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Motivated by the swampland conjectures, we study the cosmological signatures of a quintessence

potential which induces time variation in the low-energy effective field theory. After deriving the evolution

of the quintessence field, we illustrate its possible ramifications by exploring putative imprints in a number

of directions of particle phenomenology. We first show that a dark matter self-interaction rate increasing

with time gives a novel way of reconciling the large self-interactions required to address small-scale

structure issues with the constraint coming from clusters. Next, we study the effects of kinetic mixing

variation during the radiation-dominated era on freeze-in dark matter production. Last, we elucidate

quintessence effects on the restoration of the electroweak symmetry at finite temperature and the lifetime of

the electroweak vacuum through a modification of the effective Higgs mass and quartic coupling.

DOI: 10.1103/PhysRevD.100.095009

I. INTRODUCTION

One aim of the swampland conjectures is to stimulate the
consideration of constraints coming from quantum gravity
on low-energy effective field theories [1,2]. A crucial
question is whether physics motivated by the conjectures
themselves could have observable phenomenological sig-
natures on physics today. Indeed, the recently proposed
swampland de Sitter conjecture [3—5] has led to a number
of interesting considerations in such a direction.

The conjecture demands that the observed dark energy
not be a constant, but rather originate from quintessence.
Such a time-varying dark energy is constrained from a
number of observations [6,7] as it departs from the usual
equation of state for the cosmological constant [§—10]. One
is tempted to relate it to the tension in the determination of
the Hubble parameter today between the cosmic microwave
background (CMB) [11] and supernova measurements
[12]. A priori, a slowly rolling quintessence field will have
an equation of state wy, > —1, which does not fit with late-
time resolutions of the discrepancy, which would prefer
wy < —1 [13-16]. Nevertheless, related frameworks of
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early dark energy, which then decays away sufficiently
rapidly, can help resolve the tension [17-19] (also see
Ref. [20]).l The distance [26-29] and de Sitter conjectures
have also been used to constrain models of inflation [4,30].

That physical parameters, such as masses or couplings,
may be varying is an ancient idea. Time variation of
fundamental constants was famously considered by Dirac
in the context of his large number hypothesis [31,32].
Somewhat more recently, quasar observations led to specu-
lation that the fine structure constant was changing with time
[33-36]. Other possibilities that have been considered in the
literature include variations of the DM mass [21,23-25,37],
as mentioned above, or of the neutrino masses [38,39].
In this paper, we will explore some novel directions
of time variation’—inspired by the distance and de Sitter
conjectures—which could leave imprints in other sectors of
particle physics. As the possibilities are numerous, we focus,
for the sake of illustration, on three possible phenomeno-
logical applications that are related to current topics in
physics beyond the Standard Model (SM).

'As this manuscript was in the final stages of preparation, it
was shown that a time-dependent dark matter (DM) mass is
able to alleviate the Hubble tension in a swampland-inspired
context [21]. For closely related earlier work, see Ref. [22]; for
some historical references, see Refs. [23-25]; and for an effective
fluid description of energy transfer between DM and dark energy,
see, e.g., Refs. [13-15].

Spatial variation is also a possibility—we focus here on the
(arguably simpler) case of time variation only.

Published by the American Physical Society
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We first consider models of self-interacting dark matter
(SIDM) coupled to quintessence. The motivation arises
from the small-scale structure issues which could be
addressed with SIDM [40,41]. The aim here is to obtain a
time-dependent cross section for the SIDM, e.g., through
the time-dependent mass of a scalar mediator (as opposed
to a time-dependent DM mass itself). We will speculate
that the mediator is part of the tower of particles
which, following the distance conjecture, becomes light
once the quintessence field rolls a Planck scale distance
in field space.

Still on DM, we fancy the possibility that its production
may be through a time-dependent portal to the SM. A
nontrivial momentum dependence in the kinetic mixing
portal was recently shown to have interesting cosmological
consequences for dark matter production in the early
Universe [42]. We continue the exploration in this direction
by considering a kinetic mixing portal controlled by the
quintessence field.

Following the proposal of the original de Sitter con-
jecture [3], it was pointed out that the SM Higgs and QCD
potentials would violate it without drastic modifications
[43,44]. Hence, a coupling of quintessence to the Higgs
was introduced in order to achieve compatibility with the
conjecture [43,44]. Such a coupling is, however, strongly
constrained from fifth-force experiments [45]. Later, a
refined de Sitter conjecture was introduced [4,5], which
allows for de Sitter vacua provided they are sufficiently
unstable, which removed the need for the quintessence-
Higgs coupling (also see Refs. [46,47]). Nevertheless, we
consider reintroducing such a coupling and explore its
effects on the electroweak vacuum lifetime. Such a cou-
pling can either be motivated from the original unrefined
conjecture, or simply be kept as a general phenomeno-
logical possibility, as varying dark sector masses and
couplings would lead one to speculate that the Higgs mass
and/or coupling is also varying.

The paper is organized in the following way. We first
discuss the conjectures, introduce the quintessence field
required by the de Sitter conjecture, and derive its motion in
field space as a function of cosmic time. We include a
derivation of the temperature-dependent motion during the
radiation-dominated epoch in the context of a sum-of-
exponentials-type potential. We address the question of the
mutual compatibility of the conjectures due to the back-
reaction of the tower of states required by the distance
conjecture on the quintessence potential required by
the de Sitter conjecture. We then consider SIDM, studying
both a weakly coupled model with a light mediator, and a
model in which the interactions are governed by exotic
strong dynamics. We next turn to a quintessence-driven,
and hence temperature-dependent, kinetic mixing portal
between the dark and visible sectors. Finally, we discuss the
restoration of EW symmetry and the decay of the EW
vacuum. We then conclude.

