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We apply the festina lente (FL) bound on a hidden sector with U(1) gauge symmetries.
Since the FL bound puts a lower bound on masses of particles charged under the U(1)
gauge symmetries, it is possible to constrain the hidden sector even with a tiny coupling to
the Standard Model. In particular, we focus on the phenomenological implications of the
FL bound on milli-charged particles, which naturally arise when kinetic mixing between
the photon and the hidden photon is allowed. It turns out that the milli-charged particle
with the mass M < SmeV is prohibited by the FL bound in the case of a single hidden U(1),
insensitively of the value of small kinetic mixing. This bound is crucial when bosonic dark
matter is taken into consideration in this framework: the fuzzy bosonic dark matter models
requesting minuscule masses are ruled out by the FL bound if the longevity of dark matter
is protected by the hidden gauge symmetry.

Subject Index BO06, B40, B71, B73

1. Introduction

The 4D effective field theories (EFTs) admitting an ultraviolet completion to a consistent theory
of quantum gravity will be characterized by the so-called swampland program [1-3]. This states
that 4D EFT satisfies several swampland conjectures arisen from consistent string compacti-
fications as well as general principles. One can constrain particle physics models of inflation
taking specific consideration of swampland conjectures [4,5].
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Among the proposed swampland conjectures, the weak gravity conjecture [6] will be an es-
tablished one, stating that any gauge force must be stronger than gravity.! In a theory coupled
to gravity with a U(1) gauge symmetry, with a gauge coupling g, an electric version of the weak
gravity conjecture puts an upper bound on a particle in the theory with mass m and charge ¢:
m < ggMpy. In the de Sitter (dS) space, this conjecture is valid when the size of the Reissner—
Nordstrom dS black hole is much smaller than the dS radius. On the other hand, when the black
hole size is of the order of the dS radius, the masses of charged states (m) are lower bounded
by the energy density of the vacuum, V' [8,9]:

m* > 24° ¢V (1)
to avoid superextremality. This bound is called the festina lente (FL) bound. The FL bound
puts highly nontrivial constraints on the phase structure of the Higgs field [10] as the masses
of particles are induced through the Higgs mechanism within the Standard Model (SM).

Recalling that the current energy density of the Universe V' ~ (2.4 x 1073 eV)*, the lower
bound is close to the neutrino mass scale m, ~ 10~ eV. However, we cannot directly apply
the FL bound to the neutrinos, since they are uncharged under the electromagnetic U(1)ey, of
the SM gauge symmetries. A gauged U(1)g_ ; model is an attractive scenario under which the
neutrinos are charged particles, but only tiny (B — L) gauge couplings are allowed to avoid
severe experimental constraints, especially when the neutrinos are Majorana fermions [11].

In this paper, we seek phenomenological consequences of the FL bound for further extended
cases with multiple U(1) gauge symmetries. For concreteness, we first consider two unbroken
Abelian gauge symmetries, including the U(1), and hidden U(1)y gauge fields with small ki-
netic mixing. Further extensions of our study must be straightforward. Kinetic mixing is a
natural assumption since it is radiatively induced by bi-charged particles or string compactifi-
cations [12,13]. From the phenomenological point of view, the existence of kinetic mixing leads
to milli-charged particles (MCPs) [12,14,15]. So far, these particles have been sought by several
experiments and cosmological observations, but a wider region of parameter spaces is still al-
lowed. Our purpose is to put the FL bound on the MCPs and discuss the phenomenological
consequences.

This paper is organized as follows. In Sect. 2, we apply the FL bound to MCPs that are
charged under unbroken U(1) gauge symmetries and obtain the lower bound of the MCP mass.
In Sect. 3, we present several upper bounds on the mixing parameter in terms of the MCP mass
as summarized in Fig. 1 in that section. Section 4 is devoted to our conclusions and discussions.
Another lower bound on the mass of fermionic DM is reviewed in Appendix A.

