 | 6yeva Byeyu 3yeyd12yew Ye |6Yeyq 3YeYu 3yeyd12yeyz Ye ||YeYH

2
Yu

(B.18)

T T T
6Yynyq 3YHYu 3YHYd 2YHYL YHYe |[OYHYq 3YHYu 3YHYd 2YHYI YHYe |6YHYq 3YHYu 3YHYA 2YHYI YHYe
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The RG equations are derived by imposing that the bare Wilson coefficients are renor-
malization scale independent,

d
dln /LCSMX ‘ren = PYSMXCSMX ‘ren ’ (Blg)
dZsm d
_ -1
YSM,, = _ZSMX dlnux = —dlnu((SZ,\ + (5Zy) (BQO)

The last thing is to identify the © dependence in the 6 Z; matrices. The key point to observe
here is that we work in a mass independent scheme, namely the matrices 0Z; do not have
an explicit dependence on the mass scale but they only depend on p through the Yukawa
and gauge couplings. By defining at one loop

52, = L520002), (B.21)
€
52y = %52(;)(9’2), (B.22)

the anomalous dimension matrix reads
1
052 () |, 12062 (g"%)

o\ g e (B.23)

My = Ay = 2N
i

B.2 RGE in the EMSM, EFT

Below the EWSB scale wave-function renormalization is only due to gauge interactions.
The results can be derived from egs. (B.1)-(B.5) for fermions above the EWSB scale,
with identical QCD contribution and electromagnetic factor obtained by replacing the
hypercharges with the electric charges

2 1
Qu:

30 Qi=-3, Qe=-L (B.24)
They all cancel again with the associated vertex corrections, therefore we do not need to
further consider them.

As discussed in the paper there are two classes of vertex corrections also in this case.
The first corrections are due to the SM four-fermion interactions, as shown in figure 7.
These diagrams do not vanish only if we start from an interaction between the DM bilinear

and the axzial current of SM fermions. The explicit shifts read

s _ _Grgvu

MV T T p2e (B.25)
sl = —%%i Lo, (B.26)
S, = —?/gg: Lp (B.27)
sl = _(jgf;;; Lo, (B.28)
s = —3279321 L, (B.29)
5o, — _GF 94 (B.30)

TAe — \/§7T2€ m

—97 —



where we find it convenient to isolate the common factor accounting for all the possible
SM fermions in the loop of figure 7,

Ly = 3gau y_m (J)CFzzlu +394a ) M) Ag + Gae dom (a)crj,zxe (B.31)
J J J

The couplings gy s and gay of SM fermions to the Z boson are given in eq. (2.32).

The second contribution is the radiative correction to the Wilson coefficient cp of the
redundant operator in eq. (2.23), which results in

dcp = 3 16772 [ Z Qu CFVu +3 Z Qu CI‘Vd + Z Qe Fve] . (B.32)

Using the equations of motion again leads to a shift for the independent operators.

Analogously to what we have done in appendix B.1, the RG equations are derived
renormalizing the Wilson coefficients,

= Zemsm, CeMSM, |0, = (14 0Zm + 0 Zem )CuEMSM, | (B.33)

ren ’

CEMSMX ‘bare

ren

where we divide again the matrix Zgmsw, into different contributions. They explicitly read

00000[000|3m2gaugvu 3migaagvu 3m2gaugvu 3MEgadgva 3Migaagvemgacgvu mﬁgAcgm m2gacgva
00000000|3m2gaugva 3magaagva 3m2gaugva 3m2gaagva 3migadagva|m2gacgva migacgva m2gacgvd
00000|000|3m3gaugvu 3migadgvu 3MEgaugvu SMEGAIGY Y B3MEIAIIVu|MEGAcTVu MG AIVu MEGAGV
00000000|3m2gaugva 3m3gaagva 3m2gaugva 3m2gaagva 3migaagva|m2gacgva mﬁgAegvd m2gacgva

00000[000|3m2gaugva 3migaagva 3m2gaugva 3m2gaagva 3migaagva|m2gacgva mﬁgACQVd m2gacgva

00000|000|3m2gaugve 3mIgadgve 3magaugve 3Migaigve SMEgadgve|Magacgve MagAcGVe M2gAcGve
00000000 SnligAugVe 3m§gAdgVe 3m%gAugVe STHzQAdgVe 3"n%g/hlgVe nggAegVe 77LﬁgAegVe WLg—gAegVe

Gp [ 00000[000||3mEgaugve 3migaagve 3migaugve 3migadgve 3migadgve|migacgve My gacgve M2gacgve

