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We propose a framework in which visible matter interacts with matter from a hidden sector through mass
mixings of Stiickelberg U(1) gauge fields. In contrast to other Z' mediation scenarios, our setup has the
added appealing features that (i) the choice of Z'’s can be significantly broadened without necessarily
introducing unwanted exotic matter and (ii) there can be sizable tree-level interactions between the visible
and hidden sectors. String theory embeddings of this scenario and their phenomenological features are

briefly discussed.
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Introduction.—The observational evidence for dark
matter (DM) is perhaps currently the most compelling
case for physics beyond the standard model. Other than its
gravitational influence, how this dark sector interacts with
ordinary matter remains a complete mystery. Thus, deter-
mining the channels through which the visible and dark
sectors communicate with each other not only helps
uncover new forces and symmetries in nature, but it also
has a deep and direct impact on the experimental program
of DM searches.

One simple way to realize the DM sector is broadly
known as the hidden sector scenario. In its minimal form, it
consists of a visible sector, with the (minimal supersym-
metric) standard model [(MS)SM] matter content W, and
gauge group SU(3), x SU(2), x U(1)y, and a hidden
sector with gauge group G, and matter content ¥, charged
under it, but neutral under the visible group,

Group SU(3), xSU(2), x U(1)y x \G,’L (1)

Matter

\I’L' \Ilh

In this setup, the Higgs boson plays a special role. The only
super-renormalizable coupling of the SM is its mass term
W H TH »» Which hence admits renormalizable couplings to
hidden sector scalars l@;@hHlH - Thus, the Higgs boson
is a simple portal into hidden sectors [1] (several other
portals have been proposed; see, e.g., Ref. [2]).

In this work, we point out that in the presence of heavy
7' bosons, there is yet another efficient portal, in the sense
that the interactions between the visible and dark sectors
appear also at the renormalizable level. Given that heavy Z’
bosons appear generically beyond the SM physics [3], as
well as string constructions [4], we expect our scenario to
have wide applicability. Our setup amounts to extending the
structure of Eq. (1) by extra U(1) factors both in the visible
and in the hidden sectors,
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Here, Gh represents the semisimple part of the hidden gauge
group. U(1)” are n Abelian gauge groups to which the (MS)
SM matter fields couple and whose gauge bosons are
massive. U(1)}" are m Abelian gauge factors (some of which
could be massless) to which only hidden matter couples.

We will argue that Z’ bosons are natural portals between
the visible and hidden sectors. More concretely, the mass
matrix for the gauge bosons (A}, A}") can be nondiagonal,
and upon diagonalization, may yield “physical” Z’ eigen-
states (those with diagonal kinetic and mass terms) that
couple simultaneously to both matter sectors. This mass
mixing is a tree-level effect that can be the dominant
interaction between separated sectors, provided the asso-
ciated Z' bosons are light enough [8].

The scenarios discussed here find a natural implemen-
tation and motivation in D-brane models, where massive
U(1) bosons are ubiquitous (for reviews, see, e.g.,
Refs. [5,10-12]). However, the mechanisms we describe
can be employed in a more general context, and so we begin
with a low energy description of the setup. We discuss
briefly the corresponding string theory ingredients in the
last section. More details are given in a companion paper
[13], where the first global embeddings of this genuine
hidden sector scenario (with no exotics) into string theory
are described.

