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Implications of a scalar dark force for terrestrial experiments
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A long-range intergalactic force between dark matter (DM) particles, mediated by an ultralight scalar, is
tightly constrained by galactic dynamics and large scale structure formation. We examine the implications
of such a ““dark force” for several terrestrial experiments, including E6tvos tests of the Weak Equivalence
Principle (WEP), direct-detection DM searches, and collider studies. The presence of a dark force implies
a nonvanishing effect in E6tvos tests that could be probed by current and future experiments depending on
the DM model. For scalar DM that is a singlet under the standard model gauge groups, a dark force of
astrophysically relevant magnitude is ruled out in large regions of parameter space by the DM relic density
and WEP constraints. WEP tests also imply constraints on the Higgs-exchange contributions to the spin-
independent (SI) DM-nucleus direct-detection cross section. For WIMP scenarios, these considerations
constrain Higgs-exchange contributions to the SI cross section to be subleading compared to gauge-boson
mediated contributions. In multicomponent DM scenarios, a dark force would preclude large shifts in the
rate for Higgs decay to two photons associated with DM-multiplet loops that might otherwise lead to
measurable deviations at the LHC or a future linear collider. The combination of observations from
galactic dynamics, large scale structure formation, E6tvos experiments, DM-direct-detection experiments,

and colliders can further constrain the size of new long-range forces in the dark sector.
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L. INTRODUCTION

There is now compelling evidence for the ACDM model
or the “‘standard model”’ of cosmology according to which
the energy of the universe is about 74% dark energy, 22%
dark matter (DM), and 4% baryonic matter. There have
been independent confirmations of the dark energy com-
ponent of the universe from observations of high redshift
Type Ia supernovae [1-5]. The evidence for DM is even
more compelling from the study of galactic rotation curves
[6-8], acoustic oscillations in the cosmic microwave back-
ground [9-12], large scale structure formation [13,14], and
gravitational lensing [15,16]. In spite of such strong evi-
dence for the existence of dark energy and DM, almost
nothing is known about their properties. The simplest
explanation of dark energy is a small but nonzero cosmo-
logical constant. The DM properties such as its mass,
quantum numbers, and interactions with the standard
model (SM) remain unknown. Furthermore, it remains to
be seen if there is only one type of DM particle responsible
for all of the observational evidence, or if there exists a rich
spectrum of DM particles analogous to the complexity seen
in the visible sector. Many experiments are underway to
detect DM and determine its properties. Ground based
direct-detection experiments [17,18] put limits on the
DM mass and the strength of its interaction with baryonic
matter from observations of recoiling nuclei. Experiments
[19-22] studying cosmic rays from the galactic halo have
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recently seen indications of an electron/positron excess,
which could be interpreted as evidence for DM annihila-
tion, and can constrain the DM mass and interactions.
There has also been a recent proposal to observe a possible
DM magnetic moment via the gyromagnetic Faraday effect
[23,24].

Another set of experiments are devoted to question of
whether DM couples to new long-range forces of interga-
lactic range which could be observed as an apparent vio-
lation of the Weak Equivalence Principle (WEP) in the
dark sector. There exist a variety of scenarios for new
interactions confined solely to the dark sector and the
possibility that they might be observed as an apparent
WEP violation. The possibility of much shorter range
gauge or Yukawa forces confined to the dark sector have
been studied in other contexts [25-32] and also referred to
as a ““dark force”. In this work however, we focus on a
long-range intergalactic dark forces, mediated by an ultra-
light scalar, and study its implications for terrestrial experi-
ments. For this scenario, the dark force can be
communicated to ordinary matter via virtual DM loops
that connect the ultralight scalar with ordinary matter, as
long as the DM candidate is not sterile. This mechanism
will give rise to effects in terrestrial experiments. We
investigate the resulting impact on DM-detection experi-
ments, laboratory based WEP tests, or even studies of
Higgs boson properties at colliders. Constraints on an
apparent WEP violation in ordinary matter induced dark
forces were recently studied in [33,34]. In addition, a
connection between direct DM-detection experiments
and WEP tests was shown in [33].
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Many models that contain the interaction of an ultralight
scalar with DM [35-46] have been proposed to explain
features in the DM distribution and explore the possibility
of DM-quintessence interactions. More recently, work with
nonuniversal scalar-tensor theories of gravity with the
Abnormally Weighting Energy (AWE) Hypothesis
[47,48] also invoke couplings of an ultralight scalar to
the dark sector as a way of explaining the observed cosmic
acceleration even in the absence of a dark energy fluid.
Constraints on such scenarios from big bang nucleosyn-
thesis have also been studied [49]. There are several other
observational motivations, including higher than predicted
supercluster densities [50] and voids [41,45] (for a sum-
mary see [33,51]). The existence of a long-range attractive
Yukawa force between DM particles would accelerate
structure formation and could help explain some of these
observations. Strong constraints on such a dark force are
derived from observations of DM dynamics in the tidal
stream of the Sagittarius dwarf galaxy [51,52], which
indicate a force with strength less that 20% of gravity for
a range of about 20 kpc. However, new observational
systematic errors have been recently discovered [53] that
could require a revision of this result, perhaps allowing for
a stronger dark force. A more recent analysis [54] consid-
ers the effect of a dark force on the evolution of density
perturbations and the resulting impact on the CMB spec-
trum. This analysis constrains the strength of a dark force
to be less than 5% of gravity.

From a purely theoretical perspective, the existence of
an ultralight scalar ¢ with mass m, < 1072 eV, able to
mediate a long-range force over scales of interest to galac-
tic dynamics, would introduce a new hierarchy in addition
to that between the weak scale my ~ 100 GeV and the
Planck scale Mp ~ 10'° GeV. However, as we still await
experimental evidence for a mechanism to explain the
hierarchy between the weak and Planck scales, and in light
of the discovery of an unnaturally small cosmological
constant, we keep an open mind and do not attempt to
provide an explanation for the ultralight scalar mass. We
assume the existence of a finely-tuned ultralight scalar
mediating a long-range force dark force and study its
consequences for terrestrial experiments.

In what follows, we amplify on our earlier work [34] and
that of Ref. [33], using simple DM scenarios to illustrate
the prospective implications of long-range scalar dark
forces for terrestrial experiments. We study three represen-
tative minimal DM scenarios to explore the range of pos-
sible implications: scalar DM that is a singlet with respect
to SM gauge interactions; scalar DM that is the neutral
component of a real SU(2), triplet which is a triplet of
SU(2); with zero hypercharge; and fermionic DM that
lives in a vectorlike representation of SU(2); where the
left and right handed components of the Dirac spinor trans-
form in the same representation of SU(2),. Our main
conclusions are:

063507-2

PHYSICAL REVIEW D 81, 063507 (2010)

(1) The presence of a dark force implies a nonzero effect

in Eotvos experiments if the DM interacts with
standard model (SM) fields. For scalar singlet DM,
this effect arises from DM loop-induced mixing
between the ultralight scalar and the SM Higgs
generated from nonrenormalizable operators, while
for representative WIMP scenarios (scalar or fermi-
onic) additional contributions arise from DM loop-
induced nonrenormalizable operators that couple the
ultralight scalar directly to matter. We derive order-
of-magnitude expectations for the minimum size of
these effects for these representative scenarios as
illustrated in Fig. 4 for WIMP DM and Table. II
for scalar singlet DM. For a dark force with strength
roughly 20% of gravity, one could expect a non-
vanishing effect, for nonminimal WIMP DM models
and in certain regions of parameter space of scalar
singlet DM models, within reach of future approved
Eotvos experiments such as Microscope [55] able to
detect anomalous accelerations to a sensitivity of
Aa/a ~ 10>, The MiniSTEP experiment [56]
with an increased sensitivity of Aa/a ~ 1073, cur-
rently under study by NASA and the ESA, could see
nonvanishing effects in minimal WIMP models
which can induce effects starting with two-loop dia-
grams involving virtual DM.

(i1) For scalar singlet DM, a dark force of astrophysical

relevance, is already ruled out in large regions of
parameter space. The bounds from Eotvos experi-
ments constrain the size of DM-Higgs interaction
which determines the relic density, along with other
known SM interactions, for a fixed value of the
Higgs mass. In large regions of parameter space,
the bound on DM-Higgs interactions implies a sup-
pression in the DM annihilation rate resulting in a
relic density that over-closes the universe. As a
result, relic density considerations in scalar singlet
DM models can yield the strongest bounds on the
size of a dark force.

(iii)) The constraints derived on the DM-Higgs interac-

tions lead to upper bounds on the magnitude of
Higgs-exchange contributions to DM-nucleus cross
sections. These bounds depend on the Higgs mass,
implying that a combination of direct-detection
experiments and Higgs boson discovery could be
used to test simple scenarios for dark forces. In
particular, Higgs-exchange contributions dominate
the SI scalar singlet DM-nucleus cross section, so
that dark force considerations—together with the
observed DM relic density—imply constraints on
the entire cross section. In contrast, WIMP-nucleus
cross sections receive contributions from electro-
weak gauge-boson-exchange that are not con-
strained by the presence of a dark force. As we
show below, dark force considerations and present
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limits from Eotvos experiments imply that the
Higgs-exchange contributions are subleading com-
pared to those from gauge boson-exchange. The
corresponding bounds for the scalar singlet and
real triplet DM models are illustrated in Figs. 10.
Tests of the WEP can only constrain the full DM-
nucleus cross section if the DM particles are sin-
glets with respect to the SM gauge symmetries (see,
e.g., [57-59] and references therein) so that elastic
scattering proceeds only via Higgs exchange (at
least at tree level).

(iv) In multicomponent WIMP DM scenarios, where
one of the light ( = 200 GeV) DM components
has a nonzero coupling to the Higgs, the presence
of a dark force—together with tests of the WEP—
imply testable upper bounds on one-loop WIMP-
induced shifts in the branching ratio for the SM
Higgs to decay to two photons. These bounds gen-
erally lie well below the prospective sensitivities of
LHC studies of Br(H — vyv) as seen in Fig. 12. The
observation of a significant shift in this branching
ratio would likely preclude this scenario for a dark
force.

(v) The existence of an observable long-range dark
force which requires my < 1072 eV, implies re-
strictions in the space of finite renormalized parame-
ters in addition to the usual fine-tuning of radiative
corrections that are sensitive to the cutoff. We dis-
cuss these regions in parameter space and their
implications for the observation of a dark force.

In arriving at these conclusions, we emphasize we have
drawn upon representative cases rather than carrying out a
comprehensive study. We expect that our conclusions will
generalize to other DM scenarios, but do not preclude the
possibility of exceptions in some cases. We also note that
our analysis and conclusions differ from those of Ref. [33],
who first observed that bounds on WEP and the presence of
an astrophysically relevant dark force could imply con-
straints on DM-nucleus cross sections. The bounds ob-
tained in that work lie well below the reach of future
direct-detection experiments. In what follows, we argue
that an effective operator analysis consistent with the fine-
tuning needed to maintain a vanishingly small scalar mass
implies considerably weaker bounds than given in
Ref. [33].

The outline of the paper is as follows. In Sec. II we
review the phenomenology of experimental WEP tests and
establish notation. In Sec. III we review the derivation of
the ultralight scalar coupling to macroscopic objects in
terms of its couplings to the SM particles. In Sec. IV we
discuss in a model independent way the mechanisms by
which the ultralight scalar can couple to the SM. In Secs. V
and VI we examine the experimental consequences of a
dark force for various minimal DM models. In Sec. VII we
discuss the regions in parameter space where an observable

PHYSICAL REVIEW D 81, 063507 (2010)

dark force is possible and how they relate to our analysis.
We conclude in Sec. VIII.