0Zm

2 . 9
var 0000000 0|3m2gaugau 3Mm3gadgau 3m2gaugau 3m2gaagau 3Mmgadgau|m2gacdsu migAegAu m2gacdau
00000|000|3m2gaugad 3mIgadgad 3magaugad 3m2gadgaa 3migaagad|megacgad Magacdad M2gacgad
0000000 0|3m2gaugau 3migaagau 3megaugau 3M2gaagau SMygAdgAu|TN2G AT Au MEGAG Au MEGAH Au
00000[000|3m2gaugaa 3m3igaigad 3migaugad 3m2gaagaa 3migaagad|migacgad mﬁgAe!}Ad m2gacgad

00000|000|3m2gaugad 3mIgadgad 3magaugad 3m2gadgad 3mMigadgad|megacgad Magacdad M2gacgad

00000000|3m2gaugac 3migadgac 3m2gaugac 3migadgae 3Mpgaage|Megacgae TygAcdAe T2GAcAe

00000000|3m2gaugac 3migadgac 3m2gaugac 3m2gadgae 3migaagac|megacgae MLgacgAe M2GAcGAe

00000|000|3m2gaugac 3migadgae 3m2gaugae 3m2gadgac 3Mypgadgae|M2gacgae MigAcGAe TEGAcTAc

(B.34)
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and

3Q7 3QuQi 3Q7 3QuQu 3QuQi|QuQe QuQe QuQe|[00000[000

3QiQu 3Q% 3QuQu 3Q7 3Q7 |QuQe QuQc QuQe|[00000[000

3Q% 3QuQq 3Q2 3QuQa 3QuQd|QuQe QuQe QuQc|[00000[000

3QuQu 3Q7 3QuQu 3Q% 3Q% |QuQe QuQe QiQ.|00000[000

3QiQu 3Q7 3QuQu 3Q% 3Q% |QuQe QuQe QiQ.|00000[000

3QeQu 3QcQa 3QcQu 3QcQa 3Q.Qa| Q2 Q2 Q2 [00000[000

3QeQu 3QcQa 3QcQu 3QcQa 3Q.Qa| Q2 Q2 Q2 [00000[000
57 — % 166% 3QcQu 3QcQq 3QeQu 3QeQa 3Q.Qu| @2 Q2 Q2 00000000 (B.35)

e 0 0 0 0 0 0 0 0 [00000/000

0 0 0 0 0 0 0 0 (00000000

0 0 0 0 0 0 0 0 (00000000

0 0 0 0 0 0 0 0 (00000000

0 0 0 0 0 0 0 0 (00000000

0 0 0 0 0 0 0 0 ((00000|00O0

0 0 0 0 0 0 0 0 ((00000|00O0

0 0 0 0 0 0 0 0 ((00000|00O0

The RG equations read

dliMCEMSMX | = VEMSM, CEMSM, | o) » (B.36)
s, = — s, dZdEﬁdliMX _ _dl‘iu(azm + 6 Zem) (B.37)

where the anomalous dimension can be computed analogously to what done in eq. (B.23).

C Full solution of the RG system

The evolution operator Uy appearing in eq. (4.5) connects the mediator with the nuclear
scale. In this appendix we derive an expression for this operator. As described exten-
sively in the paper, this connection requires three different steps, encoded in three different
contributions

(C.1)

The matrix Usw, (ta) evolves the Wilson coefficients from A down to myz, whereas the

Ua = Ugmsm, Unaten Usm, (ta) -

matrix Ugmsm, describes the evolution from mz to up ~ 1-2GeV. The intermediate
matching at the EWSB scale is taken care of by the matrix Upagch-

We start by setting up a general method to solve the RG system, which can be applied
both above and below the EWSB scale. In both cases we always have to deal with a system

de(t)

=~(t)c(t) . 2
W @t (©2)
The only scale dependence in 7(t) comes from SM running couplings, namely
2
o g; (t)
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Here, the index j runs over all SM running couplings g;(t), whereas the matrices v, are
constant. The running of the SM couplings can be found by solving the RG equations
given in refs. [108—110]. In both EFTs ¢ = 0 is one boundary of our integration range, thus
we rewrite the SM running couplings as follows

g3 (t) = g3 (0) + Agi (), (C.4)

where ¢t = 0 at the Z pole. The SM couplings at the Z pole can be found in refs. [96, 97].
The anomalous dimension matrix has then the form

