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The discovery of a standard-model-like Higgs boson and the hitherto absence of evidence for other
new states may indicate that if weakly interacting massive particles (WIMPs) comprise cosmological dark
matter, they are heavy compared to electroweak scale particles, M >> myy=, myo. In this limit, the absolute
cross section for a WIMP of given electroweak quantum numbers to scatter from a nucleon becomes
computable in terms of standard model parameters. We develop effective field theory techniques to analyze
the heavy WIMP limit of WIMP-nucleon scattering and present the first complete calculation of the leading
spin-independent cross section in standard model extensions consisting of one or two electroweak
SU(2)y x U(1), multiplets. The impact on scattering cross sections of the choice of WIMP quantum
numbers and an extended Higgs sector is investigated.

DOI: 10.1103/PhysRevLett.112.211602

Introduction.—Cosmological evidence for dark matter
(DM) consistent with weakly interacting massive particles
(WIMPs) motivates laboratory searches for such particles
interacting with nuclear targets. Search strategies and
detection potential are highly dependent on the WIMP’s
properties including its spin, its mass M, and its standard
model (SM) gauge quantum numbers. In the absence of
other signals to guide the search for physics beyond the
SM, it is important to identify plausible cross section
targets to guide and interpret next generation searches.

The discovery of a SM-like Higgs boson [1] and the
hitherto absence of evidence for other new states may suggest
that a WIMP, if it exists, is heavy compared to electroweak
scale particles (M > my,=, m,o). In this limit, heavy-particle
methods provide theoretical control without assuming a
particular ultraviolet completion, allowing us to predict
the absolute cross section for a WIMP of given electroweak
quantum numbers to scatter from nucleons in terms of SM
parameters. This universality is similar to that underlying the
predictions of heavy-quark spin symmetry (m;, > Agcp) or
nonrelativistic atomic spectra (m, > 1/ay,).

The SM exhibits a surprising transparency of nucleons to
WIMP scattering, due to a cancellation between spin-0 and
spin-2 amplitude contributions [2,3]. Robust cross section
predictions demand a complete treatment of both pertur-
bative and hadronic uncertainties, including resummation
of large logarithms in perturbative QCD (pQCD). In the
heavy-particle limit, there is also an intricate interplay
between mass-suppressed mixed-state contributions and
loop-suppressed pure-state contributions. To analyze these
phenomena, we construct the effective field theory (EFT)
for heavy WIMPs interacting with SM Higgs and electro-
weak gauge fields. For the SM extensions under consid-
eration, we present the first computation of the leading
1/M° cross section including matching at leading order in
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perturbation theory onto the complete basis of operators at
the electroweak scale. We summarize here several phe-
nomenological results of this analysis and present details in
companion papers [4,5].

Heavy WIMP effective theory.—A large class of models,
e.g., neutralinos of supersymmetric SM extensions [6], have
a WIMP as the lightest state of a new sector. In this situation,
the SM is extended at low energies by one or a few particles
transforming under definite representations of SM gauge
groups. While our analysis is not wedded to supersymmetry
(SUSY), SUSY is one of the most-studied SM extensions,
and we adopt doublet (“Higgsino”) and triplet (“wino”
gauge representations as illustrations of “pure states.” We
also consider singlet-doublet (“bino-Higgsino™) and triplet-
doublet (“wino-Higgsino”) combinations as examples of
“mixed states.”

If particles of the new sector are heavy compared to SM
particles (M > my), we may integrate out the mass scale
M using heavy-particle EFT. At leading order in the 1/M
expansion, the heavy-particle Lagrangian with timelike
reference vector v* is

L = hyfiv-D—ém— f(H)]h, +O(1/M), (1)

where h, is a heavy-particle field transforming in a
representation of electroweak SU(2)y, and U(1)y,, with
respective coupling constants g, and g;. The matrix f(H)
describes linear coupling to the Higgs field, and the residual
mass matrix 6m accounts for nondegenerate heavy-particle
states.