II. FIFTH-FORCE PHENOMENOLOGY

We begin by considering the force between two bodies
mediated by a scalar field ¢ with mass m,. In the non-
relativistic limit, the Yukawa potential between a test body
i and a source s separated by a distance r is given (in units
where i = ¢ = 1) by
QiQs e_m¢r’ (1)
darr
where Q; ; denote the charges of the test and source objects
under the force mediated by ¢. The parameters ¢; are’

iy = {L

2m;

Vd) = _gigs

for fermionic objects, 5
for scalar objects. @)
Note that the charges Q;; are of mass dimension one and
zero for scalar and fermionic objects, respectively, so that
the equation is dimensionally consistent. These mass di-
mensions will become apparent when we study specific
models. The Newtonian gravitational potential between a
body with mass M; and a source with mass M; is
GM:M
Vo=———, 3)
r

where G is Newton’s constant. It is therefore convenient to
write the total potential as

GM.M
V=——""(+ a;e ™), 4)
r
where
1 qiqs »
=21 EE 5
alS 47TG #ll,(,s é‘lé‘s ( )

is a dimensionless parameter characterizing the strength of
the new force relative to gravity, expressed in terms of the
charge-to-mass ratio g/ u = Q/M, where u is the mass in
atomic mass units. The parameters f is are

~ 1
Eis =11
2pis

The parameter «;, is not universal and in general depend
on the composition of the macroscopic bodies acting as
sources for ¢.

for fermionic objects,
for scalar objects. ©)

'The t-channel ¢ exchange amplitude is accompanied by an
extra factor of 2m; ; for fermions relative to scalars. This is due
to the fermionic spinor normalization it u; = 2m;, in the
nonrelativistic limit. These factors are absorbed by switching
to states with normalization {p|q) = 27)*6% (p — q) in order
to compare with the nonrelativistic Born amplitude. For scalars
we are then left with an additional factor of ﬁ in the potential
relative to fermions.
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Eotvos experiments look for apparent violations of the
equivalence principle by measuring the difference in ac-
celeration of two test bodies of different compositions in
the presence of a common source. Experimental con-
straints on new long-range composition-dependent forces
are typically expressed in terms of the E6tvos parameter,

Aa
a

_ |Cl1 - Clzl -
la, + a,]

n , (N

where q; is the total acceleration of object i = 1, 2, Aa =
a; — a,, and a is the universal gravitational acceleration in
the absence of any new long-range forces. The last ap-
proximation made above is valid when the fifth force is
weaker than gravity. From (4), the acceleration of object i
due to the source s is

M
2 1+ a; (1 + mygr)e ], (8)

a; =

The dark forces are constrained to be weaker than gravity,
and we are interested in distances less than the Compton
wavelength of the scalar, r < qul. The E6tvos parameter

is then

| ” o
1,2 |611§1 . 46 9)

_ |q.y§s
‘ 47G | w M2

Mg

Currently, the strongest limits on violations of the weak
equivalence come from torsion balance E&tvos experi-
ments [60] which give the constraints

7T < (0.3 1.8) X 10713,

Be, Ti -5 (10)
oy < (@ *£7) X107,
The Eétvos parameters 75 ™ and 153%™ measure differ-

ential acceleration of laboratory test samples of Beryllium
and Titanium with the Earth and galactic dark matter as the
source bodies, respectively.

Future experiments, currently being studied, are ex-
pected to further improve the bound on the Eotvos parame-
ter by several orders of magnitude as shown in Table I. The
MiniSTEP experiment [56], currently under study, would
use test objects of different composition orbiting earth in
free fall and new technology to reduce thermal noise. If
approved, this experiment is expected to achieve the high-
est sensitivity of 7 ~ 107!8. The Microscope experiment,

TABLE I. Expected sensitivities for the E6tv0s parameter in
future experiments testing the WEP. The MiniSTEP experiment
is currently under study by NASA and the ESA. Microscope has
been approved and the Apollo (LLR) experiment is underway.
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which has been approved, uses the same principle but is
expected to reach a sensitivity of 7 ~ 10715, In the method
of Lunar Laser Ranging (LLR) used by the APOLLO
collaboration [61], the differential acceleration of the
Earth and Moon is measured in the presence of a source
like the Sun or galactic dark matter. The APOLLO col-
laboration, which is currently underway, is expected to
achieve a sensitivity of » ~ 107!'* improving the current
sensitivity for 1 by an order-of-magnitude. Methods using
atom interferometry [62] could reach a sensitivity of n ~
10717

These experiments are also sensitive to dark forces, if
the DM has interactions with the SM. Through quantum
effects involving virtual DM, dark forces will be commu-
nicated [33,34] to ordinary matter and these effects can be
tested in E6tvos experiments. A dark force is already con-
strained from an analysis of the tidal disruption in satellite
galaxies [51]. This study constrains the coupling of ¢ to
DM particles by putting bounds on the parameter 8

_ Mp gyl

B \/4—77_ MX f X
where we reserve the symbol g, for the DM charge under
the fifth force, M, denotes the DM mass, Mp = 1/\/5 is
the Planck mass, and &, is as defined in Eq. (2). The
coupling g, appears in the Lagrangian via interaction
terms for fermionic® and scalar DM of the form

5L — gyXx¢, fermionic DM,
g X)(TX(ﬁ scalar DM,

(1)

12)

Thus, we see that for fermionic DM, g ¥ is dimensionless
and for scalar DM it has dimension one. From the analysis
of tidal streams in the Sagittarius galaxy, Kamionkowski
and Kesden [51] obtained the approximate upper bound of

B =02 (13)

Newly discovered systematic errors [53] could lead to a
revision of this bound and more recently, the work of [63]
showed the possibility of 8 ~ 1 consistent with observa-
tions of galactic dynamics. A more recent analysis [54] of
the CMB and large scale structure formation gives a tighter
bound of B < 0.05. In this paper we use 8= 0.2 as a
reference value for most discussions, and our results be
straightforwardly translated to other values of 3.

III. LIGHT SCALAR COUPLING TO
MACROSCOPIC OBJECTS

The charge-to-mass ratio under a fifth force for an
elementary particle is straightforward to obtain in terms

Experiment Expected Future Sensitivity in
MiniSTEP [56] 10718
Microscope [55] 1071
Apollo (LLR) [61] 10714

*For simplicity we assume that the fermionic DM is in a
vectorlike gauge representation so that y y¢ is gauge invariant.
For chiral DM, the coupling to ¢ can arise from higher-
dimension operators.
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of the Lagrangian parameters. For example, the charge-to-
mass ratio for elementary fermionic or scalar DM y is

given by
(1) — &x (14)
mx My

This charge-to-mass ratio is obtained by computing the
tree-level ¢ exchange diagram between two DM particles
and taking the nonrelativistic limit to compare with Eq. (4).

For composite materials the calculation of the charge-to-
mass ratio is more complicated [64—67], as one has to take
into account hadronic, nuclear, and atomic matrix elements
of various operators containing SM fields that couple to ¢
as well as the effects of binding energy. In particular, one
needs the charge-to-mass ratio for the various types of
atoms that make up the laboratory test materials. We
compute these ratios using an effective field theory valid
near the nucleon mass scale that involves the light quarks
g = {u, d, s}, gluons, the charged leptons ¢ = {e, u}, the
photon, and the light scalar ¢. All other heavier degrees of
freedom have been integrated out. The interaction terms in
this effective Lagrangian take the form:

8 - g o v
L,= zm—imqq(ﬂf) + %m—imgeeqs + ¢, G4, Gl
q

+ ¢y dF, FH. (15)

As we discuss below, the effects of the ¢ coupling to heavy
quarks, the tau lepton, massive gauge bosons, and y that
have been integrated out are encoded in the operator co-
efficients g, ¢ and c, ,. We assume that the couplings of ¢
to the SM fermions are linearly proportional to the fermion
mass. This will make the analysis simpler, as we will see,
by allowing us to exploit the scale invariance of the energy-
momentum tensor. This assumption is realized in several
types of DM models. The couplings ¢, and c, can be
straightforwardly computed in any given model. To illus-
trate, consider a model in which ¢ couples to the SM
fermions at the electroweak scale as

8 _ 8¢ 5 8 _
£¢ff = Zm—imqqqd) + %m—pmﬁfd) + m—meTTd)
q

+ %fimQQde (16)

where the sum over Q denotes a sum over the heavy b, ¢, ¢
quarks and all the couplings g, , o above are independent
of the SM fermion masses. One can then integrate out the
heavy quarks and the tau lepton to obtain [64] the renor-
malization group invariant relations

_ o a
= - —=G4,G" — ——F,, F",
meQQ 27 *7°  lem M (17)
o
fr=——F, Fr
m.TT 1677 wy

to leading order in the heavy quark and tau lepton mass
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expansion and perturbation theory. Note that the right-hand
side (rhs) above is independent of the heavy quark and tau
lepton mass. In this case the couplings ¢, and ¢, in Eq. (15)
are given by

P
1 <Z n ) «

c,=—— —

4 m, QgQ 87 ) a8

at leading order. The mass operators on the left-hand side
(Ihs) of the equations in Eq. (17) appear in the QCD +
QED energy-momentum tensor and are scale invariant,
allowing us to evaluate a and « in Eq. (18) at the low-
energy scale of the effective theory (when taking the
atomic matrix element). Because they do not run below
the electroweak scale, couplings g,  are evaluated at that
scale.

We now evaluate the coupling of ¢ to an atom [66—-69]
of type “A”. Doing this allows us to determine the charge-
to-mass ratio g A{? 4/ s needed for Eotvos parameters, as
seen from Eq. (9), if the test or source bodies are made up
of atoms of type “A”. We define the effective atomic
coupling as

1 g
€ ™ m—(§g9> 127

(18)

fermionic atoms,
scalar atoms,

grAlAd, 1

where the A is the field that destroys the atomic state and
again g, is dimensionless for a spin 1/2 atom and has
dimension one for a spin zero atom. While a similar
approach can be applied to higher spin atoms we restrict
our analysis to spin 1/2 and 0 for the sake brevity and use
these cases as illustrative examples rather than be exhaus-
tive and cover all possibilities. We determine g, by a
matching calculation

<A|£AA¢|A¢> = gaéa = <A|£¢|A¢>, (20)

where we have used a nonrelativistic normalization for the
atomic states {(A(p)|A(q)) = 2m)383(p — G), &, is the
normalization factor defined in Eq. (2), and £ ¢ 1s defined
in (15). From Eq. (20), as explained in Appendix A, the
general expression for the charge-to-mass ratio gy é A/ s
is

h(2), -

M My
_2ets L[z(g me + S Lmox,,)
B3 MA e’’te > q°°"q97q,p
+(A=2)) L mgx,, + w, ] (21)
q

where the quantity w, is given by
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w, = K(AIF*F,, ngmk i A 22

&, is the atomic binding energy as defined in Eq. (A5), the
quantities {; and « are given by

_ c K=c gSBe
k= —— T 5 Co =
m, 5 ¢ Y eBs

(23)

as in Eq. (A10), the m, term is the contribution from
electrons in the atomic shells, and x,, and x,, denote
the nucleon matrix elements

a.p q.n

= (nlgqln), (24)

which have been measured [67,70], although large uncer-
tainties remain. However, for our order-of-magnitude
analysis we use the central values quoted in [70] which
are listed in Eq. (A13) of appendix A. In Eq. (23), B85 and
B. denote the QCD and QED beta functions, respectively.

