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ABSTRACT: Extra “hidden” U(1) gauge factors are a generic feature of string theory that
is of particular phenomenological interest. They can kinetically mix with the Standard
Model photon and are thereby accessible to a wide variety of astrophysical and cosmological
observations and laboratory experiments. In this paper we investigate the masses and the
kinetic mixing of hidden U(1)s in LARGE volume compactifications of string theory. We
find that in these scenarios the hidden photons can be naturally light and that their kinetic
mixing with the ordinary electromagnetic photon can be of a size interesting for near future
experiments and observations.
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1 Introduction

Hidden gauge factors, appearing in the low-energy effective field theory, seem to be a
common feature of string theory after compactification to four space-time dimensions. The
corresponding hidden gauge bosons are very weakly coupled to the visible sector particles
because their mutual interactions are loop-suppressed. Of particular phenomenological
interest are hidden U(1) factors, since hidden photons may remain very light and therefore
may lead to observable effects in astrophysics, cosmology, or in the laboratory. Their
interactions with the visible photon are encoded in a low-energy effective Lagrangian of



the generic form!
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where a(b) labels the visible (hidden) U(1) gauge field, with field strength Fﬁﬁ(b)) and

gauge coupling g,). Clearly, the phenomenological consequences will strongly depend on
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and mass mixing [2-4]. The latter, on account of the apparent masslessness of the photon,

the relative strength of kinetic [1],

should be approximately of the form

i~ (5.,) 13
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In fact, phenomenologically very interesting pairs of parameters are (see also figure 1):

1. (x,m4) ~ (1075,0.2 meV), the region labeled “Hidden CMB” in figure 1, leading to
a natural explanation of the finding of some global cosmological analyses that present
precision cosmological data on the cosmic microwave background and on the large
scale structure of the universe appear to require some extra radiation energy density
from invisible particles apart from the three known neutrino species [7]. Moreover,
these values are accessible to ongoing laboratory experiments exploiting low energy
photons [12, 14, 21, 23, 27, 28] and allow for interesting technological applications of
hidden photons [29].

2. (x,my) ~ (107'2,0.1 MeV), the region labeled “Lukewarm DM” in figure 1, allowing
the hidden photon to be a lukewarm dark matter candidate [30, 31].

3. (x,my) ~ (1074, GeV), the region labeled “Unified DM” in figure 1. For these values,
the hidden photon plays an important role in models where the dark matter resides
in the hidden sector [32]. These models aim at a unified description of unexpected
observations in astroparticle physics, notably the positron excess observed by the
satellite experiment PAMELA [33] and the annual modulation signal seen by the
direct dark matter search experiment DAMA [34]. The massive hidden U(1) can then
mediate “Dark Forces”. These values are also accessible to accelerator searches [35—
38] and have been motivated in various supersymmetric scenarios [36, 39-42]. See
also ref. [43-48].

Tn eq. (1.1), we are neglecting explicit higher dimensional operators, such as F* and the like, which are
suppressed by powers of the string scale. However, we discuss and include below effective kinetic mixings
arising from inserting vacuum expectation values into suitable higher dimensional operators.
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Figure 1. Current experimental limits on the possible existence of a hidden photon of mass m.,
mixing kinetically with the photon, with a mixing parameter x. Strong constraints arise from
the non-observation of deviations from the Coulomb law (yellow) [5, 6], from Cosmic Microwave
Background (CMB) measurements of the effective number of neutrinos and the blackbody nature
of the spectrum (black) [7, 8], from light-shining-through-walls (LSW) experiments (grey) [9-18],
and from searches of solar hidden photons with the CAST experiment (purple) [19, 20]. The white
region in parameter space is currently unexplored, but may be accessed by experiments in the very
near future, in particular by improvements in LSW experiments (for proposed experiments probing
this region, see refs. [21-27]). The yellow regions indicate some especially interesting regions as
described in the main text.

4. (x,my) ~ (1071
ure 1. For these values the supersymmetric partner of the hidden photon, the hidden

, < 100GeV), the region labeled “Hidden Photino DM” in fig-
photino, is a promising dark matter candidate, if its mass is in the 10 to 150 GeV
range [49].