For extensions with one electroweak multiplet (pure
states), the above Lagrangian is completely specified by
electroweak quantum numbers since gauge invariance
implies f(H) =0, and m can be chosen to vanish for
degenerate heavy-particle states. In particular, the first term
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in Eq. (1) does not depend on the WIMP mass, spin, or other
properties beyond the choice of gauge quantum numbers.
Model dependence is systematically encoded in operator
coefficients representing 1/M corrections. For extensions
with two electroweak multiplets (mixed states), f(H) and
om are nonvanishing and depend on A, the mass splitting
of the multiplets, and «, their coupling strength mediated by
the Higgs field.

Weak-scale matching.—Interactions of the lightest, elec-
trically neutral, self-conjugate WIMP y,, with quarks and
gluons, relevant for spin-independent (SI), low-velocity
scattering with a nucleon, are given at energies £ < my by
the EFT

1 _ v
ﬁ;h,SM = m_%/VXva{Z[CI(IO)OEIO) + C‘(IZ) Uﬂyuol(JZ)” ]
q

+ e 0 + e v, oéz”‘”} )

where ¢ = u, d, s, ¢, b is an active quark flavor and we
have chosen QCD quark and gluon operators of definite
. 0 _ 0 2)pv _ o
spin: O =m,gq. 0y =(GA)?. OP" =1g(y i)~
¢UiD_j4)g, and  OP" = -GG, + g¥(Gly)2 /4.
Here, D* =D*— D¢, and AlBY} = (A*BY 4 AYBM)/2
denotes symmetrization. The ellipsis in Eq. (2) denotes
higher-dimension operators suppressed by powers of 1/myy.
We match EFTs of Egs. (1) and (2) at reference scale
U; ~ my ~ m, by integrating out weak-scale particles W+,
Z% h% and t. In the heavy WIMP limit, matching
coefficients c¢; of Eq. (2) may be expanded as

ci:Ci,0+ci.l%+”'- 3)
We compute the complete set of 12 matching coefficients
c;p at leading order in perturbation theory.

Weak-scale matching for mixed states requires renorm-
alization of the Higgs-WIMP vertex for a consistent eval-
uation of loop-level amplitudes and a generalized basis of
heavy-particle loop integrals to account for nonvanishing
residual masses. Details of the matching computation can
be found in Ref. [4].

QCD analysis.—Having encoded physics of the
heavy WIMP sector in matching coefficients of Eq. (2),
the remaining analysis is independent of the M > my,
assumption and consists of renormalization group (RG)
running to a low scale py < m,, matching at heavy quark
thresholds, and evaluating hadronic matrix elements. This
module is systematically improvable in subleading correc-
tions and is applicable to generic direct detection calcu-
lations. An extension of the operator basis would allow
robust connections between contact interactions constrained
at colliders and low-energy observables of direct detection
[7]. RG evolution accounts for perturbative corrections
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FIG. 1 (color online). SI cross section for low-velocity scatter-
ing on the proton as a function of m,, for the pure-triplet case.
Labels refer to the inclusion of LO, NLO, NNLO, and NNNLO
corrections in the RG running from p, to p, and in the spin-0
gluon matrix element. Bands represent lo uncertainty from
neglected higher order pQCD corrections.

involving large logarithms, e.g., a,(ug) log m, /. Figure 1
illustrates the impact of higher order pQCD corrections. We
collect in Refs. [3,5] the details of mapping high-scale
matching coefficients onto the low-energy theory where
hadronic matrix elements are evaluated [8]. Cross sections
for scattering on the neutron and proton are numerically
similar; we present results for the latter.