Using Eq. (21) in Eq. (9) for test objects made up of
atoms with atomic weights A, and A,, the general expres-
sion for the Eotvos parameter 1y with source S is

zZ. 7

&) |G o
Ay A,

A =2y A -7,

(4’" +Z§" "‘”’)+( M, M, )
1 2
(O (2]

XS ¢omx, +(_l—_z) ,
%""‘f” My, My,

where (%) ¢ denotes the charge-to-mass ratio for the source

x,, ={rlaqlp) Xgn

775_—

(25)

object and Ay, Z; (k = 1, 2) refer to the atomic weights and
atomic numbers of the two laboratory samples. For order-
of-magnitude estimates, we follow Ref. [66] and ignore
binding energy effects, encoded in the quantities wy,,.
Setting M4 =~ Amy for the atomic masses, we then obtain
the simpler expression

M> s (q
UN 24 N §S<—>
Ty Mr/s
Z, Zz){
X (——-—=WKem, +» {,m,(x —xyn)} .
I(Al A2 % q"q\rq,p q

(26)

From Egs. (18) and (23), the parameters {; appearing
above are given by

G = lp (65 ZgQ] @7)

at leading order. Here g; denotes the couplings of ¢ to the
light quarks and charged leptons and g, denotes its cou-
pling to the heavy (b, ¢, t) quarks. A special case that will
be of particular interest in subsequent discussion occurs
when the couplings to fermions are universal, apart from
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the fermion Yukawa couplings explicitly factored out via
the factors of m; in Egs. (15) and (16). Setting

gk =80 =28 (28)

and m, = m, = my leads to

univ ~, 5 M%’ z 2 1
s _g<477m,2\,><9) ‘fs(,u)S
VA Z
8 |(AI Az>{m " Zm (Xg.p = Xgn }I (29)

Typical source objects ‘S’ used in Eotvos experiments
include the Earth, the Sun, and galactic DM, and one needs
to obtain their charge-to-mass ratio ¢ 5(%) s that appears in

Eq. (29). If galactic DM is made of elementary particles,
then as already discussed, the charge-to-mass ratio under
the dark force is given by

A q o 8 x\z

fS(,M)s $=DM (Mx)fx' G0
For objects like the Earth that are made up of many differ-
ent types of atoms, the effective charge-to-mass ratio is
obtained by a superposition of the couplings of ¢ to all the
different atoms present in the object. In contrast to the
situation for differences in charge-to-mass ratios for test
bodies, it suffices to approximate this ratio for the bulk
source object by ignoring atomic binding energy effects
and summing over the couplings of ¢ to all the neutrons,
protons, and electrons present. Doing so in the case of the
Earth leads to

2 (4
H).-
M/ E
where N,, N,, N, denote the total number of protons,
neutrons, and electrons, respectively, that make up Earth

and g, and g, denote the couplings of ¢ to protons and
neutrons, respectively:

N = <N|-£(/>ff|N>r (32)

gpr + gnNn + ge(me/mN)Ne
my(N, + N,) + m,N,

. @D

for N = p or n. In the limit of a universal coupling as in
Eq. (28), one can express g in terms of g,,, the coupling of
the Higgs to the nucleon worked out in [71,72], as

8n = ghg"(i), (33)
my

where v = 246 GeV is the vacuum expectation value of
the neutral component of the Higgs doublet and the ex-
pression for g is [71,72]

BT T LIy,
o= WI(E a0+ S200)M. o

Using similar methods to those employed to determine g,
and ignoring small difference between the neutron and
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proton coupling, one has [71-73]
gn =171 X 1073 (35)

The resulting expression for the Earth’s charge-to-mass
ratio in this case is

O

m_]zv (Np + Nn) + (me/mN)Ne
~ 0.0017g<i2>. (36)
My

The number of protons, neutrons, and electrons are N p =
1.9 X 103, N, = 2.0 X 10°!, and N, =~ 1.9 X 10°! respec-
tively. We will make use of Eq. (36) in what follows.

IV. LIGHT SCALAR COUPLING TO THE
STANDARD MODEL

We now give a general discussion of the ways in which
an ultralight singlet scalar that mediates the dark force can
couple to SM fields. In doing so, we will lay the ground-
work for calculating the parameters 8r (f=gq, 0, ), Co
and c,, of Eq. (15) and (16) or equivalently the parameters
{; and k in Egs. (23) and (27). In general a singlet scalar
can couple to SM fermions and gauge bosons only via
nonrenormalizable operators.3 However, it can couple to
the Higgs sector via both renormalizable and nonrenorma-
lizable interactions. We discuss these mechanisms for the
singlet scalar to couple to ordinary matter in this section.
We also address the need for fine-tuning of the ultralight
scalar mass when its interactions with the SM are non-
negligible, looking ahead to a similar issue when we con-
sider its coupling to DM.

A. Coupling to the Higgs sector

We assume that the mediator of the dark force carries no
SM charges and that it can be described by a gauge singlet
S. There exist no renormalizable couplings of such a
singlet scalar to the SM fermions or gauge bosons, but it
can couple to the SM Higgs doublet with operators of mass
dimension n = 4. After electroweak symmetry breaking,
the n = 3 interaction H' HS will generate mixing between
S and the neutral component of the Higgs doublet, 4. We
will identify the ultralight force-carrying scalar ¢ with the
lighter mass eigenstate, and the heavier eigenstate with the
physical Higgs boson. The Lagrangian for the singlet §
including its renormalizable and super-renormalizable in-
teractions is given by

1
L =54,50"S ~ V(H.S) (37)

*We do not consider right handed neutrino fields which could
couple to the singlet scalar at the renormalizable level. Including
such interactions will not affect our analysis and we thus ignore
them for simplicity and brevity.
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where the potential is*

2\2 2
V(H, S) = %(HTH - “7) + %(HTH - %)S
K> 0 K3 3 Ky 4
+ =85+ =8+ =5 38
2 3 4 (38)

We have shifted the scalar S so that it has no tree-level
vacuum expectation value. We follow the notation of
Refs. [57,74], which explored the presence of such a
singlet scalar in the context of collider phenomenology.
The parameters 6, may arise from a more fundamental
theory of which the § is a residual, low-energy degree of
freedom. As we discuss below, they may also receive
contributions from DM loops if the DM particles couple
to the both H and S.

After electroweak symmetry breaking the HTHS inter-
action induces mixing between the Higgs boson % and the
scalar S. In unitary gauge the neutral component of the
Higgs doublet H is given by

+h
HO = "= (39)
V2
and the mass terms in the potential are
1
Vmass = E(,U,%hz + M§S2 + MﬁShS)) (40)
where
Av? 5,v?
Mi_T’ My = Ky + 5 Mis = B1v.
(41)

The mass eigenstates /. in terms of S and & can be written
in terms of a mixing angle 6 as

h_ = Scosf — hsind, h, = Ssinf + hcos#,
X (42)
1+ V1 + 22

with corresponding masses

tanf =

2 4 2 2 _ 2
m2+='uh Msi//«h ,“51

- 2 2

and we have defined

+ x2, (43)

2
x=—hs (44)

My — Mg
We assume that m>2 << m? , so that the physical Higgs
boson and light scalar are 2. and % _ respectively. The light
scalar i_ can couple to quarks and charged leptons through
its mixing with the Higgs as shown in Eq. (42). We identify

“Here we also assume that 8, or k; are nonzero so that the
potential has no discrete symmetry. In this case, the existence of
a vacuum expectation value for S (before the linear shift) would
not lead to potentially problematic cosmological domain walls.
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S
XH

0,1

FIG. 1. Interaction of S with SM fermions by mixing with the
Higgs via the operator SHTH. Here, “X” denotes the vacuum
expectation value of the Higgs doublet.

dp €g

the light scalar that mediates the long-range force as
b=h,

The scalar ¢ couples to the SM fermions through its Higgs
component, giving rise to the couplings g, where f de-
notes any of the light quarks ¢ = u, d, s, charged leptons
{ = e, u, 7, or heavy quarks Q = ¢, b, t. One has

my = m_. (45)

— g My T
gy = —sinf— — = —sinf —, (46)
m f v v

where the extra factor of m,,/m/ after the first equality is
included to be consistent with the convention in Eq. (15).
This process is depicted in Fig. 1. We see that in this
mechanism the coupling of ¢ to ordinary matter is propor-
tional to siné, with the constant of proportionality given
entirely in terms of known quantities. The mixing angle
will also receive corrections at the loop level and in the rest
of the analysis we assume that 6 is the renormalized
mixing angle.

For later use, we note that in the limit that wu, = m;, >
s corresponding to a small mixing angle 8, we can write

2 2 Mis
my = s — . 47
¢ 4m?

The existence of an ultralight scalar that can mediate a dark
force over intergalactic distances requires my < 1072 eV.
In addition to the usual fine-tuning of the parameters g
and u ;¢ against radiative corrections sensitive to the cutoff
(see Sec. IV C), the finite renormalized parameters u g and
Mg are restricted in parameter space to satisfy the condi-
tion my <107 eV in Eq. (47). As we will discuss in
Sec. VII in more detail, this gives rise to three types of
regions in parameter space. In the first region, wg and p;g
are both individually small in which case there will be no
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observable dark force. In the second region, g and wg
are large enough to give rise to an observable dark force but
cancel against each other in Eq. (47) to maintain an ultra-
light mass. In the third region, as will become clear in later
sections, pg and u ;g are again individually small as in the
first region, but each is determined by a sum of much larger
terms that cancel among each other. The second region is
phenomenologically the most interesting and is the focus
of this paper.

B. Nonrenormalizable interactions

If both the S and H couple to additional fields with
masses above the electroweak scale, then these interactions
will in general induce nonrenormalizable operators that
involve both the S and H in a low-energy effective theory
that does not contain the heavy degrees of freedom explic-
itly. Minimal dark matter models, for example, can require
TeV-scale DM particles in order to achieve the observed
relic density [75], and these fields may generate the higher
dimensional S-H operators. At dimension five, one has
seven independent operators coupling S to the SM fermi-
ons and gauge bosons:

O =5S0,eH"CHu, + He,

O = SO, HCHdy + H.c,

O = SL,HCHep + H.c,,

0" = CVSTr[W,,W+] (48)
O® = C5SB,,B*",

0°¢ = C°STHG,,G*"],

O" = CHS(HtH)(H'H).

The flavor indices on the fields Q;, L, ug, er and the
matrices C’LZ de are suppressed for simplicity. Operators of
the form SQLinL, SﬁRiﬁuR, SdelﬁdR, and SERiﬁeR
can be related to the operators (OIIZ 4. Dy using the equations
of motion

iPQ; = eH'Y, up + HY ;dp,
iPug = €HY[Q;,
iBdy = H'Y]Q,,
iPer = H'YIL,,

(49)

where Y denotes the matrix of SM Yukawa couplings. We
have omitted operators that involve derivative or pseudo-
scalar couplings of S. Such couplings are spin dependent
and have a negligible effect in experiments which use
unpolarized test objects.

In general, the Wilson coefficients Cf de are 3 X 3 ma-
trices in flavor space, and can lead to flavor-changing
interactions of quarks and leptons with S. Since the cou-
plings of S to quarks and leptons are extremely small (as
dictated by the WEP violation bounds) there is no danger
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of introducing dangerous flavor-changing neutral currents.
In the specific model examples considered in subsequent
sections of the paper, find that the C¥ , are proportional to
the Yukawa matrices:

u,d,e

CH, . =cuaeYude (50)

where ¢, . are the constants of proportionality. After
expressing the fermion fields in the mass basis, in unitary
gauge where the operators (OM 4. become flavor diagonal.
We can write

O = ¢,y St HOul, + H.c. = &.Sia; HOul, + H.c.,
O = ¢ yi,Sdi HOdi, + H.c. = &,5di Hdi, + H.e,, (51)
O = ¢,yiSé: H%!, + H.c. = ¢.Sé; H!, + H.c.,

where HY is the lower component of the Higgs field H in
unitary gauge before electroweak symmetry breaking, the
index i = {1, 2, 3} runs over the three flavor generations,
and we have defined &, = c,y',.

After electroweak symmetry breaking, the operator O
in Eq. (48) will also contribute to sinf. To linear order in &
one has

0" — CcHy3Sh, (52)

thereby generating a contribution to the off-diagonal ele-
ment of the mass-squared matrix

Apig =2CH05. (53)

We will explore the consequences of this term when dis-
cussing scalar DM models below. For the moment we
assume that this contribution has been included in siné.

Collecting the contributions to the couplings g, ¢ o from
the higher-dimension operators O, , and mixing effects
after electroweak symmetry breaking, the coupling of the
ultralight scalar ¢ to SM fields at the electroweak scale is
given by

grlv) = f(v) — sing ¥ (v)]

7

cf(v) — sing 2 (v) (54)

[0030
mpy

mf

where the last approximation is obtained from cosf = 1
since 6 is constrained to be very small. We have included
an extra factor of m,/m on the rhs above to be consistent
with the convention in Eq. (15). We have ignored the
running between the scales A ~ TeV and the electroweak
scale for simplicity, but these effects can be incorporated
by computing the appropriate anomalous dimension matrix
and solving the corresponding renormalization group
equations. We can now use Eq. (54) in Egs. (23) and (25)
to compute the E6tvds parameters. In particular, we note
that the contribution proportional to sinf is universal, so its
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contribution to the ¢ can be evaluated using Egs. (29) and
(36).

