PUBLISHED FOR SISSA BY @ SPRINGER

RECEIVED: October 23, 2018
ACCEPTED: October 24, 2018
PUBLISHED: November 9, 2018

Rescuing massive photons from the Swampland

Nathaniel Craig® and lIsabel Garcia Garcia®

@ Department of Physics, University of California,
Santa Barbara, CA 93106, U.S.A.

b Kavli Institute for Theoretical Physics, University of California,
Santa Barbara, CA 93106, U.S.A.

E-mail: ncraig@physics.ucsb.edu, isabel@kitp.ucsb.edu

ABSTRACT: Stringent Swampland conjectures aimed at effective theories containing mas-
sive abelian vectors have recently been proposed [15], with striking phenomenological im-
plications. In this article, we show how effective theories that parametrically violate the
proposed conjectures can be UV-completed into theories that satisfy them. The UV-
completion is accessible through both the Stiickelberg and Higgs mechanisms, with all
dimensionless parameters taking O(1) values from the UV perspective. These construc-
tions feature an IR limit containing a light vector that is parametrically separated from
any other massive states, and from any cut-off scale mandated by quantum gravity con-
sistency requirements. Moreover, the cut-off-to-vector-mass ratio remains parametrically
large even in the decoupling limit in which all other massive states (including any scalar
excitations) become arbitrarily heavy. We discuss how apparently strong constraints im-
posed by the proposed conjectures on phenomenologically interesting models, including
specific production mechanisms of dark photon dark matter, are thereby circumvented.
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1 Introduction

The Swampland program aims to identify a well-defined set of conditions that effective
field theories need to satisfy in order to be compatible with a UV-completion into a theory
of quantum gravity [1-5]. Some of the best-known conjectures in the list of Swampland
criteria are based on arguments regarding extremal black hole decay or absence of black
hole remnants, such as e.g. the weak gravity conjecture (WGC) [2], or the absence of global
symmetries [6-9]. String theory then provides a playing field to look for counterexamples,
gain intuition that allows to sharpen the various versions of these conjectures [10-14], or
propose new ones.

In [15], two new additions to the list of Swampland criteria were proposed, aimed at
effective theories containing U(1) gauge bosons whose mass arises through the Stiickelberg
mechanism. Specifically, [15] argues that in a theory featuring a vector with a Stiickelberg
mass m~ = gfg, with g the corresponding gauge coupling, the following statements hold:

(1) ‘Stickelberg cut-off’ conjecture: there is a cut-off at the scale A < /fy Mp), beyond
which the effective field theory description breaks down.

(2) ‘Radial mode’ conjecture: there is a dynamical scalar degree of freedom present at
the scale my, < fo.

These are adaptations of conjectures that already exist as applied to fundamental axion
fields 0 with period 27 fy [4]. The main insight of [15] is to argue that they should also



apply to massive vectors when the mass arises through the Stiickelberg mechanism, since
in such case the longitudinal mode of the vector may be regarded as a compact axion.

Motivation behind conjecture (1) rests on the observation that, in known string theory
constructions, the point in moduli space at which the period of a compact axion vanishes
— and therefore the vector mass in the Stiickelberg mechanism — lies infinitely far away
from any other point with non-zero period. This, together with conjecture no. 2 in [4],
which states that the low energy effective theory defined around a given point in moduli
space only remains consistent within a finite distance of such point, suggest that the limit
fo — 0 should be non-smooth, and that the effective theory should have a cut-off scale that
vanishes in that limit. The specific form A < \/fyMp; is obtained by applying the WGC
to the theory dual to the scalar 6, namely a U(1) gauge theory with an associated 2-form
gauge potential, and it is further motivated by arguments regarding the absence of black
hole remnants [16, 17].

Regarding conjecture (2), the idea that there must be a radial mode accompanying
the axion whose mass is not arbitrarily heavy was first proposed in [4] (conjecture no. 4).
Refinements of this conjecture in [15], through arguments based on the expectation that
instanton effects will break the continuous shift symmetry of the axion field, further justify

the upper bound m, < fp. Although this may well be the situation in general (such

as e.g. if the axion couples to the topological term of a non-abelian gauge theory, or in
specific string constructions), this precise bound is more a statement about consistent
interacting effective field theories than it is about a consistent theory of quantum gravity.
In particular, conjecture (2) is peculiar as a statement about quantum gravity insofar
as, unlike conjecture (1), taking the limit Mp; — oo does not decouple the radial mode.
Regardless of the precise form that conjecture (2) should take qua a consistency condition
of quantum gravity, we nevertheless entertain it in the following — not least because we
will also be considering Higgs theories, for which the conjecture obviously holds.

The conjectures in [15] lead to (at least) two phenomenologically relevant consequences.
First, in conjunction with current experimental upper bounds, they imply that the Stan-
dard Model (SM) photon must be completely massless. Second, these conjectures have
the potential to significantly constrain the region of parameter space that is realizable for
models of dark photon dark matter. Specifically, if the dark matter relic abundance of dark
photons is produced through inflationary fluctuations, as proposed in [18], the conjectures
of [15] imply that dark photon masses below ~ 10 eV may be inconsistent with a further
UV-completion into a theory of quantum gravity. If true, this would wipe out a significant
region of the relevant parameter space in such theories, since from a low energy perspec-
tive dark photon masses as low as ~ peV are consistent with a dark matter abundance
generated from inflationary fluctuations.

In this work, we robustly demonstrate that the conjectures in [15], even if true in the
UV, need not imply phenomenological consequences in the IR. That is, low energy effective
field theories can appear to parametrically violate the conjectures, thereby removing phe-
nomenological constraints. Our counter-example unsurprisingly takes the form of a small
modification of the clockwork mechanism of [19, 20] as applied to vectors [21], and for
reasons that will become apparent in the following we refer to it as ‘broken clockwork’.



Crucially, the broken clockwork constructions we present feature a low energy effective
theory with the following properties:

(7) it contains a massive photon that is parametrically below any other massive degrees
of freedom, in particular any radial mode,

(73) it allows for a decoupling limit in which scalar excitations (and other massive states)
become arbitrarily heavy, but a parametric separation of scales remains between the
photon mass and any cut-off scale mandated by quantum gravity arguments,

(797) despite parametrically violating conjectures (1) and (2), it can be UV-completed
into a theory that satisfies them, and the UV-completion can be implemented both
through the Higgs and Stiickelberg mechanisms, and

(tv) properties (i)-(¢i¢) hold for O(1) values of the UV parameters.

The rest of this paper is organized as follows. In section 2 we review the clockwork
mechanism as applied to vectors, as well as the properties of vector clockwork theories in
the context of the WGC (following [21]), and show how the vector clockwork construction
can also be UV-completed through the Stiickelberg mechanism. In section 3 we present how
these constructions can be modified in order to obtain a theory that satisfies properties (i)-
(iv). Section 4 revisits the phenomenological implications of conjectures (1) and (2), and
discusses how broken clockwork models circumvent the constraints of [15]. We summarize
our conclusions in section 5.

