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We consider an effective field theory for a gauge singlet Dirac dark matter particle interacting with the
standard model fields via effective operators suppressed by the scale A = 1 TeV. We perform a systematic
analysis of the leading loop contributions to spin-independent Dirac dark matter—nucleon scattering using
renormalization group evolution between A and the low-energy scale probed by direct detection
experiments. We find that electroweak interactions induce operator mixings such that operators that
are naively velocity suppressed and spin dependent can actually contribute to spin-independent scattering.
This allows us to put novel constraints on Wilson coefficients that were so far poorly bounded by direct
detection. Constraints from current searches are already significantly stronger than LHC bounds, and will
improve in the near future. Interestingly, the loop contribution we find is isospin violating even if the

underlying theory is isospin conserving.
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Introduction.—A weakly interacting massive particle
(WIMP) is an appealing dark matter (DM) candidate
[1-4]. The lack of evidence for new physics at the Fermi
scale motivates us to remain unbiased about the nature of
DM and pursue model-independent approaches. Assuming
that the DM is the only non—standard model (SM) particle
experimentally accessible is not always justified at colliders
[5-7], and simplified models have been recently proposed to
overcome this limitation [8—11]. Nevertheless, besides very
specific cases (e.g., inelastic DM [12]), it is an excellent
approximation for direct searches given the small energy
exchanged with the target nuclei. Within this approach, DM
interactions with SM fields can be parameterized by higher
dimensional operators suppressed by the cutoff scale A, with
the main strength of providing model-independent relations
among distinct null DM searches [13-20]. However,
different search strategies probe different energy scales,
and such a separation of scales may have striking conse-
quences when a connection between different experiments
or ultraviolet (UV) complete models with experiments is
attempted. Indeed, in some cases loop corrections are known
to dramatically alter direct detection (DD) rates [21-29].

In this Letter we consider the case of a SM gauge singlet
Dirac DM (y), with m,, < A, and we calculate the complete
set of one-loop effects induced by SM fields for operators
up to dimension 6 that contribute to spin-independent (SI)
DM-nucleon scattering. The separation between A and the
DD scale is systematically taken into account via a proper
renormalization group (RG) analysis. This procedure
requires as a first step the computation of both electroweak
(EW) and QCD running from the scale A to the EW
symmetry breaking scale where threshold corrections are
calculated and the heavy SM fields (Higgs boson, top
quark, W and Z bosons) get integrated out, giving rise to
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new operators. Then the evolution of these operators from
the EW symmetry breaking scale down to the hadronic
scale relevant for DD is performed evaluating both QCD
and QED contributions.

We find that while the (known, see, e.g., [30]) QCD effects
turn out to be numerically negligible in our case, EW
corrections play an important role. In particular, we identify
amixing of adimension-6 operator whose signal is both spin-
dependent (SD) and velocity suppressed into one
giving unsuppressed contributions to SI scattering. Our
calculation allows us to constrain the former with direct
searches. Our limits on the messenger scale A turns out to
improve by an order of magnitude the collider bounds, and
thanks to forthcoming DD experiments will get stronger
soon. Our model-independent approach implies that the
mixing we find is present in any UV completion which
dominantly generates dimension-6 operators with axial
quark currents, as for example in Z’-portal models [31,32].
In addition, we compute the mixing between DM operators
with heavy and light quarks induced by single-photon
exchange, which in the case of non-universal DM—quark
couplings can be used to probe couplings to heavy quarks.

SM, EFT.—Our conceptual starting point is a renorma-
lizable theory of new physics, where interactions between
the DM particle y and SM fields are mediated by heavy
messenger particles with masses of order A > 1 TeV. Upon
integrating out the heavy mediators, the UV complete
model is matched at the scale A onto what we call “SM,
EFT,” an effective field theory (EFT) whose dynamical
degrees of freedom are y and the SM fields. The resulting
effective Lagrangian has the schematic form

Low, =D Lw. Ly, =y coi. )

d>4
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Here, a runs over all possible operators of dimension d
allowed by the SM gauge symmetries, which are suppressed
by powers of the EFT cutoff scale A as 1/A%*. The Wilson
coefficients Cy, ' are dimensionless, in general scale depen-
dent, and encode unresolved dynamics at higher scales. DM
stability forbids operators with just one DM field, and we do
not need more than two y fields for our study. By applying
Fierz identities, each operator can be expressed as the
product of a DM bilinear and a SM-singlet operator built
only with SM fields. A basis of operators for DD is obtained
following the same procedure described in Refs. [33,34] for
pure SM fields. In what follows, we focus on operators up to
dimension 6 generated at the matching scale A, and con-
sistently and systematically derive their effects for DD.