5. (x,my) ~ (10723,0), in which case the hidden photino, with mass in the TeV range,
may be a candidate of decaying dark matter, giving rise to the above mentioned ex-
cesses observed in galactic cosmic ray positrons and electrons [50, 51]. A phenomeno-
logically quite similar scenario is obtained when the hidden photon itself is massive,
in the TeV range, and decays into Standard Model particles through kinetic mixing
with a U(1)p_r gauge boson, with x, p_r, ~ 0.01 and mp_g, ~ 10'5 GeV [52, 53].

6. (x,m) ~ (1073, TeV). This is phenomenologically interesting because the hidden
photon may be probed at colliders [4, 54-57].

We see that a wide range of values for the kinetic mixing parameter and the mass
of the hidden photon leads in fact to very interesting physics. Therefore, it seems timely



to investigate which values are naturally obtained in realistic string compactifications.
Intriguingly, in compactifications of type II strings, the possible values for kinetic mixing are
indeed widespread, reflecting the diverse possibilities of sizes and fluxes in the compactified
dimensions [58-60]. We thus concentrate our investigations in this paper to predictions
from type II theories,? in particular to the ones with possibly large bulk volumes [66, 67],
which seem to be very successful phenomenologically [70].

The paper is set up as follows. In the following section 2 we will briefly review the
setup of LARGE volume scenarios and hyperweak gauge interactions. In section 3 we
will determine the expected kinetic mixing in these scenarios. Since we are interested
in massive hidden U(1) gauge bosons we will discuss mechanisms to generate masses in
sections 4 and 5. Finally, we collect and summarize our results in section 6.

2 LARGE volumes and hyperweak interactions

LARGE volume theories are based upon type IIB strings with D3 and D7-branes,® which
give rise to “brane worlds”. In these theories, the visible sector lives on a stack of D-branes
which are extended along the 341 non-compact dimensions and wrap small collapsed cycles
in the compactification manifold (see figure 2), while gravity propagates in the bulk, leading
to a possibly smaller string scale at the expense of a larger compactification volume. In
fact, the relation between the (reduced) Planck scale Mp = 2.4 x 10'® GeV, the string scale
M, the string coupling g, and the total volume V = VMY of the bulk?* is given by

Mp = 4—7TVM§. (2.1)

2
s

This equation can be read off from the IIB supergravity action in 10 dimensions, eq. (A.1)
in appendix A. It gives rise to a string scale of order the GUT scale, M, ~ 106 GeV,
for V ~ 50, of order the intermediate scale, My ~ 10 GeV, for ¥V ~ 5 x 10'3, and of
order the TeV scale,® for V ~ 5 x 10%". We will consider the full range of values of the
string scale. We will not address issues such as the lightness of moduli for low string scales.
Nevertheless, it is worth pointing out that there have been recent speculations claiming
that even for TeV strings it is possible to avoid the moduli problems [75].

Hidden U(1)s arise in these scenarios from space-time filling D7-branes wrapping cycles
in the extra dimensions which are not intersecting the visible sector branes (cf. figure 2(a)
and (b)). Another possibility giving rise to hidden sector U(1)s are anti D3-branes (cf.
figure 2(c)). More precisely, we can place our hidden U(1) on a D7 brane wrapping a
LARGE cycle as in figure 2(a). As we will see below, this corresponds to a situation where

2First calculations of kinetic mixing in toroidal compactifications of type IT and type I strings have
appeared in [58, 61, 62], respectively. For analyses of kinetic mixing in compactifications of the heterotic
string, see [63-65].

3In appendix A we review the four-dimensional supergravity corresponding to these theories, its Kaluza-
Klein reduction and the identification of moduli.