In general, the origin and parametric dependence of sinf
and ¢y are independent. In most of the parameter space
where there are no strong cancellations between the two
terms in Eq. (54), WEP violation constraints can separately
bound each of the two terms in Eq. (54). In the next three
sections we use this feature with the representative mini-
mal DM models, in the presence of a dark force mediated
by ¢, and determine the implications for terrestrial experi-
ments of direct DM-detection, E6tvOs experiments, and the
colliders.

C. Fine-tuning and the light scalar mass

Before proceeding, we observe that in the absence of a
symmetry that protects the light scalar mass from signifi-
cant renormalization, one must resort to fine-tuning to
maintain the long-range character of the dark force. To
illustrate, we consider the contributions from the HtHS
and HTHS? in V(H, S) to the singlet self-energy. In the
unitary gauge one has

52 1
S0 yips = TR [ — v + Ind7 + Inu?
— Fo(m2, m2, pz):l (55)
S,m% 1 m2
E(Pz)H’fHSZ = 327771; [; —v+1+Indm7— lnpf;],
(56)

where we work in d = 4 — 2¢ dimensions, u is the corre-
sponding t’Hooft scale, and

Fyola, b, c) = '[01 dxIn[(1 — x)a + xb — x(1 — x)c].
(57)

Had we regulated the integrals with a momentum cutoff
Aco, the quadratic divergence proportional to §,m% /e
would be replaced by an expression proportional to 5, AZ,.

For either choice of regulator, preservation of a tiny
scalar mass requires a mass counterterm Su% to cancel
both the quadratic and logarithmically divergent contribu-
tions. In addition, as one sees using dimensional regulari-
zation, the finite, u-dependent contributions require a
corresponding w-dependence in Su} as needed to main-
tain the scale-independence of the physical pole mass (or
range of the dark force). The divergent and w-dependent
finite contributions can be minimized by either choosing
01, to be sufficiently tiny or by allowing for large cancel-
lations between Su3(u) and the one-loop contributions.
For the particular example discussed here, the finite con-
tributions can also be minimized by choosing u = my, but
these contributions will not be small at all scales unless the
coefficients & , are tiny or there exists a large cancellation
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(fine-tuning) between Su%(u) and the one-loop contribu-
tions for u # my. In short, allowing for any appreciable
interaction between the singlet S and the Higgs sector of
the SM invariably requires fine-tuning at some scale in
order to ensure that the dark force mediator remains ultra-
light. In what follows, we will return to this point when
considering the coupling of S to DM. Even after allowing
fine-tuning, the finite renormalized parameters are re-
stricted in parameter space in order to maintain an ultra-
light mass for the dark force mediator. We will discuss this
issue in more detail in Sec. VIIL.

V. WIMP DM AND EOTVOS EXPERIMENTS

In an earlier work [34], we examined constraints on the
size of the coupling of an ultralight scalar to ordinary
matter induced via virtual WIMP DM. The connection
between constraints from galactic dynamics and Eotvos
experiments and the size of the ultralight scalar couplings
to DM and ordinary matter were shown in Fig. 1 of [34]. In
analyzing the astrophysical constraints, we assumed only

an upper bound S8 < 0.2 and showed that in representative
|

L = {X/(lﬁ + MO)X;

c(DM)()TD'“/\/ — cM(z)/\/T)( — V(x, H), scalarDM,

where ¢ = 1/2 for a real scalar and ¢ = 1 for a complex
scalar. The covariant derivative depends on the SU(2); and
U(1)y representations of y. Assuming that a single WIMP
species saturates the relic density, one finds that typical
masses of such minimal DM candidates are in the TeV
range [75]. In general, V(y, H) can contribute to the scalar
DM mass after electroweak symmetry breaking. However,
since the typical WIMP DM masses are in the TeV range,
such a contribution which will be on the order of the
electroweak scale, will be much smaller than the size of
the mass parameter My ~ TeV in the second line of
Eq. (58). Therefore in what follows, the total scalar DM
mass, defined to be the sum of M, and the contribution to
the mass term from V(y, H) after electroweak symmetry
breaking, is given entirely by M. For gauge singlet scalar
DM models with DM masses in the 100 GeV range, the
contribution to the mass from electroweak symmetry
breaking in V(y, H) can be important. We will consider
the case of singlet scalar DM in the next section.
Furthermore, since electroweak symmetry breaking can
in general induce mixing between the scalar DM and the
Higgs, we impose a Z3 symmetry (y — — x) to ensure
stability of the DM particle. The interactions in V(y, H)
can also be constrained from WEP tests, and we will
explore this in the next two sections for scalar DM. For
vectorlike fermionic DM no renormalizable couplings ex-
ist between the Higgs and DM. Such couplings can how-
ever be present for chiral DM.

We consider the impact of a dark force via the interac-
tions of DM with the ultralight scalar ¢ as in Eq. (12).
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WIMP scenarios, it leads to stronger constraints on the
strength of the ¢-WIMP coupling than do the present
Eo6tvos bounds on g py. An improvement [34] of about
8 orders of magnitude in Eotvos experiments would be
required to compete with the bounds from astrophysical
constraints.

Here, we explore the prospective implications of a non-
vanishing . The presence of a modified, long-range dark
force could help alleviate tensions in the ACDM paradigm
(we refer the reader to Refs. [33,51] for an extensive
discussion). In what follows, we show that a nonvanishing
B implies a lower bound on 7mgpy in simple WIMP
scenarios, so that future E6tvos experiments with improved
sensitivity could be used to test this possibility. For pur-
poses of illustration, we consider both scalar and fermionic
WIMP DM. For fermionic WIMPs we restrict our attention
to vectorlike gauge representations, which simplifies the
structure of the coupling of the ultralight singlet scalar ¢ to
DM.

The Lagrangian for minimal WIMP DM takes the form

fermionic DM, (58)

[

These couplings are gauge invariant for fermionic DM only
for vectorlike gauge representations to which we restrict
our attention. For chiral fermionic DM, the coupling to ¢
can only arise from higher-dimension operators by gauge
invariance. Assuming no other low-energy degrees of free-
dom besides those of the SM plus the y and ¢, the dark
sector interactions (12) induce a coupling of ¢ to the SM
fermions at two-loop order, as illustrated in Fig. 2. The
graph involving only virtual U(1)y gauge bosons [left panel
of Fig. 2] directly generate the operators (O}{ in Eq. (48),
while the one-particle irreducible diagram involving both
W and B bosons in the ¢ + f— H + f “Compton
amplitude” [right panel of Fig. 2] generates operators of

the form Qi(Jp — I)Q, etc. As noted earlier, operators of
this type can be expressed in terms of (9/1[1 using the
equations of motion, indicated symbolically by the pres-
ence of the H field on the external leg in the right panel
of Fig. 2. In either case, the Wilson coefficients C7
are proportional to the Yukawa matrices due to the
Higgs insertions. After the neutral component of the
Higgs field obtains a vev, the loop-induced operators (9‘}’
give rise to the interactions ff¢ of Eq. (16). Any mixing
between the ultralight scalar and the Higgs will also con-
tribute, corresponding to the second term as usual in
Eq. (54).

For SU(2); triplet DM with hypercharge ¥ = 0, only the
SU(2), gauge boson-exchange diagrams of the right panel
of Fig. 2 contribute. The resulting coupling of ¢ to the SM
fermions are as in Eq. (16), with
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FIG. 2. Two-loop diagrams in WIMP DM models that generate the operators Cf)]’? in Eq. (48). Thus, after electroweak symmetry

breaking the ultralight scalar couples to SM fermions.

a,,\2m N . om
gr = C3< ;—m) M_l)’(gxfx — s1n07p, (59)
where we have employed naive dimensional analysis
(NDA) to estimate the first term on the rhs of Eq. (59).
Although the precise O(1) coefficient C; can be obtained
from a complete computation, for our purposes of arriving
at order-of-magnitude relationships between 8 and 7, the
NDA expression suffices.” We note that the sum of all loop
graphs of the type in Fig. 2 is finite because we began with
only renormalizable couplings and the operators (9;’ have
dimension n = 5. We also observe that the coupling to
different species of fermions is universal since we have
factored out the explicit dependence on the Yukawa cou-
pling in the definition of the g, in Eq. (16).

For SU(2), multiplet DM with hypercharge Y # 0, the
induced couplings of the ultralight scalar to DM is given by

a,,.\2m 2 a,,\2m ~
=C em) p +C Y2< em) p
gf N( p MXg/\/‘f/\/ Y 4 MXg)(‘f)(
_sing™r
sinf —, (60)
v

where Cyy are O(1) coefficients that, as before, can be
obtained from a complete two-loop computation. We ob-
serve that the first terms on the right-hand side of Egs. (59)
and (60) are universal for different fermion species and
come from the exchange of the SU(2); gauge bosons W¢ in
Fig. 2. The last terms containing sinf are also universal,
having been generated from the mixing between the Higgs
and light scalar ¢. The middle term in Eq. (60), involving
the square of the SM hypercharge Y, are nonuniversal and
are generated by the exchange of U(1)y gauge-boson B. We
point out that such minimal WIMP DM models with non-
zero hypercharge are typically ruled out [75] by direct-
detection experiments. Here we discuss these minimal DM
models with nonzero hypercharge, only as illustrative ex-
amples keeping in mind that such DM could be part of a

>The subscript in Cs refers to the dimension of the triplet
representation of SU(2); .

nonminimal extension which avoids the direct-detection
bounds.

A similar analysis can be performed for other WIMP
models of DM that may involve additional degrees of
freedom. In supersymmetry, for example, the DM matter
particle y is a linear superposition of winos, binos, and
Higgsinos. In addition there are squark and slepton parti-
cles which give interactions of the type Ay ¢ y + H.c.. In
theories with such a spectrum of particles one can induce a
coupling of ¢ to ordinary matter via virtual DM at one loop
as shown in Fig. 3.° If the ultralight scalar ¢ is the scalar
component of a singlet superfield S, a superpotential term
of the form (u + gXS)I:Iu - H, will lead to a coupling to
fermions of the form

1 m&/,b/\zg
1672 M%USY X

g~ (61)
If y is primarily a bino, then A = gy, the hypercharge
coupling. If y is primarily Higgsino, the coupling of ¢ to
the light quarks will be suppressed. The coupling of ¢ will
be primarily to the top quark which has order one Yukawa
couplings. Thus, in such models it is possible to induce a
stronger WEP-violating coupling to ordinary matter at one
loop leading to bigger effects in E6tvos experiments. For
the sake of brevity, we do not consider such nonminimal
scenarios and we will only focus on minimal DM models
without additional degrees of freedom such as squarks and
sleptons.