2. Festina lente bound on milli-charged particles
A cosmological theory with multiple U(1) gauge fields is described by a Lagrangian of the form

—1 MPz’l 1 A puv,B
e L= TR — Ags — ZfABFWF 7 — Lmce, (2)

where Agg represents the dS vacuum energy density, prv is the gauge field-strength tensor for
the U(1); gauge field with the gauge coupling g;, and Lycp represents the milli-charged matter
Lagrangian. In principle, it can be either a fermion ¥ or a scalar particle ¢, each expressed by
the Lagrangian

£Kj4cp = Y (iy* Dy, — My)y, 3)

ISee Ref. [7] for a recent review on the weak gravity conjecture.
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Fig. 1. Constraints on the electric charge of the MCP ¢ in terms of its mass M. The FL bounds for
quI‘/;"P = (10719, 1073, 1072, /47) are respectively shown as solid, dashed, dot—dashed, and dotted
vertical black lines. The shaded diagonal region corresponds to the kinetic mixing x > 1, which is ruled
out of our theory space. The thick dashed cyan line is the Tremaine—Gunn bound [20], which applies to
fermions, while the dashed and dot-dashed purple lines correspond to the lower bounds on the bosonic
DM mass from the size of the halos of dwarf galaxies [21] and the MW satellite galaxy population [22],
respectively. In addition, we depict a compilation of bounds from red giants, white dwarfs, SN1987A,
BBN, CMB, SLAC, WMAP, and DM relic abundance (Qpm/?> > 0.1) in different colors [23-25,28,29,31—
33].

Lycp = IDuol> — M3|p1> = V(9), (4)
where the mass of /(¢) is denoted by M, (My). The potential for ¢ is V().

The FL bound for a charged particle with the mass M( = M, or M) is extended to covariant
expressions with respect to multiple fields [9]:

M* > 24, (/) P dlphas = 64, (f ) Pep(MuH?), (5)
where ¢} = ¢ig; (i = A, B), Ags[ = V in Eq. (1)] = 3(MpH)? =~ (2.4 x 1073eV)*, Mp is the
reduced Planck mass, and H is the Hubble parameter. One can check that the above general
form includes the single-field case (1), replacing /~! with 1.

Taking a model that has two Abelian gauge symmetries, U(1)ey, in the SM and a hidden

U(1)y where U(1)y is an unbroken symmetry,” the valid kinetic terms of the electromagnetic
and hidden gauge fields, 4}, and A}, ,, mix with each other and are given as follows [15,17]:

1 v 1 v X
L= —ZF;UF“‘ — ZF,;WFH“ 5
where F;, and Fy; , are gauge field strengths of U(1)em and U(1)y, respectively. Then, we write
the canonical basis — L = %F,WF v 4 %FHWF}’I” by transforming A;L and A}m as follows:

4
e A p—

) —A,.

V1I—x2? JT=x2 "

Next, we consider a U(1)e, neutral fermion i that has a hidden charge qf] with a mass M.
Then, the gauge interaction term in the 4), and A7, bases, £ D Uy (qu}/;A}’j)x//, is rewritten

Frn £ (6)

@)

2See Ref. [16] for the case of broken U(1).
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in terms of the canonical basis as follows:

T gH X
LD Uy(gming A" + gugh AV, gmix = —

N o
where gy represents the U(1)y gauge coupling. Here, we assume that i is a singlet under the
SU(2); gauge group. Note that the same analogy applies for a scalar ¢ as well, with our nota-
tions denoting qu‘,Z for the bosonic case.

Under this setup, the FL bound for v/, ¢ is evaluated as follows:

6(Mp H)?
My, 2 1+X2(gHQﬁ’¢)2, )

x 1
enters in the denominator. In case of x « 1,% the FL bound is simplified to the form

1 . ..
where we have used f = ( X ) in Eq. (5). Note that the dependence on the mixing parameter

Vax

The result now solely depends on the gauge charge of the hidden U(1)y. This suggests that the
maximum value of the right-handed side is ~5 meV when the perturbative limit is saturated
with gﬂqﬁ’d’ 2 «/47 . The scale is intriguingly the same as that for the neutrino masses.