Pure-state cross sections.—Consider the situation where
the SM is extended by a single electroweak multiplet. For
definiteness, let us take the cases of a Majorana SU(2)y,
triplet of ¥ = 0 and a Dirac SU(2)y, doublet of ¥ = 1/2.
For the doublet, we assume that higher-dimension opera-
tors cause the mass eigenstates after electroweak symmetry
breaking (EWSB) to be self-conjugate combinations D,
and D,, thus forbidding a tree-level y,y,Z° coupling, and
moreover that inelastic scattering is suppressed.

Upon performing weak-scale matching [4] and mapping
to a low-energy theory for evaluation of matrix elements
[5], we obtain parameter-free cross section predictions as
illustrated in Fig. 2. The triplet cross section is

120 125
mp (GEV)

FIG. 2 (color online). SI cross sections for low-velocity
scattering on the proton as a function of m,, for the pure cases
indicated. Here and in the plots below, dark (light) bands
represent 1o uncertainty from pQCD (hadronic inputs). The
vertical band indicates the physical value of m,,.
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ol = 1352105 x 1077 cm?, 4)
where the first (second) error represents lo uncertainty
from pQCD (hadronic inputs). Subleading corrections in
ratios m;,/my and Agcp/m, are expected to be within this
error budget. Stronger cancellation between spin-0 and
spin-2 amplitudes in the doublet case implies a smaller
cross section,

ol <1078 cm?  (95% C.L.). (5)

We may also evaluate matrix elements in the n, =4
flavor theory. Figure 3 shows the results as a function of the
charm scalar matrix element. Cancellation for the doublet
is strongest near matrix element values estimated from
pQCD. Direct determination of this matrix element could
make the difference between a prediction and an upper
bound for this (albeit small) cross section.

Previous computations of WIMP-nucleon scattering
focused on a different mass regime where other degrees
of freedom are relevant [15] or neglected the contribution
céz) from spin-2 gluon operators [2]. For pure states, this
would lead to an O(20%) shift in the spin-2 amplitude [16],
with an underestimation of the perturbative uncertainty by
O(70%). Because of amplitude cancellations, the resulting
effect on the cross sections in Fig. 2 ranges from a factor of
a few to an order of magnitude.

Mixed-state cross sections.—Mixing with an additional
heavy electroweak multiplet (of mass M’) can allow for
tree-level Higgs exchange, but with coupling that may be
suppressed by the mass splitting A= (M’ —M)/2. We
systematically analyze the resulting interplay of mass-
suppressed and loop-suppressed contributions through an
EFT analysis in the regime my,, |A| < M, M'.

Consider a mixture of Majorana SU(2),, singlet of Y =0
and Dirac SU(2)y, doublet of ¥ = 1/2, with respective

. doublet',
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FIG. 3 (color online). SI cross sections for low-velocity
scattering on the proton, evaluated in the ny = 4 flavor theory
as a function of the charm scalar matrix element, for the pure
cases indicated. The pink region corresponds to charm content
estimated from pQCD [10]. The region between orange (black)
dashed lines corresponds to direct lattice determinations in
Ref. [13] ([14]).

masses Mg and Mp. The heavy-particle Lagrangian is
given by Eq. (1), where &, = (hg. hp,, hp,) is a quintuplet
of self-conjugate fields. The gauge couplings are given in
terms of Pauli matrices ¢,

0o - - 0o - -
S e, Y= 0, 22|, (6

4 |
ol LT
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The couplings to the Higgs field and residual mass matrix
are respectively given by

0 H' iHT )
oK iH—-> H
f(H) = — H @2 @2 —+ + H.C.,
V2 Kj = Ky
iH 0, 0,
om = diag(Mg, Mply) — M5, )

where M is a reference mass that may be conveniently
chosen. Upon accounting for the masses induced by
EWSB, we may present the Lagrangian in terms of mass
eigenstate fields and derive the complete set of heavy-
particle Feynman rules; e.g., the Higgs-WIMP vertex is
given by ig,k%/ /x> + (A/2my )2 oy, h° with k = /k3 4«3
and A = (Mg — Mp)/2. We may also consider a mixture
of Majorana SU(2)y, triplet of ¥ = 0 and Dirac SU(2)y,
doublet of ¥ = 1/2. Explicit details for the construction
of the EFT for these heavy admixtures can be found
in Ref. [4].