2 A
Yt =) 91%(7?2) ity 196372) % =0+ (L) (C.5)
;

J

This setup is identical to a time-dependent perturbation theory problem in quantum me-
chanics with time replaced by the dimensionless variable ¢t = In(u/mz). In particular, the
matrix v, (t) can be treated as a time-dependent perturbation to the constant matrix -,
since their difference is at most a logarithmic running over two or three orders of mag-
nitude. The procedure to set up a perturbative series is well known. We first define the

“interaction picture” variables

cr(t) = exp[—ote(t) , (C.6)
Y11(t) = exp[—ot]y1 exp[yot] . (C.7)
The Wilson coefficient vector satisfies a Schwinger-Tomonaga equation

der(t)
dt

=yut)er(t), (C.8)
whose formal solution is the Dyson series

¢
ert) = Tesp [t 311(0) a0, (©9)

0

¢ t ¢ th
Toxp ([ arni(®)) =1+ [anont)+ [[at [“atym@mie .. (€a0)
0 0 0 0

We apply this result to derive the full evolution operator as defined in eq. (C.1). The
running from the mediator to the EWSB scale is obtained by applying the linear operator

Usnr, (ta) = [’Texp (- /0 " VSM"”@)} expl—sa0 4] (C11)

The analogous evolution from the EWSB scale down to the nuclear scale is described by

tn
UrmMsM, = eXP[YEMSM,0tN] [TeXp (/ dt ’YEMSMXH(t)ﬂ . (C.12)
0
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Finally, the matching at the intermediate scale is achieved by using

1100000000 0000 0 0[2g1u
1 01,0 0000000000 0 0|2gvq
000,001 1000000 00|29
0 00,0 0[1 01,000 00,0 0|2g14q
0000 0/00000 1010 0|2gvq
0001100000000 0 0]2gye
0 0000000110000 0|2ve
- _ 1 00000/000000001 12y (©.13)
M o 11010 00 0000 00 0000 0]2gus ‘
~101,0 00 00,0 0[0 00,0 0]2gaq
0 00,0 0—-110,00/0 00, 0 0|2g4u
0 00,0 0[-101,0 0[/0 00,0 02944
000000000 0-101"0 0[2gaa
0 00—11/0 000 0/0 00'0 0]2g4c
000000 00-110 000 0]2gac
00000000000 00-11]2g4c

D A simple recipe for an approximate analytical solution

In this appendix we describe a simple analytical way to perform the RG evolution and
compute direct detection cross sections based on our results. This is meant to be a useful
recipe for practitioners. What is given here is the 0-th order of the Dyson series in eq. (C.9),
which neglects the running of the SM couplings. This approximation is quite satisfactory
for our purposes since it induces errors at the level of 10% in the scale A if the DM couples
to the top quark, and at the level of 1% without this coupling.

Let us consider the situation where, starting from a UV complete model of singlet
fermion WIMP, integrating out the mediators at the scale A generates a subset of the
dimension 6 operators in table 6. Then the spin-independent rate for the scattering off a
target nucleus with Z protons and A neutrons is obtained through the following straight-
forward steps.

(i) Write down the Wilson coefficients at the scale A organized as in eq. (2.9), and define
ca = Csm, (ta) (D.1)
where tpy = In(A/mz);
(ii) Evolve the vector of Wilson coefficients ¢y down to the nuclear scale using

cN = Urmsm, Umateh €XP[—7YsM,0 Al ca (D.2)
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by applying first the exponential matrix exp[—vysar,0ta] with