II. SWAMPLAND AVOIDANCE

A. The conjectures

1. Swampland de Sitter conjecture

The conjecture states that any self-consistent
theory of quantum gravity requires the scalar potential to
satisfy [3-5]

Mp|VV| 2 &V (1a)
or
MZMin(V,V,V) < &V (1b)

for some &, &, which are positive O(1) constants, where Mp,
is the reduced Planck mass. Accepting the above means that
the scalar potential, if positive, should be sufficiently
unstable, as captured by the conditions on its first or second
derivatives. The conjecture was introduced following a
discussion in the literature regarding the possibility of
constructing de Sitter vacua in string theory. On one side,
constructions such as KKLT [48] claim that de Sitter vacua
are viable and lead to a string landscape or multiverse. On the
other side, it has been argued that such mechanisms are not
fully under calculable control, and there may be a funda-
mental reason why an example not liable to such criticism
has yet to be found [49]. The conjecture aims to provoke a
closer examination of whether de Sitter vacua can indeed be
constructed, or alternatively, the phenomenological conse-
quences of an unstable potential.

2. Swampland distance conjecture

The conjecture has been stated in a number of ways
[26-29]. For our purposes, we adopt it as the following
working hypothesis: if a field transverses a trans-Planckian
field range, a tower of states becomes light:

1
ApZ Mp =V D5 eesAI/Muy "l 52, (2)
i

where cg is a dimensionless quantity, ruining the original
low-energy effective field theory description. The tower of
states becoming light is associated with the decompactifi-
cation of an extra dimension in the full string theory. By
speculating that the tower is becoming light today and
coupling it to additional fields, we will attempt to derive
some interesting phenomenological consequences below.

B. Introduction of quintessence and its evolution

Supernova light-curve data [6,50,51] established the
accelerated expansion of the Universe associated with a
component of dark energy. In the standard ACDM cosmol-
ogy, dark energy is taken to be a positive cosmological
constant with a value A ~ (Mp/10°°). More concretely, in
the standard picture, one takes this to be the value at the
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stable minimum of the electroweak (EW) Higgs potential
[52-54], once QCD and other quantum corrections are
taken into account (to which we add any additional effects
from beyond-the-Standard-Model fields). Clearly in the
standard picture, the conjecture of Eq. (1) is violated at
this point.

1. Exponential potential

To solve this issue, a quintessence potential for the dark
energy is introduced [55-59]:

V(@) = Ademcutiin, ()

where Cp is a dimensionless constant, and we adopt the
convention of setting ¢ = 0 today. Observations give a
constraint ¢, < 0.6 [8-10]. The conjecture of Eq. (1) is then
satisfied provided Cp> &. Furthermore, the additional
stationary points in the QCD and Higgs potential satisfy
the refined conjecture, i.e., with the inclusion of Eq. (1b),
because the mass matrix at the stationary points at the
origin (and at ~10'° GeV [60] for the Higgs potential), has
sufficiently large negative eigenvalues.

Next, we solve for the evolution of ¢, starting at matter-
radiation equality, using the by-now standard methods
which can, e.g., be found in Refs. [58,59]. We assume a
flat Universe throughout. We start with the equation of
motion

b +3H,p+— =0, (4)

dp
where H, is the Hubble parameter. We also require the two
Friedmann equations

72
sz =21 v(6) + 5)
OMYH, = ¢ = (1 +wy)pp. (6)

where p,, is the background density and wy, is its equation of
state. The standard technique is now to write the equations in
terms of the dimensionless kinetic energy and potential,

s V()

r=——, =X "7 7
VeMpH,  °  \AMpH, )

and then solve for the evolution in terms of N = In(a),
where a is the scale factor [58,59] (we normalize to a = 1
today). Note that for cé < 6, there is a stable attractor in the

corresponding phase space at

c2 c2
x2:€¢, yzzl—f, (8)

towards which our system will evolve. Next, we follow
the method of Ref. [8] in order to find suitable solutions

Evolution of ¢

0.2
0.1
el
= 00
< cy =03
-0.1
Cp = 0.5
-0.2
0 -10 -5 0 5 10
t-ty [10° Years]
FIG. 1. The evolution of ¢ as a function of the cosmic time.

Today corresponds to t = t,. The change in ¢ is used as an input
to our subsequent calculations below.

Cosmological evolution, c4=0.5
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FIG. 2. The evolution of various quantities of cosmological
interest as a function of the logarithmic scale factor. Today
corresponds to N = 0. The density in matter, Q,,, and the density
associated with the ¢ kinetic and potential energies, Q,, are
shown together with the equation of state of the Universe, wyy;,
and that of the scalar field, wy.

which ensure agreement with cosmological observations.
We find the initial conditions at matter-radiation equality
(Neg ® —8.1), x; = y;, such that the energy density in the ¢
sector today® matches the required Q,; ~0.7. By using the
observed value of the Hubble parameter today, H, =
72 km/s/Mpc [12], and A*~0.7M3 H3,, we can then
convert the evolution of x and y into the required H,(7)
and ¢(¢). The result of such a procedure, showing the time
evolution of ¢, is shown in Fig. 1. In addition, we show in
Fig. 2 the concurrent evolution of various other cosmologi-
cal quantities, which serve to illustrate the overall picture.