U(1) masses and their mixing.—Let us first review the
origin of U(l) gauge boson masses. The mechanism
involves pseudoscalar periodic fields ¢ (normalized so
that ¢’ = ¢’ + 1) that transform nonlinearly ¢ — ¢’ +
ki,A, under gauge transformations A, — A, + dA,. Their
kinetic terms read

L= —EGZ‘j(ad)l - kZAa)(aqs] - k{;Ab)7 (3)
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where G;; corresponds to the (positive definite) metric on
the space of fields ¢'. In our normalization, it has mass
dimension two. One can directly read off the mass matrix
that the gauge bosons acquire by absorbing these axions,

(Mz)ab = Gijkizk{; = (KTGK)ab' (4)

We notice here the important fact that one can always use
a normalization of the gauge fields such that all the entries
of the K matrix as well as all the U(1) charges of matter
fields in the system are integers. Such a quantization of
charges, together with the periodicity of axions, simply
describes the fact that the gauge groups are compact [U(1)
rather than R], which is a requirement imposed by quantum
gravity on any effective gauge theory to which it can be
coupled [14,15]. Henceforth, we assume that such a nor-
malization has been taken and refer to the integers k', as the
U(1) charges of the axions.

Both the Stiickelberg and the Higgs mechanisms can be
described by Eq. (3). We focus here on the former case
because of its connection to the Green-Schwarz (GS)
anomaly cancellation mechanism and because of its promi-
nent appearance in string theory models. As we shall see,
the Stiickelberg mechanism also offers more options for the
extra U(1)’s, without the need of introducing unwanted
matter exotics.

We already see from Eq. (4) that nondiagonal mass terms
can easily arise and connect visible and hidden U(1)’s, both
through a nondiagonal metric G and also by having axions
simultaneously charged under both sectors. In particular,
such mixed charges, being integral, can generate highly
nondiagonal mass matrices and hence lead to a strong
mixing of U(1) bosons. This is a very appealing (and, as
we will see, well motivated) mechanism to connect the
standard model with hidden sectors that we call the
“Stiickelberg portal.”

A simple model: Let us illustrate this portal with a simple
example. We consider an extension of the SM by an extra
U(1), and a hidden sector with an Abelian group U(1),.
We arrange their gauge bosons in a vector (A,, A;) and
consider two axions that transform under both groups with
a generic matrix of charges

K:(Z Z), a.b.c,deZ,  det(K)#0. (5)

We assume for simplicity that the axion metric is diagonal
with two mass scales M and m associated with the axions;
that is, we take G = diag(M?, m?).

As we mentioned before [8], we work in the approxi-
mation that the kinetic term is diagonal Ly, ~ g72F2. It can
be written canonically by reabsorbing the coupling con-
stants into the gauge fields A, — g,A,. The final gauge
boson mass matrix then reads

v 0 v 0
M3, = (g‘ )KTGK<9 )
0 g 0 g

( @M+ m?)  g,gy(abM? + cdm2)>
B gvgh(asz + cdmz) g%(szZ + d2m2)

It is clear that the eigenvectors of this highly nondiagonal
matrix, i.e., the physical Z’ bosons, will be linear combi-
nations of A, and A,. Hence, they will couple to matter
currents from both the visible and the hidden sectors,
and generically, they will do so with similar strengths.
To further illustrate this point, let us take the limit
e =m/M < 1, in which expressions simplify. The physi-
cal bosons are expressed up to order O(e?) as

A, A
Z & G (b—; - a—2h>, mass(Z},) ~ mg,, det(K),
gv gh
A A z
Z\ ~ gy <a2"+b)(£’>, mass(Z},) M (6)
9y i 9m
where we have defined the couplings
1 b a? 1 a® b? 9n Gm
=7t 7. =ty y=T=="
Gm 9y gh 9w 9y v 9y 9m

Their interactions with visible and hidden matter currents
J, and J,, are written as

Eint = gvAvJv + ghAth
~ ng;’l’l(bJL - aJh) + gMZ;VI(a‘IL‘ +)(2b‘]h)’

again, up to order O(e?) corrections. We can see that both
the hidden and the visible sectors couple with similar
strength to the lightest gauge boson and to the heavier one
as well [provided y ~ O(1)]. We consider this class of
models to be phenomenologically very interesting; they can
indeed be tested at the LHC if the masses of the lightest Z’
lie around the TeV scale.