At the matching scale where SU(2), is unbroken, three
effective operators contribute to DM-nucleon scattering at
d =35, i.e., the magnetic and electric dipole operators

1_ i_
O = 70" 4Bu.  Of = 70"VxB ()

and the Higgs operators

1_ i_
Oy =xixH'H,  Ofy =377 yH'H. (3)
B,, and H are the U(1)y field strength tensor and the SM
Higgs doublet, respectively. Atd = 6, tree-level exchange of
messengers can generate interactions between DM currents
and either quark [35] or Higgs currents [36]

1 i Mg
pﬂ?rlll)ﬂ_]rj,ﬂf]’ Olup = P;‘(F’;;([HkD”H], )
where ¢ runs over the quark flavors, while I and J stand for
e1ther V or A, with I, = y* and I’} = y*y>. We define
HD'H= H'(D"H) — (D"H)"H. These are all operators
at the scale A up to dimension 6 that can contribute to the SI
cross section. [37] We now investigate their effects on the
DD rates.

In the effective Lagrangian for elastic WIMP-nucleon
scattering, the heavier SM fields (Higgs, W and Z bosons
and t, b, ¢ quarks) have to be integrated out and the
Higgs’® vacuum expectation value gives rise to quark
masses. Therefore, among the operators above only
OV 4 enter directly the SI cross section while threshold
corrections from the dimension-5 O3, generate dimen-
sion-7 scalar contributions. The DM—nucleon SI cross

section accordingly reads (cf. [15,23,38,39])

chv N

qg=u,d

2
+%< S ey - 12ﬂcggfg> ,

g=u,d,s

1J _
O‘M -

oS m? mN
N ( 77:A4

(&)

with my denoting the nucleon mass, and scalar (vector)
couplings f% (fN ). For heavy quarks, the parameter f7) is
induced by the gluon operator as discussed in [40], see also
[39]. Here,

a
GG,
with G, denoting the gluon field strength tensor. In the
next section we will discuss how the Wilson coefficients of
the operators in Eq. (2), Eq. (3), and Eq. (4) at the high scale
A are evolved down to the scale of DD and how they are
connected to the Wilson coefficients of the low-scale
operators in Eq. (6).

Threshold corrections and mixing.—At dimension 5,
07, OL, and O3;5 do not mix into other operators since
they are the lowest dimensional ones, and therefore only
threshold corrections have to be computed. The Z boson in
B,,, once integrated out, generates OVV Y4 at dimension 6.
The photon field is also encoded in B, but it is a degree of
freedom of the low-energy theory, and the resulting long-
range interaction between y and nucleons severely con-
strains the Wilson coefficient of the dipole operator
[41-43]. The Higgs operator O}, gives rise to Oy after
EW symmetry breaking, and upon integrating out the heavy
quarks also the dimension-7 interaction with the gluon field
strength 0§g is generated. This leads to the following
threshold corrections:

m - -
Oy = 0% =13mag.  (©)

1 A2 A?

whose form shows that the O35 contribution induced by
tree-level Higgs exchange is enhanced since it scales like
1/ (Amio) instead of 1/A3. Typical scattering cross sections
involving DM effective couplings to the SM Higgs (like
C}y) are in the ballpark of current experimental limits
[44-48]. They may also contribute to mono-Higgs pro-
duction at colliders [49,50], and for light enough DM
(m, < myo/2) to the invisible Higgs decay width [51-54].

The evolution matrix for the operators defined in Eq. (6)
only contains one nonvanishing off-diagonal entry, namely
03, mixes with 037. Using Eq. (7), we find

1 A?
ng(/’lO) (U’(nh) m; + 2Ul(40)mb) -1 2 CSHH’
127 2,
. (ny) _3CF A (A)
with U, 7\ = In . 3)
A apy o ag()

Here, n is the number of active flavors, fy = 11 — (2/3)n,
and Cp = 4/3. ug < my, is the low-energy scale relevant for
DD. The mixing between Oj5 and O}, has already been
calculated in Refs. [23,26,30,55]. We find that this has a
numerically negligible impact on o3 The reason is that it
yields a contribution to C3; proportional to Cj, but the
effect of Cy, S _in the cross sectlon is enhanced by a factor of
127 compared to the scalar contribution (see Eq. (5) and the
analysis of the QCD trace anomaly in Ref. [40]).