3The results are not very sensitive to x;, and we take x; = y, for
simplicity. We also find that the kinetic energy in the scalar field
is negligible today, typically x> ~ 0.02y.
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2. Sum of exponentials potential
More generally, we can consider more complicated

forms of the potential. For example, rather than Eq. (3),
we may introduce [61]

V(¢) = Ate~P/Mn - A% o=Cp/ M (9)

which was also recently used in Ref. [21]. The idea here is
to choose ¢y > ¢, so that the second term gives the
dominant dark energy contribution at very early times.
Indeed, for 6{2/) > 3(1 4+ wy,), there is a stable fixed point in
the phase space

3(14wp,)? 3(1=w?)
x? =52 » =5 = b2, (10)
¢ o

so that Q4 = x* 4+ y* remains constant [56-58]. This
implies that ¢ could already be moving significantly in
the radiation and early matter-dominated epochs.
Constraints on additional radiation from big bang nucleo-
synthesis (BBN) and the CMB [6] imply ¢, 2 10 in the
tracking regime. Detailed bounds from cosmological
observables can be found in Ref. [62], which gives ¢y 2
16.3(11.7) at a 68% (95%) C.L.

The crossover between ¢ evolution being described by
the second and first terms in Eq. (9) occurs when ¢ = ¢,
and the two terms are equal. (The subscript “mc” stands for
matching—when we match the early-time evolution to the
late-time one.) We will denote the scale factor when this
occurs as dp,.. Assuming the system has reached the fixed
point in Eq. (10) during the ¢;-determined evolution, this
fixed point then acts as the initial condition for the later c -
determined evolution.

To recover the required late-time behavior of the ¢, term,
discussed above, we find that matching occurs in the
matter-dominated epoch, provided ¢ < 10°. We then find

(o) (1)
e ® | —— Agy, 11
T \llegley)

where a.q ~ 1/3370 is the scale factor at matter-radiation
equality, and {(cy) =x7 + y? is a factor we determine
numerically. Using the method below Eq. (7), we find, e.g.,
£(0.5)~ 1.3 x 107'% and £(0.3) ~ 1.2 x 107'°. We also
have

A* ~ A*Exp m“;l (24— c¢)] : (12)

This allows us to find the field value in the tracking regime,
which is given by

Radiation Era Evolution of ¢

-3.0 y(TRH) —10-10 /

10° 108 107 108 10° 10* 10°
T [GeV]
FIG. 3. Example of the movement of ¢ in the radiation-

dominated epoch using the sum of exponentials potential with
initial conditions at reheating, Tryy = 10° GeV, x(Tgy) = 0, and
different choices for y(7Try). The solution is found for ¢, = 50
and ¢4 = 0.5. The dashed line shows the behavior expected from
Eq. (14) in the tracking regime. The initial oscillation is due to the

evolution of x and y in phase space towards the fixed point in
Eq. (10).

1 A
iz~—1n< 5 ) (13)
Mp ¢ o Y Pe
Thus, in the radiation-dominated epoch,
Ty) — (T 4 T
MPI C¢ T2

which we shall make use of below. An example of the
early-Universe motion of ¢ is shown in Fig. 3. Note that the
larger ¢ is, the smaller ay, is, and hence the more removed
the late-time implications are on the cosmological observ-
ables such as the equation of state. A larger ¢, however,
also corresponds to a suppression of the movement of ¢ in
the very early Universe. In the interval between the two
extremes, we hope to find some implications for particle
physics phenomenology below, in which particle physics
parameters have changed significantly between the early
Universe and the present day.

C. Compatibility of the conjectures

A crucial issue is the compatibility of the de Sitter and
distance conjectures. A priori, the quintessence field
requires a doubly tuned potential; both its value and
derivative must be incredibly small compared to their
natural ~Mp; scale values. Conventionally, this can simply
be achieved through a tuning of the various large contri-
butions. The tower of states implied by the distance
conjecture, however, will tend to lead to a detuning once
¢ begins to roll, unless higher-order terms in the series
expansion of the quintessence potential are also tuned [63]
(also see Ref. [35]).
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To see the tuning issue, we expand the exponential in
Eq. (2) to find the ¢S? coefficient. Evaluating the one-loop
self-energy of ¢, the finite part of the correction to the mass
of the quintessence field scales as

2m. 12
S 2~§ 2SS ) 1 £ , 15
" (16”2M%1> n(’"%i) 13

i

where p is a renormalization scale. For mg; 2 O(meV),
each contribution in the sum is large compared to the
required quintessence mass m;, < Hj, [64]. Even if tuned

for one value of ¢ by introducing the requisite counter-
terms, the masses appearing in Eq. (15) vary as ¢ rolls,
which will lead to an eventual detuning unless higher-order
terms are also tuned [63].

Note that from a bottom-up perspective, similar 5m§5
corrections to those elucidated above also result when
attempting to couple quintessence to DM [64,65] (or to
other fields, such as the SM Higgs as in Refs. [43,44]). Of
course, the induced corrections are small if the quintessence
field couples only to sufficiently light fields, which means
axionlike particles in the context of DM [19,64,65].

As we study SIDM, however, axionlike particles appear
to be unsuitable for our purposes. We therefore simply
impose the required tuning for the quintessence potential.
Note that there may be a cancellation mechanism in a more
complete picture. Although we do not explore this further
here, it is interesting that cancellations in contributions
from Kaluza-Klein towers in four-dimensional effective
field theories have been found to occur in certain flux
compactifications [66,67].

In this paper, we study exponential potentials inspired by
the de Sitter conjecture, but in principle we could generalize
our study to other quintessence potentials, such as the
hilltop, V(¢p) = A*(1 + cos [¢p/f]), or inverse power-law
potentials, V(¢) = A*TP/¢? [62]. These would also suffer
the same tuning issues discussed above, however, once a
coupling to massive fields is introduced.