We stress here that the large mixing between hidden and
visible bosons of Eq. (6) is a consequence only of the mixed
axionic charges in Eq. (5) and does not rely at all on the
approximation m/M < 1 that was assumed only to sim-
plify the resulting expressions. In the case m ~ M, the
results are slightly more complicated, but both physical Z’
gauge bosons are still (generically) largely mixed combi-
nations of A, and A,

Anomalies: A first reason to focus on the Stiickelberg,
rather than on the Higgs, mechanism is the tight connection
between Stiickelberg axions and the GS mechanism for
anomaly cancellation. Basically, any gauge triangle
anomaly involving a massive U(1) can be canceled by
contributions from the Stiickelberg axions if these couple
appropriately to the gauge bosons (Fig. 1). The first vertex
in the axionic diagram comes from the Lagrangian (3),
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FIG. 1. GS mechanism for U(1)-G? anomaly cancellation.

which is present for any massive U(1), while the second
vertex corresponds to a coupling of the form @pFsAF .

We will assume here that the GS mechanism is in force,
and hence we will not be restricted to take U(1),, to be B-L
or anomaly-free family-dependent symmetries, nor do we
need to consider exotic matter with SM couplings to cancel
anomalies [16].

Comments on the phenomenology.—From a phenom-
enological perspective, this class of models consists of an
extension of the (MS)SM by extra massive U(1) groups,
i.e., Z' bosons, to which both visible and hidden matter
couple. The phenomenology of heavy Z’' has been vastly
studied [3]. In this Letter, however, we note that such
bosons can couple naturally to hidden sectors and represent
a very well motivated portal into them (see Refs. [18,19] for
a recent phenomenological discussion of similar models).

The phenomenology of our scenario depends drastically on
the particular visible U(1), under consideration. Given the
fact that the GS mechanism is in force canceling anomalies,
there are many possibilities, such as U(1), U(1),, U(1)pq
(where PQ is Peccei-Quinn), lepto- or quarkophobic, etc. [20].

Other factors upon which the models depend are the
couplings g, and g;,, the masses of dark particles coupled to
U(1),, and especially the final mass of the lightest physical
Z'. In fact, since the latter will generically couple with
significant strengths to matter from the visible sector, the
rather stringent LEP and LHC constraints require consid-
ering Z' bosons whose masses are at least around the TeV
scale. Obviously, the most interesting scenario would
include a Z' whose mass is within the reach of LHC.

In setups with extended Abelian sectors, lower bounds
on Z' masses also arise from electroweak constraints on
Z-7' mixing. Although, in the field theory models we have
discussed so far, such mixings need not be considered,
these arise generically in string theory implementations, as
discussed in Refs. [13,23].

Additionally, in our setups, matter fields from the hidden
sector are natural DM candidates. They could annihilate
through the Z' poles to produce pairs of SM fermions:
Wy +wy, = Z' =y, +y,. Through this process, and for
an appropriate range of masses and couplings, one can
reduce the density of primordial hidden particles and satisfy
the current DM relic density. This interesting possibility
will be explored in depth in Ref. [13].

One particular characteristic of Z' bosons arising from
mass mixing is that their couplings to particles from
different sectors are generically not quantized with respect
to each other. This means that gauge invariant operators
cannot be constructed out of gauge variant components

from different sectors [24]. This is in contrast with the
generic situation one would encounter if the SM was
extended by a single extra U(1) to which the hidden sector
would couple directly (and hence with quantized charges).

One application of our setup is the possible mediation of
supersymmetry breaking from the hidden sector (where
supersymmetry breaking could be triggered, e.g., by strong
dynamics from the semisimple part G, of the hidden group)
to the MSSM by Z' bosons. Such a mechanism was
proposed in Refs. [25,26]. Our scenario is nonetheless
different in several respects. The cancellation of U(1)
anomalies by the GS mechanism allows us to construct
models where the mediation is purely through the U(1)
bosons without the need of introducing matter exotics.
Moreover, the strong mixings between the visible and
hidden sectors can lead to more pronounced signatures.