It is possible that the loop-induced (9]1? operator contri-
butions to g, and those generated indirectly by H — §
mixing (proportional to sinf) are individually much larger
than g, yet cancel to produce a much smaller coupling.
However, away from this special region of parameter

°Of course the presence of an ultralight scalar would introduce
a new hierarchy problem which spoils the main motivation for
supersymmetric theories. Here we invoke supersymmetry simply
as a familiar example to illustrate the possibility of new types of
interactions that can induce a coupling of the ultralight scalar to
ordinary matter.
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FIG. 3. DMe-induced coupling of ¢ to SM fermions at one loop
in the presence of additional squark and slepton like degrees of
freedom.

space, each contribution will be roughly no larger in mag-
nitude than g, itself [as already discussed following
Eq. (54)]. In this generic case, we are able to obtain
expectations for the size of EotvOs parameters in our
illustrative minimal WIMP dark sector models, for a given
value of 3, from the two-loop gauge contribution. We will
consider the contribution of H-S§ mixing to g, in the next
section. We note that the contributions from the SU(2);
gauge bosons are generically an order-of-magnitude larger
than those from the hypercharge gauge bosons due to the
relative sizes of their couplings [leading to the additional
factor of 1/16 in the second term of Eq. (60)]. Con-
sequently, for purposes of making order-of-magnitude es-
timates, we may employ the expressions for ng in the
presence of universal couplings given in Egs. (29) and
(36) with

10 Moy

p
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_ Qe \2 M,
—|—) = . 62
g ( - ) M, gyéy (62)
Expressing g xé  in terms of B we then obtain

oM Z)(E)z (ﬁ_é){mmr Mg }
B ~(9 . A AyJlmy Z’"N(xq'p Fan

q

(63)
7= GG -2)
X {Z—; + %Z—;(xq,p - xq,,,)}
[ Tt}

Numerically the bounds in Eqs. (63) and (64) are (for Be
and Ti laboratory samples with |Z,/A; — Z,/A,| = 1/72)

% = 10-10, % = 10-16, (65)

which are shown in Fig. 4 as the allowed regions for typical
minimal WIMP DM models in the (9py g B) parameter
space. The curve in the left and right figures gives as
estimate of the minimum size for npy and ng respectively
as a function of B. One can also estimate the ratio 17z/1pum
from Egs. (63) and (64) to be approximately

ng/Mpm = 107°. (66)

For 8 = 0.2, marked by the vertical lines in Fig. 4, the
current upper bound from galactic dynamics [51], we see

1.0
0.8
Sg 0.6
0.4
0.2

B

FIG. 4. An estimate of the allowed region in the (9py g B) parameter space for minimal WIMP DM models. The curves in the
figures give an estimate of for npy; g for a given value of S8 from the two-loop diagrams in Fig. 2. The shaded region is unlikely for
typical WIMP models. Using the observational constraint 8 < 0.2, the allowed region is further restricted to the left of the vertical line.
The estimates in the above figures for npy g, for B < 0.2, are far below the current experimental bounds npy < 1073, np < 10713,
An improvement of about 5 orders of magnitude would be required in Edtvis experiments to fully probe the allowed parameter space
for B = 0.2 by measuring ng. This is within reach of the MiniSTEP [56] proposal.

063507-12



IMPLICATIONS OF A SCALAR DARK FORCE FOR ...

that the lower bounds for typical WIMP DM models are
Npm >4 X 1072 and 7z >4 X 107'8. These lower
bounds are far below the current experimental upper
bounds shown in Eq. (10). An improvement of about five
to 7 orders of magnitude in E6tvos experiments would be
required in order to probe these expectations of WIMP DM
models. The MiniSTEP [56] experiment, which is cur-
rently under study, is expected to reach a sensitivity for
ng of about 107!8 and might be able to probe the lower
bounds of these WIMP models. However, if 8 < 0.05 as
indicated by a recent analysis [54] of the CMB and large
scale structure formation, the lower bounds on npy g are
far beyond current and future planned experiments. If an
effect is detected in 7npy g far above the expectations in
Fig. 4 it would suggest the possibility that the coupling of
¢ to the SM fermions is mostly via 7 — ¢ mixing corre-
sponding to the last term appearing in Egs. (59) and (60).
One could extract a value for sinf and derive implications
for various DM scenarios as discussed in the following
section. Another possibility that might explain an effect
above the expectation in Fig. 4 would be a stronger induced
coupling of ¢ to ordinary matter in nonminimal DM
models, for example, a one-loop coupling of ¢ to ordinary
matter (see Fig. 3) in the presence of additional squark
degrees of freedom.

VI. WEP TESTS, DIRECT DETECTION, AND
HIGGS BOSON DECAYS

As observed in Ref. [33], the presence of a nonvanishing
B of astrophysically interesting magnitude, together with
present limits on 1y py can imply upper bounds on the size
of DM-nucleus cross sections relevant for direct-detection
experiments. Here we analyze these bounds in detail for the
illustrative cases of scalar DM scenarios and argue that
upper bounds on the DM-nucleus cross sections are less
stringent than obtained in Ref. [33]. We further comment
on the analysis of Ref. [33] at the end of Sec. VII. We also
consider the implications of a dark force for the DM relic
density and derive corresponding constraints. Finally, us-
ing a light scalar triplet, as part of a multicomponent DM
scenario, we show how the presence of a nonvanishing f—
together with experimental limits on 7z py—can preclude
observable shifts in the rate for the Higgs boson to decay to
two photons as one might otherwise expect.

To include the full set of possible renormalizable inter-
actions between the DM, SM fields, and ultralight scalar,
we expand the scalar potential of Eq. (38), imposing the Z3
(x — —x) symmetry need to prevent DM decays:

1 A
V(H, S, x)=V(H,S) + 5M(Z)XQ + ZXX4

+ aHYH)? + g XS + A X282 (67)

For the scalar singlet case, y is a real field, while for the
real triplet with components y° and y™, one has [76]
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X =0+ 2 x". (68)
We take M3 and a, to be positive in order prevent a non-
vanishing vev for y and the occurrence of phenomenolog-
ically unacceptable cosmological domain walls. The
experimental constraints on this DM model, for g, = 0,
were recently explored in [57,58].

After electroweak symmetry breaking, the H1 H y? term
generates a contribution to the DM mass:

M3, = M} + ayv*. (69)

Henceforth, we will take v = 246 GeV, Mf(, a,, and the
mass of the SM-like Higgs boson (m;) as independent
parameters. All of them govern the y-nucleus cross sec-
tion, whose leading order amplitude is generated by
t-channel Higgs exchange as in Fig. 5 and is given by
2a,8,v

2NN, (70)
my,

M ~

where we have neglected the 7-dependence of the ampli-
tude for simplicity. Note that since the real triplet has zero
hypercharge, the elastic DM-nucleus scattering has no
contribution form Z-boson exchange at tree level. The

corresponding cross section is
2,22,2
GHERY My
= 2,4’
m(M, + my)m,

O xN (71)
where, for simplicity, we have dropped the dependence on
momentum transfer to the nucleus. [Recall that g, =
1.71 X 1073 is the coupling of the Higgs to the nucleon
as defined in Eq. (34)]. Note that the cross section de-
creases for increasing M, or decreasing a,. Note also that
the coupling a,, together with the masses M, and m,,

N -,
WK X,
N ,
N ,

N\ a 7/

Y
(]

[]

]

(]

'h
[]

1]

)

]

N N

FIG. 5. Direct-detection process for the scalar singlet and
triplet y via t-channel Higgs exchange with a nucleon. The
magnitude of the detection rate is determined by the strength
of the coupling a,. If y couples to the ultralight scalar ¢, the size
of a, and thus the detection rate is bound by WEP violation
constraints.
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FIG. 6. Annihilation diagrams for the scalar singlet DM. For the scalar triplet DM one has in addition the usual annihilation diagrams
mediated by gauge interactions. If the gauge interactions of the triplet dominate the dynamics of annihilation, a DM mass of around

2 TeV is needed to saturate the relic density.

control the y relic density through the annihilation dia-
grams of Fig. 6. For M, ~ my, /2 for singlet DM or a light
triplet in the multicomponent DM scenario, the Higgs-
exchange contribution becomes large, requiring a suppres-
sion of a, in order to maintain the observed CDM relic
density. In what follows, we will generally avoid this
regime.

A. WEP Tests and Ultralight-Scalar-Higgs mixing

A relation between the Higgs-exchange contribution to
oy and mgpy arises for nonvanishing B because the
parameters a,, M, and m,, that enter the cross section
also control the strength of the DM-loop induced mixing
between the Higgs boson and the ultralight scalar. After
electroweak symmetry-breaking, these loop effects gener-
ate contributions to the mass-squared parameters w7  and
w§- The parameter u§ contributes only to the mass m; and
Mg contributes to sing and m7. As with the contributions

from Higgs loops to u? discussed earlier in Sec. IV C, the
DM-loop contributions to this mass-squared parameter will
also require the introduction of fine-tuning to maintain a
sufficiently small mass for the ultralight scalar. Fur-
thermore, as already mentioned and discussed in more
detail in Sec. VII, the finite renormalized parameter ,u%
must be further restricted in parameter space in order to
maintain mg < 1072 eV along with a dark force large
enough to be observed. We implicitly assume that we are
in this region of parameter space, conducive to the obser-

vation of a long-range dark force. We will discuss the
implications of other regions in parameter space in
Sec. VIL

We begin by observing that in addition to the direct
coupling &, of S to the Higgs via the operator HYHS, a
DM-induced ¢-matter coupling arises from the one-loop
contribution to this operator through the second diagram of
Fig. 7. After renormalization in the MS scheme, the result-
ing finite coefficient of his operator is

ren — g)(az M(z)
81 == 81(/,(«) + K 4772 P; (72)
where
_[1, singlety,
= {3, triplet y, (73)

The factor of k = 3 appears in the case of the triplet y due
to the three components of the triplet traversing the loop in
the second diagram of Fig. 7. Here 8,(u) is the finite,
scale-dependent coupling counterterm whose numerical
value is a priori unknown and whose presence is required
to ensure renormalization group (RG) invariance of the
physical properties of the ¢ and h. Note that the mass
parameter M} (taken here to be positive) rather than Mf(
appears in the argument of the logarithm since we are
working in the theory before electroweak symmetry-
breaking.

"' H < N 5
(%) LN N g -
RN ~soNH - H,",/
Sy TN~
\ H

FIG. 7. One-loop diagrams which contribute to the effective potential V(H, §) with one external S field. After electroweak symmetry
breaking the effective potential contributes to Higgs-ultralight-scalar mixing. The first two diagrams are UV divergent and contribute
to the renormalization of the S-tadpole and the coupling &, respectively. The remaining diagrams mix into higher dimensional
operators and give a finite contribution to Higgs-ultralight-scalar mixing as explained in Appendix B.
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We also observe that the x2S interaction will generate a
contribution to the mass parameter u? as it yields the
nonvanishing contribution to the S self energy:

2
S(p2) s = =X

1
T: 2[ — v+ Ind7 + Inu?

— Fo(M3, M3, p2)]. (74)

As with the case of the logarithmically divergent Higgs
contribution 3(p?) 1 s of Eq. (55), the DM-loop contri-
bution to the self energy requires a corresponding
p-dependence in Su3(w) to maintain RG invariance of
the pole mass that governs the range of the dark force.
Large DM-loop contributions to 4% can be minimized at

all scales by taking g, to be sufficiently small: g, =

1 .
4mmi’°. Doing so, however, would preclude a value of

B of astrophysically relevant strength. Alternatively, one
may allow for a much larger, phenomenologically interest-
ing magnitude for g, and maintain a small w3 by invoking
fine-tuning between the one-loop contribution of Eq. (74)
and dm?(w).

A similar set of alternatives applies to the renormalized
coupling 87" One could require that the product g,a, be
sufficiently small in magnitude, with a correspondingly
tiny &,(u), so that the induced H-S mixing is consistent
with the present bounds on 1 py. To obtain a large 3, one
must then take a, to be sufficiently small, implying an
upper bound on the Higgs-exchange contribution to the
DM-nucleus cross section via Eq. (71). This choice is
essentially the strategy followed in Ref. [33] to obtain
upper bounds on o, y. However, as seen in Eq. (41), 9,
contributes to u,s and thus to the mass m, via Eq. (47).
The condition of mg < 107% eV gives a much stronger
naturalness constraint on a, forcing it to be essentially zero
for a nonzero dark force. The constraints from 7z py are
thus not relevant in such a naturalness analysis. We will
also discuss this in more detail in Sec. VII.