II1. SELF-INTERACTING DARK MATTER

Self interacting dark matter is one way of alleviating the
purported tension between theory and observations of
structure at small scales [40,41]. Interactions between
DM particles can thermalize the dense inner regions of
such structures, leading to a reduction of their density. To
achieve this, ~O(1) scattering events between DM particles
are required in the age of the structure. The scattering rate is

. — _ PDM
scat. — OUre] IpM = OUre] ———
DM
N E DM Urel o/mpym
Gyr) \0.1 My, /pc® ) \50km/s ) \1cm?/g/’

(16)

where npy (Ppy) 18 the DM number (mass) density, from
which the canonical value of 6/mpy ~ 1 cm?/g is obtained
for an age ~1/H,. On the other hand, constraints coming
from galaxy clusters point towards ¢/mpy < 0.1 cm?/g
[68,69]. The compatibility is conventionally ensured by
invoking a velocity-dependent o, as the typical DM relative
velocity in dwarf galaxies is v, ~ 30 km/s, compared to
Ve ~ 1000 km/s on cluster scales [70]. Note that there is
not only a difference in v, between dwarf and galaxy
cluster scales, but also a difference in the typical redshift,
and hence the light-travel time, between the observed
structures and us. Observations of galaxy clusters therefore
probe an earlier time of DM self-interactions compared to
dwarf galaxies. Hence a redshift- or time-dependent cross
section will allow us to achieve the required change in o
between the two in a novel way. As our SIDM will only
obtain a large self-interaction at late times, we expect the
required cross section to be approximately an order of
magnitude larger.

As mentioned above, limits on SIDM primarily come
from the observation of galaxy clusters. The constraint
from the bullet cluster at redshift z = 0.296 was found to
be o/mpy < 0.7 cm?/g [71]. A stacked analysis of
merging galaxy clusters, with redshifts in the range
0.154 < z < 0.87, has placed a limit on the SIDM cross
section o/mpy < 0.47 cm?/g [68] (although Ref. [72]
subsequently argued that the constraint should be relaxed
to 6/mpy < 2 cm?/g). Kaplinghat et al. [70] adapted the
analysis of Refs. [73,74] for six clusters in the redshift
range 0.206 < z <0.314 to place a constraint of
6/mpy < 0.1 cm?/g. A recent analysis of Abell 611 at
z = 0.288 also points to ¢/mpy < 0.1 cm?/g [69]. The
key point is that limits coming from galaxy clusters
originate at high redshifts, z 2 0.2, which correspond to
light-travel times

b4 1 ,
= | arome® (17)

of the order of 1-5 x 10° years. Our conversion of the
redshifts of the clusters used in Refs. [68,70], into the
corresponding ?., is shown in Fig. 4.

In contrast, due to observational limitations, small-scale
structures can only be observed at lower redshifts. Let us
again follow the samples used in Ref. [70], which extracted a
preferred 6/mpy ~ 1-10 cm?/g using five dwarf galaxies
from Ref. [75] and seven low-surface-brightness galaxies
from Ref. [76]. The former are at distances in the range
3.4 Mpc < d < 5.3 Mpc [77], and the latter range from
10.1 Mpc < d < 77 Mpc [76,78-80]. The corresponding
light-travel time from the dwarf and low-surface-brightness
galaxies is therefore ~O(107-10%) years.

To match observations, we therefore want to increase the
cross section, from 6 = mpy ~ 0.1 cm?/g 1-5 x 10° years
ago to ¢/mpy ~ 10 cm?/g today. We wish to emphasize
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Light Travel Time From Clusters

Kaplinghat et al.

Harvey et al.

0 2 4 6 8 10
t. [10° Years]

FIG. 4. The light-travel time of the thirty merging complexes
studied in Ref. [68] and the six clusters analyzed in Ref. [70] in
the context of our quintessence cosmology with ¢, = 0.5. The
median value for the former (latter) is 3.8 x 10 (2.9 x 10°) years.

that given the uncertainties involved, the overall picture for
SIDM is still relatively unclear. Nevertheless, we take the
values above as a working hypothesis for the purposes of
the current discussion. Improvements in observations as
well as simulations [81] should eventually shed more light
on this framework. Note that we also expect an eventual
accelerated gravothermal collapse of the dense DM cores,
due to the ever-increasing o in this picture [82]. We now
turn to the microphysical picture required to achieve such a
cross section. We will sketch, in turn, a weakly coupled
implementation and one relying on new strongly coupled
dynamics.

A. Weakly coupled model

Consider a fermionic DM patrticle, X, coupled to a scalar
mediator, S, through a Yukawa coupling

L5 ypSXX, (18)

where yp is a dimensionless coupling. We follow con-
vention and write @ = y%/(4x). One expects on naive
dimensional grounds the self-interaction of the DM par-
ticles through t-channel S exchange to be [83]

2
o~ 4nal, mDiVI . (19)
m

N

This is indeed valid for apmpy << mg at low relative
velocities. A more precise determination follows from
identifying the momentum transfer cross section as the
relevant quantity for SIDM. In the Born regime,
apmpy < 1.72myg, the SIDM transfer cross section follow-
ing from Eq. (18) is given by [83,84]

1 ap=0.01
S 3
'fliﬂ/
@L}./
— o7
> 2 /g yrae
o 107 F 0.1 cm
) U/m‘?2M> = mslpwarts__
£ w/ms_\cl“i“’f—”’ 7
g Ll
[a]
@ 107
g
107
107" 1 10 10
Mpm [GeV]
FIG. 5. The parameter space of the weakly coupled