Upon performing weak-scale matching [4] and mapping
to a low-energy theory for the evaluation of matrix elements
[5], we obtain the results pictured in Fig. 4. For weakly
coupled WIMPs, we consider x < 1. The presence of a
scale separation M, M’ > my, implies that the partner state
contributes at leading order when |A| < my or more pre-
cisely |A| < my(4zk)?. Within this regime, the purely
spin-O contributions from tree-level Higgs exchange can
dominate (cf. Ref. [17]). However, when my, /A suppression
is significant, loop-induced contributions become relevant,
and the opposite signs of spin-0 and spin-2 amplitudes
lead to cancellations in the k-A plane. In the decoupling
limit of SUSY, « depends on #; and the sign of y, taking
values k < (1/2)tan0y (k <1/2) for a bino-Higgsino
(wino-Higgsino) mixture.

Extended gauge and Higgs sectors.—A simple dimen-
sional estimate of the pure-state cross section yields
os1 ~ asmy /m$, ~ 107 ¢cm? [18]. However, destructive
interference between spin-0 and spin-2 amplitudes leads to
anomalously small cross sections. The degree of cancella-
tion depends on SM parameters such as m,, in Fig. 2 and
on the choice of WIMP quantum numbers. Extending
our computation to pure states of arbitrary isospin J and
hypercharge Y, the resulting cross section is minimum
for (J,Y) = (1/2,1/2) corresponding to the doublet and
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FIG. 4 (color online). SI cross sections for low-velocity
scattering on the proton for the singlet-doublet and doublet-
triplet admixtures, as a function of the mass splitting between
pure-state constituents, A/[(4zx)>my] (in conveniently chosen
units such that interesting features of the curves with different «
may be displayed on the same scale). We indicate pure case limits
and label each curve with the x value used. Inset plots use the
same units.

increases for larger J at fixed Y; e.g., the result for ¥ =0
and integer J is o3 = [J(J + 1)/2]?6L.

Additional structure in the Higgs sector may also have
an impact. We illustrate this with a second CP-even Higgs
boson of mass my > m;, = 126 GeV, arising in the context
of the type-II two-Higgs-doublet model. Upon including
the contributions of both Higgs bosons, we obtain pure-
state cross sections in terms of my, t; =tanf, and n =
15 cos(ff — a) (following the parametrization in Ref. [21] for
departures from the “alignment limit”). For 75> 1 and
In| < O(1), the couplings of the SM-like Higgs to W=, Z°,
u, ¢, t are given by 1+ O(l/t/%), while those to d, s, b
are given by (1 —#) + O(1/ t%) measured relative to SM
values. Existing phenomenological constraints are not
sensitive to the sign of the latter, allowing for both 1 ~ 0,
2 where the magnitude is near the SM value [22]. Figure 5
shows cross section predictions for pure states with quantum
numbers (J,Y) indicated, including (2,0), the smallest
representation for which WIMP decay by dimension five
operators is forbidden by gauge invariance [19].

Discussion.—We constructed the EFT for heavy WIMPs
interacting with SM gauge and Higgs bosons and used it to
compute predictions with minimal model dependence for
cross sections to be probed in future DM search experiments.
We presented absolute predictions for WIMPs transfor-
ming under irreducible representations of SU(2)y, x U(1)y
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FIG. 5 (color online). SI cross sections for low-velocity
scattering on the proton as a function of 7= 14cos(f - a),
for pure states with quantum numbers (J,Y). The values ||,
|7 — 2| £ 0.5 are phenomenologically allowed [22]. Cross sec-
tions assuming only a SM-like Higgs boson are at n = 0.