“In our conventions, the string scale is My = 1/l = 1/(2rv/a’), in terms of the string tension ¢’

®Massive U(1)s in the context of TeV scale toroidal orientifolds models have been considered in, for
example, [72-74].
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Figure 2. Hidden U(1)s in LARGE volume scenarios realized in type IIB orientifold flux com-
pactifications. A common feature of the geometry of the extra dimensions in these scenarios is
that they have a minimum of four cycles: a large one to control the overall volume, a small one
to allow for non-perturbative effects stabilising the large volume, and two small cycles, exchanged
by the orientifold, wrapped by the visible branes [70]. This leaves various possibilities for hidden
U(1)s. In 2(a) the hidden U(1) gauge group is located on a LARGE cycle extending through the
full LARGE volume. In 2(b) the hidden U(1) is located on a collapsed cycle. The black dashed line
indicates the existence of a LARGE cycle. We do not necessarily have a brane wrapping around
this cycle. Finally, in the last scenario 2(c) the hidden U(1) sits on an anti D3-brane which is often
exploited for uplifting to a de Sitter vacuum [71].

the hidden U(1) becomes hyperweakly coupled. We can also put an extra U(1) on collapsed
cycles as in figure 2(b) or on anti D3 branes as in figure 2(c). In both these cases the gauge
coupling will be O(1).

In fact, the gauge couplings in these scenarios can be read off from the Dirac-Born-
Infeld (DBI) action (cf. the first term in eq. (A.3)). The gauge coupling of a U(1) gauge
boson on a D(3 + g)-brane, wrapping a g-cycle of volume V; in the extra dimensions, turns
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Figure 3. Gauge coupling g(4) of a hidden U(1) as a function of the string scale M, for different
dimensions of the wrapping cycle of the brane hosting the hidden U(1): ¢ = 0 (blue) corresponding
to an (anti) D3 brane (cf. figure 2(c)) or a collapsed D7 brane (cf. figure 2(b)), and ¢ = 4 (red) for a
D7 brane (cf. figure 2(a)). The string coupling has been set to g, = 0.1, such that g corresponds
to the hypercharge gauge coupling at the string scale, ay (M) = g3 (M) /(4m) ~ 1/20.

out to be related to the volume V, = V,/I{ in string units by

2 _ 2rgs  2mgs _ 2mgs
VT AT A

(2.2)

Here |Z] is the absolute value of the central charge of the branes, equal to the right hand
side in the large volume limit. Therefore, in scenarios where the volume V), is large, the
corresponding gauge coupling is small, giving rise to hyperweak interactions [76, 77]. In
fact, from eqs. (2.1) and (2.2) we estimate

9 2rgs <47T Ms2>q/6
9s )

%o = oy =9\ @ g

(2.3)

which can be tiny for 0 < ¢ < 6 and string scales much below the Planck scale, corre-
sponding to large bulk volumes. This can be clearly seen by looking at the red curve in
figure 3, where we show the estimate for the gauge coupling of a U(1) on a D7 brane. In
contrast the gauge coupling on an (anti) D3 brane or a D7 brane on a collapsed cycle is
unaffected by the volume suppression and therefore comparatively large, i.e. O(1), as can
be seen from the blue line in figure 3.

3 Kinetic mixing

Prior to the breaking of supersymmetry, in the 4D effective theory the kinetic mixing
appears as a holomorphic quantity in the gauge kinetic part of the supergravity Lagrangian,

LD /d%{%WaWﬁ#

1 h
Tt T~ i oy



where W,, W}, are the field strength superfields for the two U(1) gauge fields and XZb’ gl gl’}
are the holomorphic kinetic mixing parameter and gauge couplings that must run only at

one loop. The well known expression for the holomorphic gauge running is

L1 nrcz ),
(92)2(p) — (gh)2(A) Z log p/A, (3.2)

Here, Q,(r) denotes the charge under group a carried by n, fields. The physical gauge

couplings are given in terms of the holomorphic quantities by the Kaplunovsky-Louis for-
mula [78, 79] (given here specialised to U(l) gauge groups):

92> = [ } Z Q l gdet 2 — Z LQ‘QI(T)ﬁK, (3.3)

1672

where Z() is the renormalised kinetic energy matrix of fields having charge Qq(r) (i-e. the
renormalised Kéhler metric K55), K is the full Kéhler potential and x? = 1/M3.