SIDM model with a light mediator. The green area shows
the desired o at small scales and late times. The red shaded area
is the cluster constraint with m3|ciugers = 10M3|pyarts- Also
shown as a red dashed line is the cluster constraint assuming

2 — 2
mS|Clusters - mS|Dwa.rfs'

2 ) 2 .2

_ 8map Mpm Urel Mpm Vrel

6=——71In |1+ 5 T e [ (20)
MpM Vel ng Mg -+ Mpp Vel

Taking additionally the limit m?% > m3,,v%,, one recovers
Eq. (19) from (20); i.e., there is no velocity dependence.
Outside of the Born regime, the long range of the
interaction must be taken into account, and one finds the
velocity dependence which is usually invoked for SIDM. A
plot of the parameter space showing the areas returning the
desired o is shown in Fig. 5. Note that in the plot we also
show areas outside the Born regime, in which the long
range of the interaction leads to parametric resonances [83].
As can be seen, we require an increase in m3 by an order of
magnitude in the last 1-5 x 10° years to obtain the desired
time dependence for o, which follows the naive expectation
from Eq. (19).

In order to achieve the desired variation, we adopt
a ¢-dependent mass term of the form

1
=k e=Cst/Mrp S2, (21)

where cg is a dimensionless constant, and mg, is the mass
of § today. We can think of the mediator as being the
lightest particle in the tower of states arising from the
distance conjecture. The required mass variation translates
to cg = Mp In(10)/A¢, where Ag is the change in ¢ over
the past 3 x 10° years. Taking as our benchmark ¢, = 0.5,
we see from Fig. 1 that we require cg~ 101In(10) ~ 23.
Once these parameters have been specified, we may
estimate the number of DM scattering events in cores,
Ny, = [ Tear, (dt)dt, where the integral is performed over
the lifetime of the structure, and we take into account the
time dependence of 6. An evaluation is shown in Fig. 6,

095009-6



FORAYS INTO THE DARK SIDE OF THE SWAMP

PHYS. REV. D 100, 095009 (2019)

Number of DM scatterings in a DM Core

10%

10 F
i Constant o

NSCE[

107"t

T

1072

t—ty [109 Years]

FIG. 6. The approximate number of DM-DM scatterings in a
DM core with v,y = 100 km?/s, ppy = 0.1 M, /pc’, and a DM
core age of 10'0 years today. The solid line uses a cross section
taken from the weakly coupled model with ap = 0.01,
mpy = 1 GeV, mgy = 10 MeV, ¢, = 0.5, and ¢y = 23, which
results in o/mpy = 28 cm?/g today. For comparison, the
dashed line shows the result for a time-independent
o/mpy = 0.1 cm?/g.

showing that we do indeed recover the desired behavior of
Ny < 1 in the observed clusters, together with Ny, ~
O(1) at more recent times. Note that once the self-
interactions start, the estimated relaxation time for a
structure with size d ~ 1 kpc and typical velocity » ~
10 km/s is t ~ 10® years, and hence short enough to match
our picture.

The coupling in Eq. (18), via the triangle diagram shown
in Fig. 7, also leads to an effective quintessence-DM
interaction y.;¢pXX. We estimate

2.2
CsYpMg

————, f < . 22
167{2MP1mDM oF s om ( )

Yeff ~

As the quintessence field has a mass mé < H?, this induces
a long-range fifth force between DM particles. Violations
of the equivalence principle in the dark sector are con-
strained from observations of tidal streams of the
Sagittarius dwarf spheroidal galaxy. This limits the fifth
force normalized to gravity to * = 2y%.M3 /mpy, < 0.04,

. X
b -=-=-=
N
S s
N X

FIG. 7. The loop correction leading to the effective quintes-
sence-DM interaction.

i.e., 4% of the gravitational strength [85,86] (also see
Refs. [87-92], the last of which argues from CMB
considerations that the constraint is much more stringent,
? < 107%). Inserting the example parameters from Fig. 6,
we find ? ~ 107!, i.e., much weaker than the constraint.
This may at first be surprising, given that it is suppressed far
below the typical loop factor squared, ~1/(4z)*. But note
that there is an additional suppression in Eq. (22) due to the
hierarchy mg < mpy, Mp;.

At early times in the single exponential potential, ¢/ Myp,
is pinned due to Hubble friction. For our example with
¢y = 0.5, we find at early times (say, prior to the CMB
epoch) ¢/ Mp ~ —0.15. Given cg ~ 23, this implies mg ~
50 MeV at these and earlier times. Hence, S still provides
an annihilation channel for the DM [93], and also the strong
constraints on light mediators coming from the CMB and
BBN can be somewhat relaxed [94-96] [here the CMB
constraint on annihilating DM is avoided due to the p-wave
annihilation, and the BBN constraint and direct detection
constraints are also satisfied; see Fig. 8 (right) of Ref. [95]].
Of course, m% may have a more complicated functional
dependence on ¢ than in Eq. (21), which could lead to a
much heavier m% in the early Universe and to different
model-building opportunities. Alternatively, ¢ itself may
have a more complicated potential such as the sum of
exponentials discussed above, leading to a larger field value
at early times [21].