In what follows, we will instead allow for fine-tuning in
both &, since we have already allowed fine-tuning for .
We show that assuming u? is restricted in parameter space
to satisfy m, < 1072° eV for any value of u? in Eq. (47),
we can obtain upper bounds on o,y by analyzing finite,
one-loop contributions to w7, from higher dimensional
operators after EWSB, and their implications for WEP
tests. The other regions in parameter space and their im-
plications will be discussed in Sec. VII. To that end, con-
sider the third diagram of Fig. 7, which generates a
contribution to the dimension five operator

C,(HTH)(HTH)S, (75)

where in the coefficient C, is finite and given by

C, = k—% °X (76)
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Since this contribution is finite there is no counterterm
involved in determining the value of C,. After electroweak
symmetry breaking this term will generate a contribution
to the off-diagonal elements in the s-S mass-squared ma-
trix

s = 2C2U3 + 6]1}, (77)
leading to an A-S mixing angle 6
tang = X x:,u,_is_2C2v3+5lv

1+VI+ 2 ur my,
(78)

which was defined in Egs. (42) and (45). Since this mixing
implies a coupling of ¢ = S to matter, the loop-induced
coefficient C, will contribute to the Eotvos parameters
npm.e- Given the dependence of C, on a, and the absence
of any fine-tuning in this parameter, we obtain an upper
bound on o, for nonvanishing B as described below.
Before doing so, we observe the contribution to ,LL%S
from full series of diagrams appearing in Fig. 7 (plus the
tadpole graph generated by the xS interaction) can be
evaluated in a straightforward way as outlined in
Appendix B. After renormalization, the result is

2 3
)]+ kb
47 MX
(79)

Apart from an overall constant in the first term and the
replacement M, — M, this expression is the same as we
obtained using the contributions to the HTHS and
(HtH)?S operators from the second and third diagrams
of Fig. 7. The expression in Eq. (79) has the advantage that
it depends on the tree-level y mass after electroweak
symmetry breaking rather than on the parameter M, as in
the effective operator analysis. We will henceforth use the
finite, second term in Eq. (79) to derive an upper bound on
Higgs-exchange contributions to o, y.
To that end, we write the mixing angle as

2
8xd2
M%s = U[al(,u) + K 4);_ (1 ?

2 ren
as g)( o

2 )2 2
47 Mim;  mj

sinf =~ tanf = x =~ Kk —=

2 ren,,
0 o
v mzﬁ e (80)

where 67" denotes the quantity in square brackets in
Eq. (79). The mixing angle sinf also characterizes the
universal H-S mixing contribution to the Eotvos parame-
ters ngpy. We now require that the contribution from each
term on the right-hand side of Eq. (80) to ngpy be no
larger than the experimental limits on these parameters. As
discussed previously, the different parametric dependence
of each term and avoiding slices of parameter space with
unnatural cancellations between the two allows us to treat
each one separately. Considering only the first term pro-
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portional to a%, using Egs. (29) and (36), with

.oom
g — —sing—~ (81)
v
and expressing g, in terms of B, we obtain
= i)
2 S @\ T\
B 187 /\my,,
Z, Z)\[m m
X I(———){—e+ —(x,, —x )} (82)
A] A2 mpy % mpy @r an
6 -
singlet scalar
ar_—1
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FIG. 8 (color online).
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Me _ 4f Tk v\4 v
B 3677)\m;,) \my

Zl 22 me mq }
x [(EL =221 0 o § Dy, —
| <A1 A2>{mN Z iy (gp = Xgn)

[gh(Np + Nn) + (me/v)Ne]
(Np + Nn) + (me/mN)Ne ‘

(83)

Equations (82) and (83) imply that for fixed 8 and m,,
the experimental bounds on 1 py translate into bounds on
a, as shown in Fig. 8. The solid red curves and the dashed

singlet scalar

0510 15 20 15

singlet scalar

Mini STEP

0.0025
a
0.0020 triplet scalar .
0.0015
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/
0.0005 ¢
L L L 1 L L 1 L L L 1 L L L 1
2.0 4.0 6.0 8.0
17 N
10—
B

Upper bound on a, in the singlet (red-solid) and real triplet (black-dotted) scalar DM models as a function of

npm/ B (left panel) and /B (right panel). We have used m;, = 120 GeV and assume 8 = 0.2 to discuss the resulting bounds on a,
from E6tvos experiments. In the top left and right plots, the vertical black lines on the right correspond to the upper bounds npy <
1073 and ng < 10~ 13 respectively. These vertical black lines will move to the left with further improvements in E6tvés experiments as
indicated by the left-pointing arrow in each plot. The bottom left and right plots show the region closer to the expected future bounds,
from the MiniSTEP experiment, of npy < 10710 and 5, < 1078 respectively as indicated by the vertical black line in each plot. We
explore the implications of these bounds on a, from Eo6tvos experiments for specific observables in Secs. VIC and VID.
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black curves correspond to the bounds on a, in the singlet
x and real triplet y models, respectively. For 8 = 0.2 the
current bounds in Edtvos experiments imply npy/B% <
25X 107* and ng/B> <2.5 X 1072 respectively. The
tighter bound from ng implies a, <0.042 and a, <
0.026 for the singlet and triplet y models, respectively.
The possible future experiment like MiniSTEP is expected
to improve the sensitivity of npy g by 5 orders of magni-
tude. From Eq. (83) this would tighten the bound on a, by
an additional factor of 10%/4 for a nonzero B or lead to the
discovery of a dark force effect.

B. WEP Tests and Scalar singlet DM Relic density

For the scalar singlet DM, the DM relic density is
determined entirely by the parameter a, for fixed DM
and Higgs masses. This feature can be seen from Fig. 6,
where a, enters the amplitude for each annihilation dia-
gram and, thus, determines the DM annihilation rate. In
particular, the value of a, must be sufficiently large so that
the DM relic density does not over saturate the observed
value. Thus, the requirement that the singlet DM relic
density smaller than the total DM relic density, Q5,, =
Qpw, leads to a minimum value a5'" for fixed values of M ¥
and my,. If the WEP bounds on a, imply that a, < ai'",
then a dark force of the corresponding strength will be
ruled out.

In order to illustrate this interplay, we refer to Fig. 3 of
[58]. The parameters a, and M, are the same as A and m,
respectively in the notation of [58]. From Fig. 3 of that
work, we see that for DM masses in the 0-50 GeV range,
the required value of a, ranges from ~0.16 — 0.05 respec-
tively for mj; = 120 GeV. On the other hand, from the
upper curve in the top right graph of Fig. 8, we see that
a, = 0.045 for B = 0.2 from the current bound of 7y <
10~ 13 (vertical black line at right). This WEP constraint
a, < 0.045 implies an overdensity of DM in the range 0 <
M, <50 GeV thus ruling out the possibility of a dark
force with 8> 0.2 in this range of parameter space. We
give sample points in the parameter space of singlet DM
models in Table II.

TABLE II. The first two columns give sample points in the
(@arelic» M) space of scalar singlet DM models with a Higgs
mass of m;, = 120 GeV. The third column gives an expectation
for ng/B? from Eq. (83). The fourth column uses the current
bound of 7 < 10713 to determine whether a dark force of 8 =
0.2 is ruled out. One can equivalently compare the different
values of ay;. with the WEP bound on a,, at 8 = 0.2, in top
right graph of Fig. 8 at the far right vertical line.

Worelic M, (GeV) Expectation for % B =02
0.15 20 4 x 10710 Excluded
0.10 40 7 x 1071 Excluded
0.02 100 1 x1071 Allowed
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A more detailed analysis can be performed to rule out
even smaller values of 8 depending on the DM mass in the
scalar singlet model. Future E6tvos experiments with the
sensitivity of MiniSTEP [56] which are expected to reach a
sensitivity of ng < 107!8, could require bound of a, =
0.0025 for B = 0.2 as seen in the bottom right graph of
Fig. 8. In this case, one can rule out 8 < 0.2 even for DM
masses above 60 GeV which require smaller values of a, in
order to get the right relic density. As seen in Fig. 3 of [58],
larger values of the Higgs mass typically imply much
larger values of a,. For example, a Higgs mass of
200 GeV implies a range of a, of ~0.42 — 0.05 for the
DM mass range of 0-80 GeV thus ruling out the possibility
of B8 > 0.2 in order to prevent an overdensity of DM. Thus,
the bound on a, from WEP constraints is a powerful probe
of a dark force in the scalar singlet DM model.

For the scalar real triplet DM model, the DM relic
density is determined by gauge interactions in addition to
the parameter a,. In this case, the WEP bound on a, shown
in Fig. 8 does not necessarily rule out a dark force since the
correct relic density can still be obtained from annihilation
diagrams that proceed via gauge interactions that are in-
dependent of a,. For example, the bound of a, < 0.02
implied by 1z < 10713 for 8 = 0.2, as shown in the top
right graph of Fig. 8, implies that the annihilation rate will
be dominated by gauge interactions.

C. WEP Tests and DM-Nucleus cross sections

The current bounds on a, for a nonzero $ in the dark
sector, will also lead to upper bounds on the Higgs-
exchange contributions to the direct detection cross sec-
tion. From Eq. (71), the parameter a, can be written in
terms of the tree-level cross-section oy, which proceeds
via a t-channel Higgs exchange, as

a; = ) (84)

, I:W(MX + mN)zmi]
2 OxN
grvimy,

Higgs exch

Substituting into Egs. (82) and (83), defining the quantities

= é — é m, & B
"= | (Al Az){mN * %mN (x‘“’ qu,,)} . (85)
_ gh(Np + N,) + (m,/v)N, _
E= [(N,, +N,) + (me/mN)Ne] g (86)

we obtain the following relations between (M, +
mN)ZUXN and the Higgs-exchange contributions to the
DM-nucleus cross section:
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18 my\2 1 7
(MX + mN)20-XN|Higgs exch = (ﬁ)g%<m—:) F % (87)

67 my\2
(M, + my)?0 | Higes exch = <—)g%<—N>

\/7_K my
()]

The experimental limits on the E6tvos parameters, to-
gether with the foregoing expressions, lead to bounds on
the Higgs-exchange contributions to the DM-nucleus cross
sections. These bounds can be brought into the numerically
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FIG. 9 (color online).
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convenient form as a function of 7py/ B> for the singlet y
as

M, + 2 2
[ X mN] (TXN < (11 « 104)g%l|:100 GeV]
100 GeV | 1 pb m,
-1
S B! oM. (89)
A Ay B
and for the triplet y as
I:MX + mN]Z O N - 9.2g%|:100 GeViI2
2 TeV 1 pb my,
Z Z, |1
e )
A A B

Similarly, the bounds as a function of nz/B% can be
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Upper bounds on the Higgs-exchange tree-level direct-detection cross section of scalar singlet (left panel) and

real triplet (right panel) DM implied by a dark force as a function of npy/B8%. To be specific, we assume 8 = 0.2 and discuss the
implied bounds. In the top left and top right plots the vertical black line on the right corresponds to npy < 1073, In the bottom left and
bottom right plots, the vertical black line corresponds to the expected future sensitivity of npy < 1070, In all plots, the three lines
from to bottom correspond to the bounds for the Higgs masses of 120, 130, and 140 GeV, respectively. The size of these bounds
compared to current and future sensitivities for direct-detection experiments is discussed in the text.
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brought into the numerically convenient form for the sin-
glet y as

I:MX - mN]2[0XN] Ceax ng%’[loo Gev]z
100 GeV ] L1 pb m,

Z 2,
A A

71/2,)72/2
B ’

oD

and for the real triplet y as
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FIG. 10 (color online).

PHYSICAL REVIEW D 81, 063507 (2010)

I:MX + mN]z[UxN] < O.7g%|:]00 GGV]Z
2 TeV 1 pb my,
—1/271/2
X Z_ 4 WL’ (92)
A A B

where Ii—l — i—il ~1/72 for Beryllium and Titanium
samples in E6tvos experiments. The upper bounds for the
Higgs-exchange contribution to the direct-detection cross
section of the singlet (left panel) and real triplet (right
panel) DM in the presence of a dark force, as determined

by Egs. (89)—(92), are shown in Figs. 9 and 10 as a function

3 [
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Upper bounds on the Higgs-exchange tree-level direct-detection cross-section of scalar singlet (left panel)

and real triplet (right panel) DM implied by a dark force as a function of 1,/ 32. To be specific, we assume 8 = 0.2 and discuss the
implied bounds. In the top left and top right plots, the vertical black lines on the right correspond to the current bound of 7 < 10713,
The bottom left and bottom right plots, the vertical black line corresponds to the expected future sensitivity of nz = 1078, In all plots,
the three curves from top to bottom, correspond to the Higgs masses of 120, 130, and 140 GeV, respectively. The size of these bounds
with current and future sensitivities of direct-detection experiments is discussed in the text.
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of mpm/B* and 7np/B? respectively. In each graph we
show three sample curves corresponding to Higgs mass
choices of m; = 120, 130, and 140 GeV as indicated. In
the top row of Figs. 9 and 10, the vertical black lines on the
right correspond to the current WEP bounds of npy <
1073 and ng < 10~ 13 for our benchmark value of 8 = 0.2
which we use throughout this discussion. In the bottom row
of Figs. 9 and 10, the vertical black lines labeled
“MiniSTEP” correspond to the expected sensitivity of
npm ~ 10719 and g ~ 107!8 from a possible future ex-
periment like MiniSTEP [56]. We see that the bounds on
the Higgs-exchange contribution to the DM-nucleus cross
sections are typically much stronger from WEP violation
constraints on 7y compared to those on 7mpy. However,
since the DM-nucleus cross section bounds depend linearly
on npy and on the square root of ng, with enough im-
provement the bound from 7npy; could become stronger. In
the following discussion, we focus only on the direct-
detection bounds from 7z shown in Fig. 10.