In a certain sense, our setup is similar to that considered
in Ref. [27], since both involve mass mixing of U(1) bosons
coupled to axions. However, Ref. [27] involves massless
gauge bosons (see also Refs. [28-31]) and hence has very
different features. In particular, matter from the hidden
sector could easily carry exotic couplings to the SM.

For an appropriate confining hidden sector, our models
can be viewed as a “hidden valley” scenario [33-35], where
the barrier energy scale is set by the mass of the lightest Z'.
The phenomenology of a particular simple case with U(1),
taken as an (anomaly-free) linear combination of B-L and
hypercharge was explored in detail in Ref. [36]. Here, we
note that mass mixing naturally results in such models, and
furthermore, the choice of U(1)’s in such scenarios can be
significantly broadened.

We finally mention here the possibility to obtain a small
mass mixing between U(1) bosons from different sectors by
an almost diagonal metric G (e.g., with nondiagonal terms
induced by loop effects) [13]. This small mixing is in
contrast to the large mixing induced by mixed axionic
charges (which is generically large due to their integrality)
and can have interesting applications to “hidden photon”
scenarios where the mass of the hidden U(1) is very
small (m;, < GeV) and large mixings are ruled out by
experiments [2,37].

String theory implementation.—In this final section, we
describe the scenario presented above in terms of D-brane
models of type II string theory. As we will see, the
Stiickelberg portal finds a natural implementation in these
setups. We focus, in particular, on models of intersecting
D6-branes in type IIA, where the geometrical intuition in
terms of homology cycles of the compactification space is
clearer (see, e.g., Refs. [5,10-12]).

Given a four-dimensional type ITA orientifold compac-
tification, gauge theories arise from stacks of D6-branes
that wrap three-cycles of the internal manifold X4 and span
the four noncompact Minkowskian directions. The 4d
gauge group living on a generic stack of N coincident
D6-branes is (locally) U(N) = SU(N) x U(1) and contains
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an Abelian U(1) factor. The ubiquitous presence of such
groups gives a strong motivation to consider U(1) exten-
sions of the (MS)SM.

Let us take a basis of three-cycles {[a'], [;]};o of
X, with [@'] even and [$;] odd under the orientifold pro-
jection, whose nonzero topological intersection numbers
read

..... hy

] - 18] = =[B)] - [o'] = &, ()

One can express the three-cycles wrapped by a given stack
of N, branes in terms of this basis as

M) = sile] + rafp)]- (8)

Matter fields arise at the intersection of two such stacks,
where there are chiral fermions that transform under the

bifundamental representation (D,Ij)( +1,-1) of the gauge
group SU(N,) x SU(N,) x U(1), x U(1),. Their multi-
plicity is given by the intersection numbers

Loy = ] - (M) = sqi7 = rasp:- ©)

The axions ¢’ we will be discussing come from the
reduction of the 104 Ramond-Ramond (RR) three-form C;
along orientifold-even three-cycles [a/] of the compactifi-
cation space,

¢fz/[i]c3, i= 0,y (Xg).  (10)

It can be seen from the reduction of the 10d Chern-Simons
action that these fields have shift transformations under the
Abelian factors U(1), c U(N,),

A4 — A+ dA°, ¢ — ¢+ N, ri, A, (11)
Hence, we can identify the axionic charges as k', = N7},
(notice that k), € Z). The kinetic term for these axions
Lyin ~ G;;DP' D¢’ contains a Stiickelberg coupling like
Eq. (3), where the metric G is the complex structure moduli
space metric of the internal space Xg.