2 Vector clockwork, and the WGC

We begin by reviewing the original clockwork mechanism of [19, 20] as applied to abelian
gauge theories in section 2.1, as well as the status of the WGC in the context of these
constructions, following [21]. In section 2.2 we present a Stiickelberg UV-completion of
vector clockwork.

2.1 Vector clockwork through Higgsing

The discrete version of the clockwork construction as applied to vectors consists of a theory
with a gauge group that is a product of N + 1 independent U(1) factors, G = Hj-V:O U(1);,
with a low energy effective lagrangian describing the gauge sector of the form [21, 22]

1 N 1 N-1
2 2 2
L= _ZZFjuv+§ Zm (Aju = qAj+1)" (2.1)
j=0 Jj=0

where ¢ is a dimensionless quantity that needs to be ¢ # 1 for clockwork to operate, and m?
is a mass-squared parameter that breaks N of the N +1 U(1)’s. Without loss of generality,
here we will consider the case ¢ > 1. Compactness requires charge be quantized, and for
simplicity we assume the charge quantum g is the same for all U(1); factors.
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Figure 1. Quiver diagram for the vector clockwork construction. Circles denote U(1) gauge groups,
and lines represent complex scalar fields charged under adjacent groups.

A partial UV-completion to eq. (2.1) is achieved by introducing N Higgs fields ¢; car-
rying charges 1 and —¢ under the U(1); and U(1);41 factors. The corresponding lagrangian

then reads
1 N N-1
4 Z FJ2/W + Z (1DussI* — V($5)) (2.2)
j=0 j=0

where D,,¢; = 0,6 —9(Aj —qAj1),¢5, and V(¢;) denotes a non-trivial potential for each
complex scalar such that (|¢;|) = v/v2. Eq. (2.1) with m? = g?v? then corresponds to
the effective lagrangian describing the gauge sector of the theory, in unitary gauge. (It is
useful to think of this construction in terms of a quiver theory, as depicted in figure 1.)

Upon diagonalization, the spectrum of mass eigenstates contains a massless vector,
corresponding to the U(1) factor that remains unbroken, which we refer to as U(1)s,. In
terms of the gauge fields associated to the individual lattice sites, it is given by

=z

N
1 . 1
Ay=2 ¢V IA ~ gAj, (2.3)
J=0

where N = /2N + -+ ¢2 +1 ~ ¢". The massless mode A, is a linear combination
involving the N + 1 gauge bosons of all the original U(1) factors, but with exponentially
distributed coefficients. In terms of the quiver theory of figure 1, it is exponentially localized
towards the 7 = 0 site, and has exponentially suppressed overlap with states localized on
the site j = N.

As discussed in [22], the N massive vectors resulting from this symmetry-breaking
pattern are also linear combinations of all the fields in the quiver, but do not exhibit
strong localization. Their masses are at the scale my, ~ gquv, with the lightest massive
mode appearing at my;, ~ (¢ — 1)gv, and the heaviest at my, =~ (¢ + 1)gv. This mass
spectrum is characteristic of clockwork theories: a massless mode followed by a band of
O(gv) where the N massive modes lie. In this particular UV-completion, N real scalar
fields, corresponding to the radial modes of the ¢; fields, will also be part of the spectrum,
with masses of order ~ v (up to quartic couplings). This is schematically depicted in
figure 2. Given the perturbativity constraint gq < 1, the massive vector modes could well
lie below the scale v. However, we will assume throughout that gq ~ 1, and use m, ~ v as
a proxy for the scale at which massive states, both scalars and vectors, are present.

Further, as a result of charge being quantized, the symmetry breaking pattern of the
theory is not quite U(1)N*1 — U(1).y, but rather

UMV = U X (Zp, X - X Zpy) (2.4)
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Figure 2. Typical mass spectrum of vector clockwork constructions. A massless photon remains in
the spectrum, followed by N massive vectors at scale my, ~ gqu < v. In the Higgs UV-completion
of the model, N scalar fields are also present, with masses my, ~ v.

i.e. N discrete gauge symmetries remain unbroken.! The leftover discrete symmetries are
expressed in the spectrum of the theory through the presence of solitonic degrees of freedom:
flux tubes, or cosmic strings, inside of which magnetic flux of the broken gauge directions
remains confined [23]. There will be N different types of strings, all with tension T’ ~ v?.
Notice that the presence and properties of these strings can be understood purely from a
semi-classical analysis of eq. (2.2) (see e.g. [24]), and no new degrees of freedom, or any
other modification of the theory, need to be introduced at scale VT ~ .

Many of the interesting properties of clockwork theories stem from the exponential
localization of its O-mode. In particular, a matter field ny carrying unit charge g under
the gauge group U(1)x will couple to the massless mode with strength

g g
gy:NNqiN<<g’ (2.5)

and defines the charge quantum of the unbroken U(1) factor. In general, a state n; carrying
unit charge under the j-th gauge group, carries charge ¢/ (in units of g,) under U(1) .
Compactness of the theory in the broken phase is therefore guaranteed by assuming the
original N 4+ 1 U(1) factors are also compact.

As first noted in [21], the exponential localization of the 0-mode across the quiver,
and specifically eq. (2.5) as a direct consequence, endows this theory with rather unusual
properties in the context of the WGC. In particular, specific versions of the conjecture
satisfied by the UV theory (that is, before Higgsing), may be parametrically violated in
the IR. For instance, the ‘unit-charge’ version of the conjecture may be satisfied in the UV

'For general N, p1 = pn = ¢*N +--- + ¢® + 1, whereas the order of the other N — 2 discrete groups will
typically be smaller, their exact value depending on the specific choice of ¢ and N.



by demanding all states n; appear at a scale m,, satisfying?:3
my S A~ gMpy, (2.6)

where g is subject to the perturbativity constraint gg < 1. For O(1) values of g, this is
not a strong constraint, and if g is not very small, A may not be far below Mp;. Thus, the
cut-off scale defined by the WGC, below which electrically charged states must be present
in the theory, can easily be above all the massive vector and scalar excitations depicted in
figure 2, and therefore well out of reach of any low energy effective description.*

However, in light of eq. (2.5) it is clear that imposing this version of the conjecture in
the UV does not imply that the same version is satisfied by the IR theory. In the broken

phase, a state with mass m,, and U(1).,, charge @ (in units of g,) is super-extremal if
Q
n S QgyMpr ~ quMPl : (2.7)

Eq. (2.6) obviously implies eq. (2.7) for Q@ = ¢V, and therefore the state 79, carrying
unit charge under U(1)g, is guaranteed to satisfy the super-extremality condition in the
IR theory. However, if m, is not too far below A, this may indeed be the only super-
extremal state present in the Higgsed phase. As a result, from a UV theory that satisfies
the stringent unit-charge version of the conjecture, we recover an IR theory in which the
only super-extremal state carries charge ¢V >> 1, parametrically violating the version of
the conjecture imposed in the unbroken phase.’