(Fig. 2) and considered the impact of additional WIMPs
(Fig. 4) and of an extended Higgs sector (Fig. 5). We also
demonstrated the significance of corrections from pQCD
(Fig. 1) and of potential improvements in lattice studies of
hadronic matrix elements (Fig. 3).

The formalism for weak-scale matching computations
and QCD effects in general direct detection scenarios are
presented in Refs. [4,5]. The basis of heavy-particle loop
integrals arising in heavy WIMP-nucleon scattering can also
be applied to low-energy lepton-nucleon scattering [23].
It is interesting to investigate the impact of nuclear effects
on the cancellation between spin-0 and spin-2 amplitude
contributions [24]. Hadronic uncertainties are dominated by
the strange scalar matrix element [9,10,13,25], and within
the bounds from current lattice data [13,14], a precise
determination of the charm scalar matrix element can also
have significant impact.

While in general model dependent, it is interesting to
extend the EFT analysis here to include power corrections
in specific ultraviolet completions and incorporate con-
straints on heavy WIMPs from other observables such as
indirect detection [26].

We thank B. Batell, V. Cirigliano, R. Essig, J. Ruderman,
T.M. P. Tait, C. E. M. Wagner, and A. Walker-Loud for
insightful discussion. This work was supported by the
U.S. DOE under Grant No. DE FG02 90ER40560, in part
by the NSF under Grant No. PHYS-1066293, the hospital-
ity of the Aspen Center for Physics, and a Bloomenthal
Fellowship.

“richardhill @uchicago.edu
"mpsolon@uchicago.edu

[1] G. Aad et al. [ATLAS Collaboration], Phys. Lett. B 716, 1
(2012); S. Chatrchyan et al. [CMS Collaboration], Phys.
Lett. B 716, 30 (2012).

[2] J. Hisano, K. Ishiwata, N. Nagata, and T. Takesako, J. High
Energy Phys. 07 (2011) 005; J. Hisano, K. Ishiwata, and
N. Nagata, Phys. Rev. D 87, 035020 (2013).

211602-4


http://dx.doi.org/10.1016/j.physletb.2012.08.020
http://dx.doi.org/10.1016/j.physletb.2012.08.020
http://dx.doi.org/10.1016/j.physletb.2012.08.021
http://dx.doi.org/10.1016/j.physletb.2012.08.021
http://dx.doi.org/10.1007/JHEP07(2011)005
http://dx.doi.org/10.1007/JHEP07(2011)005
http://dx.doi.org/10.1103/PhysRevD.87.035020

PRL 112, 211602 (2014)

PHYSICAL REVIEW LETTERS

week ending
30 MAY 2014

[3] R.J. Hill and M.P. Solon, Phys. Lett. B 707, 539
(2012).

[4] R.J. Hill and M. P. Solon, arXiv:1401.3339.

[5] R.J. Hill and M. P. Solon, “Standard Model anatomy of dark
matter direct detection II: QCD analysis and hadronic matrix
elements” (to be published).

[6] G. Jungman, M. Kamionkowski, and K. Griest, Phys. Rep.
267, 195 (1996); J. L. Feng, Annu. Rev. Nucl. Part. Sci. 63,
351 (2013).

[7]1 M. Beltran, D. Hooper, E. W. Kolb, Z. A. C. Krusberg, and

T.M.P. Tait, J. High Energy Phys. 09 (2010) 037;

J. Goodman, M. Ibe, A. Rajaraman, W. Shepherd,

T. M. P. Tait, and H.-B. Yu, Phys. Rev. D 82, 116010 (2010);

P.J. Fox, R. Harnik, J. Kopp, and Y. Tsai, Phys. Rev. D 85,

056011 (2012).