One can generalize the results for multiple hidden gauge symmetries, [U(1)#]": the FL bound
is generalized to be

v, 1/2
guq
My, 2 6(MpH ) (g1qy Y — My g 25 % <—H> meV. (10)

N
M, 2 6(MpHY Y (2m.,q55) (11)
Jj=1
If the gauge coupling constants and the charges are about the same size, gy, jqn, j ~ gnuqn, and
they saturate the perturbative bound ~ /4, the lower FL bound increases by the factor of
N+ compared to the case of the single U(1)y symmetry.
If the MCP is the only particle charged under U(1)y, it will be subject to the weak gravity
conjecture; hence, there will be an upper bound on the particle’s mass at quZ"l’Mp]. Therefore,
one finds the window for a consistent MCP:

6 1/4
(1 — Xz) gudy" MuH S My < gudyi” M. (12)

This theoretical bound is one of our most important results for an MCP.

3. Phenomenological implications and experimental constraints

Since there have been extensive searches for MCPs, we now want to discuss the phenomeno-
logical implications of the bound (12) with existing experimental constraints.

3.1.  Experimental and observational bounds on M CPs
Here, we present a compilation of the constraints on MCPs.

e MCP as dark matter: If the MCP is the lightest among all the particles charged under the
hidden U(1)g, its stability is automatically guaranteed. Therefore, it is a natural candidate
for dark matter (DM) even though it may not be the dominant component of it [19]. The
fermionic DM is subject to the Tremaine-Gunn bound [20] since the phase space density

3Realizing very small kinetic mixing may be prone to theoretical issues, and explicit model building
may be required. See, e.g., Ref. [18] and references therein.
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is confined under the degenerate Fermi gas due to the Pauli exclusion principle (see Ap-
pendix A for details). The lower bound on the bosonic DM mass comes from the fact that
its wavelength should not be greater than the size of the halos of dwarf galaxies [21]. Re-
cently, a more stringent constraint on bosonic DM has been reported based on the modeling
of the Milky Way (MW) satellite galaxy population and the abundance of observed MW
satellites from the Dark Energy Survey and Pan-STARRSI [22]:

100 eV, Tremaine—Gunn (fermion)
Mpy 2 {11.2x 1072 eV, dwarf galaxy size (boson) (13)
2.9 x 1072 eV, MW satellite galaxy population (boson).

We note that the FL bound is automatically satisfied for a fermionic DM when the
Tremaine-Gunn bound is applied, but a large parameter space for a bosonic DM (fuzzy
DM) is excluded by the FL bound.

e Red giants and white dwarfs [23]: These bounds correspond to the impact of the MCPs
on the stellar evolution of the relevant astrophysical objects. Due to the mixing of U(1)y
with U(1)em, MCP pairs emitted by plasmon decay provide an additional stellar energy
loss channel, changing helium-related processes in the reflection grating spectrometer and
further accelerating the cooling of white dwarfs. This bound, given that the production of
these MCP pairs will not be restricted by a small mass, extends all the way down the mass
window.

» SN1987A [24]: This bound, also obtained from the modified stellar evolution due to MCPs,
is derived from the change in the neutrino emission of the star based on the “Raffelt crite-
rion”. Improved considerations at the higher mass end greatly extend the previous consid-
erations.

« BBN (VEN) and CMB (NGMB) [25]: The Big Bang nucleosynthesis (BBN) and cosmic mi-
crowave background (CMB) bounds correspond to the constraints in the extra relativistic
degree of freedom or A N. measured in each era. As these particles, however infinitesimal,
carry small SM electric charges due to the kinetic mixing, MCPs can interact with the SM
thermal plasma, further producing more relativistic degrees of freedom. The most relevant
production mechanisms from the thermal relativistic plasma are

ete™ > Yy, ey — ey

and they provide the € suppressed results in ANy & 0.69 x 107 x €?. From the cur-
rently obtained bounds for the CMB and the BBN era, NMB = 2.9910:3 [26] and NENN =
2.85f8:§§ [27], we can set the bound on the mixing angle € < 107°.

e SLAC (beam dump) [28]: An experiment uniquely suited to the production and detection of
such MCPs has been carried out at SLAC. This experiment is sensitive to the infrequent ex-
citation and ionization of matter expected from the passage of such a particle. This analysis
rules out a region of mass and charge with a 95% upper confidence limit.