The discussion of the magnetic version of the conjecture proceeds along similar lines [21].
Assuming the magnetic WGC holds in the unbroken phase, A ~ gMp; corresponds to the
scale at which the UV theory needs to be modified in order to account for the presence of
magnetic monopoles charged under the U(1); factors [2]. Applying the same version of the
conjecture to the IR theory would suggest that new physics should therefore be present
at a scale g, Mpj~A/ ¢~ < A to account for monopoles carrying U(1)., magnetic charge.
But no modification of the theory at scale g, Mpy is required. Instead, IR monopole config-
urations may be built out of individual monopoles carrying magnetic charge of the U(1);
factors, connected through flux tubes. In this way, a finite energy configuration carrying
U(1)ew magnetic charge can be built, and as shown in [21] the unit-charge monopole (that
is, with charge 27 /g,) is not a black hole. Thus, the IR theory parametrically violates the
magnetic form of the WGC, although it is satisfied in the UV.

2For simplicity we assume all states 7; have similar mass ~ m,,.

3The right-hand-side of eq. (2.6) should include an extra factor of 1/v/4m, as well as 1/v/N + 1 from
considering a theory involving several U(1) factors [25]. However, since we will be focused in cases with
N = O(1), these factors are irrelevant for our discussion, and we neglect them in the following.

4Sublattice and Tower versions of the WGC further suggest that local effective field theory completely
breaks down at a scale of order gl/SMpl [11, 14]. However, as noted in [14], these considerations only
strictly apply in dimensions greater than four, and while some version of these conjectures may persist in
purely four-dimensional theories, its precise form remains unclear. Since our conclusions are independent
of the specific form of the cut-off, we will stick with the unit-charge or magnetic form, A ~ gMp;, unless
otherwise noted.

®As discussed in [21], this state of affairs is however not a problem as far as arguments regarding the
decay of extremal black holes are concerned: even though black holes can only lose charge modulo ¢”, there
are no controlled extremal black hole solutions (that is, with mass above Mpi) carrying smaller charge.



2.2  Vector clockwork through the Stiickelberg mechanism

The low energy effective lagrangian of eq. (2.1) can also be UV-completed through the
Stiickelberg mechanism, by introducing N axion fields 6;, each transforming non-trivially
under the gauge transformation corresponding to the linear combination A; — qA; 1.

A compact axion can be dualized into a 2-form gauge field associated with an abelian
gauge group. For the case at hand, the Stiickelberg UV-completion of the vector clockwork
construction requires introducing N such 2-forms, B;, and the corresponding lagrangian
can be written as

N N-1

1 1 gf9 v
L= 4 Z FJ2MV - Z (quzuua + TEM P (Fjpw — qFjHW)ijo) ) (2.8)
j=0 §=0

where H; = dB; are the corresponding 3-form field strengths, and are related to the scalars
6; through the Hodge dual operation H; = *df;. The 2-forms B; couple to fundamental
string currents in units of 27 fy, which coincides with the periodicity of the scalars 6;. As
the A; and Bj each are associated with compact abelian gauge groups, the parameter g is
necessarily quantized in Z. The clockwork form of the B;j A (F; — ¢Fj41) couplings can be
understood simply as the dual of the (1,—q) “charges” dictating shifts of the axion fields
¢; under gauge transformations of (A4;, Aj41).

The Bj A (Fj —qFj4+1) couplings of eq. (2.8) can be rewritten in terms of the H;, which
in turn may be eliminated through the corresponding equations of motion:

H;chr = gf9€MpUV(Aj — qu+1)y . (29)

Plugging eq. (2.9) back into eq. (2.8) we precisely recover eq. (2.1) with m? = g% f3.

Naively, the mass spectrum of this UV-completion is as in figure 2 except that there
are no massive scalars. However, if we accept the ‘radial mode’ conjecture of [15], every 6;
must be accompanied by a scalar excitation appearing at a scale m, not far above fy. In
such case, the spectrum of the theory is then in fact identical to that of figure 2, after the
obvious replacement v — fj.

A further consideration stems from applying the WGC to the abelian gauge groups
associated to the 2-forms. Using the version of the conjecture appropriate for higher form
fields [2], one concludes that the tension T' of fundamental strings coupling to the B;’s
must satisfy®

TS foMp . (2.10)

Much like the flux tubes present in Higgs theories, these strings will carry magnetic
flux of the broken gauge directions. This can be seen by introducing string currents X;
with couplings of the form £ o 27 ngj,“,E? Y. Taking the divergence of the equations of
motion obtained by varying with respect to the B;’s, one indeed finds

~ ~ 2
Ou(Fy — aFja)™ o g5 (2.11)
g

SEq. (2.10) would correspond to the unit-charge version of the conjecture as applied to 2-form abelian
gauge theories, up to O(1) factors we are not keeping track of.



where Fj = *IF;. However, unlike Higgs cosmic strings which can be understood semi-
classically, with no need for extra degrees of freedom beyond those featured in eq. (2.2),
the tension of Stiickelberg strings defines a scale at which the field content of the theory
needs to be extended. In this sense, VT ~ v/fpMp may be regarded as a cut-off scale, as
mandated by the WGC [17].

The discussion of the WGC as applied to the 1-form gauge sector is identical to the
situation in the Higgs UV-completion, with fundamental strings now playing the role of
flux tubes in building the IR monopoles. Depending on the sizes of g and fy, the WGC
cut-off as applied to the Stiickelberg UV-completion will then be either

A~ gMpl or 4/ ngp] . (212)

3 Broken vector clockwork

3.1 Parametrically light vectors from a broken clockwork

We consider a modification of the original clockwork construction by adding to the la-
grangian of eq. (2.1) an extra term of the form:

1
LD §m2A§V, (3.1)
which breaks the U(1)., symmetry. This term can be implemented through the addition
of an extra Higgs field carrying unit charge under the last gauge group of the quiver, i.e.