Let us now turn to the dimension-6 operators [see
Eq. (4)]. Since we focus on SI interactions, only vector
DM bilinears are relevant. Concerning quark currents, no
QCD renormalization effect has to be taken into account:

191304-2



PRL 112, 191304 (2014)

PHYSICAL REVIEW LETTERS

week ending
16 MAY 2014

singlet quark vector currents are conserved under strong
interactions and there is no one-loop RG contribution from
the axial anomaly. However, EW corrections give rise to an
interesting effect which has not been considered so far,
namely, the mixing of O} into O}, which affects DD
rates. [56] There are six diagrams contributing to this
mixing, two of which are shown in Fig. 1. The result is
proportional to the mass of the quark in the loop, i.e., to the
Yukawa couplings Y, and it is therefore dominated by the
top quark and to a less extent by the bottom quark. Solving
the RG equation, we obtain

N,

Chin () = Chp(A) === CIA A= (1=5) )

with a, = Y?/(4x). The relative sign between the last two
terms is due to the fact that left-handed up- and down-type
quarks have opposite eigenvalues of the third weak-isospin
component. Here we keep only the top and bottom
contributions to the loop. In applying this result, the
running scale u should be identified with the EW symmetry
breaking scale, where the top and the Z are integrated
out and the corresponding logarithm is frozen. A non-
vanishing value of C};,, generates a finite threshold
correction to O} and O}? at the EW symmetry breaking
scale by attaching a quark pair and integrating out the Z
boson:

1 4
it ~ et + (3-3% ) Chuo

1 2
cY -V + <—§+§s$v> Clhiup (10)

where s,, is the sine of the weak mixing angle. Combining
Eq. (10) and Eq. (9), we find

1 4
CEY ) = )+ (555 ) o )
1 4 N,
#(3-5%) [ arwmg =)
4% 4% 1 2 2 \4
Caa (W) = Cgq (M) + —5T 3% Chinp(A)
1 2 N
(1D

which means that a quark vector current is generated at the
low scale, even if at the high scale there is only an axial-
vector current. As an application of our results, in the next
section we will present limits on C}¢, previously bounded
only by collider searches (see, e.g., Ref. [57]).

We now consider the mixing between vector operators of

heavy and light quarks obtained by attaching to the quark

FIG. 1. Diagrams responsible for the mixing of O} into
O}up- Graphs originated by crossing or reversing the fermion
flow are not displayed.

loop a photon which couples to a quark pair. Since only u
and d quarks contribute to the scattering cross section, this
can be used to constrain all quark vector current operators
with heavier quarks (¢ = s, ¢, b, t). This is relevant in the
case of nonuniversal DM-quark couplings. Depending on
the number of active flavors, the pertinent RG equation
reads

da(ﬂ) apmN. - p- ai/;
= Cu), C= , (12
ding ~ dp 10 () oy ) (12

uu

_8/27 ngxng
ro— ([ | (13)

(16/27],, xn,
[16/27] )

n,Xxng [_32/27]nu><nu

Here, E'Z; and 6’:,/;/ are vectors in flavor space whose
dimension is determined by the number of active flavors,
and [a], ., stands for a ny x n, matrix with all entries
equal to a. A similar mixing induces DM couplings to
lepton currents which can play a significant role in structure
formation [58,59]. For DM coupling only to leptons,
constraints from DD are induced by loops effects that
are similar to the one considered here [18,21,60].
Numerical analysis.—We use our results to put con-
straints on Wilson coefficients that have not yet been
bounded from direct searches. We first consider the
scenario where Cy#' is the only nonvanishing coefficient
at the scale A, and assume flavor-universal DM—quark
couplings. The regions in parameter space allowed by
various experiments are shown in Fig. 2, where the
matching scale A is plotted as a function of the DM mass
for C}2t = 1[61]. If loop effects are neglected, this operator
generates a scattering amplitude which is both SD and
velocity suppressed. For this reason, the best bound before
our analysis came from collider searches (see, e.g.,
Ref. [57]), corresponding to the dashed orange line in
Fig. 2. The RG induced contribution of Cy# to CVY .
allows us to equally well constrain this operator from SI
measurements. In order to use the experimental bounds on
the WIMP-nucleon cross section given in Refs. [62,63], we
have to take care of the fact that these limits were obtained
under the assumption of negligible isospin violation.
However, as we see from Eq. (11), our loop contribution
to Cyy is isospin violating, i.e., ACYy) = —2AC},/[64].
Therefore, unlike the isospin-symmetric case, our WIMP-
nucleus cross section does not scale just like A> (where A is
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FIG. 2 (color online). From bottom to top, thick lines:
Lower bounds for allowed regions from LHC searches [57]
(dashed, orange), SI WIMP-nucleon scattering from XE-
NONI100 (solid, green) [62] and LUX (solid, red) [63] and
projected allowed regions for SCDMS [65] (dot-dashed, purple)
and XENONIT [66] (dot-dashed, blue). The curve giving the
correct thermal relic density (thin black line) is also shown
is also shown. Here we set Cy#' =1 while all other Wilson
coefficients are assumed to be zero.