VSM,0
10

1.79 3.57 -1.79-1.79-1.79 1.79 3.57 -1.79-1.79 -1.79 1.79 3.57 —1.79 —1.79 —1.79 0.893
714 143 —714-714-714 7.14 143 -7.14-714-7.14 714 143 -7.14-7.14 -7.14 3.57
—3.57 —=7.14 3.57 3.57 3.57 —3.57 —-7.14 3.57 3.57 3.57 —3.57 —7.14 3.57 3.57 3.57 —1.79
—5.36 —10.7 5.36 5.36 5.36 —5.36 —10.7 5.36 5.36 5.36 —5.36 —10.7 5.36 5.36 5.36 —2.68
-10.7 -21.4 10.7 10.7 10.7 —10.7-21.4 10.7 10.7 10.7 —10.7-21.4 10.7 10.7 10.7 —5.36
1.79 3.57 -1.79-1.79-1.79 1.79 3.57 —1.79 -1.79 -1.79 1.79 3.57 —1.79 —1.79 —1.79 0.894
714 143 —714-7.14-714 7.14 143 -7.14-7.14-7.14 7.14 143 -7.14-7.14 -7.14 3.57
—3.57 =714 3.57 3.57 3.57 —3.57 —7.14 3.57 3.57 3.57 —3.57 —-7.14 3.57 3.57 3.57 —1.79
-5.36 —10.7 5.36 5.36 5.36 —5.36 —10.7 5.36 5.36 5.36 —5.36 —10.7 5.36 5.36 5.36 —2.68 |’
-10.7-21.4 10.7 10.7 10.7 —10.7-21.4 10.7 10.7 10.7 —10.7-21.4 10.7 10.7 10.7 —5.36
1.79 3.57 -1.79-1.79 -1.79 1.79 3.57 —1.79 —-1.79 -1.79 61.8 —56.4 —1.81 —1.79 —1.79 60.9
714 143 —714-7.14-714 7.14 143 —-7.14 -7.14 -7.14 —113. 134. —7.14 -7.14 -7.14 124
—3.57 —=7.14 3.57 3.57 3.57 —3.57-7.14 3.57 3.57 3.57 —3.61 -7.14 3.61 3.57 3.57 —1.74
—5.36 —10.7 5.36 5.36 5.36 —5.36 —10.7 5.36 5.36 5.36 —5.36 —10.7 5.36 5.36 5.35 —2.67
-10.7 -21.4 10.7 10.7 10.7 —10.7-21.4 10.7 10.7 10.7 —10.7-21.4 10.7 10.7 10.7 —5.34
5.36 10.7 —5.36 —5.36 —5.36 5.36 10.7 —5.36 —5.36 —5.36 365. —349. —5.23 —5.37 —5.34 363

(D.3)
then the matching matrix
05050 0 0 0O 00 0O O 0 00 0 0 O0.19
05 005 0 0 0 0 0 O O 0 00 0 0 —035
0 00 0 0 05050 0 0 0 OO0 0 0 019
0O 00 O 0050050 0 000 0 0 —035
0 00 0 0 0 0O O O 05005 0 0 —035
0 0 0 0505 0 00 0 0 0 00 0 0 —0.038
0 00 0 0 0 0O 0505 0 00 0 0 —0.038
0 00 0 0 0O 0O O O O 0O 05 0.5-0.038
Umaten = —-05050 0 0 0 00 0 0 000 0 0 —05 | (D-4)
05005 0 0 0 00 0 0O 0 00 0 0 05
0 00 0 0-05050 0 0 0O0O0 0 0 —05
00 0 0-050050 0 0O00 0 0 05
0 00 0 0 0 0O 0O 0-050050 0 05
0 0 0-0505 0 0O 0 0 000 0 0 05
0 00 0 0 0O 0 O0-0505000 0 0 05
0 0 0 0 000 0 0 0 00 —0505 05
and finally the matrix
0.99  0.0048 —0.0097 0.0048 0.0048 0.0048 0.0048 0.0048 00000000
0.0048 1 0.0048 —0.0024 —0.0024 —0.0024 —0.0024 —0.0024 00 00 0 0 0 0
—0.0097 0.0048  0.99  0.0048 0.0048 0.0048 0.0048 0.0048 00000000
0.0048 —0.0024 0.0048 1 —0.0024 —0.0024 —0.0024 —0.0024 00000000
0.0048 —0.0024 0.0048 —0.0024 1  —0.0024 —0.0024 —0.0024 00 00 0 0 0 0
0.015 —0.0073 0.015 —0.0073 —0.0073 0.99 —0.0073 —0.0073 00000000
0.015 —0.0073 0.015 —0.0073 —0.0073 —0.0073 0.99 —0.007300000000
Upnisar. = 0.015 —0.0073 0.015 —0.0073 —0.0073 —0.0073 —0.0073 0.99 00000000
x 0 0 0 0 0 0 0 0 10000000
0 0 0 0 0 0 0 0 01000000
0 0 0 0 0 0 0 0 00100000
0 0 0 0 0 0 0 0 00010000
0 0 0 0 0 0 0 0 00001000
0 0 0 0 0 0 0 0 00000100
0 0 0 0 0 0 0 0 00000010
0 0 0 0 0 0 0 0 00000001
(D.5)
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(iii) After obtaining cy, its first two components

(en)i =i, (en)2=ciiy (D.6)

directly appear in the spin-independent WIMP-nucleus cross section which can be
computed according to

2 ..,2
SI_ my My 1) ) )
ON = (mX T ma)2w Al ‘vau(A—l- Z) —I-CVVd(QA — Z)‘ , (D.7)

where m s is the mass of the target nucleus.
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