L2 |Duon|* = V(onl), (3.2)

with D,¢n = 0,¢n — igAN, PN, and V(|¢n]) a non-trivial potential such that (|on|) =
v/+/2. Or by introducing an additional 2-form field in the Stiickelberg case, with couplings:
LD fHN + Lﬁ&“VpUFN Bnyo - (33)
uvo 4 [11% po
A symmetry breaking term as in eq. (3.1) arises from either of these choices, with m? = g?v?
or g? f92, for the Higgs and Stiickelberg UV-completions respectively.” In the following, we
will use notation appropriate to the Higgs UV-completion of the model, but all our results
apply also in the Stiickelberg case unless otherwise noted.
For a 2-site model (N = 1), the eigenvalues of the modified vector mass-squared matrix
can straightforwardly be obtained analytically, and are given by m?y,V = (gv)2)\%v, with

=%<q2+2— (q2+2)2—4) q12(1+(9( ))qu2 (3.4)

Av <q+2+\/q o) )_q(1+o( 2)) ~ g2 (3.5)

"Choosing the vev of the additional Higgs field ¢ (the periodicity of the additional Stiickelberg axion

Ay

On) to be different from v (fg) by an O(1) amount makes no qualitative difference to our conclusions.



Thus, the masses of the two vectors are, parametrically:
v
My = guy/ Ay ~ g—, and my = guy/ Ay ~ gqu . (3.6)
q

The theory no longer contains a massless mode, but otherwise the spectrum of states
is very much like in the standard clockwork construction, with a second massive vector at
the scale my ~ gquv < v, and scalar excitations appearing at the scale ~ v. The separation
of scales between the light vector and heavier states with mass m, ~ v (or fy), is given by

=2z (3.7)
my g
where in the last step we have used the perturbativity requirement gg < 1. However,
this separation of scales can only be made parametrically large if one chooses ¢ > 1,
which may seem ad hoc, and could potentially frustrate the theory’s embedding into a full
UV-completion [26, 27].

Interestingly, the separation of scales increases exponentially by increasing the number
of sites. The mass of the lightest vector in the general case containing NV + 1 sites is

gu

~ N

. (3.8)

My
whereas the heavier vector spectrum is left almost unchanged.

While complete analytic expressions for the eigenvalues and eigenvectors are unillumi-
nating, it is straightforward to see the effect of the mass deformation in eq. (3.1) on the
(N + 1)-site clockwork spectrum at first order in m?/(gqu)? ~ 1/¢%>. The mass-squared
eigenvalues to first order in this perturbation are

my, = my, + m*O%; (3.9)

where my; denote the unbroken clockwork mass eigenvalues (as in section 2.1), and [22]

N—i . . .
q . igm . (+)yrm
Oio = N Oi; = Nj {qsmN+ T v (3.10)
29202
J (N—l—l)m%/j

is the orthogonal matrix relating the gauge and mass eigenbases for the unperturbed clock-
work, A=0V. In particular, the mass of the lightest eigenstate at this order is precisely
that of eq. (3.8), while the perturbations to the heavier mass eigenstates are suppressed
by 1/N. The lightest mass eigenstate remains exponentially localized; to first order in
m?/(gqu)? ~ 1/¢? it is related to the unperturbed clockwork eigenvectors via

2
~ m X~
A’y X A’Y — Z @ONiONO‘/i . (312)

In particular, the admixture of the lightest mode with the heavier unperturbed mass eigen-
states is suppressed by a factor of Oyg ~ 1/ ¢V, preserving the localization of the zero mode
observed in the unperturbed theory.
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Figure 3. Typical mass spectrum of the broken clockwork constructions discussed here. (a) Mass
of the lightest vector as a function of N. (b) Masses of the N heavier vector modes. As in the
standard (unbroken) clockwork model, their masses range from approximately (¢—1)gv to (g+1)gv
(orange band). In both figures, ¢ = 3 for illustration.
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Figure 4. Profile of lightest vector for N =1 (red), 3 (green), 6 (orange), and 10 (blue), with ¢ = 3

for illustration, with A, = Z;‘V:o cjA;. Continuous lines correspond to the exponential localization

of the standard clockwork construction where ¢;/co = 1/¢.

The stated parametric behaviour apparent from perturbation theory can be seen more
robustly in figure 3, which shows the exact numerical spectrum as a function of the number
of sites. The eigenvector spectrum also very closely matches that of the unbroken clockwork
construction. In particular, the lightest vector exhibits the same strong localization towards
one of the sites in the quiver, as expected; this is illustrated in figure 4.

The scaling behaviour in eq. (3.8) allows for a separation of scales between the lightest
vector, and all the other massive modes appearing at scale m, ~ v (or fy):

N
UL A (3.13)
My g

which may be parametrically large even for O(1) values of the UV parameters ¢ and N.



3.2 Status of the WGC

In section 3.1 we have discussed how a broken clockwork construction can feature a large
separation of scales between the lightest state and any other massive excitations, even for
O(1) values of the underlying UV parameters, as illustrated through eq. (3.13). However,
if we are willing to consider very small parameter values, so long as they are technically
natural, we could have just as well considered a theory with a single U(1) and a Higgs field
(or Stiickelberg axion) carrying the unit of charge. In this case, we would find

Mo VAL e g<l (3.14)

Moy g
with A a quartic coupling controlling the radial mode mass in the Higgs or Stiickelberg
constructions, satisfying the perturbativity requirement A < 4m. In fact, what we have
done in our broken clockwork construction is first use the standard clockwork mechanism
to generate a very small effective gauge coupling, eq. (2.5), and then break it through a
Higgs or Stiickelberg axion field that carries the unit of charge under U(1)¢,. Surely then,
the conclusions regarding separation of scales in the two theories cannot be that different,
and it is therefore a matter of taste whether one prefers a theory with very small couplings,
or one with O(1) parameters but with an extended field content? It turns out that the
two theories are crucially different when considered in the context of the WGC, as we
now discuss.

Some of the unusual features of vector clockwork theories with regards to the WGC
are expressed also in the broken version of these constructions. Specifically, a parametric
separation of scales between the photon mass m.,, and any cut-off scale required by WGC-
like arguments remains, even in the decoupling limit in which all other massive states are
taken arbitrarily heavy. For instance, in either the Higgs or Stiickelberg versions of the
theory with A ~ gMp;, we have

A M M
< 9P NIOPL v Ml N (3.15)

my ~ gu/q¥ v
where v should be replaced by fy in the Stiickelberg case.

This result is largely independent of the specific form of the cut-off imposed in the UV
theory. For example, if the parameters of the Stiickelberg UV-completion are such that

V/ foMpy is below gMp;, we then find

M M N
7§£}\?_ Pl >M>quN+l>1_ (3.16)
my "~ gfe/aq fo

Different values of A arising from different versions of the conjecture as applied to the UV
theory lead to different parametric dependence of the ratio A/m~ on the model parameters,
but in any case a parametrically large ratio will remain even in the decoupling limit.

This is crucially different from the situation that arises from the spontaneous breaking
of a single U(1) gauge group through the vev of a Higgs carrying charge g < 1. In this
case, the WGC cut-off-to-photon-mass ratio behaves, parametrically

A M, M,
A gMpr _ Mpl v Me 1, (3.17)
My qu v
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i.e. imposing the WGC in the unbroken phase precludes a decoupling limit. This also
holds for a Stiickelberg construction, and since we are interested in g small and fy large,
the above expression trivially applies in this case after the substitution v — fy.