« WMAP (Wilkinson Microwave Anisotropy Probe) [29]: Using the CMB data from WMAP
and assuming the standard BBN value for the baryon abundance, Qbhg = 0.0214 + 0.0020
[30], the constraint on the MCP abundance is QMCPh(Z) < 0.007 (95% CL) if MCPs are cou-
pled to baryons at the recombination epoch.

« DM relic abundance (Qpp/” > 0.1) [23]: The DM constraints will apply to the paraphoton
(dark photon U(1)y), which could not have cooled out of the halo within the age of the

5/8

€20z A1eniga4 Gz uo Jasn uoJj0JYduAS uauopd|g sayosinag Aq 9v£8Y69/409E L0/ L/€20Z/2101e/dayd/woo dnoolwapede)/:sdiy woly papeojumoq



PTEP 2023, 013B04 K. Ban et al.

Universe, €2 < 7 x 10~1 A}f—f Here n, is the free electron number density; if all the electrons
are free, n, ~ 1.

e Other bounds include vacuum birefringence, accelerator cavities, ortho-positronium, the
Lamb shift, and accelerators [31,32].

Taking all these constraints discussed above, in Fig. 1, we collect all the bounds on the electric
charge of the MCP, € = x ‘W%, in terms of its mass M [34], along with the constraints given
by the FL bound. The vertical black solid, dashed, dot—-dashed, and dotted lines respectively
represent the FL bounds for the cases of grg!y? = (1071°, 1075, 1072, v/4xr), which corre-
spond to M > (2.9 x 1078, 9.0 x 107°, 2.9 x 1074, 5.4 x 1073) eV. The figure suggests that the
MCP v is severely restricted in terms of the electrical charge € and the most stringent bound
comes from red giants, ¢ < 101 for M < 10 keV. Note that essentially the same bounds are
obtained for a scalar MCP ¢. As we are considering kinetic mixing between 4, and 4%, pa-
rameter regions exhibiting x > 1 are forbidden. Also, for qufﬁ <« 1, the restrictions from the
FL bound weaken depending on its precise value.

4. Conclusions and discussions
In this paper, we have studied the phenomenological implications of the festina lente (FL)
bound on the hidden sector gauge symmetries and milli-charged particles (MCPs) associated
with them. In the case of a [U(1)g]" with N > 1 and universal O(1) couplings, we found that
the FL bound is set as

M 2 SN'* meV, (14)
insensitively of the value of small kinetic mixing. This bound is already interesting, as the light-
est charged particle of unbroken U(1)y is a DM candidate. We saw that extremely light bosonic
(fuzzy) dark matter mg ~ 1072! eV, if protected by a hidden gauge symmetry, is ruled out by
the FL bound for any reasonable values of charge and coupling. On the other hand, fermionic
dark matter is allowed, satisfying the Tremaine—-Gunn (TG) bound around 100 eV. We also
compared the FL bound with all the available experiments and astrophysical observations of
direct and indirect searches for MCPs. We found that the FL bound, which is insensitive to the
value of small kinetic mixing, is the most stringent upper bound in the region of M < 10* eV
when € < 10714,
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Appendix A. Lower bound on the mass of fermionic dark matter

In this section, we review the lower bound of milli-charged fermionic DM masses, based
on Refs. [20,35,36]. The standard nomenclature regarding the mass bound on light leptons is
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the Tremaine-Gunn (TG) bound [20]. This bound can be generalized to fermions: due to the
Pauli exclusion principle, the stacking of fermions in a certain phase space region is limited.
The requirement of the DM phase space density to be confined under the degenerate Fermi gas
leads to a lower mass bound. For simplicity and as a crude estimate, if one assumes a spherically
symmetric DM-dominated object with mass M within a region R, one can find the following
condition by requiring that the maximal Fermi velocity does not exceed the escape velocity:

oM \'? _ [2GyM 9 h?
<2 ]“T R3) = Z — MG 2 1712 3232 (AD)
EMpEG 42gM' 2R3 Gy
which, by inserting specific values from observations [35], provides a limit on the My, as
Mw 2 MpDEG ™ 100 eV. (A2)
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