For the scalar singlet DM, the DM-nucleus cross section
bound from WEP tests does not yield any more informa-
tion than the bound on a, which has already been dis-
cussed. This is due to the fact that a, determines the DM
matter relic density entirely for fixed DM and Higgs
masses. If the WEP violation bound on a, is too strong,
the resulting DM relic density will be too large over-
closing the universe and thus ruling out the dark force.
The bound on the DM-nucleus cross section resulting from
the corresponding WEP violation bound on a,, is thus not
useful since it is already ruled out.

However, the bound on the scalar singlet DM-nucleus
cross section can be useful in constraining the size of Sin a
multicomponent DM scenario where the scalar singlet is
only a fraction of the DM. For larger values of 3, as already
discussed, the bounds on a, from WEP tests are too strong
leading to an over-closed universe. For smaller values of 8
the bound on a, becomes weaker as seen from Egs. (82)
and (83). For small enough values of 3, the upper bound on
a, would be consistent with an under-relic-density of the
singlet scalar. A multicomponent DM scenario can also

TABLE III.
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have a, consistent with an under-relic-density for the
scalar singlet and in this case the WEP violation constraints
on a, can lead to interesting bounds on the DM-nucleus
Cross section.

For the scalar real triplet DM, the DM relic density is
determined by a, and gauge interactions in general.
However, the tree-level DM-nucleus cross section pro-
ceeds only via a t-channel Higgs exchange and its size is
determined by a,. We point out that the bound in Fig. 10
constrains the tree-level Higgs-exchange diagram but not
the one-loop diagrams, which proceed via gauge interac-
tions and the Higgs coupling to the nucleus and is inde-
pendent of a,. Thus, if the observed DM-nucleus cross
section is of the size explained by this one-loop diagram a
dark force cannot be ruled out.

In Table III we show the sensitivities of current and
future DM-detection experiments, taken from Table I of
[57]. We see from Fig. 10 that it will be difficult for current
and future direct-detection experiments to probe the upper
bound on the DM-nucleus-Higgs-exchange cross sections,
for scalar triplet DM, for values of (3 that are astrophysi-
cally interesting allowing one to rule out this possibility.
One would need a significant deviation from the expected
cross section from one-loop gauge diagram, indicating a
large value of a,, to rule out a significant dark force. For
smaller enough values of 3, the DM-nucleus cross section
bounds should be within reach of current or future experi-
ments. The bounds we have derived on the DM-nucleus
cross sections are much weaker than those in [33] since our
analysis constrains higher-dimension operators with finite
coefficients while the work of [33] had to rely on natural-
ness arguments to constrain renormalizable couplings. As
we have discussed earlier, since the ultralight scalar mass is
itself fine tuned we have avoided using naturalness
arguments.

D. WEP Tests and Higgs decays

We have shown in the last section that WEP constraints
lead to upper bounds on the tree-level DM-nucleus cross
sections for the scalar singlet and real triplet y models.

Sensitivities for DM direct detection cross sections in different experiments.

These sensitivities are for 50 GeV DM corresponding to the most sensitive mass window. We
see that the XENON10, CDMS (2007), WARP (140 kg), SuperCDMS, and WARP (1 ton)
experiments have enough sensitivity to probe the bounds on the direct detection cross sections in
Fig. 10 for singlet DM coupled to a WEP-violating force.

M, = 50 GeV Experiment Sensitivity Sensitivity
T (pb) o5 v LT

CDMS [77] 1.6 X 1077 4.1 %1078

XENON10 [17] 45x 1078 1.2 X 1078

CDMS (2007 [78]) 1x10°8 3Xx107°

WARP (140 kg) [79] 3x1078 8 X 107

SuperCDMS (Phase A) [80] 1x107° 3 X 10710

WARP (1 ton) [81] 2X 10710 5% 10710
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FIG. 11.
loops.

Contributions to the & — y7y rate from virtual Y=

However, if the dark sector is made up of a rich spectrum of
DM particles of different species, direct detection of any
species that makes up only a tiny fraction of the relic
density becomes difficult. One example of such a DM
species is the neutral component of the real triplet scalar
X with a mass far below a TeV. For masses below 500 GeV,
the triplet DM will make up less than 10% of the relic
density [75]. The astrophysical effects of a dark force
experienced by such a species would be too small to be
detected. In this section, we show that when direct-
detection experiments or astrophysical observations fail
to constrain dark forces, collider signals might still harbor
information on dark forces. Fig. 2 of [76] shows the size of
the shift in the h — yy rate for typical values of the

200

m; =120 GeV

150t

FIG. 12 (color online).
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parameter a,. We have reproduced this figure as shown
on the left in Fig. 12. We plot the quantity

[(h— yy) = M(h — yy)
SM(h — yy) ’

8(%) = 100 X 93)

For specificity we focus on the real scalar triplet y
discussed in the last section, but with a mass less than
200 GeV, and examine the implications of a dark force on
collider signals. The analysis of [76] showed that one
potential signature of the scalar triplet would be a modifi-
cation of the 7 — yvy decay rate due to the virtual charged
components of the y triplet traversing the loop shown in
Fig. 11. In the rest of this section we focus on this channel.
For a heavy Higgs, a similar analysis can be done for 7 —
¥Z, ZZ, WTW~. As already discussed, WEP constraints
imply an upper bound on the parameter a, which deter-
mines the size of the contribution of Fig. 11 to h — yy.
The WEP bound on a, translates into a bound on 8(%)
which is shown in the right panel of Fig. 12 for different
values of M, . Comparing the left plot of Fig. 12 with the
top right graph in Fig. 8, we see that the current bounds on
a, from ng for a nonzero 8 can give nontrivial bounds on
8(%) that can be tested in colliders. The right plot in
Fig. 12 gives the upper bound on |8(%)| as a function of
ng/B%. For B = 0.2, we have the bound n;/B% <2.5 X
10'? coming from the current bound of ny < 10713, We
see that the bound on §(%) for a dark force of 8 = 0.2 is

10(%)I

m,; =120 GeV

0.5 1.0 1.5 20 25
12 n
10—=

The left plot shows the deviation of the 4 — v+ rate compared to the SM prediction for typical values of the

parameter a, as a function of the triplet mass M, . The right plot shows the magnitude of the allowed shift in the & — yy rate in the
presence of a dark force. The bound on this allowed shift arises due to the bound on a, from WEP violation constraints on 1z as seen
in the top right plot of Fig. 8. The typical values of a, in the left plot above, which lead to sizable deviations in the # — 7y rate, are too

big to be compatible with WEP violation constraints.
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well below 1%. Thus, any observed shift in 7 — 7y, that
cannot be explained by physics observed at colliders and
unrelated to y, requires a significant contribution from the
x loop implying a value for 8 much smaller than 0.2. If a
nonzero value of a, is extracted from a study of 7 — yvy
decays, one can estimate the size of mpy /B> from
Egs. (82) and (83) respectively and use the current bounds
on 7py g to constrain the size of B. For example, using
mj;, = 120 GeV and the current bound of n; < 1073, the
nonzero values of a, = /7, 1.0, 0.5 would imply that 8 <
7 X 1073,2 X 1074, 9 X 10™* respectively.

VII. DARK FORCE PARAMETER SPACE

Before concluding, we generally discuss the regions in
parameter space of SM + y + ¢ type models that are
likely to give rise to an observable dark force. In particular,
we discuss how the requirement m, < 10 eV, neces-
sary to allow a dark force of intergalactic range, restricts
the allowed parameter space. Recall that after EWSB and
diagonalizing the mass matrix, the ultralight scalar mass is
given by

m2 = uk — 'U“—;ts (94)
¢ = Hs 4m%'

We showed in Sec. VI A that ,u%ls, which determines the
mixing between the ultralight scalar and the Higgs, re-
ceives finite contributions from higher-dimension
operators whose size we constrained from WEP tests. In
Eq. (80), the second term is the contribution to the mixing
angle from the operator HTHS after EWSB and the first
term is the finite contribution from the sum of higher-
dimension operators induced via DM loops (see Fig. 7).
The parameter u? similarly receives finite contributions
from higher-dimension operators. For example, attaching
one extra external S field to the DM loops in Fig. 7 will
generate a tower of operators that contribute to u3 after
EWSB. The lowest dimension nonrenormalizable operator
that contributes to w3 will be

D,H'HH'HS?, 95)

with finite coefficient D, which can be estimated from
NDA as

D, ~ g B2. (96)
TM3

We could sum the contribution of the entire tower of
operators to ,u% as we did for the case of ,u% - However,
the explicit sum is not needed for the following discussion.

The requirement that m, < 1072 eV now imply three
types of possible regions in parameter space: I, II, and II1.
We discuss each of these regions in turn below and relate
them to the analysis of previous sections.

Region I: In the first region of parameter space, there are
no intricate cancellations of any kind among the terms in
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Eq. (94). Each term that goes into determining u% and u7¢
is required to be of the order of mfb In this case, we can

obtain an approximate bound on a, from the D, which
2

contributes to u5 ~ mj as
4ar My my 3 X 107%
< gy < 7
B~ v v B

For any observable nonzero value of S, the above bound
essentially forces a, to be zero. As already discussed, such
a small value of a, will lead to an over-relic-density of
scalar singlet DM over-closing the universe and is ruled
out. Similar arguments can be made for WIMP DM in
which case D, will receive contributions that depend
only on the gauge couplings and S, thus ruling out any
observable value for . In short, this region of parameter
space is incompatible with the existence of a phenomeno-
logically interesting dark force and thus not considered in
this paper.

Region II: In this region, u of Eq. (94) is chosen such
that the condition m, < 1072 eV is always satisfied re-
gardless of the size of u2¢ and any finite contributions to it
from higher-dimension operators after EWSB. Further-
more, in this region there are no intricate cancellations
between terms that determine u7¢ so that one can put
bounds on these from WEP tests. This is phenomenolog-
ically the most interesting region and was the focus of this
paper.

Region III: Finally, the third region corresponds to the
case where there are intricate cancellations among various
terms in p% and wl¢ individually. If there are intricate
cancellations between large terms in u7 - then we cannot
extract meaningful bounds on a, or the Higgs-exchange
direct-detection cross section from WEP tests. In this
special region of parameter space the bounds on a, and
the Higgs-exchange contributions to the direct-detection
cross sections derived in this paper do not apply.

The analysis of Ref. [33] assumed no fine-tuning of &,
or ,u%l ¢ against radiative corrections sensitive to the cutoff.
As seen in Eq. (94), w5 contributes to the light scalar mass
mg and in the absence of fine-tuning the strongest bound
on a, comes from m 4 < 1072 eV forcing a, to be essen-
tially zero. The bounds from WEP tests are relatively far
weaker and not relevant for a, or equivalently for the DM-
nucleus cross section via Higgs exchange. Our analysis
differs in that we allow for fine tuning in all renormalizable
parameters, and then examine the different regions in the
space of these renormalized parameters and the corre-
sponding implications for terrestrial experiments.

VIII. CONCLUSION

The existence of a new long-range WEP-violating at-
tractive force in the dark sector, a dark force comparable to
gravity, can have interesting cosmological consequences,
including an accelerated rate of structure formation and an
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explanation of certain features of the DM distribution and
other astronomical observations [41,45,50]. Strong con-
straints for such a dark force comes from a study [51,52]
of the dynamics of satellite galaxies and the evolution of
density perturbations constrained [54] by the CMB spec-
trum. The current bounds indicate the strength of a possible
dark force to be less than < 20% of gravity from galactic
dynamics and less than 5% of gravity from the CMB
spectrum.