4 Phenomenological implications

4.1 Dark photon dark matter

Massive vectors with small couplings to the SM degrees of freedom are ubiquitous in
Beyond-the-Standard-Model physics. They are a common occurrence in models of dark
matter featuring extended dark sectors, and appear naturally in the context of string com-
pactifications [28]. Moreover, if sufficiently stable, they can be the dark matter [29] (see
also [30]).

In [18], an attractive mechanism for generating dark photon dark matter was proposed,
in which the correct relic abundance is produced through inflationary fluctuations. The
mechanism is minimal, its only necessary ingredients being a massive vector and a period
of inflation. Moreover, in order for the dark photon to account for all of the dark matter,
its mass must be related to the scale of inflation as follows:

14 4
10 GeV> ’ (41)

m7:6ueV< o,

effectively making the mechanism a single parameter model.

For the mechanism to be successful, there must be no scalar fields with masses below
H; (the Hubble scale during inflation) — if there were, the isocurvature perturbations
produced would be incompatible with CMB observations, and the model ruled out [31].
Within an effective field theory framework, we would therefore expect the mechanism to
be valid only if the mass of the vector is of Stiickelberg type, or if the scalar excitation was
parametrically decoupled in the Higgs case. The minimality of the mechanism therefore
appears as appealing as it is necessary.

In light of the conjectures in [15], however, this minimality may in fact be a curse rather
than a blessing. In particular, the conjectured bounds in [15] imply that even if the dark
photon mass is of a Stiickelberg type, dark photon masses below ~ 10 eV are challenging
to realize in a theory of quantum gravity. If taken at face value, this would significantly
compromise a large region of parameter space in which the mechanism presented in [18] is
applicable, and that will be explored by future experimental proposals [32] (see e.g. figure
6 in [18]). Thankfully, the apparent exponential violation of the conjectures in [15] by
effective field theories arising from broken clockwork reconciles this parameter space with
UV-completion in a theory of quantum gravity. We now briefly review the logic presented
n [15], before showing how the result is modified in the broken clockwork constructions of
section 3.1.

Taking the radial mode conjecture of [15] as a reference, and demanding that no scalar
excitations be present below the inflationary scale requires

Hp S mq, (4.2)
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where m, < v or fp, for the Higgs and Stiickelberg scenarios respectively. Since we are
interested in the regime of small dark photon mass, where m, < Hr, eq. (4.2) therefore
requires that we take g < 1. Further, for the calculation in [18] to be valid, H; must be
below any cut-off scale beyond which the low energy effective theory breaks down. In the
regime of small gauge coupling, [15] considers the Tower WGC cut-off A ~ g'/3Mp;. In
this case:

m.
Hy 5 A S gl/3Mp1 ~ (ﬁ;) Mpy, (43)

where in the last step we have used g ~ m.,/Hy, saturating eq. (4.2) (this is the best case
scenario, with the largest possible H; and so the smallest possible m,). Plugging eq. (4.3)
back into eq. (4.1) translates into the constraint, parametrically:

my 2 10 eV . (4.4)

We can repeat this exercise for the broken clockwork construction. Taking into account
the relationship between the mass of the lightest vector and heavier states, as given through
eq. (3.13), and assuming eq. (4.2) holds, we then have g ~ ¢~m,/H;. This modifies
eq. (4.3) as

N 1/3
q My
H; < M, 4.5
IS < o, ) Pl (4.5)
and in turn weakens the lower bound on the dark photon mass:

10 eV
my 2k (4.6)

v qN/2

which is ~ peV for, for example, ¢ = 3 and N = 16.

Hence, the broken clockwork constructions discussed here allow for dark photon masses
in the entire regime in which the dark photon can be the dark matter, all the way down
to m, ~ peV. Moreover, since the discussion above focused on the radial mode conjecture
of [15], our conclusions are valid both in the Stiickelberg and Higgs versions of these models.

4.2 A mass for the Standard Model photon

As discussed in [15], experimental constraints on the mass of the photon are stringent
(see [33] for a review), with kinematic tests placing an upper bound m., < 107 eV [34-36].
From a theoretical perspective, engineering such a small, but non-zero, photon mass, while
complying with quantum gravity constraints on effective field theories, may turn out to
be challenging. Indeed, experimental constraints combined with the conjectures of [15]
provide a compelling argument that the photon must be massless.

The argument is roughly as follows: if the SM photon had a mass m, < 10714 eV
arising from Higgsing, this would imply a scalar mode at roughly the same scale, coupling
to the photon with strength e &~ 0.3, a possibility which is clearly ruled out. A Stiickelberg
mass does not alleviate the problem in light of the conjectures of [15]. If the radial mode
conjecture applies, then the obstruction is precisely as in the Higgs case. Even ignoring the
radial mode conjecture, the theory would still feature a cut-off at scale A ~ /fyMp| ~ MeV,
which is also incompatible with experiment.
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As noted in [15], a way out would be to assume that the electromagnetic gauge coupling
is in fact quantized in units of e, < e, so that a unit-charge Higgs or Stiickelberg axion could
account for a non-zero SM photon mass, while remaining compatible with experimental
constraints. For instance, for e, ~ 107 and v (or fy) ~ 1 eV, one would have my S
1071* eV, whereas such a light scalar excitation with electric charge O(10~!%) remains
compatible with current measurements [37, 38].

To some extent, the e, < 1 scenario proposed in [15] can be realised through the
broken clockwork constructions presented here. Specifically, it corresponds to applying the
clockwork mechanism as discussed in section 2 to the hypercharge gauge group of the SM,
and assuming the rest of the SM field content remains localized on the j = 0 site. In this
case the electromagnetic charge quantum would now be

e,YNQiN<<1, (4.7)

assuming that the vev of the Higgs (or the period of the Stiickelberg axion) fields respon-
sible for the clockwork mechanism is much larger than the scale of electroweak symmetry
breaking in the SM. In this construction, SM fermions carry electric charges in units of
v e,. Moreover, a unit charge Higgs (or Stiickelberg axion) localized on the j = N site
will lead to a small mass for the photon, of order

My ~ €qV ~ % . (4.8)
q
In this construction, however, v (or fy) cannot be taken as low as ~ 1 eV. As discussed
in section 2.1, a distinctive feature of clockwork constructions is the presence of massive
vector modes at scale my ~ gqu < v. Since these massive vectors are not strongly localized
across the quiver, their coupling to localized matter will be O(1). Massive copies of neutral
SM gauge bosons with O(1) couplings to SM fermions are highly constrained by experi-
ments, with direct searches putting lower bounds on their masses of order ~ 4TeV (see
g. [39]). Constraints on clockwork models are likely to be stronger, given the multiplicity
of states, so that v (or fy) 2 10 TeV to remain consistent with current data. Together
with the experimental requirement m, < 10~ eV, generating a photon mass consistent

with all constraints and the conjectures in [15] is possible provided

107 eV v
N> 10% 4.9
T~ < M.y > (10TeV) ’ (4.9)

which can be achieved, for instance, for ¢ = 5 and N = 38.