the mass number of the target nucleus). The regions
allowed by DD measurements are delimited by the green
(XENON100) and red (LUX) lines. Remarkably, these
bounds are one order of magnitude stronger than the ones
from LHC searches (orange dashed line). We also study
the impact of future SI measurements, and show the
projections for the allowed regions from SCDMS [65]
(purple) and XENONIT [66] (blue). We also superimpose
the line obtained by requiring a O,;-dominated thermal
freeze-out and observe that current experiments completely
rule out the thermal window (for C, gg‘ =1).

In the SM, EFT, it is possible to assume that Cy7 # 0
and Cy;;;p = 0 only at one fixed scale (in Fig. 2, this scale
is A). We extend our analysis to the case where also O},
(and 0y,)) is switched on, and we use the matching
corrections in Eq. (10) to discuss the effect in terms of
an effective Cj; at the matching scale A. In Fig. 3 we

10F

0.5

0.0
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Caqg M)

—-0.5F

-1.0k 4 ’ . . . It
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FIG. 3 (color online). Regions in parameter space allowed by
LUX [63] for A =10 TeV (blue), 20 TeV (red), and 30 TeV
(yellow), assuming flavor universality in the DM-quark coupling.
In the case of nonuniversal couplings, Cy2' should be replaced by
C}A. The dark matter mass is fixed to 100 GeV.

show the parameter space regions allowed by LUX in the
(Cyy, Cv) plane for different values of A. Any UV
complete model generating only (axial-)vector operators
must respect these bounds.

Discussion and outlook.—In this Letter we highlighted
the importance of a systematic analysis of one-loop effects
induced by SM fields to connect effective operators at the
new physics scale with DD rates. We computed all relevant
one-loop effects for Sl interactions up to dimension 6 (at the
scale A) for a gauge singlet Dirac WIMP. Previously known
QCD corrections are numerically not very relevant in this
case, although can have drastic effects for electroweak
charged candidates (e.g., wino, higgsino [24]). Instead,
the new EW corrections that we computed allowed us to
use DD data to significantly improve bounds on Wilson
coefficients. More specifically, we put constraints on the SD
and velocity-suppressed operator O}I/;;‘. Our bounds are much
stronger than LHC measurements and will significantly
improve when new data will become available. For nonuni-
versal DM couplings, the mixing we computed between
heavy and light quark currents induced by photon exchange
allows us to constrain C g‘é for heavy quarks Q = s, c, b, t.

Although an analysis of UV complete models is beyond
the scope of this article, we point out that our EW mixing
effect can be relevant for Z’-portal models [31,32], if the
quarks couple to the Z’ only through the axial current (as in
some Eq GUT models [67,68]). Kinetic and/or mass mixing
between the Z and Z' will generate a contribution to Cy,’
which is likely to be small compared to C};,;‘, and has to
obey the constraints in Fig. 3.

Our analysis systematically accounts for contributions
from operators up to dimension 6 at the scale A. At
dimension 7, an important EW mixing effect is already
known: the tensor operator O!T = (1/A%)yc*yqHo,,q
mixes into the dimension-5 dipole operators 0%, OL [28]
and the predictions for SI DD rates get sizably affected.
This motivates a systematic analysis of all one-loop effects
at dimension 7 including EW corrections, building upon
the work presented in this Letter.
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