We considered the consequences of such a dark force for
terrestrial experiments. Ordinary matter will feel the ef-
fects of a dark force via virtual DM as long as the DM
candidate is not sterile. Depending on the DM model, a
dark force can lead to constraints on Eotv0s experiments,
DM-direct-detection experiments, and Higgs decay prop-
erties to be studied at future colliders. We studied several
minimal models of DM to illustrate the prospective impli-
cations of an astrophysically relevant dark force for terres-
trial experiments.

(1) We derived lower bounds on the size of the Eotvos
parameters 1py g for a nonzero dark force for mini-
mal DM models. These E6tvos parameters measures
the effect of new long-range forces coupling to ordi-
nary matter which can arise through virtual DM that
communicates the dark force to ordinary matter. We
find that for light scalar singlet DM, relic density
considerations and the experimental limits on ng
rule out a dark force having strength of 20% of
gravity, in large regions of parameter space. Future
experiments with improved sensitivity could probe a
dark force of this magnitude for heavier singlet DM.
For minimal WIMP DM, the expected magnitudes of
Npm.z lie well below current and prospective sensi-
tivities of terrestrial E6tvds experiments, but could
be probed in a satellite-based experiment having the
sensitivity of the MiniSTEP proposal. In nonmini-
mal WIMP DM models, it is possible to generate
larger effects for E6tvos experiments that could be
detected by the Microscope experiment.

(ii)) WEP tests imply constraints on Higgs-exchange

contributions to the DM-nucleus cross sections.
For scalar singlet DM, these bounds apply to the
entire cross section. If the scalar singlet DM satu-
rates the DM relic density, these bounds on the DM-
nucleus cross section do not give any information
beyond the implications of WEP bounds on the DM
relic density. If the scalar singlet does not saturate
the DM relic density, allowing for stronger interac-
tions with the Higgs, WEP tests provide useful
bounds on the DM-nucleus cross section. For
WIMP DM, the WEP constraints on the Higgs-
DM interactions give upper bounds on the contri-
bution of DM-nucleus scattering via Higgs ex-
change, to the total cross section.

(iii) For singlet DM, the current WEP bounds on the

DM-nucleus cross section in the presence of a dark
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force that is 20% of gravity, are typically within
reach of current and future direct-detection experi-
ments. For scalar WIMP DM with a mass in the
TeV range, the corresponding bounds on the DM-
nucleus cross section are typically beyond the reach
of current and future direct-detection experiments.
If these scalar WIMPs are detected, it will rule out a
dark force greater than 20% of gravity, implying a
tighter upper bound on the dark force.

(iv) The Eo6tvos constraints on the DM-Higgs interac-
tions can lead to constraints for collider physics. As
a specific example, we derived testable bounds on
the allowed shift in the h — y7y rate when the
Higgs couples to WIMP DM in the real triplet
scalar representation with a mass less than
200 GeV. Such a light triplet will only contribute
a tiny fraction of the DM relic density and could be
part of a multicomponent DM scenario. The im-
plied bounds on the Higgs to two photon rate or a
dark force comparable to gravity, is far below the
sensitivity of the LHC or the ILC. An observed shift
in h — vy attributed to the charged components of
the triplet would rule out the dark force.

(v) An observable scalar dark force with intergalactic
range implies restrictions in the space of the renor-
malized parameters of the theory. These parameter
space restrictions apply after the usual fine-tuning of
parameters against radiative corrections sensitive to
the cutoff.

Apart from these experimental implications, a notable
theoretical consequence of an astrophysically interesting
dark force mediated by an ultralight scalar ¢ is the need for
substantial fine-tuning to preserve its tiny mass (mg <
1072 eV). In the DM scenarios considered here, divergent
loop contributions associated with the DM or SM particles
that interact with ¢ would generate large contributions to
m,, that must be removed by fine-tuning unless the strength
of the dark force is imperceptibly small. The discovery of
such a dark force would introduce yet another mass hier-
archy problem in particle physics. In our analysis, we have
taken this need for fine-tuning at face value and have
attempted to apply it consistently to the derivation of
implications for terrestrial experiments. These consequen-
ces imply that direct-detection experiments—together with
Eotvos experiments and astrophysical observations of sat-
ellite galaxies and structure formation—can be employed
as part of a multifaceted probe of a long-range force in the
dark sector.
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APPENDIX A: ATOMIC CHARGE-TO-MASS
RATIO UNDER A COUPLING TO ULTRALIGHT
SCALARS

Here we give details for obtaining the atomic charge-to-
mass ratio for a coupling to ultralight scalars following
[66]. As discussed in the text and shown in Eq. (20), we can
obtain the atomic coupling to ¢ from the couplings of ¢ to
SM particles by a matching calculation. From Eqgs. (19)
and (20), the coupling atomic coupling g, is given by

1 ) )
ngA = m—<A|<qumqqq + Zggmg€€>|A>
q ¢

p

+ ¢ (AIGE G4, JA) + ¢, (AIFFF,, |A). (A1)

Note that with the normalization factor &, the above
equation is dimensionally consistent, since for fermionic
atoms g, is dimensionless and for scalar atoms it has
dimension one. Next we exploit the properties of the
energy-momentum tensor in the low-energy effective the-
ory. The trace of the energy-momentum tensor, after using
on-shell equations of motion, [67,82] is given by

ok = &G“ LGHV + &F SR (1 + Y, )44

q

+ 2(1 + Y, ) lE, (A2)
€

where in this convention the QCD and QED beta functions
at one loop are

11 n 3
b= 306 - Low |
; (A3)
e
Pe = 2"

where C,(G) = 4/3 and C,(N,) = 3 for N, = 3. In the
following we ignore the anomalous dimensions Yimgme in
the factors (1 + 7, ) since they are perturbatively sup-
pressed. The mass of the atom A is given by

M, = (A6 |A)

(AI( TG, Gw]+&F F’“’)IA}

+ <A|<quéq + Zm4€€)|A>. (A4)
q {
The atomic mass can also be expressed as
My =2Zm,+ (A —2Z)m, +Zm, — &, (A5)

where £, is the binding energy of the atom A. From here
one can write the derivative with respect to the quark and
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lepton masses as

dM 4 dm dm d&
A — g, (A -7 —m,—,
"4 dm v qm, AT DM, " am,
dM d
mg—2=Zm,8,0 — m€—€ (A0)
dm ny dmg

We now use Eq. (A4) for M, and the Feynman-Hellman
theorem to calculate m dMA and equate with Eq. (A6), we

q.¢ dm

obtain

dM 4
m = (Alm,qqlA)

q qu q
d dm dgA
dM d€
= (AlmCL|A) = Zm,8,; — me—A. (A7)
d me dm€

Using the relations of Eq. (A7) in Eq. (A4) we obtain an
expression for the atomic matrix element of the gluon
operator as

B3 ,
<A| Tg% Tr[G/,LVGM ]|A>

=M, — Z(me + qu m ) (A - Z)qu
+ ka dgA

dmk
where the sum over k runs over the quark and lepton
masses. Using Egs. (A7) and (A8) in Eq. (A1) we finally
arrive at the expression for £,g4:

+ I:Z({eme + qumq %)

s, ]

~alfe Be < FrA) (A8)

Zng3 Y

a8a =

+ (A Z)Zé/q qd—n - ng k

K(AIF‘“’FM,,IA>, (A9)

where we have introduced the index k which runs over the
light quarks ¢ and the charged leptons € and the parameters
{; and k are given by

_ 8k _ 283 _ . g3B.
Ge=— K=c, c,

m, ,33 eBs
We now utilize the expression for the nucleon mass in
terms of the nucleon matrix element of the trace of the
three flavor QCD energy-momentum tensor

(A10)

— (VIgIN) = (N1 2 33 G4,GE" + S, dal),
q
(A11)

the variation of the nucleon mass with respect to the mass
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of a quark of flavor ¢ is given by

dm
Once again we have used the nonrelativistic normalization
of nucleon states. The nucleon matrix elements on the rhs
are extracted from pion-nucleon scattering data using chi-
ral perturbation theory. Experimentally their values are

determined to be [67,70]
dm

Xyp = dm” = (plaulp) ~ 0.019m,,/m,,
dm,,
Xdp = T, m, = (pldd|p) ~ 0.041mp/md,
d
Xy, = dmp = (pl3s|p) ~ 0.14m,/m
dms (A13)
Yun = — (lauln) ~ 0.023m,/m,
Xgpn = = (nldd|n) ~ 0.034m,/m,,
’ dmd
d
Xgn = n = <l’l|§S|l’l> ~ 014mn/mx
' dmy

These numbers are taken from Table 6 of [67]. In general
mdE,/dmy and (A|F#”F ,,|A) are not analytically calcu-
lable, at least for large atoms, and will contribute to the
uncertainty in the atomic charge-to-mass ratio. The atomic
charge-to-mass ratio can be finally written as

2 (4) _ 8aéa
fA(M)A My
2¢c,8

- 533 i [Z(é’em +Z§qmq Xgp)

+ (A - z)qu MyXy, + a)A], (A14)
where we have defined
d€
w, = K(AIF*'F,, ngmk—/‘. (A15)

APPENDIX B: EFFECTIVE POTENTIAL FOR
HIGGS-ULTRALIGHT-SCALAR MIXING

As discussed in Sec. VI, ordinary matter can couple to
the ultralight scalar ¢, which mediates a long-range WEP-
violating force, via its mixing with the Higgs. Here we
show the computation of the effective potential which
generates this mixing after electroweak symmetry break-
ing. This effective potential is generated at one loop via the
sum of diagrams shown in Fig. 7 for the scalar singlet y
and real scalar triplet y models discussed in Sec. VI.
Working in unitary gauge where H = h/~/2 and in d-
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dimensions, one can write the sum of all diagrams in
Fig. 7 as

ddk - (Clzhz)n
Z (k2

_iVeSff(S’ h) = v (277_)01 T MZ)n+1

—iKg,S

: Sf d'k 1
—IK

82 Jp @) (& + M2 + ayh?)
ng
“l6m

3 hl(M% + azhz)]
2 y
2

where the first line is obtained after performing a Wick
rotation to Euclidean momentum space. The superscript in
V5:(S, h) denotes that it is only the part of the effective
potential linear in S. We see from the above result that the
coefficient of the S and Sh? operators are UV divergent.
These divergences are understood from the need to renor-
malize the tadpole graph of S and the renormalizable
coupling 6, of Eq. (38), corresponding to the first two
diagrams in Fig. 7. The remaining diagrams mix into non-
renormalizable operators and are finite. The counterterms
needed to cancel the UV divergences are

(M3 + azhz)[ —vg +Indm + 1

(B1)

. g, Mj (1 .
l(SVeff(S, h) = S[Kﬁ(; — YE + 111477) + bl(,u)]
1 b
+ Sh2|:K(1gg:§ (E —yg+ ln47T) + _1‘(‘,“)]’

(B2)

where b,(u) and &,(u) are scheme dependent finite
quantities.
The quadratic terms in the potential is given by
undd (/‘Lh + IU’SS2 + ,(L%lShS), (B3)
as first shown in Eq. (40). As seen from Eqs. (76) and (80)
the mixing angle for Higgs-ultralight-scalar mixing is
given by

2 2
sing = £ o Kis (B4)
My 1,
and we can write
wlo=2 0%Vquad _ Zazveff(h» S)
hs aSoh aSah h=v.5=0
8,0, M2 a2 g ‘U3
[6 () + kX (ln—é(— 1)]+ K—z—)(2 ,
47?2 " 47 M,
(B5)

where we have defined the renormalized effective potential

Veff as
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Vet = Ver + 8V (B6)

The first term with square brackets in Eq. (B5) corresponds
to the renormalized value of v6, and the last term corre-
sponds to the finite contribution from all nonrenormaliz-
able operators. This can be compared to Eq. (76) where we
have included only the contribution from the renormalized

PHYSICAL REVIEW D 81, 063507 (2010)

6, coupling and the third diagram in Fig. 7 whose Wilson
coefficient is denoted as C,. The above result, which is
given in Eq. (79) of the text, is the generalized result where
the contribution of the entire tower of higher-dimension
operators is resummed.
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