5 Conclusions

Looking for consistency conditions applicable to effective field theories by demanding they
remain compatible with a UV embedding into a theory of quantum gravity — the philoso-
phy behind the Swampland program — is a promising enterprise. At a time of much needed
guidance in Beyond-the-Standard-Model physics, given the lack of unambiguously positive
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results from collider and dark matter detection experiments, a well-defined set of condi-
tions would be welcome. However, for the Swampland program to be relevant to the low
energy theorist building models to solve the various problems that afflict particle physics
today, the conjectures must be sufficiently compelling as applied to four-dimensional effec-
tive field theories in the far IR. In particular, the existence of controlled counter-examples
that apparently violate Swampland conjectures at low energies, but nevertheless allow for
consistent (albeit partial) UV-completions, weakens the extent to which the conjectures
provide a meaningful guiding principle for IR phenomenology.

We have shown that the conditions proposed in [15] (conjectures (1) and (2) in the
Introduction), aimed at effective field theories containing light vectors with Stiickelberg
masses, can be parametrically violated while still remaining compatible with a UV-
completion into a theory that satisfies them. Moreover, such UV-completion can be imple-
mented both in the context of the Higgs and Stiickelberg mechanisms.

The constructions we have considered here are a small modification of the original
clockwork axion models [19, 20] as applied to vectors. The axion constructions of [19, 20]
were first proposed in order to obtain a low energy effective theory featuring an axion
field with an effective decay constant f > Mp;, but without introducing super-Planckian
parameters from the UV perspective. The vector version was first introduced in [21], in
order to illustrate how versions of the WGC satisfied in the UV may be parametrically
violated by the effective theory that remains at low energies. It is of little surprise, then,
that a small modification of this construction — namely, through the breaking of the
continuous symmetry that the clockwork mechanism leaves unbroken — would serve to
circumvent analogous versions of the Swampland conjectures that apply to theories with
massive vectors.

An open question remains as to whether a continuum version of clockwork theories
(both in their unbroken and broken versions) exists that exhibits the same properties with
respect to WGC and more general Swampland arguments. In line with the discussion
in [40], a continuum version of the standard clockwork constructions discussed here can be
obtained by promoting the discrete lattice to a flat extra dimension, and including bulk and
brane mass terms. Further breaking of the U(1) gauge symmetry that remains unbroken
from the four-dimensional perspective can be obtained, for example, through a Higgs field
living on the opposite brane to which the massless field is exponentially localized. It is
unclear, however, the extent to which compactness and separation of scales with respect to
WGC cut-offs are mimicked in this continuum version, leaving it a topic for future work.

Acknowledgments

The research of IGG is funded by the Gordon and Betty Moore Foundation through Grant
GBMF7392. The research of NC is supported in part by the US Department of Energy
under the Early Career Award DE-SC0014129 and the Cottrell Scholar Program through
the Research Corporation for Science Advancement. Research at KITP is supported in
part by the National Science Foundation under Grant No. NSF PHY-1748958.

~15 —



Open Access. This article is distributed under the terms of the Creative Commons

Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in

any medium, provided the original author(s) and source are credited.

References

1]
2]

3]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

C. Vafa, The String landscape and the swampland, hep-th/0509212 [INSPIRE].

N. Arkani-Hamed, L. Motl, A. Nicolis and C. Vafa, The String landscape, black holes and
gravity as the weakest force, JHEP 06 (2007) 060 [hep-th/0601001] [INSPIRE].

A. Adams, N. Arkani-Hamed, S. Dubovsky, A. Nicolis and R. Rattazzi, Causality, analyticity
and an IR obstruction to UV completion, JHEP 10 (2006) 014 [hep-th/0602178] [INSPIRE].

H. Ooguri and C. Vafa, On the Geometry of the String Landscape and the Swampland, Nucl.
Phys. B 766 (2007) 21 [hep-th/0605264] [INSPIRE].

T.D. Brennan, F. Carta and C. Vafa, The String Landscape, the Swampland and the Missing
Corner, PoS(TASI2017)015 [arXiv:1711.00864| [INSPIRE].

M. Kamionkowski and J. March-Russell, Planck scale physics and the Peccei-Quinn
mechanism, Phys. Lett. B 282 (1992) 137 [hep-th/9202003] [INSPIRE].

R. Holman, S.D.H. Hsu, T.W. Kephart, E.W. Kolb, R. Watkins and L.M. Widrow, Solutions
to the strong CP problem in a world with gravity, Phys. Lett. B 282 (1992) 132
[hep-ph/9203206] [INSPIRE].

R. Kallosh, A.D. Linde, D.A. Linde and L. Susskind, Gravity and global symmetries, Phys.
Rev. D 52 (1995) 912 [hep-th/9502069] [INSPIRE].

T. Banks and N. Seiberg, Symmetries and Strings in Field Theory and Gravity, Phys. Rev.
D 83 (2011) 084019 [arXiv:1011.5120] [INSPIRE].

B. Heidenreich, M. Reece and T. Rudelius, Sharpening the Weak Gravity Conjecture with
Dimensional Reduction, JHEP 02 (2016) 140 [arXiv:1509.06374] INSPIRE].

B. Heidenreich, M. Reece and T. Rudelius, Fvidence for a sublattice weak gravity conjecture,
JHEP 08 (2017) 025 [arXiv:1606.08437] INSPIRE].

M. Montero, G. Shiu and P. Soler, The Weak Gravity Conjecture in three dimensions, JHEP
10 (2016) 159 [arXiv:1606.08438] INSPIRE].

S. Andriolo, D. Junghans, T. Noumi and G. Shiu, A Tower Weak Gravity Conjecture from
Infrared Consistency, Fortsch. Phys. 66 (2018) 1800020 [arXiv:1802.04287] [InSPIRE].

B. Heidenreich, M. Reece and T. Rudelius, The Weak Gravity Conjecture and Emergence
from an Ultraviolet Cutoff, Eur. Phys. J. C 78 (2018) 337 [arXiv:1712.01868] INSPIRE].

M. Reece, Photon Masses in the Landscape and the Swampland, arXiv:1808.09966
[INSPIRE].

M.J. Bowick, S.B. Giddings, J.A. Harvey, G.T. Horowitz and A. Strominger, Axionic Black
Holes and a Bohm-Aharonov Effect for Strings, Phys. Rev. Lett. 61 (1988) 2823 [INSPIRE].