B. Strongly coupled model
Consider DM interacting via strong dynamics. The
interaction cross section scales on dimensional grounds as

4
or Tﬂ , (23)
Apm

Running of the dark gauge coupling

3.5 T ™ T T T T L) 4 i T T
3.0 gD(Mpl) =057 mp=1 TeV
. ng =24 np=2
2.5
2.0
Q
>
1.5
1.0
0.5 mg = 10 TeV o
0.0 PRETTT B ERTTT BRI B RTTT R R TTTT E R T BRI AT M RTTT BRI BERTTTT MR
10 107 1 10° 10* 108 10
u[GeV]
FIG. 8. Running of the dark gauge coupling in the strongly

coupled SIDM model for different choices of mg, with the same
gp at u = Mp,. The confinement scale is changed by an order of
magnitude between the two examples, for an increase of mg by a
factor of 20.
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where Apy is the confinement scale of the dark gauge
group. Clearly, to increase ¢ by a couple of orders of
magnitude, we need to decrease Apy; by a factor of 10.
Note that we do not want mpy, itself to change appreciably,
hence we assume the constituent masses are much larger
than Apy, leading to mpy ~ 1 TeV as in Ref. [97]. The
scale of Apy can be altered if the mass, mg, of some scalar
particles which enter the renormalization group equations
(RGE ) for the dark gauge coupling g, changes [36] (as the
running of gp is different below and above my). Here S can
again be part of the aforementioned tower of states. To pick
a concrete example, let us study a dark SU(3),, for which
the RGE can be written as

2’11:
3

dgp _ 9b
dlnp  (4r)?

(%@[ﬂ—ms] + 5O —my] - 11>’

(24)

where ©(x) is the Heaviside step function and we assume
that in addition to the dark gluons, the field content
comprises ng complex scalars (np Dirac fermions) trans-
forming as the fundamental representation of SU(3),. An
example showing the sensitivity to m% is shown in Fig. 8.
Generally, a larger ng means we can achieve the required
AAZ,, with a smaller Amg/mg. In order to achieve the
desired Amg, we can again invoke Eq. (21). Typically, we
find ¢’ ~ O(10), for gp(Mp) ~ O(0.1), ng ~ O(10), and
mg ~ O(10) TeV today. Note that, similarly to the dis-
cussion above regarding the tuning of the quintessence
potential, the induced change in the vacuum energy
resulting from a change in Apy must also be compensated
for with a suitable tuning [35].

IV. KINETIC MIXING PORTAL

Gauge kinetic mixing as a portal to DM production is
widely used in the literature [98—101]. Such a portal is also
well motivated in various UV-complete scenarios [102—
104]. The mixing strength between the dark U(1)’ and the
SM hypercharge U(1)y is often considered to be constant,
whereas it has been shown [42] that a varying gauge kinetic
mixing naturally comes out while integrating out some
heavy hybrid fermions charged under both gauge groups.
As discussed in Sec. I, one of the possible ways to avoid the
swampland is to introduce a nearly massless scalar field, ¢,
slowly varying over time, attached to the potential of the
theory. Introduction of such a quintessence field renders the
parameters of the theory to be varying with time as well. In
this section we shall concentrate on the phenomenological
consequences of a dynamical gauge kinetic mixing due to
the presence of a quintessence field ¢.

Let us the consider the presence of a massive vector
mediator Z;, coupled to a fermionic DM candidate y while
keeping the SM sector neutral with respect to the latter. The
dark sector Lagrangian is then given by

Lo =~ 3 292 + 5L ZZ, 4 70D~ m ). (25)
where P = @+ igpq, 2. Z,, = 0,Z, — 0,Z, is the field
strength of Z,, gp is the gauge coupling associated with
U(1)’, and g, is the U(1)’ charge of the DM y. Due to gauge
invariance, one can write a tree-level kinetic mixing term
between the dark U(1)" and the SM hypercharge U(1)y,
given by

Emix = _EBIWZ/

$B2,,. (26)

with B, being the gauge field associated with the SM
hypercharge. In the literature, the free parameter € is
generally taken to be small to avoid overproduction in
freeze-out or freeze-in scenarios of DM. In what follows,
we consider the kinetic mixing to be varying with time due
to the presence of the quintessence field ¢. The ansatz for
the varying gauge kinetic mixing we consider is

€ = egenP/ M, (27)

and ¢(T)/Mp = In(Tyax/T) as motivated by Eq. (14).
Here Tjax is the maximum temperature reached during the
reheating process, which is completed at Tgy. We absorb
the prefactor appearing in Eq. (14) into cj,. Furthermore, as
our purpose is to point out the possible effects of varying
kinetic mixing through a simple example, we ignore the
period in which ¢ is not close to its tracking value, and the
departure from wj, = 1/3 during the reheating process.
This is an approximation supported by the fact that in this
setup, most of the DM production happens after reheating
is complete, the Universe has entered the radiation-domi-
nated epoch, and the behavior of ¢ can be well described by
Eq. (14). We leave the inclusion of departures from this
behavior to future work.

We consider DM production via the freeze-in mechanism
[105,106] (for more details on the setup, see Ref. [42] and
references therein). We assume that at Tyax, the gauge
kinetic mixing is €(Tyax) = €9- We consider ¢, > 0, so
the kinetic mixing is decreasing over time as the Universe
cools down to the present temperature. In Fig. 9, we
compare the contours of Qh* = 0.12 for the constant
mixing case with a varying kinetic mixing scenario for
different values of the coefficient c,,, for Tgy = 10° GeV
and Tyax = 100Try.