The crucial point in realizing the Stiickelberg portal is
that, while charged chiral fermions only appear at brane
intersections, RR axions come from closed strings that
propagate in the bulk and can hence interact with different
sectors, even if they are geometrically separated in the
internal space. One can easily construct setups in which the
visible and hidden sectors arise from stacks that do not
mutually intersect, so a structure like Eq. (2) is reproduced.
By appropriately choosing the wrapping numbers s,; and
rl, one can obtain RR axions ¢ that are charged simulta-
neously under U(1)’s from different sectors and generate

accordingly nondiagonal mass matrices for the correspond-
ing gauge bosons:
d)i
1
SU(?))C X SU(Q)L X U(l)y X U(l):} X U(l)Ln % Gh

Wy Wy,

Let us illustrate this U(1) mixing mechanism with a toy
model that reproduces the example presented in Eq. (5). We
take an inner space with h, | (X¢) > 3 (e.g., a six-torus T®),
so that there exist at least three even [a/] and three odd [f;]
three-cycles. We consider two branes, a “visible” one and a
“hidden” one, that host a gauge group U(1), x U(1),,
wrapping the following three-cycles:

[I1,] = [a"] + a[ps] + c[ps],
[[1,] = [a@'] + b[p,] + d[ps]. (12)

It is straightforward to see that both branes do not intersect,
ie., [II,]-[IT,] =0 (nor do their orientifold images).
Hence, there is no chiral matter charged simultaneously
under both U(1) factors. In order to include chiral matter
in the system, we could add a stack of branes along [f)
which would intersect [I1], but not [I1],, yielding visible
matter, and/or a stack along [f;] leading equivalently to
charged matter on the hidden sector, uncharged under the
visible one.

From Eq. (12), we see that U(1), and U(1), both couple
to the RR axions ¢ and ¢, i.e., the reduction of C; along
the cycles [o?] and [a?]. The matrix of axionic charges
under U(1), x U(1),, is precisely Eq. (5), hence reproduc-
ing the mass mixing mechanism described in previous
sections. For generic Calabi-Yau spaces Xg, the complex
structure moduli space metric G is under poor control,
although in simple setups such as toroidal compactifica-
tions, it is known (in fact, it is diagonal at tree level).

We see with this very simple model that mass mixing and
the Stiickelberg portal can be easily implemented in models
with intersecting D-branes. These setups are one of the
most fruitful frameworks for (MS)SM-like string theory
constructions. In a companion paper [13], we work out
extensions of semirealistic models by a hidden sector that
communicates with the visible one through U(1) mass
mixing. There, we explore in detail the generic properties of
such constructions and give a concrete realization in a
toroidal compactification where computations can be
carried out quite explicitly.

An important factor to take into account in such
scenarios is that the entries of the mass matrix of Z'’s
are of order M, ~ O(gM,), where g are gauge coupling
constants and M is the string scale. In order to obtain Z’
bosons around the TeV range, one can consider a low
string scale and/or anisotropic compactifications where
some of the couplings g are small. Here, we propose
a third possibility that we explore further in Ref. [13].
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The presence of a large number of U(1)’s generates a large
mass matrix M. Upon diagonalization to the basis of
physical Z"’s, the well known eigenvalue repulsion effect
may easily generate a hierarchy between the mass of the
lightest Z’ and the string scale. A combination of these
three mechanisms can lead to Z' bosons in a phenomeno-
logically interesting range.

Conclusions.—In summary, we have presented a frame-
work in which the SM sector naturally interacts with the
hidden sector at the renormalizable level through mass
mixings of Stiickelberg U(1) gauge fields. Thus, in addition
to the Higgs boson, Stiickelberg U(1)’s provide another
unique portal into dark sectors. In contrast to other Z’
mediation scenarios, our setup has added appealing features
both phenomenologically and from a model building
viewpoint, as (i) the choice of extra U(l)’s can be
broadened without the need of introducing unwanted exotic
matter and (ii) tree-level interactions between the visible
and hidden sectors can be generated. Explicit constructions
of string models exemplifying this scenario and more
detailed phenomenological studies are presented in a
companion paper [13].
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