A. Hebecker and P. Soler, The Weak Gravity Conjecture and the Azionic Black Hole
Paradoz, JHEP 09 (2017) 036 [arXiv:1702.06130] [INSPIRE].

P.W. Graham, J. Mardon and S. Rajendran, Vector Dark Matter from Inflationary
Fluctuations, Phys. Rev. D 93 (2016) 103520 [arXiv:1504.02102] INSPIRE].

~16 -


https://creativecommons.org/licenses/by/4.0/
https://arxiv.org/abs/hep-th/0509212
https://inspirehep.net/search?p=find+EPRINT+hep-th/0509212
https://doi.org/10.1088/1126-6708/2007/06/060
https://arxiv.org/abs/hep-th/0601001
https://inspirehep.net/search?p=find+EPRINT+hep-th/0601001
https://doi.org/10.1088/1126-6708/2006/10/014
https://arxiv.org/abs/hep-th/0602178
https://inspirehep.net/search?p=find+EPRINT+hep-th/0602178
https://doi.org/10.1016/j.nuclphysb.2006.10.033
https://doi.org/10.1016/j.nuclphysb.2006.10.033
https://arxiv.org/abs/hep-th/0605264
https://inspirehep.net/search?p=find+EPRINT+hep-th/0605264
https://doi.org/10.22323/1.305.0015
https://arxiv.org/abs/1711.00864
https://inspirehep.net/search?p=find+EPRINT+arXiv:1711.00864
https://doi.org/10.1016/0370-2693(92)90492-M
https://arxiv.org/abs/hep-th/9202003
https://inspirehep.net/search?p=find+EPRINT+hep-th/9202003
https://doi.org/10.1016/0370-2693(92)90491-L
https://arxiv.org/abs/hep-ph/9203206
https://inspirehep.net/search?p=find+EPRINT+hep-ph/9203206
https://doi.org/10.1103/PhysRevD.52.912
https://doi.org/10.1103/PhysRevD.52.912
https://arxiv.org/abs/hep-th/9502069
https://inspirehep.net/search?p=find+EPRINT+hep-th/9502069
https://doi.org/10.1103/PhysRevD.83.084019
https://doi.org/10.1103/PhysRevD.83.084019
https://arxiv.org/abs/1011.5120
https://inspirehep.net/search?p=find+EPRINT+arXiv:1011.5120
https://doi.org/10.1007/JHEP02(2016)140
https://arxiv.org/abs/1509.06374
https://inspirehep.net/search?p=find+EPRINT+arXiv:1509.06374
https://doi.org/10.1007/JHEP08(2017)025
https://arxiv.org/abs/1606.08437
https://inspirehep.net/search?p=find+EPRINT+arXiv:1606.08437
https://doi.org/10.1007/JHEP10(2016)159
https://doi.org/10.1007/JHEP10(2016)159
https://arxiv.org/abs/1606.08438
https://inspirehep.net/search?p=find+EPRINT+arXiv:1606.08438
https://doi.org/10.1002/prop.201800020
https://arxiv.org/abs/1802.04287
https://inspirehep.net/search?p=find+EPRINT+arXiv:1802.04287
https://doi.org/10.1140/epjc/s10052-018-5811-3
https://arxiv.org/abs/1712.01868
https://inspirehep.net/search?p=find+EPRINT+arXiv:1712.01868
https://arxiv.org/abs/1808.09966
https://inspirehep.net/search?p=find+EPRINT+arXiv:1808.09966
https://doi.org/10.1103/PhysRevLett.61.2823
https://inspirehep.net/search?p=find+J+%22Phys.Rev.Lett.,61,2823%22
https://doi.org/10.1007/JHEP09(2017)036
https://arxiv.org/abs/1702.06130
https://inspirehep.net/search?p=find+EPRINT+arXiv:1702.06130
https://doi.org/10.1103/PhysRevD.93.103520
https://arxiv.org/abs/1504.02102
https://inspirehep.net/search?p=find+EPRINT+arXiv:1504.02102

[19]

[20]

[21]

[22]

[23]

[24]

[29]

[30]

[31]

[32]

K. Choi and S.H. Im, Realizing the relaxion from multiple axions and its UV completion with
high scale supersymmetry, JHEP 01 (2016) 149 [arXiv:1511.00132] InSPIRE].

D.E. Kaplan and R. Rattazzi, Large field excursions and approrimate discrete symmetries
from a clockwork azion, Phys. Rev. D 93 (2016) 085007 [arXiv:1511.01827] [INSPIRE].

P. Saraswat, Weak gravity conjecture and effective field theory, Phys. Rev. D 95 (2017)
025013 [arXiv:1608.06951] [INSPIRE].

G.F. Giudice and M. McCullough, A Clockwork Theory, JHEP 02 (2017) 036
[arXiv:1610.07962] InSPIRE].

H.B. Nielsen and P. Olesen, Vortex Line Models for Dual Strings, Nucl. Phys. B 61 (1973)
45 [INSPIRE].

J. Preskill, Vortices and monopoles, in Proceedings of Les Houches 44th Summer School of
Theoretical Physics: Architecture of Fundamental Interactions at Short Distances, Les
Houches France (1985), pg. 235.

C. Cheung and G.N. Remmen, Naturalness and the Weak Gravity Conjecture, Phys. Rev.
Lett. 113 (2014) 051601 [arXiv:1402.2287| [INSPIRE].

B. Heidenreich, M. Reece and T. Rudelius, Weak Gravity Strongly Constrains Large-Field
Azion Inflation, JHEP 12 (2015) 108 [arXiv:1506.03447] [INSPIRE].

L.E. Ibafiez and M. Montero, A Note on the WGC, Effective Field Theory and Clockwork
within String Theory, JHEP 02 (2018) 057 [arXiv:1709.02392] [INSPIRE].

A. Arvanitaki, N. Craig, S. Dimopoulos, S. Dubovsky and J. March-Russell, String Photini
at the LHC, Phys. Rev. D 81 (2010) 075018 [arXiv:0909.5440] INSPIRE].

A.E. Nelson and J. Scholtz, Dark Light, Dark Matter and the Misalignment Mechanism,
Phys. Rev. D 84 (2011) 103501 [arXiv:1105.2812] [INSPIRE].

P. Arias, D. Cadamuro, M. Goodsell, J. Jaeckel, J. Redondo and A. Ringwald, WISPy Cold
Dark Matter, JCAP 06 (2012) 013 [arXiv:1201.5902] [INSPIRE].

P. Fox, A. Pierce and S.D. Thomas, Probing a QCD string axion with precision cosmological
measurements, hep-th/0409059 [INSPIRE].