We should expect that a similar formula should be obeyed for the kinetic mixing, too.
Indeed, it can be shown that the relevant expression, exact to all orders in perturbation

theory, is

ﬁ = Re(x[) + SLH <QaQb log Z> 6171'2 Z 1 QaQp(r)2K, (3.4)

where g is now the parameter in the canonical Lagrangian density
1
Lcanonical > /dQH{ W W, + WbWb XabW Wb} (35)

This is easiest to understand using the techniques of [80]; it is a consequence of rescaling the
vector superfields from the holomorphic basis (where the gauge kinetic terms are as above)
to the canonical basis, V, — ¢,V,. In fact, the analysis used there follows through exactly
for the kinetic mixing (with the exception of the supergravity contribution proportional to
the full Kéhler potential). Apart from the applications in this paper, the above formula
can be used to derive the running of couplings for several U(1) factors to specified orders
in perturbation theory, such as in [81, 82].

It is worth also noting that the same formalism also describes “magnetic mixing” [83,

84]. Defining Im <ﬁ> = Sgﬁ and similarly for 6, there are terms in the Lagrangian
density ’
Fa’“'/+—9b FP Fomv @Fa Fomv (3.6)
Tom2 v 1672 ™5 gx2 T '

where a tilde denotes the dual field strength, and 6, is the “magnetic-mixing” angle,
Oav
8n2’

We then find a “physical” magnetic mixing in analogy to the above; the resulting canonical

Im(xqp) = (3.7)

Lagrangian density is [85]

20 ~ 0y 0
fg aFSVFa,uu + (16) - Fb Four _ gaé(];)- abFa Fom (3.8)
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Since ng run only at one loop, the same is true of 8, 0y, 045, with the “physical” quantities
obtaining corrections only through the modification of the gauge coupling.

So far we have considered the form of the gauge coupling in 4D supergravity. Further
information can be obtained by dimensional reduction from the original 10 dimensions. In
particular, moduli fields will now appear. Again, we will specialize to the case of a IIB
setup.

As reviewed in appendix A, in LARGE volume type IIB models, the gauge groups are
supported on D7 branes, which wrap four-cycles 7; corresponding to the h? Kihler moduli
T;, but may in addition support magnetic fluxes wrapping two-cycles t;.

ng depends upon the moduli, both closed and open. The closed string Kéhler moduli
T,, transform under Peccei-Quinn symmetries (which lead to discrete shifts of their imag-
inary parts). Therefore, they can only enter as exponentials. However, they also depend
upon the inverse string coupling [86, 87] (see equation (A.14) and the text below it) and
consequently an exponential dependence would be non-perturbative. Thus they cannot
enter at 1-loop. Accordingly, yqp is given by

X];,b _ Xcllgloop(zk’ yz) + X;lgnfperturbative(zk’ e—Tj , yi)’ (39)
where z* are the complex structure moduli, and y; are the open string moduli. The above

is in analogy to the structure of gauge kinetic functions, see for example [88]. Generically,
the z* enter the holomorphic kinetic mixing in polynomial or exponential form (for example
in the explicit example of toroidal models they enter via powers of exponentials [60]) and
will typically be numbers of order one, although certain may be exponentially small at the
end of a warped throat [89]. We thus conclude that generically

1
1672°

Xa ~ (3.10)
Using the above expression (3.4) to compute the canonical kinetic mixing and the fact
that, for a hidden U(1) separated by distances greater than the string scale from the
hypercharge there are no light states connecting them (i.e. charged under both) and thus
no contributions from the Kéahler potential, we expect a kinetic mixing of order

-~ Ga9b
1672

Xab (311)

This is one of our main results. In figure 4, we display the predictions of kinetic mixing
for the two first scenarios of hidden U(1)s shown in figure 2, as a function of the string
scale, which we vary from the TeV scale up to the GUT scale. For the case of a hyperweak
U(1), realized by the geometric setup in figure 2 (a), quite interesting values for kinetic
mixing are predicted,

(3.12)

27gs (471' M? > 1/3
Xab Ta 9 )

T 1672 \ g2 M2
as is apparent from the red band in figure 4 and a comparison with the present phe-
nomenological limits in figure 1. Even larger values are predicted if the hidden U(1) sits
on a collapsed cycle, as in figure 2 (b), because the hidden gauge coupling is in this case
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