With a larger ¢, one achieves a larger variation of the
gauge kinetic mixing between T5x and the present-day
temperature, as can be understood from Eq. (27). On the
other hand, a larger value of ¢, makes the DM production
rate large, which further pushes the my to larger values to
tame the DM over production. As a result of this, the green
dashed contour with €, = 107 and c¢,; = 0.1 does not
considerably deviate from the green solid contour with
constant kinetic mixing, whereas the slight deviation of the
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FIG. 9. Contours of Qh?> = 0.12 for both constant and varying
€. The colors (green, yellow, blue) correspond to ¢, =
107%,107%, 10719 (or equivalently, top to bottom for the solid
curves). The solid curves correspond to constant kinetic mixing,
ie., ¢y =0. The dashed curves correspond to ¢y = 0.1
(g = 107% and 107'°, top and bottom, respectively) and the
dash-dotted curves to ¢, = 0.5 (ey = 107 and 1078, top and
bottom, respectively). As indicated, the diagonal red line shows
the important kinematic threshold m, = 2m,,. For further details,
see the main text.

green dash-dotted contour from the latter is due to a larger
variation of the kinetic mixing due to ¢); = 0.5. The blue
dashed contour with ¢y = 107'° and ¢, = 0.1 starts
deviating from the blue solid contour of constant mixing
as the DM mass reaches below Try. This is due to the fact
that, in the absence of any additional dependence of 7" on
the DM production rate, in this scenario DM production
occurs mainly in the radiation-dominated era (i.e.,
T < Try)- The larger the value of c,;, the smaller the
kinetic mixing as the temperature of the Universe cools
down, which further reduces the DM production rate. At a
fixed DM mass, this reduction of the DM production rate is
compensated by moving to a smaller 7/, such that the DM
relic density remains a constant. Thus, in Fig. 9 we observe
that the blue dashed contour with ¢y, = 0.1 significantly
deviates from the contour with constant kinetic mixing as
one approaches a lower DM mass. The yellow dash-dotted
contour is significantly different from the yellow solid
contour with ¢, = 1078, In this case, the large variation of
the kinetic mixing makes the DM production rate small
enough that we get a lower limit on the DM mass for a
given value of my, beyond which the DM remains
underabundant.

In the example above, we have seen the effects of the
varying € on the determination of the relic density. The DM
and mediator masses are very high, however, and the
couplings today are so weak that direct or indirect detection
signatures are completely out of experimental reach. The
idea of varying kinetic mixing could, however, also be
applied in alternative models which work at lower scales

[107,108], which have a myriad of cosmological, astro-
physical, and other experimental signatures. In such a case,
the calculation of the variation of kinetic mixing could also
be improved, e.g., by including the precise variation of ¢
during the reheating era.

V. ELECTROWEAK SECTOR
A. The potential

We now consider adding a coupling of quintessence to
the Higgs potential [43,44,109]:

V(. H) D e n/Mn(Qy[|H|* = v*P), (28)

where cy is a constant, H is the EW Higgs doublet, 15 =
0.13 is the SM Higgs quartic, and v = 246 GeV is the EW
vacuum expectation value (VEV). Through a two-loop
diagram, this potential induces an effective coupling of ¢ to
nucleons at low energies, which results in a constraint from
fifth-force experiments, cy < 0.044 [45].

B. Symmetry restoration
Let us now ask what happens at finite temperature.
Adding the leading temperature corrections to Eq. (28), we
find

V(g H) = et [HP = 27 + A) + ¢, TP,

(29)

where ¢y is the thermal mass coefficient of the Higgs [110].
We have implicitly used a high-temperature expansion in
writing the above potential, which breaks down for temper-
atures below the masses of the SM particles [111]. We
deem this approximation sufficient for the present discus-
sion, as we are interested only in describing the qualitative
behavior of the system at high temperature. In this respect,
Eq. (29) mimics the SM case, where finite-T effects work to
restore the EW symmetry. Because ¢ couples only to the
Higgs, only the dependence on the Higgs quartic is
modified compared to the SM case, and
y 3 2 2 2

er = et/ Ty % n % ¥ %’ ~04  (30)
remains SM-like and dominated by the top Yukawa, y,,
with subleading contributions from the EW gauge cou-
plings g, and gy [110]. Taking the first derivative with
respect to H, we find that the VEV depends on T as

CTT2

|H| = Re \/vz—ecmﬁ/wm : (31)

During radiation domination, ¢ is at some value
¢; ~—0O(Mp,). Thus, at T Z v, the second term dominates
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and symmetry is restored, with some marginal, quantita-
tively small differences compared to the SM. We have only
included the T%|H|? correction in our analysis above, which
does not allow us to study the order or strength of the phase
transition. Nevertheless, we can reason that because the
effective quartic term is strengthened through the quintes-
sence coupling, we expect a smooth crossover rather than a
first-order phase transition in the present scenario, i.e.,
qualitatively the same behavior as in the SM [110,112].
This follows from the well-known behavior of the SM
phase diagram, which requires a smaller quartic coupling
than Ay =~ 0.13, inferred from the Higgs mass measure-
ment, in order to return a strong first-order electroweak
phase transition [113].

The EW sphalerons are active at 7 2 O(100) GeV as the
EW symmetry is restored. This allows for leptogenesis if
Majorana neutrinos are added to the field content
[114,115]; alternatively, EW baryogenesis is possible
[116-118], provided additional modifications are made
to the scalar potential in order to achieve a first-order phase
transition and an additional source of CP violation is
present. Indeed, if coupling to quintessence more generally
results in modified gauge or Yukawa couplings, the
necessary ingredients could be attained [119-121]. Note
that BBN is expected to proceed unaffected from the SM
case [55].