We use updated lattice results for the pion-nucleon sigma

term, X,y = 39f§8 MeV [9], and the strange scalar

matrix element, X, = 40 4+ 20 MeV [10]. For X; we assume

a 50% uncertainty (cf. the estimated 25% in Ref. [10]). The

up and down scalar matrix elements can be written in terms

of Xy, (my — m,)(N|(au — dd)|N) = 2(2) MeV [11], and
m,/my = 0.49(13) [12].
[9] S. Durr, Z. Fodor, T. Hemmert, C. Hoelbling, J. Frison,
S.D. Katz, S. Krieg, and T. Kurth et al., Phys. Rev. D 85,
014509 (2012).
[10] P.M. Junnarkar and A. Walker-Loud, Phys. Rev. D 87,
114510 (2013).

[11] J. Gasser and H. Leutwyler, Phys. Rep. 87, 77 (1982).

[12] J. Beringer et al. [Particle Data Group Collaboration], Phys.
Rev. D 86, 010001 (2012).

[13] W. Freeman and D. Toussaint [MILC Collaboration], Phys.
Rev. D 88, 054503 (2013).

[14] M. Gong, A. Alexandru, Y. Chen, T. Doi, S.J. Dong,
T. Draper, W. Freeman, and M. Glatzmaier et al., Phys. Rev.
D 88, 014503 (2013).

[15] M. Drees and M.M. Nojiri, Phys. Rev. D 47, 4226
(1993); M. Drees and M. M. Nojiri, Phys. Rev. D 48,
3483 (1993).

[8

—

[16] For comparison, neglecting the spin-2 quark contribution
from (b, ¢, s, d, u shifts the spin-2 amplitude by
O(1%,10%, 10%, 30%, 50%).

[17] C. Cheung, L.J. Hall, D. Pinner, and J.T. Ruderman,
J. High Energy Phys. 05 (2013) 100.

[18] Results consistent with this estimate were obtained in
previous works missing the cancellation [19,20].

[19] M. Cirelli, N. Fornengo, and A. Strumia, Nucl. Phys. B753,
178 (20006).

[20] R. Essig, Phys. Rev. D 78, 015004 (2008).

[21] M. Carena, I. Low, N.R. Shah, and C.E.M. Wagner,
J. High Energy Phys. 04 (2014) 015.

[22] O. Eberhardt, U. Nierste, and M. Wiebusch, J. High Energy
Phys. 07 (2013) 118; V. Barger, L. L. Everett, H. E. Logan,
and G. Shaughnessy, Phys. Rev. D 88, 115003 (2013).

[23] R.J. Hill, G. Lee, G. Paz, and M. P. Solon, Phys. Rev. D 87,
053017 (2013).

[24] G. Prezeau, A. Kurylov, M. Kamionkowski, and P. Vogel,
Phys. Rev. Lett. 91, 231301 (2003); V. Cirigliano, M. L.
Graesser, and G. Ovanesyan, J. High Energy Phys. 10
(2012) 025; S.R. Beane, S. D. Cohen, W. Detmold, H.-W.
Lin, and M. J. Savage, Phys. Rev. D 89, 074505 (2014).

[25] J.R. Ellis, K. A. Olive, and C. Savage, Phys. Rev. D 77,
065026 (2008); J. Giedt, A. W. Thomas, and R. D. Young,
Phys. Rev. Lett. 103, 201802 (2009); R. Horsley, Y.
Nakamura, H. Perlt, D. Pleiter, P. E. L. Rakow, G. Schierholz,
A. Schiller, H. Stiiben, F. Winter, and J. M. Zanotti
[QCDSF-UKQCD Collaboration], Phys. Rev. D 85,
034506 (2012); X.-L. Ren, L. S. Geng, J. Martin Camalich,
J.Meng, and H. Toki, J. High Energy Phys. 12 (2012) 073; M.
Engelhardt, Phys. Rev. D 86, 114510 (2012); P. E. Shanahan,
A.W. Thomas, and R. D. Young, Phys. Rev. D 87, 074503
(2013); H. Ohki, K. Takeda, S. Aoki, S. Hashimoto,
T. Kaneko, H. Matsufuru, J. Noaki, and T. Onogi [JLQCD
Collaboration], Phys. Rev. D 87, 034509 (2013).