S. Chaudhuri, P.W. Graham, K. Irwin, J. Mardon, S. Rajendran and Y. Zhao, Radio for
hidden-photon dark matter detection, Phys. Rev. D 92 (2015) 075012 [arXiv:1411.7382]
[INSPIRE].

A.S. Goldhaber and M.M. Nieto, Photon and Graviton Mass Limits, Rev. Mod. Phys. 82
(2010) 939 [arXiv:0809.1003] [INSPIRE].

X.-F. Wu et al., Constraints on the Photon Mass with Fast Radio Bursts, Astrophys. J. 822
(2016) L15 [arXiv:1602.07835] [INSPIRE].

L. Bonetti, J. Ellis, N.E. Mavromatos, A.S. Sakharov, E.K.G. Sarkisyan-Grinbaum and A.D.
A .M. Spallicci, Photon Mass Limits from Fast Radio Bursts, Phys. Lett. B 757 (2016) 548
[arXiv:1602.09135] INSPIRE].

L. Bonetti, J. Ellis, N.E. Mavromatos, A.S. Sakharov, E.K. Sarkisyan-Grinbaum and A.D.
A M. Spallicci, FRB 121102 Casts New Light on the Photon Mass, Phys. Lett. B 768 (2017)
326 [arXiv:1701.03097] NSPIRE].

S. Davidson, S. Hannestad and G. Raffelt, Updated bounds on millicharged particles, JHEP
05 (2000) 003 [hep-ph/0001179] [INSPIRE].

17 -


https://doi.org/10.1007/JHEP01(2016)149
https://arxiv.org/abs/1511.00132
https://inspirehep.net/search?p=find+EPRINT+arXiv:1511.00132
https://doi.org/10.1103/PhysRevD.93.085007
https://arxiv.org/abs/1511.01827
https://inspirehep.net/search?p=find+EPRINT+arXiv:1511.01827
https://doi.org/10.1103/PhysRevD.95.025013
https://doi.org/10.1103/PhysRevD.95.025013
https://arxiv.org/abs/1608.06951
https://inspirehep.net/search?p=find+EPRINT+arXiv:1608.06951
https://doi.org/10.1007/JHEP02(2017)036
https://arxiv.org/abs/1610.07962
https://inspirehep.net/search?p=find+EPRINT+arXiv:1610.07962
https://doi.org/10.1016/0550-3213(73)90350-7
https://doi.org/10.1016/0550-3213(73)90350-7
https://inspirehep.net/search?p=find+J+%22Nucl.Phys.,B61,45%22
https://doi.org/10.1103/PhysRevLett.113.051601
https://doi.org/10.1103/PhysRevLett.113.051601
https://arxiv.org/abs/1402.2287
https://inspirehep.net/search?p=find+EPRINT+arXiv:1402.2287
https://doi.org/10.1007/JHEP12(2015)108
https://arxiv.org/abs/1506.03447
https://inspirehep.net/search?p=find+EPRINT+arXiv:1506.03447
https://doi.org/10.1007/JHEP02(2018)057
https://arxiv.org/abs/1709.02392
https://inspirehep.net/search?p=find+EPRINT+arXiv:1709.02392
https://doi.org/10.1103/PhysRevD.81.075018
https://arxiv.org/abs/0909.5440
https://inspirehep.net/search?p=find+EPRINT+arXiv:0909.5440
https://doi.org/10.1103/PhysRevD.84.103501
https://arxiv.org/abs/1105.2812
https://inspirehep.net/search?p=find+EPRINT+arXiv:1105.2812
https://doi.org/10.1088/1475-7516/2012/06/013
https://arxiv.org/abs/1201.5902
https://inspirehep.net/search?p=find+EPRINT+arXiv:1201.5902
https://arxiv.org/abs/hep-th/0409059
https://inspirehep.net/search?p=find+EPRINT+hep-th/0409059
https://doi.org/10.1103/PhysRevD.92.075012
https://arxiv.org/abs/1411.7382
https://inspirehep.net/search?p=find+EPRINT+arXiv:1411.7382
https://doi.org/10.1103/RevModPhys.82.939
https://doi.org/10.1103/RevModPhys.82.939
https://arxiv.org/abs/0809.1003
https://inspirehep.net/search?p=find+EPRINT+arXiv:0809.1003
https://doi.org/10.3847/2041-8205/822/1/L15
https://doi.org/10.3847/2041-8205/822/1/L15
https://arxiv.org/abs/1602.07835
https://inspirehep.net/search?p=find+EPRINT+arXiv:1602.07835
https://doi.org/10.1016/j.physletb.2016.04.035
https://arxiv.org/abs/1602.09135
https://inspirehep.net/search?p=find+EPRINT+arXiv:1602.09135
https://doi.org/10.1016/j.physletb.2017.03.014
https://doi.org/10.1016/j.physletb.2017.03.014
https://arxiv.org/abs/1701.03097
https://inspirehep.net/search?p=find+EPRINT+arXiv:1701.03097
https://doi.org/10.1088/1126-6708/2000/05/003
https://doi.org/10.1088/1126-6708/2000/05/003
https://arxiv.org/abs/hep-ph/0001179
https://inspirehep.net/search?p=find+EPRINT+hep-ph/0001179

[38] H. Vogel and J. Redondo, Dark Radiation constraints on minicharged particles in models
with a hidden photon, JCAP 02 (2014) 029 [arXiv:1311.2600] InSPIRE].

[39] ATLAS collaboration, Combination of searches for heavy resonances decaying into bosonic
and leptonic final states using 36 fo=1 of proton-proton collision data at \/s = 13 TeV with
the ATLAS detector, Phys. Rev. D 98 (2018) 052008 [arXiv:1808.02380] [INSPIRE].

[40] N. Craig, I. Garcia Garcia and D. Sutherland, Disassembling the Clockwork Mechanism,
JHEP 10 (2017) 018 [arXiv:1704.07831] INSPIRE].

~ 18 —


https://doi.org/10.1088/1475-7516/2014/02/029
https://arxiv.org/abs/1311.2600
https://inspirehep.net/search?p=find+EPRINT+arXiv:1311.2600
https://doi.org/10.1103/PhysRevD.98.052008
https://arxiv.org/abs/1808.02380
https://inspirehep.net/search?p=find+EPRINT+arXiv:1808.02380
https://doi.org/10.1007/JHEP10(2017)018
https://arxiv.org/abs/1704.07831
https://inspirehep.net/search?p=find+EPRINT+arXiv:1704.07831

	Introduction
	Vector clockwork, and the WGC
	Vector clockwork through Higgsing
	Vector clockwork through the Stückelberg mechanism

	Broken vector clockwork
	Parametrically light vectors from a broken clockwork
	Status of the WGC

	Phenomenological implications
	Dark photon dark matter
	A mass for the Standard Model photon

	Conclusions