C. Electroweak vacuum lifetime

The effective potential V¢ in the SM famously contains
a deeper minimum than the observed EW one. The deeper
minimum corresponds to negative vacuum energy, i.e.,
anti—de Sitter (AdS) space, which may be argued to be safer
in the context of string compactification. In the current
context, as ¢ evolves by rolling down its potential, the
effective quartic coupling of the Higgs is suppressed, via
Eq. (28). This implies, once quantum corrections are added,
that the Higgs instability scale is decreased, and with it the
implied lifetime of the EW vacuum. Here we will quantify
this statement through an explicit calculation. An interest-
ing question in light of the two conjectures is whether the
vacuum will first transition to the AdS space, or whether the
light tower of states will appear due to the trans-Planckian
motion of ¢. (Here we are assuming ¢ has not already
moved ~Mp, by today, and hence the light tower has not yet
appeared in the hidden sector.)

To proceed in answering this question, we consider the
effective potential in the Higgs field direction. We write the
effective quartic at the EW scale as

A (vpw) = e n?/Mn gy (vy). (32)

Once quantum corrections are included, the effective
potential in the Higgs field direction can be approxi-
mated as

Au(u = h)

Ve (h) = 4

h*, (33)
where 1, (1) can be determined at the renormalization scale
u, using the renormalization group equations (RGEs) and
the boundary condition in Eq. (32). Note that a more careful
determination involves using the RGE-improved effective
potential, which takes into account the wave function
renormalization of the Higgs, together with corrections
as SM particles gain masses proportional to the Higgs field
value, instead of Eq. (33). (The difference in the two
approaches is marginal for the accuracy in the desired final
result of the current calculation.) In our numerical analysis,
we use the effective potential and RGEs provided
in Ref. [60].

The bubble nucleation rate per unit volume is given
approximately by I' ~ R™*e=5+ [122-124], where R is the
bubble size and

so=22 [P (S) 4 vat - vat bar - 9

is the O(4)-symmetric Euclidean action. Variation of the
action yields the equation of motion

@+§ﬁ—aveff
dr*  rdr  Oh’

(35)

for which the associated boundary conditions are
(dh/dr)|,_o =0 and h|,_, = v. Given a close-to-con-
formal potential, the action may be approximated as

8
3 3 Ml ()] 0
Furthermore, the bubble size is then set by R™! ~ pygins
where uyg, is the scale at which Min[Ag ()] is reached.
Alternatively, we may determine S; by finding the critical
bubble profile numerically. Given a vacuum-energy-
density-dominated Universe, the EW lifetime is [60]

3H

TEW z47[—1_‘, (37)

where H, is the Hubble parameter. Note that we ignore
gravitational and higher-order quantum mechanical correc-
tions to the tunneling rate, which still allows us to achieve a
good approximation for our purposes. We have also
assumed that no higher-dimensional operators enter which
can act to either increase or decrease the fgy. Note that for
the SM-like point, ¢p = 0, the field tunnels to 7 = 1.25Mp,
in our determination, which means the tunneling rate can be
very sensitive even to (nonreduced) Planck mass sup-
pressed operators [125,126]. Nevertheless, as the instability
worsens, the tunneling point moves in to lower field values,
which reduces the sensitivity to Planck-suppressed
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FIG. 10. The lifetime of the EW vacuum as a function of the
cosmic time; today corresponds to ¢ = #,. The solid lines show
the result using a numerical determination of S, and the lower
line shows the approximation from Eq. (36). As time progresses,
¢ increases, my decreases, and the EW vacuum becomes less
stable.

operators. Another question left for further work is to
consider two-field tunneling, in which both 4 and ¢ vary
across the bubble wall. This poses a numerical challenge,
but it could decrease tgyw from Fig. 10, which should
therefore only be considered an upper bound. Nevertheless,
assuming the calculated fgyy, it is plausible that the light
tower of states will appear before the EW vacuum decays.
This is because, for ¢, = 0.5, we find that 10! years from
today, A¢ ~2.5Mp;, which is certainly trans-Planckian,
while tgy = O(1-5 x 10'") years.

VI. CONCLUSION

Inspired by the swampland conjectures, we embarked on
a tour of some selected topics in particle phenomenology,
which could be hiding new physics associated with the de
Sitter and distance conjectures. We speculated that DM
could be interacting via the tower of states associated with
the distance conjecture and that these interactions are what
solves the small-scale structure issues. We found it plau-
sible that time-varying interactions could generically give a
fit for the required thermalization on dwarf galaxy scales

while leaving observed galaxy cluster collisions unaffected.
We presented two ways particles in the tower of states could
influence SIDM, either by acting as the mediator directly,
or by acting as a changing threshold in some RGEs which
control the SIDM cross section.

We further explored the kinetic mixing portal. This
served as an illustration, in a simple DM model, of the
effects of varying couplings on DM production. In our
example, the portal coupling is suppressed at late times, and
the DM is produced via freeze-in mechanism in the early
Universe. We showed that a larger variation of the kinetic
mixing due to the quintessence field gives a lower bound on
the DM mass irrespective of the mediator mass. As the
kinetic mixing is suppressed at late times, signatures of
such portals in direct or indirect detection experiments are
challenging. Instead, one could search for the effects of the
quintessence field itself in cosmological observables. It
would also be interesting to further explore this direction in
models with light or massless dark photons which have
implications for direct detection searches [107,108].

Finally, we studied the EW sector phase structure, in the
light of a quintessence-Higgs coupling, showing that
symmetry restoration proceeds largely unaffected at high
temperatures. We also calculated the modified lifetime of
the EW vacuum, and showed that the quintessence field
will typically move a trans-Planckian distance in field
space, prior to EW vacuum decay. Hence, observers in the
far future should be able to discover the effects of the
descending tower of states, before the Universe transits into
a deeper AdS phase.
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