[26] T. Cohen, M. Lisanti, A. Pierce, and T.R. Slatyer,
J. Cosmol. Astropart. Phys. 10 (2013) 061; J. Fan and
M. Reece, J. High Energy Phys. 10 (2013) 124.

211602-5


http://dx.doi.org/10.1016/j.physletb.2012.01.013
http://dx.doi.org/10.1016/j.physletb.2012.01.013
http://arXiv.org/abs/1401.3339
http://dx.doi.org/10.1016/0370-1573(95)00058-5
http://dx.doi.org/10.1016/0370-1573(95)00058-5
http://dx.doi.org/10.1146/annurev-nucl-102010-130447
http://dx.doi.org/10.1146/annurev-nucl-102010-130447
http://dx.doi.org/10.1007/JHEP09(2010)037
http://dx.doi.org/10.1103/PhysRevD.82.116010
http://dx.doi.org/10.1103/PhysRevD.85.056011
http://dx.doi.org/10.1103/PhysRevD.85.056011
http://dx.doi.org/10.1103/PhysRevD.85.014509
http://dx.doi.org/10.1103/PhysRevD.85.014509
http://dx.doi.org/10.1103/PhysRevD.87.114510
http://dx.doi.org/10.1103/PhysRevD.87.114510
http://dx.doi.org/10.1016/0370-1573(82)90035-7
http://dx.doi.org/10.1103/PhysRevD.86.010001
http://dx.doi.org/10.1103/PhysRevD.86.010001
http://dx.doi.org/10.1103/PhysRevD.88.054503
http://dx.doi.org/10.1103/PhysRevD.88.054503
http://dx.doi.org/10.1103/PhysRevD.88.014503
http://dx.doi.org/10.1103/PhysRevD.88.014503
http://dx.doi.org/10.1103/PhysRevD.47.4226
http://dx.doi.org/10.1103/PhysRevD.47.4226
http://dx.doi.org/10.1103/PhysRevD.48.3483
http://dx.doi.org/10.1103/PhysRevD.48.3483
http://dx.doi.org/10.1007/JHEP05(2013)100
http://dx.doi.org/10.1016/j.nuclphysb.2006.07.012
http://dx.doi.org/10.1016/j.nuclphysb.2006.07.012
http://dx.doi.org/10.1103/PhysRevD.78.015004
http://dx.doi.org/10.1007/JHEP04(2014)015
http://dx.doi.org/10.1007/JHEP07(2013)118
http://dx.doi.org/10.1007/JHEP07(2013)118
http://dx.doi.org/10.1103/PhysRevD.88.115003
http://dx.doi.org/10.1103/PhysRevD.87.053017
http://dx.doi.org/10.1103/PhysRevD.87.053017
http://dx.doi.org/10.1103/PhysRevLett.91.231301
http://dx.doi.org/10.1007/JHEP10(2012)025
http://dx.doi.org/10.1007/JHEP10(2012)025
http://dx.doi.org/10.1103/PhysRevD.89.074505
http://dx.doi.org/10.1103/PhysRevD.77.065026
http://dx.doi.org/10.1103/PhysRevD.77.065026
http://dx.doi.org/10.1103/PhysRevLett.103.201802
http://dx.doi.org/10.1103/PhysRevD.85.034506
http://dx.doi.org/10.1103/PhysRevD.85.034506
http://dx.doi.org/10.1007/JHEP12(2012)073
http://dx.doi.org/10.1103/PhysRevD.86.114510
http://dx.doi.org/10.1103/PhysRevD.87.074503
http://dx.doi.org/10.1103/PhysRevD.87.074503
http://dx.doi.org/10.1103/PhysRevD.87.034509
http://dx.doi.org/10.1088/1475-7516/2013/10/061
http://dx.doi.org/10.1007/JHEP10(2013)124

